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Effect of Phase-Selective Nanoscale Precipitates ()
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on the Bauschinger Effect in Austenitic—Ferritic

Duplex Stainless Steels

M. KREINS, J. WILKES, S. WESSELMECKING, and U. KRUPP

The Bauschinger effect in austenitic—ferritic duplex stainless steel 1.4462 was investigated using
tension—compression tests combined with electron backscatter diffraction (EBSD). A major
focus was on the impact of phase-selective nanoscale o precipitates formed in the ferritic phase
due to 475 °C embrittlement. Contrary to the general knowledge that coherent precipitates have
only a short-range effect and thus no significant influence, a strong increase in the Bauschinger
effect was detected. Based on EBSD data and cyclic micro-indentations in individual grains, it
was demonstrated that o precipitates enhance the phase difference between austenite and ferrite
and increase deformation incompatibility and local dislocation density gradients at phase
boundaries. Thus, despite their small size and coherence, o” precipitates lead to long-range back
stresses that significantly enhance the Bauschinger effect. In addition, the influence of
precipitation was shown to depend on the extent of pre-strain during initial loading. The
insights demonstrate that the influence of precipitates on the Bauschinger effect is highly
complex and always needs to be analyzed with respect to precipitation characteristics,
microstructure, and external boundary conditions.
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I. INTRODUCTION

THE plasticity behavior of metallic materials during
complex loading conditions is of high interest in
numerous manufacturing processes and applications,
e.g., multi-stage forming processes and cyclic loading of
mechanical components. In this context, the so-called
Bauschinger effect is of importance, which descrlbes a
softening of metallic materials during load reversal.l!
The phenomenon is caused by the elastic plastlc
anisotropy of multi-crystal arrangement and the result-
ing back stresses which support deformation during
load reversal.*! In addition, a directional dependence
of the mean free path length of dislocations as well as
the dissolution of dislocation pile-ups in front of
obstacles are considered.!®”’ The Bauschinger effect is
influenced by numerous factors. In addition to exoge-
nous factors such as temperature,™ strain rate,”’ and
amount of pre-strain,'” the microstructure of the
material is of particular importance.l'') Crystal structure
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and orientation, phase properties, and grdm or Zg)hdse
boundaries influence the Bauschinger effect.[®!*'¥ The
effect of precipitates is particularly complex and has
already been extensively studied on various alloys. Their
1mpact depends on size, coherence, and number den-
sity.'517] Generally, two different categories are distin-
guished with respect to the type of dislocation
interaction. Large incoherent precipitates, which are
bypassed according to the Orowan mechanism, have a
long- range effect and thus a ldrge impact on Bauschin-
ger effect.["® Dislocation pile-up in front of precipitates
generates back stresses, and the dissolution of Orowan
rings durmig load reversal can also promote re-plasti-
cization.! In contrast, small, coherent precipitates
cut during initial loading have only a short-range effect.
The recovery of antiphase boundaries (APBs) during
load reversal can amplify the Bauschinger effect, but the
impact is considered to be rather small.'®>" The effect
of small, coherent pre01p1tc1tes is therefore considered
negllglble in the literature.'” But it is worth mentioning
that previous studies have so far only analyzed the effect
of homogeneously distributed precipitates. The effects of
an inhomogeneous precipitation density have not yet
been considered. However, local inhomogeneities and
resulting back stresses could be of high importance for
the Bauschinger effect. It is therefore hypothesized that
even small, coherent precipitates with a short-range
effect can significantly affect the Bauschinger effect if
they are inhomogeneously distributed. Local gradients
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in precipitation density might induce long-range back
stresses, and thus enhance the macroscopic Bauschinger
effect.

The effect of inhomogeneously distributed nanoscale
coherent precipitates on the Bauschinger effect was
investigated using the industrially widely used duplex
stainless steel (DSS) 1.4462.2"72% The two-phase
microstructure is prone to various precipitation reac-
tions, of which the well-known 475 °C embrittlement
was applied.?'**? Annealing at 475 °C for several
hours leads to spinodal segregation of the ferrite into an
iron-rich matrix and homogenously distributed chro-
mium-rich o precipitates, whereas the austenitic phase is
not affected (Figure 1).°%*” It is therefore possible to
adjust a phase-selective and thus locally inhomogeneous
precipitation distribution, which can be specifically
modified by the choice of aging time. When analyzing
the Bauschinger effect, however, it must be considered
that DSS already shows very complex plasticity behav-
ior and a pronounced Bauschinger effect in the precip-
itation-free as-rolled condition. Main reasons are the
deformation incompatibility of ferrite and austenite as
well as the partitioning of stress and strain, which has
been extensively analyzed using various experimental
methods like nano-hardness test and X-ray diffrac-

tion,”® atomic force microscopy,”” in-situ neutron
diffraction,%" electron backscatter diffraction analy-
[32,33]

sis, and simulative approaches.’* However, load
reversal and thus the Bauschinger effect are usually not
considered. Studies of cyclic plasticity behavior of DSS,
on the other hand, analyze high numbers of cycles and
mainly address crack initiation and material dam-
age.>3537 Precise investigations of the Bauschinger
effect in two-phase microstructures are rare and focus
on individual aspects like the effect of chemical compo-
sition or phase ratio.?%%!

Against this background, the following study can be
divided into two major sections. First, the Bauschinger
effect in the precipitation-free as-rolled condition of
DSS 1.4462 is quantified and analyzed using
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tension—compression tests and electron backscatter
diffraction (EBSD). The data contribute to the under-
standing of Bauschinger effect in multi-phase alloys and
provides the reference state for the investigation of
precipitation effects in the second part. Therein, the
effect of phase-selective precipitates in ferrite will be
analyzed by dislocation density distribution maps and
micro-indentation tests in individual austenitic and
ferritic grains. In addition, it is investigated whether
the influence of the precipitates is affected by the level of
the pre-strain during initial loading. The paper con-
cludes with a quantification and explanation of the
influence phase-selective precipitates and pre-strain on
the Bauschinger effect in DSS 1.4462.

II. EXPERIMENTAL

Duplex stainless steel 1.4462 (provided as “Acidur”
by Deutsche Edelstahlwerke Specialty Steel GmbH &
Co. KG, corresponds to SAE2205) with the chemical
composition given in Table 1 was investigated by
tension—compression tests and EBSD measurements.
The reference material was provided in solution-an-
nealed and quenched condition according to standard
DIN EN 10088-3"! as round bars. In order to adjust
phase-selective, nanoscale precipitates in the ferrite,
samples were exposed to the well-known 475 °C embrit-
tlement.”>*?! Therefore, heat treatments at 475 °C for 5
and 15 hours were conducted in a salt bath furnace
using salt AS140 with an inhibitor to avoid surface
depletion of carbon.

Mechanical properties after different heat treatments
were checked by Vickers hardness test (HV10) according
to standard DIN EN ISO 6507.1**! Round tension—com-
pression test samples were manufactured parallel to
rolling direction by milling with subsequent surface
finishing by grinding. Due to the lack of standardization
of tension—compression tests and the large number of
different approaches in literature,!'%3*444I no generally

(b)

Fig. 1-—(a) schematic TTT diagram of DSS 1.4462 (author’s illustration according to supplier information); (b)) TEM image of the ferrite in DSS
1.4462 after 475 °C embrittlement for 100 h, o is visible as black areas. Reprinted with kind permission from Elsevier from Ref. [40].
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accepted specimen geometry is established. In order to
achieve the best possible comparability, round tensile
specimens according to standard DIN 501254 for
tensile tests were slightly modified to address the special
requirements of tension—compression test. As shown in
Figure 2, the parallel length was reduced to prevent
buckling and the threads were lengthened to ensure fixed
clamping in the testing machine.

The mechanical properties were evaluated by tensile
tests and tension—compression tests at room tempera-
ture and a strain rate of 0.003 s™' using a servo-hy-
draulic testing machine (Rumul Gigaforte 50). For each
material condition and test parameter, at least 4 samples
were tested for statistical validation. Strain measure-
ment was carried out with a clip-on extensometer
(Instron). The initial gauge length was 10 mm and
length change was recorded with a measuring frequency
of 5 Hz. Furthermore, local strain was detected by
digital image correlation using a 3D camera setup
(Aramis from GOM GmbH) to ensure homogeneous
deformation without buckling during compression. The
specimens were either loaded to failure or unloaded after
a pre-strain of ¢, = 1, 2, or 5 pct and subjected to
compressive load by & = 1.5 pct (Figure 3(a)). Since
only plastic deformation is relevant for the extent of
Bauschinger effect, the influence of 475 °C embrittle-
ment on the yield strength and thus on the expansion of
the elastic range was considered. For this purpose, the
plastic fraction of pre-strain ¢, (Figure 3) was deter-
mined from the experimental data and used for all
further analyses.

Stress—strain curves were evaluated regarding
mechanical properties and, in particular, the Bauschin-
ger effect. The onset of plastic flow during tension (g,)
and compression (o.) was estimated based on the
determination of yield strength in tensile tests by the
intersection of the stress—strain curve with the elastic
straight line shifted by 0.1 pct strain according to
standard ISO 6892-1.7) Elastic straight lines during

Table I. Chemical Composition of 1.4462 Duplex Stainless
Steel (Wt Pct, According to Material Testing Certificate
Provided by Deutsche Edelstahlwerke Specialty Steel GmbH

& Co. KG)
C Si  Mn P S Cr Mo Ni N
0.013 0.51 1.85 0.023 0.002 2226 3.120 5.66 0.164

73.00

loading and unloading were calculated using Chordal
method according to technical rule ISO{TTA M2 in
combination with least-square method.* To quantify
the Bauschinger effect, the drop in yield point after load
reversal was considered. In order to account for strain
hardening during tensile loading and the resulting
increase in flow stress during tension, Bauschinger stress
gp was calculated according to Reference 38 as the
difference between maximum stress value during tension
omax and compressive yield point o, (Eq. [1]).

OB = Omax — |O'c| [1]

In addition, plastic re-deformation Ag, was calcu-
lated. Plastic re-deformation is a measure of the
occurring back stresses during unloading and deter-
mined from the difference between the unloading curve
and the linear-elastic straight line in zero force
transition.[*44

Selected samples of the as-rolled condition and the
15 hours of embrittled state were further examined by
scanning electron microscopy (SEM). The specimens
were analyzed (i) prior deformation (position A in
Figure 3), (ii) after a pure tensile load of ¢, = 2 pct
(position B), and (iii) after tension—compression load
(position C). For slip trace analysis, the curved sample
surface was wet ground by SiC paper up to a grit size of
P4000 and polished with diamond pastes of 6, 3, and
1 um. Final polishing was done using a colloidal Si
suspension with a grain size of 0.04 yum. For EBSD
measurements, secondary samples were taken from the
parallel length with the analyzed surface perpendicular
to loading direction. Samples were also ground and
polished up to diamond paste of 1 um. Final polishing
was performed electrolytically using Struers electrolyte
A2 at a temperature of 5 °C and a voltage of 17 V for
15 seconds. Investigations were carried out on the SEM
Sigma of Zeiss company. For the analysis of slip traces,
the SE detector (working distance: 10 mm, voltage:
10 kV) as well as the InLens detector (working distance:
4.5 mm, voltage: 5 kV) were used. EBSD measurements
were performed at a working distance of 16 mm and a
voltage of 20 kV. At x5000 magnification, an area of
150 x 100 um was imaged with a step size of approx-
imately 0.1 um. The proportion of unidentified measur-
ing spots was below 1.5 pct for all samples.

Instrumented micro-indentation tests were performed
to analyze the individual phase properties of austenite
and ferrite. A coarse-grained microstructure was set to

M8

25.00 ’

Fig. 2—Specimen geometry for tension—-compression test with dimensional units in mm.
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Fig. 3—(a) Sketch of tension-compression tests: elongation of the specimens up to maximum pre-strain &, = 1, 2, or 5 pct followed by
compression with ¢, = 1.5 pct. (b) Sketch of the force—indentation depth curve from two-cycle micro-indentation tests for quantification of the
Bauschinger effect in individual austenitic and ferritic grains (maximum force F,, maximum/permanent indentation depth #,/h,).

enable indentations in individual grains. Therefore, the
material was annealed at 1250 °C for 5 hours, slowly
cooled to 1050 °C, and quenched in water to avoid the
precipitation of chromium nitrides and the sigma phase
(Figure 1). The resulting microstructure contains grains
with a diameter of ~ 100 um, which are sufficiently large
for micro-indentations in individual grains. Part of the
samples was additionally subjected to a 475 °C embrit-
tlement annealing analogous to the samples for ten-
sion—compression tests. The specimens were embedded,
ground, and polished to a grit size of 1 um with
diamond paste. Since electrolytic polishing will remove
the austenitic and ferritic phases to different degrees, but
the micro-indentation test requires a planar surface, the
final polishing was performed by vibration polishing in
ultra-fine polishing suspension (Al,O3) of grain size
0.06 um for 2 hours. Micro-indentation tests were
performed using a Fischerscope HM2000 under contin-
uous measurement of force and indentation depth.
Force was applied by a Rockwell ruby ball indenter
with a ball diameter of 0.4 mm, according to Reference
50. At least five measurements were performed for each
material condition and test parameter, and the arith-
metic mean was calculated. Microhardness was deter-
mined using monocyclic measurements with a maximum
load of 500 mN and a dwell time of 5 seconds. The
universal hardness HU for spherical indenters was
determined analogously to the standardized Martens
hardness for pyramidal indenters from the quotient of
maximum load F, and permanent indentation depth
£, The Bauschinger effect was analyzed using two-cy-
cle micro-indentation tests, each consisting of two
loadings and unloadings on the same spot

METALLURGICAL AND MATERIALS TRANSACTIONS A

(Figure 3(b)). Force was applied as a sinusoidal function
with a frequency of 1/12 Hz and a maximum load of 500
mN. Relative recovery of deformation r was calculated
from the unloading curves as the difference between
maximum indentation depth /, and permanent indenta-
tion depth A, according to Eq. [2] and Figure 3(b)."? To
account for the different strength of both phases,
recovery was normalized by maximum indentation
depth.

hy — h,
hy

r =

2]

III. RESULTS

The microstructure of the DSS 1.4462 is shown in
Figure 4 using the phase map from the EBSD data. The
as-rolled condition (Figure 4(a)) is characterized by an
average grain diameter of 7.9 um. Due to grain coars-
ening annealing at 1250 °C for 5 hours, the average
grain diameter increases to 45.7 um (Figure 4(b)). Sev-
eral grains with diameters up to approx. 100 um can be
found, which were selected for the subsequent micro-in-
dentation tests of the individual grains.

Material properties based on tensile tests and hard-
ness measurements are summarized in Figure 5(a) and
Table II. As expected, 475 °C embrittlement leads to
higher strength with increasing annealing time. Hard-
ness, yield strength, and ultimate tensile strength
increase significantly at the expense of toughness.

VOLUME 53A, NOVEMBER 2022—3909



(a) (b)

Fig. 4—Phase map of DSS 1.4462 derived from EBSD data (austenite colored in red, ferrite in blue); (a) as-rolled condition (ferrite 51 pct,
austenite 49 pct), (b) grain coarsening for micro-indentation tests in single grains (annealing at 1250 °C for 5 h; ferrite 56 pct, austenite 44 pct)

(Color figure online).
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Fig. 5—Stress—strain curves from (a) tensile tests and () tension—compression test of DSS 1.4462 in the as-rolled and embrittled state.

Table II.

Averaged Hardness Values (HV10) and Standard Deviations as Well as Parameters from Tensile Test of DSS 1.4462 in

the As-Rolled and Embrittled State

Material Condition Hardness, HV10

Tensile Strength (MPa)

Uniform Elongation (Pct)

As-Rolled 2750 £ 1.8
475°C—5h 2954 + 2.5
475 °C—15h 3262 + 2.6

757+ 9 27+2
838 + 4 23+ 1
868 + 3 21 £ 1

Tension—compression tests of DSS 1.4462 have shown
that even the as-rolled initial state exhibits a strongly
pronounced Bauschinger effect, characterized by a
decrease in yield strength of more than 58 pct (transient
softening) and a homogeneous elastic—plastic transition
zone during load reversal (Figure 5(b)). The increase in
strength due to 475 °C embrittlement is overcompen-
sated by an increasing Bauschinger effect with longer
aging time, so that the 15-hour-aged specimen shows a
lower flow stress after load reversal despite a higher
strength level during initial loading. Bauschinger stress
is strongly dependent on pre-strain and microstructure,
as can be observed in Figure 6(a). An increase of
pre-strain from 1 to 5 pct leads to a significantly earlier
onset of flow during load reversal and double plastic

3910—VOLUME 53A, NOVEMBER 2022

re-deformation (Figure 6(b)). Embrittlement due to
475 °C heat treatment significantly increases the
Bauschinger effect, showing a positive correlation with
heat treatment time. In addition, the influence of
embrittlement increases with higher pre-strain. The
formation of o precipitates leads to a significant
increase in Bauschinger stress and plastic re-deforma-
tion even at small pre-strains. At higher pre-strains of 5
pct, however, the increase is considerably more pro-
nounced (Figure 6). Thus, both influencing factors seem
to reinforce each other.

Figure 7 shows the results of EBSD analysis after 2
pct tensile loading for the as-rolled and the embrittled
condition (475 °C, 15 hours). The image quality (IQ)
describes the distortion of diffraction pattern and can be

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—(a) Bauschinger stress and (b) plastic re-deformation from tension—compression tests of DSS 1.4462 in the as-rolled and embrittled state.
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Fig. 7—EBSD analysis of DSS 1.4462 after 2 pct tensile loading. The as-rolled condition shows lower image quality (IQ) and Kernel Average
Misorientation (KAM) than the embrittled condition (annealing at 475 °C for 15 h). GND density maps calculated from KAM and from
dislocation tensor show similar results and indicate a higher dislocation density in the embrittled condition (grain boundaries colored red) (Color

figure online).

used to estimate the overall defect density. It is thus a
qualitative measure of dislocation density, representing
both statistically stored dislocations (SSD) and geomet-
rically necessary dislocations (GND). By contrast, the
kernel average misorientation (KAM) is a measure for
local lattice curvature and therefore represents only
GNDs.P*3 KAM value was derived from the orienta-
tion difference of a measuring point relative to sur-
rounding measuring points, including also 2nd

METALLURGICAL AND MATERIALS TRANSACTIONS A

neighboring points. Both 1Q and KAM values indicate
a higher lattice distortion in the embrittled state,
suggesting a higher density of SSD and GND,
respectively.

Based on EBSD data, GND density was determined
using two different approaches. First, GND density was
calculated based on KAM value. According to the
approaches of Kubin and Mortensen®™ and Gao,® the
GND density is calculated from misorientation angle ¥,

VOLUME 53A, NOVEMBER 2022—3911



length of Burgers vector b, and unit length u according
Eq. [3]. To estimate the misorientation angle, KAM
value can be used.”*

29
=— 3
PGND b 3]

In the second approach, GND density was calculated
from the dislocation density tensor with a reduced
number of components, which was derived from EBSD
orientation data based on an optimization procedure
implemented in MTex (Matlab R2020a). For detailed
information on the procedure and the assumptions
made, refer to References 54, 57, 58. The GND density
calculated from dislocation tensor is slightly lower and
more finely resolved than the calculations based on
KAM value, since an averaging occurs when KAM
value is determined by including 2nd-order neighbors.
However, both methods clearly show that the embrittled
ferrite grains of DSS with the resulting o’ precipitates
lead to a significantly higher GND density after defor-
mation (Figure 7).

The GND density map of the embrittled condition
from Figure 7 is magnified and shown in Figure 8(a)
with phase identification of selected grains. The inho-
mogeneous distribution of GND is very evident, with
austenitic grains generally exhibiting higher GND den-
sity. Especially at phase boundaries, a significant
increase in dislocation density occurs in austenitic
grains, whereas the adjacent ferritic grains show only a
slight increase.

The inhomogeneous deformation behavior of austen-
ite and ferrite can also be observed by the slip traces,
which are created by the sets of dislocations leaving the
crystal lattice and each forming a step at the height of

10 GND density, m? 1012

Fig. 8—GND density distribution for austenite (fcc) and ferrite (bec)
indicates inhomogeneous deformation behavior, especially at grain
and phase boundaries (colored red) (Color figure online).
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the Burgers vector on the specimen surface (Figure 9).
The overview image (Figure 9(a)) clearly shows that the
austenitic grains have significantly more pronounced
slip traces than the ferritic grains. This is also illustrated
by the higher magnification (Figure 9(b)), showing an
austenitic grain with a high density of parallel slip
traces, which run through the entire grain and are only
deflected at the horizontal twin boundaries. In contrast,
the surrounding ferrite grains show only very weakly
pronounced slip traces close to phase boundaries, which,
however, fade significantly towards grain interior.

In order to statistically substantiate the previous
analysis of slip traces and GND density maps (Figures 7
and 8), the average GND density was calculated based
on KAM data from a specimen area of 150 x 100 um?.
Figure 10(a) shows the average GND density before
deformation (A), after tension (B), and after ten-
sion—compression loading (C) for different material
conditions. As expected, GND density increases signif-
icantly due to plastic deformation. After tension, GND
density in the embrittled condition is higher than in the
initial condition. Compressive loading increases the
average GND density by more than 20 pct in the
as-rolled condition, whereas it remains at the same level
in the embrittled condition. Figure 10(b) compares the
average GND density of austenite and ferrite after a
tensile loading of &, = 2 pct strain. The austenite phase
exhibits a higher GND density and thus a stronger
plastic deformation than the ferrite. Heat treatment and
the associated strengthening due to o precipitation
increase GND density in both phases. The difference in
average GND density between ferrite and austenite
nearly doubles.

Figure 11(a) shows the results of instrumented
micro-indentation test in single austenitic and ferritic
grains. The austenite shows a similar force-indentation
depth curve for all microstructures with an universal
hardness of about 780 N/mm?”. By contrast, the hard-
ness of ferrite is affected by the 475 °C embrittlement
and increases from 937 in the initial state to 1024 N/
mm? after 5 h and 1033 N/mm? after 15 hours, respec-
tively. A similar pattern is shown by the relative
recovery of the two-cycle indentation in Figure 11(b).
Relative recovery of austenite increases only slightly by
heat treatment from 0.48 to 0.53. Ferrite shows a
significantly higher overall relative recovery as well as a
pronounced increase from 0.73 in the initial state to 0.92
after 475 °C embrittlement for 15 hours.

IV. DISCUSSION

The Bauschinger effect in DSS 1.4462 was investi-
gated by tension—compression tests and instrumented
micro-indentation tests with particular attention on
local deformation behavior investigated by EBSD anal-
ysis and dislocation density calculations. First, the
Bauschinger effect and its underlying mechanisms are
discussed in general terms referring to the as-rolled
condition (Section IV-A). This serves as a basis for
further discussion, since the as-rolled condition is used

METALLURGICAL AND MATERIALS TRANSACTIONS A



(a)

(b

Fig. 9—SEM micrographs of DSS 1.4462 after deformation: Austenite (y) shows strongly pronounced parallel slip traces, whereas the
surrounding ferrite () show only slight slip traces close to phase boundaries; (load axis in z-direction, specimen surface was polished prior to

deformation);.
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Fig. 10—Average GND density of DSS 1.4462 in the as-rolled and embrittled state (a) at different stages during tension—compression test: before
deformation (A), after &, = 2 pct tension loading (B), and after . = 1.5 pct compression loading (C, see Fig. 3); (b) for austenitic and ferritic

phase fraction after &, = 2 pct tensile strain.

as a reference state for microstructural modifications.
Major focus of the discussion will be on the effects of
phase-selective o precipitates formed in the ferritic
phase during 475 °C embrittlement (Section IV-B). The
influence on the Bauschinger effect is quantified and
analyzed considering local plasticity behavior, especially
at phase boundaries. Finally, it is investigated whether
pre-deformation influences the impact of «” precipitation
on Bauschinger effect and whether there are cross-rela-
tionships  between  both  influencing  factors
(Section IV-C).

A. Bauschinger Effect and Its Causes in DSS

Tension—compression tests have demonstrated that
DSS 1.4462 exhibits a strongly pronounced Bauschinger
effect, with a drop in yield point of more than 58 pct in
the as-rolled condition. In general, the pronounced

METALLURGICAL AND MATERIALS TRANSACTIONS A

Bauschinger effect in multi-phase alloys is mainly
attributed to heterogeneous deformation behavior and
the resulting back stresses.****3% The DSS examined in
this study shows a significant difference in local
mechanical properties with 20 pct higher hardness of
the ferritic phase. This leads to a partitioning of stress
and strain during tensile loading. The ferrite experiences
high stresses, which can be predominantly elastic at low
tensile pre-strain, whereas a higher strain level is
observed in the austenite. The inhomogeneous distribu-
tion of stress and strain generates internal residual
stresses, which lead to the Bauschinger effect during load
reversal.’*%3!3¥] The partitioning of stress and strain is
particularly visible at the phase boundaries, where it
leads to pronounced deformation incompatibilities. Slip
trace analysis, KAM maps, and GND density maps of
the deformed specimens confirm the inhomogeneous
deformation behavior. The austenitic phases shows a 32
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Fig. 11-—Micro-indentation tests in single austenite and ferrite grains. (a) force—indentation depth curves of one-cycle indentation tests (hardness
measurement) and (b) relative recovery of two-cycle indentation tests (Bauschinger effect) for different microstructures of DSS 1.4462 in the

as-rolled and embrittled state.

pct higher GND density and thus more pronounced
deformation than ferrite, which is assumed to result
from stress and strain partitioning between both phases.
Furthermore, local deformation gradients between the
grain interior and the grain boundary can be identified.
In particular phase boundaries show more pronounced
slip traces and significantly increased GND density
(Figure 8), indicating deformation incompatibility and
back stresses. These back stresses are assumed to
promote dislocation movement during re-deformation
and cause the pronounced Bauschinger effect observed
in tension—compression tests (Figures 5 and 6).

B. Effect o Precipitates on Bauschinger Effect (475 °C
Embrittlement )

Tension—compression tests have shown that the
Bauschinger effect is significantly affected by o precip-
itates due to 475 °C embrittlement, which is reflected in
an increase in Bauschinger stress of up to 20 pct. At first
sight, this contradicts the general assumption that small
coherent precipitates with a size of a few nanometers
only have a minor influence on the Bauschinger
effect.!”182% The pronounced Bauschinger effect can
therefore be explained in part but not exclusively by the
direct effect of o’ precipitates. Rather, it is hypothesized
that the inhomogeneous, phase-selective precipitation of
o precipitates in ferrite plays an essential role. In the
following, both effects are discussed using micro-inden-
tation tests and EBSD measurements of the deformed
samples, both in the as-rolled and the embrittled
condition. First, the direct effect of o precipitates by
dislocation interaction is discussed. Second, an enhance-
ment of the elastic—plastic phase difference between
austenite and ferrite caused by phase-selective precipi-
tation is analyzed.

The direct influence of o precipitates on the
Bauschinger effect was quantified using cyclic micro-in-
dentation tests in single austenitic and ferritic grains. As
expected, the Bauschinger effect of the austenitic phase
does not change significantly, since austenite is not
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affected by 475 °C embrittlement. In contrast, the
ferritic grains show a significant increase in relative
recovery and thus Bauschinger effect. The causal influ-
ence of o precipitates on deformation behavior is
evident from the development of average GND density
during tension—compression loading. The as-rolled con-
dition shows a significant increase in GND density due
to load reversal. High dislocation density is accompa-
nied by a high yield point at load reversal and thus a
weak Bauschinger effect. In comparison, the embrittled
state shows a higher dislocation density after tensile
loading, which can be explained by the strength-increas-
ing effect of o precipitates resulting from obstructing
dislocation movement. Due to the small spacing of o
precipitates, mean free path length of dislocation move-
ment decreases, requiring higher activity of dislocation
sources to maintain plastic deformation. However,
dislocation density does not further increase during
load reversal (Figure 10). This is consistent with the
theory that accumulated dislocations in front of precip-
itates are mobile in backward direction and support
plastic deformation during reverse loading.!"®! Further-
more, o precipitates are assumed to create short-range
internal stress fields, which promote dislocation move-
ment and thus enhance the Bauschinger effect. The
influence of these phenomena can be estimated by the
observed increase in Bauschinger effect based on cyclic
micro-indentations in individual ferritic = grains
(Figure 11).

It is assumed that, in addition to the described
short-range effect of the dislocation interaction, o
precipitates also have a long-range and thus significantly
stronger effect due to the enhancement of local defor-
mation incompatibility between austenite and ferrite.
Micro-indentations in individual austenitic and ferritic
grains (Figure 11) verify the increase in deformation
incompatibility due to spinodal decomposition of the
ferrite. The microhardness of ferrite increases by more
than 10 pct due to 475 °C embrittlement, whereas
austenite is not affected. The increasing difference of
elastic plastic phase properties directly affects load
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partitioning between the two phases. The phase differ-
ence in average GND density after deformation nearly
doubles due to 475 °C embrittlement (Figure 10). Also
EBSD analyses, comprising 1Q, KAM value, and GND
density maps, clearly show the influence on local
plasticity behavior. The formation of «  precipitates
significantly increases local misorientation and GND
density, especially at phase boundaries. These local
gradients are associated with internal back stresses,
which may explain the pronounced Bauschinger effect.

C. Effect of Pre-deformation on Bauschinger Effect

Tension—compression tests show an increase of the
Bauschinger effect with increasing pre-strain in the
analyzed interval between 1 and 5 pct pre-strain, which
is in %ood agreement with existing literature knowl-
edge.'"" However, it is worth mentioning that a slight
interdependence between the influence of pre-strain and
o/ precipitates can be identified. The influence of o
precipitates on Bauschinger effect increases with higher
pre-strain, for which different explanations can be
considered. On the one hand, increasing dislocation
density can be again mentioned as possible reason, since
it increases the pile-up in front of precipitates and thus
strengthens their effect on deformation behavior. On the
other hand, strain dependency of load partitioning
within the two-phase microstructure could be a reason.
Investigations by Reference 29 on tensile specimens
show that deformation behavior up to a plastic strain of
epre,pl = 1.15 pet is largely determined by the austenitic
phase, whereas the influence of ferrite becomes signif-
icant only at higher strains levels. It is therefore
reasonable to assume that also in the case of cyclic
loading, the influence of ferrite is less pronounced at
lower strains. This would explain why the effect of
embrittlement on Bauschinger effect is more pro-
nounced at higher strains, as shown by the tension—com-
pression tests.

V. CONCLUSION

Tension—compression tests on the duplex stainless steel
1.4462 show a strongly pronounced Bauschinger effect,
characterized by an early onset of plastic flow during load
reversal. Micro-indentation tests in single austenitic and
ferritic grains imply that a major reason is the difference in
elastic—plastic properties of both phases. The analysis of
local GND density based on EBSD measurements
confirms a strongly inhomogeneous deformation behav-
ior, which results in pronounced back stresses at phase
boundaries. In addition, it was found that nanoscale o
precipitates due to 475 °C embrittlement lead to a
significant increase in Bauschinger effect. On the one
hand, micro-indentation experiments demonstrated that
475 °Cembrittlement amplifies the phase difference, since
it leads to the formation of precipitates only in ferrite. The
resulting stronger deformation incompatibility enhances
back stresses and facilitates dislocation motion during
load reversal. On the other hand, o precipitates

METALLURGICAL AND MATERIALS TRANSACTIONS A

themselves lead to a stronger Bauschinger effect in the
ferritic phase. Dislocation pile-up during initial loading
reduces the necessity of dislocation formation upon load
reversal, as indicated by the change in average GND
density prior and post compressive loading. The avail-
ability of mobile dislocations as well as reduced disloca-
tion formation macroscopically result in a strongly
pronounced Bauschinger effect, as can be seen by ten-
sion—compression tests. The data obtained provide
important insights into the plasticity behavior of duplex
steels and will be used for the simulative analysis of
Bauschinger effect in multi-phase alloys by means of a
single crystal plasticity model with latent kinematic
hardening (ongoing work, publication in preparation).
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