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ARTICLE INFO ABSTRACT

There is a long and lively debate in the literature about the origin of the Bauschinger effect in polycrystalline
materials, the most widely accepted explanation being the easier movement of dislocations during reverse
loading causing the reduction of the yield stress. Other explanations include incompatible deformation at the
grain scale and change of dislocation cell structures during forward and reverse loading, but recent publications
show these phenomenological explanations of the Bauschinger effect are not holistic. In the experimental work
presented here, we have investigated the role of micro residual lattice strain on the origin of the Bauschinger
effect in type 316H austenitic stainless steel using in-situ neutron diffraction. Standard cylindrical specimens
were tension-compression load cycled at room temperature with the loading interrupted at incrementally larger
compressive and tensile strains followed by reloading to the tensile loop peak strain. Mirror symmetric cyclic
tests were also performed with tensile and compressive load interruptions followed by compressive reloading to
the compressive loop peak strain. A strong correlation is demonstrated between the evolution of residual lattice
strain in the grain families and the change in magnitude in macroscopic yield stress, peak stress and the shape of
the yielding part of the stress-strain curve for both the cyclic tension yield and compression yield tests. This
implies that the residual lattice strain generated by grain scale elastic and plastic deformation anisotropy is the
primary source of the Bauschinger kinematic hardening effect observed in type 316H austenitic stainless steel.
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1. Introduction

Kinematic hardening of steel during tension-compression cyclic
loading was first described by Bauschinger [1] in 1886. In his paper he
established the following two laws [2]:

o If a bar is loaded beyond its elastic limit, this increases the elastic
limit of the bar for a subsequent load in the same direction.

o Plastically deforming a bar in tension or compression reduces the
elastic limit of the bar for a subsequent compression or tension
loading respectively. The more the bar has deformed plastically the
greater the reduction in the reverse loading elastic limit.

The Bauschinger effect can significantly affect the deformation re-
sponse of materials and structures which experience tension-compres-
sion cyclic loading, by altering the material's elastic limit during the
reverse cycle. Such effects can, therefore, be important for life estima-
tion of metallic components in practical applications, for example,
power generation plant components. Inelastic constitutive models (for
example [3]), are usually used to predict the evolution of stress-strain
during such cyclic loading. Such models often use Bauschinger tests as

* Corresponding author.

means for characterising work hardening in the material. Therefore in
order to develop an accurate inelastic constitutive model for a material
it is critical to understand the mechanisms controlling the Bauschinger
effect.

The Bauschinger effect has been observed in many single crystal and
polycrystalline metallic materials including aluminium [4], nickel [5],
steel [6,7], copper and brass [8]. Many investigations have been con-
ducted exploring the origin of the observed Bauschinger effect in these
and other metals. However, the number of models or theories that have
been developed to explain the Bauschinger effect is almost equal to the
number of investigations [9]. The theories can be divided into two
overarching groups; continuum and microstructure based. Generally
speaking, continuum theories describe the Bauschinger effect in terms
of back stresses, generated due to inhomogeneous deformation in the
material, while microstructure based theories describe it in terms of
dislocation structures and those interactions with other dislocations,
precipitates etc. in the material's microstructure during forward and
reverse loading.

The most accepted microstructure based explanation for the
Bauschinger effect of Orowan [10] and Sleeswyk [11] describes the
mechanism in terms of easier reversibility of dislocation motion upon
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load reversal. Among notable theories, Mughrabi [12] proposed that
incompatibility of deformation between harder cell walls and softer cell
interiors of dislocation cell type structures caused the Bauschinger ef-
fect. It is well evidenced that formation of dislocation cell type struc-
tures induces internal stress in the material [13-15], and a number of
investigations [12,16-18] have been conducted correlating such
stresses with the Bauschinger effect. Moreover, a number of semi-phe-
nomenological theories [16,18-26] have described the correlation be-
tween the changes in dislocation structures during reverse loading and
the material's hardening behaviour. These models postulate formation
of dislocation structures and dissolution of the structures during reverse
loading as the primary cause of the Bauschinger effect in metals.
However, such theories of dislocation cell type structures in poly-
crystalline materials have been contradicted by others, for example
[20,27,28,29,30,31]. In the light of these recent publications, it can be
stated that dislocation cell type structures and changes of these struc-
tures during the cyclic loading direction change have no unique re-
lationship with the observed Bauschinger effect.

Recently, the contribution of residual lattice stress (also termed type
II residual stress, intergranular stress, internal stress, micro residual
stress and misfit stress) to the Bauschinger effect has been discussed
[32,33,34]. Lattice residual stress/strain originates due to a combina-
tion of elastic and plastic anisotropy of deformation at the grain scale.
Its potential role in the kinematic hardening of metals was predicted a
long time ago [35,36]. However, there is little published experimental
evidence characterising the relationship between micro residual stress
and observed macroscopic deformation in polycrystalline materials.

In this paper, we present results from a set of uniaxial cyclic stress-
strain tests which investigate the relationship between the evolution of
internal lattice residual strains and observed macroscopic Bauschinger
effect in AISI Type 316H austenitic stainless steel at room temperature.
In-situ neutron diffraction is used to measure the evolution of residual
strains in variously oriented crystallographic grain families after being
interrupted at various points in the forward loading cycle and corre-
lating these residual strains with the observed change in macroscopic
yield stress during the following reverse and forward loading cycle. We
believe this is the first time that a direct correlation between micro
residual strain and the Bauschinger effect has been quantified experi-
mentally.

2. Material and experimental technique

The cyclic stress-strain specimens for the experiment were ma-
chined from as-received AISI type 316H austenitic stainless steel bar
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and then solution heat-treated (1050 °C heat soak for 1 h followed by a
water quench). The cylindrical test specimens had a gauge diameter of
8 mm, a gauge length of 14 mm and a total length of 74 mm.

Lattice strain measurement using neutron diffraction is a well-es-
tablished technique [37]. For the present study, in-situ neutron dif-
fraction was used to measure the evolution of lattice strains during
cyclic deformation. The experiment was conducted using the Engin-X
Time of Flight (ToF) neutron diffraction instrument [38] at the Ru-
therford Appleton Laboratory, UK. The ToF technique allows the
change of lattice spacing between crystallographic planes to be mea-
sured for variously oriented grain families simultaneously. The mea-
sured spacings are then converted to elastic lattice strain values for
specific grain families. The Engin-X instrument is equipped with a
stress-rig for in-situ experiments which allowed measurement of the
evolution of lattice strains as a function of applied load and strain path.
A neutron gauge volume of 4 X 6 x 4 mm> was used with an average
neutron counting time of ~ 300 s per measurement point. The macro-
scopic strain was measured using an Instron extensometer placed in the
gauge length of the specimen.

3. Experimental plan

The aim of the first test was to investigate the changes in cyclic
tension yield stress with respect to various load interruptions in tension
and compression, hence this experiment is denoted ‘tension yield test’.
The aim of the second test was to investigate the changes in cyclic
compression yield stress again with respect to various load interrup-
tions in tension and compression interruptions, accordingly, this second
experiment is denoted ‘compression yield test’.

First, a type 316H austenitic stainless steel specimen was subjected
to a small stabilising load (5 MPa stress) and the reference lattice spa-
cing (dp) between lattice planes measured for a number of crystal-
lographic grain families. A grain family consists of a set of grains with
similar crystallographic orientation, of which the corresponding hkl
plane normal lies parallel to the scattering vector of the diffraction. The
specimen was then subjected to continuous tension-compression cyclic
loading, starting in tension, with a strain rate of 7 x 107 ®s™! over a
total strain range of + 1% up to the point of saturation of cyclic iso-
tropic work hardening in the material. Upon reaching an isotopically
saturated work hardened stage, the loading of the specimen was in-
terrupted at various tensile and compressive strains, such that, a pro-
nounced Bauschinger effect was observed in the material's yielding
behaviour during reloading cycles. The interruption strains were chosen
systematically at an interval of 0.2% strain. The interruption points of
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Fig. 1. (a) Interruption points for tension yield test and (b) compression yield test shown in a typical saturated cyclic stress-strain curve of type 316H stainless steel. In (a), points A-G
were interrupted while going into compression from a tensile peak strain of 1%. The specimen was reloaded to tensile peak strain after these interruptions. Points H-N were interrupted
while going into tension from a compressive peak strain of — 1%. The specimen was unloaded to near zero stress (~ 5 MPa) and reloaded back to tensile peak strain of 1% after these
interruptions. In (b), points O-U were interrupted while going into tension from a compressive peak strain of — 1%. The specimen was unloaded to compressive peak strain after these
interruptions. Points V-AB were interrupted while going into compression from a tensile peak strain of 1%. The specimen was unloaded to near zero stress (~ 5 MPa) and reloaded to
compressive peak strain of — 1% after these interruptions. The black arrows show the direction of loading.
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the tension yield test and the compression yield test are shown in
Fig. 1(a) and (b) respectively. A few interruption points were skipped in
the middle because of the limited neutron experiment beam time
available.

After interruption at any point, the specimen was elastically un-
loaded or reloaded to 5 MPa stress from tension and compression re-
spectively. The elastic lattice strains in at least 5 grain families were
measured at this stabilised “unloaded” state. This allowed the mea-
surement of residual lattice strains corresponding to the interruption
points in the cycle. Following this measurement, the specimen was re-
loaded to the tension peak strain (1%) for the tension yield test and
compression peak strain (— 1%) for the compression yield test. The
residual lattice strains were also measured at the peak cyclic strain
positions by unloading from the peak strain to 5 MPa in the next cycle.
The macroscopic yield stress was measured for the reloading cycle after
any interruptions, at a strain offset of 0.05%. This level offset of strain,
which is smaller than the 0.2% or 1% levels conventionally used for
defining yielding proof stress, was deliberately chosen to measure more
precisely the effect of the residual lattice strain on the initiation of
macroscopic yielding. In between each interrupted cycle, at least 2 full
cycles were performed to return the specimen to the isotopically satu-
rated hardened state.

4. Tension yield test
4.1. Role of residual lattice strain on macroscopic yielding

Fig. 2 shows the tension yield test macroscopic deformation curves
during tension-compression cyclic loading with interruptions at various
strains under compressive and tensile loading respectively. The tensile
yield stress in the reloading cycle is observed to systematically decrease
with the increase of interruption strain in compression. Conversely, the
tensile yield stress was found to systematically increase with the in-
crease of interruption strain in tension. In other words, the results first
show that the further the elastic limit is exceeded in the compressive
direction, the lower the yield stress in the subsequent tension reloading
cycle, and secondly the further the elastic limit is exceeded in the
tensile direction, the higher the yield stress in the subsequent tension
reloading cycle. The measured tensile yield stresses with respect to
various compression and tension interruption strains are shown in
Table 1 and presented in Fig. 3.

The yield stresses show a large variation with respect to interruption
strains. The range of variation in yield after compression and tension
interruptions is similar (194 MPa and 188 MPa). The monotonic tensile
yield stress of undeformed type 316H stainless steel at 0.05% strain
offset is 179 MPa [39]. It is evident that for the case of tension inter-
ruptions, the macroscopic yield stress is always higher than the
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Table 1

Measured yield at 0.0005 strain offset in the reloading cycle after load interruption at
various points in compression and tension loading for the tension yield test. The points of
interruption are referred to in Fig. 1.

Compression A B C D E F G
interruption points

Interruption strain 0.60 0.40 00 -0.40 -0.60 -0.80 -1.0
(%)

Yield at 0.05% strain 282 225 155 118 110 100 88
offset (MPa)

Tension H I J K L M N
interruption
points

Interruption strain - 060 -—0.40 0.0 0.40 0.60 0.80 1.0
(%)

Yield at 0.05% strain 210 275 338 372 384 392 398

offset (MPa)
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Fig. 3. Changes of cyclic tensile yield stress at 0.05% strain offset after reloading from
various tensile and compressive load interruptions. The yield stresses decrease with in-
creasing interruption in compressive load and increase with increasing interruption in
tensile load.

undeformed yield stress and for the case of compression interruptions,
the yield stress is less than the undeformed material for small com-
pressive deformation excursions and greater for large compressive ex-
cursions.

Lattice strains of at least five grain families parallel to the loading
axis (axial) and transverse to it were recorded in the unloaded state.
Results for the axial direction alone are presented in this paper. Strains
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Fig. 2. Macroscopic stress-strain curves for the tension yield test showing interruptions in loading and variation of the shape and magnitude of yielding in the reloading cycle after these
interruptions. After each interruption, the load was reduced and increased to 5 MPa for (a) compression and (b) tension interruptions followed by reloading to 1% tensile peak strain. The

black arrows show the direction of loading.
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measured by neutron diffraction in the loading direction are more re-
liable than for transverse directions [40-42] owing to higher un-
certainty regarding the exact grain population being sampled in the
latter.

Investigating the lattice strains of the grain families covering the full
spectrum of anisotropy is sufficient to provide a complete insight of the
microscopic deformation mechanisms [42]. During uniaxial tensile/
compressive deformation of undeformed type 316H stainless steel, the
{220} grain family usually yields first, the {200} grain family last and
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the {311} grain family generally exhibits grain average behaviour [42].
Results from these three grain families alone are presented and dis-
cussed in the remainder of this paper as they represent the behaviours
of plastically weaker, stronger and average grains in type 316H auste-
nitic stainless steel.

Before presenting the neutron diffraction measurements during
cyclic loading, the mechanism by which residual lattice strains are
generated is described. Fig. 4 shows the deformation of three differently
oriented grain families during a room temperature tensile test of type
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Fig. 5. Axial residual lattice strains at 5 MPa after the interruption at various strains during (a) compressive loading (points A-G in Fig. 1) and (b) during tensile loading (Point H-N in
Fig. 1). (¢) Schematics showing how the residual strains in the grain families at the 4 extreme points (as circled in (a) and (b) of the figure) changes the order in which the yielding occurs
first as well as how that determines the applied stress at which macroscopic yielding initiates. Moreover, the schematic shows how the difference between the yield stresses of different
grain families is varied owing to the residual strains which change the shape of elastic to plastic transition of the macroscopic stress-strain curve, as discussed later in this paper.
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316H stainless steel. It can be observed that with increasing applied
stress the grain families elastically deform with different slopes de-
pending upon the orientation-specific crystallographic elastic modulus.
More interestingly, with increasing applied stress, the elastic lattice
strains in the {220} grain family can be observed to almost stop in-
creasing at an applied stress of ~ 100 MPa whereas lattice strains in the
other two grain families are still increasing. As ‘elastic’ strains are
measured by diffraction, this observation implies that the {220} grain
families have already started to deform plastically at that point of
loading while the other two grain families are still deforming elasti-
cally. Residual lattice strains are generated by this incompatibility of
elastic and plastic deformation among differently oriented grains. For
example, if the material is elastically unloaded from the peak strain of
this tensile test, the grain families will unload following their respective
elastic moduli and therefore, the plastically weaker {220} grain family
will end up in compressive residual strain while that of the {200} grain
family will end up in tensile residual strain, as shown by the dotted line
in Fig. 4(a). These residual strains will either assist or oppose yielding
during reverse cycle loading depending upon the direction of the re-
loading. Fig. 4(b) is a schematic diagram illustrating relative yielding of
the grain families during a tensile test.

Fig. 5 shows the axial residual lattice strains measured at the un-
loaded state (at 5 MPa) after various (a) compression and (b) tension
interruptions. In case of compressive interruptions, with the increase of
interruption strain, the residual lattice strains in the {200} and {220}
grain families show a systematic increase in compression and tension
directions respectively. In case of the tension interruptions, with an
increase of interruption strains, the residual lattice strains in the {200}
and {220} grain families show a systematic increase in opposite di-
rection that is to tension and compression directions respectively. In
both cases, the lattice strains in the {311} grain family remain nearly
unchanged irrespective of the interruption strains, apart from a few
points.

Yielding of polycrystalline material initiates by slip occurring in the
grains which are favourably oriented, rather than slip occurring in all
the grains simultaneously. As the grains belonging to the {220} grain
family are the plastically weaker grains, initiation of macroscopic
yielding in this material is dictated by the residual strain in this grain
family, as it can be seen from the sketches in Fig. 5(c) that in almost all
scenarios of interruption (except after 1% tensile interruption), the
{220} grain family is the first to yield. Tensile residual strains that
develop in the {220} grain families during loading will assist and the
compressive residual strains will oppose yielding in the reloading ten-
sile cycle. As shown in Fig. 5(a), the higher the compressive interrup-
tion strains, the higher the tensile residual strain in the {220} grain
families, and therefore, the lower will be the macroscopic tensile yield
stress in the reloading cycle, which is exactly what has been observed in
Fig. 3.

To further clarify notice that the {220} grain family possesses a
compressive residual strain of ~ 300 pe and tensile residual strain of ~
100 pe, in Fig. 5(a), after unloading from interruption at 0.6% strain
and at — 0.6% strain respectively. When a further load is applied in
tension after the interruption at 0.6% strain, it has to overcome extra
compressive residual strain of ~ 300 pe in the {220} grain families
before these grains start deforming plastically. In contrast, {220} grain
family yielding is promoted by tensile residual strain when reloading
after the interruption at — 0.6% strain. As initiation of macroscopic
yielding occurs when these weaker grains start deforming plastically, so
the macroscopic yielding will start at a higher applied stress after the
interruption at 0.6% strain than the interruption at — 0.6% strain.
Conversely, in the case of tension interruptions, the compressive re-
sidual strains in the {220} grain families oppose macroscopic yielding.
For example, in Fig. 5(b), upon unloading after the interruption at 0.8%
strain, the {220} grain family possesses a compressive residual strain of
~ 500 pe compared with negligible residual strains upon interruption at
— 0.6% strain. When the further load is applied in tension at these two
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points, less stress is required to deform the {220} grain families plas-
tically after — 0.6% strain interruption than the 0.8% strain interrup-
tion. Therefore, macroscopic yielding starts at a higher applied stress
after the interruption at 0.8% strain than at — 0.6% strain, as shown in
Fig. 3.

It is possible for other stronger grain families to yield before the
weaker {220} grain family when they possess high tensile residual
strain and the weaker grains possess high compressive residual strain,
again as shown in the schematic for 1% tension interruption in Fig. 5(c).
Nevertheless, as the residual strains must balance each other, larger
tensile residual strains in stronger grains must be matched by increased
compressive residual strains in the weaker grain families which de-
creases the macroscopic yield stress, and vice versa.

4.2. Elastic to plastic transition

Another interesting observation from Fig. 5(c) is that the difference
in the macroscopic stress at which the 3 grain families yield also de-
pends upon the magnitude and direction of residual lattice strains in the
grain families. For example, in Fig. 5(c), the difference in yield stress
between the weaker {220} and the stronger {200} grain family is much
higher for — 1% compression interruptions than 0.6% compression
interruptions and likewise for — 0.6% tension interruptions compared
with 1% tension interruptions. The higher difference between the yield
stresses of the grain families means that the macroscopic elastic to
plastic transition will occur over a wider range of stresses and vice versa
for the lower difference. In other words, if the weaker grains have an
increasing tensile residual strain and the stronger grains have an in-
creasing compressive residual strain, the transition from elastic to
plastic deformation will take place over a decreasing range of applied
stress; that is the shape of the stress-strain curve for elastic to plastic
transition will be sharper. Fig. 6 shows an example of such changes in
the shape of the macroscopic yield curve with increasing tension in-
terruption strains. Tensile residual strains in the stronger grain families
and compressive residual strains in the weaker grain families increases
with increasing tension interruptions, therefore, the shape of the stress-
strain curve during tensile reloading is observed to be sharper with this
increase of interruption strains.

Fig. 7 compares shapes of macroscopic elastic to plastic deformation
transition curves for interruptions after which the grain family has re-
latively similar and different yield stresses. In Fig. 7(a) after — 0.6%
compression interruption, the weaker {220} grain family has tensile
residual strain and the stronger {200} grain family has compressive
residual strain, therefore, the relative tensile yield stress of all the grain
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Fig. 6. Macroscopic yielding after interruptions at various strains under tension. The
‘elastic to plastic transition zone’ gets sharper with an interruption at increasing tensile
strain.
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Fig. 7. Comparison of the shapes of macroscopic yield curves after interruptions at (a) 0.6% compression and tension strain and (b) 0.0% compression and tension strain.

families is further apart, while the opposite is the case after interruption
at 0.6% tension interruption. Therefore, the macroscopic yield transi-
tion curve is much sharper after the 0.6% tension interruption than that
after the — 0.6% compression interruption. A similar observation can
be made for the example Fig. 7(b) that compares yield deformation
transition curves after 0% compression and 0% tension interruptions.

5. Compression yield test

This test mirrored the tensile yield test, investigating the evolution
of compressive yield instead of tensile yield, following the same ex-
perimental procedure. The tension and compression interruption points
for this test are shown in Fig. 1(b). The results are presented concisely
in order to avoid repetitiveness.

The measured values of the macroscopic compressive yield stress as
a function of the tension and compression interruption points are listed
in Table 2 and presented in Fig. 8. Similarly but in an opposite sense to
the tensile yield test, the macroscopic compressive yield stress in the
subsequent cycle was observed to decrease with increase in the excur-
sion of tensile deformation and to increase with an increase in the ex-
cursion of compressive deformation.

Fig. 9(a) and Fig. 9(b) show the evolution of axial residual lattice
strains in the 3 grain families after tension and compression interrup-
tions respectively. A similar picture of the evolution of residual lattice
strain (but in an opposite sense) can be observed in this test. With in-
creasing tension interruption strains, the residual lattice strain in the
plastically weaker {220} grain family increases in compression and that
in the {200} grain family increases in tension. On the other hand, with
increasing compression interruption strains, the residual lattice strain in
the {220} grain family increases in tension and that in the {200} grain
family increases in compression. The residual lattice strains in the
{311} grain families, remain nearly unchanged in most of the points but
show non-systematic fluctuations at a few points.

In contrast to the tensile yield test, the applied stress has to

Table 2
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Fig. 8. Changes of cyclic compressive yield stress at 0.05% strain offset after reloading
from various tensile and compressive load interruptions. The yield stresses decrease with
increasing interruption in tension and increase with the increasing interruption in com-
pression.

overcome the tensile residual lattice strains in the {220} grain families,
to initiate plastic deformation in the macroscopic material. As a result,
the macroscopic compressive yield stress will be greater after higher
compression interruption strains and lower after higher tensile inter-
ruption strains; the exact behaviour can be observed in the variation of
macroscopic yield stress with respect to the interruption strains, as
presented in Fig. 8.

Similar observations regarding the changing shape of the macro-
scopic stress-strain curve were also observed for compression yield test
(not presented here). However, contrary to the tension yield test, the
macroscopic stress-strain curve for the compression reloading cycle was
smoother with increasing tension interruptions, as the lattice yield
stress for the stronger grain family is decreasing and that for the weaker

Measured yield at 0.0005 strain offset in the reloading cycle after load interruption at various points in compression and tension loading for the compression yield test. The points of the

interruption are referred to in Fig. 1.

Compression interruption points (o] P Q R S T U
Interruption strain (%) — 0.60 — 0.40 0.0 0.4 0.6 0.8 1.0
Yield at 0.05% strain offset (MPa) - 313 - 209 - 90 - 58 - 35 - 20 - 12
Tension interruption points A% w X Y z AA AB
Interruption strain (%) 0.6 0.4 0.0 - 04 — 0.6 - 0.8 - 1.0
Yield at 0.05% strain offset (MPa) - 182 — 265 - 322 - 365 — 378 - 385 — 405
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Fig. 9. (a) Lattice residual strains at 5 MPa after interruption at various strains in compressive loading (points N-T in Fig. 1) and (b) lattice residual strains at 5 MPa after interruption at

various strains in tensile loading (points O-AB in Fig. 1).

grain family is increasing.

In summary, the above-discussed results of the tensile yield test and
compressive yield test show that the changes of microscopic yield stress
during a reverse cycle of loading occurs due to the distribution of the
forward loading generated residual lattice strains in the grains.
Moreover, the changes in the shape of elastic to plastic transition part of
the stress-strain curve during tension and compression reloading cycle
are also due to the distribution of the residual lattice strains among the
grain families.

6. Variation of peak stress and peak lattice strain

The correlation between the evolution of residual lattice strains and
macroscopic deformation can be confirmed by examining the variation
of macroscopic stress and residual lattice strain at the cycle peak point
with respect to the interruption strains. Fig. 10 shows the macroscopic
stress (a) at the peak tensile strain of 1% and (b) at the peak com-
pressive strain of — 1% with respect to various tension and compres-
sion interruptions. In both cases, the macroscopic stress is seen to be
independent of tension, or compression, interruption strain. The small
difference between macroscopic stresses after compression interrup-
tions compared with tension interruptions is owing to a slight change in
isotropic hardening of the specimen with repeated cyclic loading in the
tests.

Fig. 11 shows the evolution of axial residual lattice strains in the

400

390

—I— Average Error
380
370
360

350

Macroscopic Stress (MPa)

-0.5

0.0 0.5 1.0

Interruption Strain (%)

three grain families with respect to various interruption strains. Whe-
ther the residual lattice strain in a grain family is compressive or tensile
in the unloaded state, upon reaching the peak macroscopic tensile
strain it has reached the same magnitude. It can be clearly noticed that
similar to the macroscopic variation of peak stress, the residual lattice
strains in all three grain families remain nearly unchanged irrespective
of the interruption strain, except at a few arbitrary points. Thus, a
strong correlation can be inferred between the residual lattice strains
and the macroscopic stress at the peak 1% tension and peak 1% com-
pression strain points of cyclic loading.

Fig. 11 also shows that the magnitude of the lattice residual strains
in any specific grain family is similar after tensile and compressive
interruptions in the tension and compression yield tests. This evidence
provides added confidence in the precision and consistency of the col-
lected data.

7. Conclusions

Two load interrupted cyclic stress-strain tests were conducted using
type 316H austenitic stainless steel samples at room temperature with
in-situ neutron diffraction monitoring in order to elucidate the role of
residual lattice strain in causing the Bauschinger effect in this material.
The following conclusions were drawn from analysis and assessment of
the experimental results.

-400 -

& -390 J

=3 ]

# 380 §

1) .

3 ]

G 370
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S -360

e h
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(b)

—&— Tension Interruptions
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Fig. 10. Macroscopic stress required to reach to the peak 1% tensile strain after the interruption at various compression and tensile loads. The set of macroscopic stress values for both
tension and compression interruptions show negligible variations (within experimental error) with interruption strain.
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Fig. 11. Variation of axial residual lattice strains after reaching the loop peak strain of 1% after (a) compressive and (b) tensile interruptions in the tension yield test and after (c) tensile

and (d) compressive interruptions in the compression yield test.

1. A systematic variation in the magnitude of the yield stress and shape
of the stress-strain curve (in tension and compression) was observed
on reloading with respect to the magnitude of interruptions under
compressive and tensile load. Furthermore, no variation in the
macroscopic peak stress was observed owing to load interruptions.

. It was experimentally inferred that initiation of macroscopic
yielding in type 316H stainless steel occurs by the yielding of the
plastically weaker {220} grain family and therefore, following an
interruption, the magnitude and direction of residual lattice strains
in these grains dictate the macroscopic yield stress. A strong cor-
relation was observed between the magnitude and direction of re-
sidual lattice strain in this grain family with the magnitude of
macroscopic yield stress in both the tests.

. During tension reloading, after tension interruptions, the macro-
scopic yielding occurred sharply and after compression interrup-
tions yielding occurred smoothly. The change in shape of the mac-
roscopic stress-strain curve was observed to correlate with the
magnitude of residual lattice strains in plastically weaker and
plastically stronger grain families. In tensile yield test, sharper
yielding occurred with decreasing difference between the yield
stresses of the grain families due to weaker grain families possessing
compressive residual strains whereas the plastically stronger grain
families possessing tensile residual strains. Smoother yielding oc-
curred with increasing difference in yield stress between the grain
families, due to residual strains of these grain families in opposite
sense.

. The macroscopic (saturation) stress at the cycle peak 1% tensile
strain and peak — 1% compressive strain in reloading cycles were
observed to remain almost unchanged irrespective of the interrup-
tion strains in both the tension yield and compression yield tests
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respectively. The lattice residual strains were also observed to re-
main nearly unchanged in all 3 grain families, irrespective of the
interruption strains, at the cycle peaks.

The relationship between macroscopic yielding and microscopic
residual lattice strain has been investigated upon reloading after in-
terruptions at various tensile and compressive loads. A strong correla-
tion has been observed between the evolution of residual lattice strain
and macroscopic deformation including the cyclic yield stress and
shape of the stress-strain curve at yield. This implies that residual lattice
strain generated due to grain scale anisotropic elastic and plastic de-
formation is the primary source of the Bauschinger kinematic hardening
effect observed in type 316H austenitic stainless steel.
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