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ARTICLE INFO ABSTRACT

Article history: Backstresses, or long range internal stresses (LRISs), have been suggested by many to exist
Received 31 March 2012 in plastically deformed crystalline materials. Elevated stresses may be present in regions of
Received in final revised form 25 July 2012 elevated dislocation density or dislocation heterogeneities in the deformed microstruc-

Available online 2 November 2012 tures. The heterogeneities include dislocation pile-ups, edge dislocation dipole bundles

and cell walls in monotonically and cyclically deformed materials. The existence of LRIS
'L@y""ords" ) | is especially important for the understanding of cyclic deformation and monotonic defor-
ong range internal stress mation. Theories and supporting experiments for assessing LRIS will all be discussed in this
Bauschinger effect . . . .
review. This review includes several new developments over the past few years.

Cyclic deformation . /
X-ray microbeam © 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The applied stress, 7,4, on a crystalline material may not result in a uniform stress across the material. The concept of inter-
nal stress generally refers to the deviation of these local stresses from the applied stress. Internal stress fields in crystals can
be either short range, such as with individual dislocations in a tilt boundary, or long-range internal stresses (LRIS) which
refer to variations in stress that occur over longer length scales, such as that of the microstructure (e.g. dislocation cell size,
which is often micrometer-range). LRIS appears to be important for a variety of practical reasons including the Bauschinger
effect (as a “backstress”), cyclic deformation, springback in metal forming, as well as, of course, understanding plastic defor-
mation, in general. Certainly, some have been skeptical regarding the existence of substantial long range internal stresses
(e.g. Hansen, 1999; Kuhlmann-Wilsdorf, 1999; Neumann, 1999; Kassner et al., 2000; Legros et al., 2008; Sleeswyk et al.,
1978).

The definition we use for LRIS is:

T) = Ta + ATj, (1)

where 7, is the local stress, 7, is the applied stress and At; is the LRIS. Simply stated, LRIS is the local deviation from the aver-
age (or applied) stress in a loaded material. This is illustrated in Fig. 1. Again, these heterogeneous stress states are often
suggested to be associated, in single-phase materials, with corresponding heterogeneities in the dislocation substructure
such as dislocation pile-ups, subgrain and cell walls and dipole bundles and walls, etc.

This review wishes to describe the history of the LRIS concept in terms of its sources and postulated magnitudes. There
has been some controversy as to the existence of LRIS but also wide disagreement as to the magnitude and origin of these
stresses in cases where their presence is believed to be confirmed. This discussion of LRIS recognizes that their existence and
magnitude may well vary with the nature of the dislocation substructure. We generally consider the principal sources for
LRIS in single phase metal and alloys will be dislocation arrangements, and these arrangements vary with both the
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Fig. 1. (a) The variation of stress in a solid with 7, as the applied stress, and At} and At; as the LRIS. Often the heterogeneous stress states are suggested to
be associated with corresponding heterogeneities in the dislocation substructure resulting from subgrains, cells and dipole bundles, etc. (b) Idealized
dislocation pile-ups against dislocation heterogeneities such as cell walls or grain boundaries. The stress ahead of the pile-up is t, = nbtra. Equilibrium
suggests a equal “backstress” of opposite sign.

temperature and the nature of the deformation. Sometimes there is confusion regarding the presence of LRIS in terms of the
dislocations and their arrangements. In pure single crystals, only the dislocations can give rise to LRIS; slip in the absence of
dislocations would not give rise to any LRIS.

Two broad categories for deformation are cyclic and monotonic, with each class producing different kinds of substructure
(e.g. in terms of the dipole content of the dislocation heterogeneities and the crystallographic misorientation across these
structures). Each of these categories can be further subdivided. Cyclic can be separated by the number of cycles into lower
total-cycles, or pre-saturation substructures, and higher total-cycles, or saturated (in terms of the applied stress) structures
that often have persistent slip bands (PSBs) or a duplex dislocation structure. The walls of the PSBs are often suggested to
have particularly high LRIS. Monotonic is subdivided into low and high (creep) temperature deformation.

In this review, the Bauschinger effect will be discussed first. This, for many, was an early suggestion of “kinematic hard-
ening”, and thus backstresses or long-range internal stresses (LRIS). This section is followed by Monotonic Deformation
which is subdivided into low-temperature (generally ambient) deformation and high-temperature deformation. The third
section is cyclic deformation which includes pre-saturation and saturation (persistent slip bands or PSBs) microstructures.
This subdividing approach allows a discussion of LRIS in terms of the nature of the substructures. This subdivision still suffers
from some inconveniences. Different methodologies to assess LRIS (with perhaps different reliabilities) have been applied to
the different substructures. There is essentially a matrix of discussions with substructures and the associated experimental
methodologies, and (often the subsequent) theories for any LRIS. This means that there is no perfect order for the presenta-
tion of data and theories in the background section.

2. Background
2.1. Bauschinger effect

The concept of backstresses or long-range internal stresses in materials may have been first discussed in connection with
the Bauschinger effect (Mughrabi, 1987). The material strain hardens and on reversal of the direction of the straining, the
metal plastically flows at a stress less in magnitude than in the forward direction, in contrast to what would be expected
based on isotropic hardening. A Bauschinger effect is illustrated in Fig. 2. Often a “backstress” is suggested based on the
equation (Kassner et al., 1985; Yan, 1998)

oy = (07 +07)/2, (2)
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Fig. 2. A generalized description of the Bauschinger effect.

where gy, is the “backstress” (which is often referred to or related to LRIS by other investigators, but as discussed subse-
quently, this may not be true), o, is the stress of yielding on reversal of the direction of straining, and oyis the stress (forward
sense) just prior to the reversal. Backstresses have sometimes been thought of as the origin of kinematic hardening (or a
translation of the yield surface). With o}, = 0, there is no backstress and all hardening is isotropic. With immediate yielding
on reversal, o = grand all hardening is kinematic. Not only is the flow stress lower on reversal but the hardening features are
very different, as well, from the forward sense. The Bauschinger effect is important as it appears to be the basis for low hard-
ening rates and low saturation stresses (and failure stresses) in cyclic deformation (fatigue). This is shown (later) in Fig. 4.

2.1.1. Pile-up model of the Bauschinger effect
One of the early physically-based explanations for the Bauschinger effect was that dislocation pile-ups, illustrated in
Fig. 1b, lead to LRIS (Seeger et al., 1957). The stress, 1, ahead of the pile-ups is estimated by,

T, = N14, 3)

where n is the number of dislocations in the pile-up (Weertman and Weertman, 1992). Thus, with the presence of pile-ups,
high local stress develops. For local equilibrium, the high stress against a barrier (e.g. cell walls), t,, would be balanced by a
stress, —1,. Seeger et al. (1957) and Mott (1952) suggested that on reversal of the direction of straining, this internal stress,
—1Tp, assists the reverse plasticity and decreases the corresponding applied stress.

2.1.2. Composite model of the Bauschinger effect

In an influential development, Mughrabi (1983) and Pedersen et al. (1981) independently advanced the concept of rela-
tively high (long-range internal) stresses in association with heterogeneous dislocation substructures (e.g., cell/subgrain
walls, dipole bundles, PSB walls, etc.) through a “composite” model. Mughrabi presented the simple case where “hard” (high
dislocation density walls, etc.) and “soft” (low dislocation density channels, or cell interiors) elastic-perfectly-plastic regions
are compatibly sheared. Each component yields at different stresses (depending on the dislocation density and arrange-
ments) and it is suggested that the composite is under a heterogeneous stress-state with the high-dislocation density regions
having the larger magnitude stress. Thus, LRIS are present consistent with Fig. 1a.

This composite picture was suggested to explain the Bauschinger effect. As soft and hard regions are unloaded in parallel
from tension, the hard region eventually places the soft region in compression while the stress in the hard region is still po-
sitive. When the applied, or average, stress is zero, the stress in the hard region is positive while negative in the soft region. A
Bauschinger effect is observed, where plasticity occurs on reversal at a lower average magnitude of stress than just prior to
unloading due to “reverse” plasticity in the soft region. The “composite” model for backstress is illustrated in Figs. 3 and 4.
The long range internal stresses are defined consistent with Eq. (1), @, = 7, + ATy and 1} = 7, + AT;, where 1, is the applied
stress, and At,, and At;are LRIS in the cell wall and cell interior of the composite substructure. The concept of heterogeneous
stresses has also been widely embraced for monotonic deformation (Borbély et al., 1997, 2000; Vogerand and Blum, 1990)
including elevated-temperature creep deformation.
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Fig. 3. The composite model indicating “hard” regions (high dislocation density) and “soft” regions (low dislocation density). Note that interfacial
dislocations at the interface allow elastic compatibility and form dipole pairs across the walls.

Note that the yield stress on reversal is relatable to the LRIS in the composite, but o}, of Eq. (2) is not equal to the LRIS. Also
note that elastic-perfectly-plastic behavior is assumed as well. As Mughrabi points out, the disparate stresses suggest an
elastic incompatibility and further suggest the necessity for dislocations at the interface. Of course, the LRIS must ultimately
result from the stress-field summations of all of the dislocations in a single-phase material. Said another way, the stress-
states (LRIS) of each element in the structure can be, in principle, assessed based on the knowledge of the precise location
of all dislocations. The interfacial dislocations in this model are the principal basis for the LRIS.

2.1.3. Non-LRIS explanation for BE

In early work performed by Kassner et al. (1985) a nearly random dislocation arrangement (absent of subgrain and easily
discernable cell walls) in monotonically deformed stainless steel produced nearly the same elevated temperature Bauschin-
ger effect as one with well-defined cells and/or subgrains where LRIS could be significant according to the composite model
(Kassner et al., 1985). This is illustrated in Fig. 5. Also, it can be noted from the single crystal aluminum experiments of
Kassner et al. (1997) and Kassner and Wall (1999) that a very pronounced Bauschinger effect is evident in the first cycle (just
0.0005 monotonic plastic strain) at 77 K when a cellular substructure is not expected to be evident during the very early
Stage I deformation (Schmid factor = 0.5). The Bauschinger effect is comparable to the case where a heterogeneous vein/
channel substructure developed after hundreds or thousands of cycles. These experiments suggest that the Bauschinger
effect is largely independent of such pronounced heterogeneities as cells or subgrains. Inasmuch as LRIS are related to such
heterogeneities, perhaps the Bauschinger Effect does not measure nor is especially reflective of LRIS.

Sleeswyk et al. (1978) analyzed the Bauschinger Effect in several metals at ambient temperature. They found that the hard-
ening behavior on reversal can be modeled by that of the monotonic case provided a small (e.g., 0.01-0.05) “reversible” strain
is subtracted from the early plastic strain associated with each reversal (in Fig. 6 this is approximately g). This led to the con-
clusion of an Orowan-type mechanism (long-range internal stresses are not especially important) (Orowan 1959) with dislo-
cations easily reversing their motion (e.g. across cells from dislocation tangles or reversing from pile-ups). Sleeswyk et al.
(1978) suggested gliding dislocations, during work hardening, encounter increasingly effective obstacles and the stress nec-
essary to activate further dislocation motion or plasticity continually increases (work-hardening). On reversal of the direction
of straining from a “forward” sense, under oy, the dislocations will easily move past those, non-regularly-spaced, obstacles
that have already been surmounted. Thus, the flow stress on reversal is initially relatively low, <oy There is a relatively large
amount of plastic strain on reversal to [—(¢ + do)] in comparison to the strain associated with an incremental increase in
stress to [+(o + da)] in the forward direction. This is referred to as the Orowan-Sleeswyk (OS) explanation for the Bauschinger
effect. There is the implication that the obstacles to the gliding dislocations are non-uniformly distributed in the slip planes,
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Fig. 4. The composite model illustrating the Bauschinger effect. The different stress versus strain behaviors of the cell walls and the cell interiors are
illustrated in (a), while the stress versus strain behavior of the composite is illustrated in (b). When the composite is completely unloaded, the low-
dislocation density cell interior region is under compressive (back) stress. This leads to a yielding of this “softer” component in compression at a
“macroscopic” stress less than —tJ,.
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Fig. 5. (a) The backstress defined and calculated by Eq. (2) of 304 stainless steel at creep temperatures, as a function of monotonic strain. (Kassner et al.,
1985) and (b), the normalized backstress as a function of strain.

which is expected. An example is cell interiors having a relatively low obstacle density, while cell-walls, dislocation tangles,
etc. have a (much) higher density. Sleeswyk et al. (1978) suggested that the reversible strain, 8, maybe relatable to the cell
size; dislocations have a lower obstacle density on reversal into the cell interior from cell walls where the obstacle density
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Fig. 6. A zinc single crystal is deformed at ambient temperature in tension to a strain of .07, then unloaded from 0.54 MPa and compressed (although only
the magnitude stress is reported in the figure and is always positive in sign). The material yields at 0.1 (negative) MPa and gives rise to a Bauschinger
effect. The hardening on reversal approaches that for continued monotonic deformation if a “reversible” strain f is subtracted to the dashed vertical line
(from Sleeswyk et al., 1978).

is higher in the forward sense. This suggests that a substantial component to the Bauschinger effect or the reversible strain, f,
is configurational, rather than a “back(ward)” stress from heterogeneities.

Other sources (ync) for Bauschinger effect or “reversible” strain () on reverse loading include, but are not restricted to:
dislocation loop unbowing and re-bowing in the opposite sense (7,), plasticity associated with any backstress (LRIS) of oppo-
site sign to the strain prior to unloading (y3), recovery on reversal (e.g. recovered plastic strain due to dislocation annihila-
tion) including subgrain boundaries in creep (Kassner et al., 1994a,b; McQueen et al., 1993) (yc). These terms could
rationalize anelasticity in unloading. Observations of anelasticity in single crystals of 6 x 10~ (Gibeling and Nix, 1980)
and polycrystals of 103 (Thiehsen et al., 1993a,b) have been observed in unloaded specimens, at temperature, during creep.

A maximum (anelastic) unbowing for a “cubic grid” of dislocations (all bowed to semi-circular configuration) can be esti-
mated as

b VP @)

’VA%§\/6

If p=~ 10" m~2 to 10'> m2 for cyclically and monotonically deformed Cu single crystals (Kassner et al., 2000; Levine et al.,
2011), an “upper limit” for (y,) is 10~3. Not surprisingly, these bowed (“flexing”) dislocations also can give rise to apparent
decreases in the elastic modulus during strain-rate increase tests in heavily deformed material (Kassner, 1989).

The backstrain associated with the LRIS (yg) is at least o/E (elastic component), and may be even larger if backstrains
(anelasticity) are considered that are activated by the LRIS, in the absence of any relaxation of the LRIS. (yc) cannot be easily
predicted; this is a contribution to p based on dislocation density changes that are not associated with a relaxation in the
LRIS. An example of this could be the recovery of subgrain boundaries at elevated temperature that could give rise to a back-
strain. The sum, 7. + 74 + Vg, is not readily calculated, but if it is assumed that (y3) is roughly ¢/E for cyclic and monotonic
deformation of Cu, then this sum is roughly 1073 to 3 x 10~3. The observed values of f are, then, about an order of magnitude
too large. Thus, it appears the low proportional limit might be influenced by LRIS and/or anelastic behavior, but the principal
features of the Bauschinger effect may need to include the Orowan-Sleeswyk type of explanation in addition to any “early”
(micro-)yielding from any LRIS. In situ reverse deformation experiments in the high voltage transmission election micro-
scope (HVEM) by Kassner et al. (1991) on pure Al with dislocation tangles, suggested that on reversal, the cell wall formed
in monotonic deformation shows some “unraveling”, consistent with the OS explanation. The assistance by LRIS in the
unraveling is unclear.

2.2. Monotonic deformation

The same basis for the Bauschinger effect has been suggested for LRIS in monotonically deformed materials (e.g. compos-
ite and pile-up models), and several dislocation models have been proposed to rationalize LRIS observations (Khan et al.,
2004; Sedlacek et al., 2002; Gibeling and Nix, 1980; Vogerand and Blum, 1990). The experiments described below offer pos-
sible justifications for these models.
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Fig. 7. The X-ray diffraction peak in Cu deformed to various monotonic strains showing asymmetric broadening. A decomposition can be performed that
leads to two symmetric peaks which has been interpreted as a heterogeneous stress-state (Schafler et al., 2005), with different lattice parameters (stresses)
in high and low dislocation density regions of the plastically deformed material. In this case, LRIS in cell walls were suggested to be about 0.4ca and 0.1ca
for cell interiors.

2.2.1. X-ray peak asymmetry

As materials are plastically deformed, the diffraction peaks both broaden and become increasingly asymmetric, as illus-
trated in Fig. 7. Sophisticated models describing how dislocations produce these peaks have been used to assess dislocation
densities, and ratios between screw and edge dislocations (Pedersen et al., 1981; Groma, 1998; Krivoglaz and Ryaboshapka,
1963; Wilkins, 1970; Ungar et al., 1984). The details of the shapes of the peaks have also been used to assess LRIS.

As discussed earlier, it has been argued that a heterogeneous dislocation microstructure can be associated with long range
internal stresses (LRISs), often through a two-phase composite model, as illustrated in Fig. 1. If correct, the high and low dis-
location volumes would have different stresses, leading to the separation of the diffraction peak into two approximately
symmetric subpeaks (Mughrabi and Ungar, 2002). The areas under the subpeaks reflect the corresponding relative volumes.
It is usually assumed that the smaller symmetric peak, illustrated in Fig. 7(b), is associated with the high-dislocation volumes
such as the cell, PSB or subgrain walls. A review of the literature relating to X-ray line-profile asymmetry experiments shows
consistent patterns:

(i) Asymmetry increases with applied stress and strain
X-ray line profiles tend to become more asymmetric as the specimen accumulates plastic strain.

(ii) Characteristic asymmetry
When comparing asymmetry from the axial to side faces, the asymmetry is in the opposite “sense” or direction, as the
composite model predicts due to the Poisson effect.

Thus, the asymmetry is explained by the different lattice parameters (strains) in the composite and the average LRIS from
the individual components is assessed through a decomposition process. The single crystal Cu compression deformation
experiments by Ungar et al. (1991) suggested relatively low values by this technique at +0.100,4 in the cell interiors and
—0.404 in the cell walls (Ungar et al., 1991). Although these experiments are indirect, they have been used to infer local stres-
ses based on the irradiation of millions of cells. A recent microbeam diffraction study (Levine et al., 2012) directly tested the
validity of this asymmetric peak decomposition process and found that most of the underlying assumptions were true and
that the extracted stresses were qualitatively correct.

2.2.2. Synchrotron X-ray microdiffraction experiments
In 2002, Larson et al. (2002) developed a polychromatic X-ray technique, white-beam differential-aperture X-ray micros-
copy (DAXM), that allows measurement of the crystallographic orientation and the internal deviatoric (shear) stress state in
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relatively small, spatially-resolved volumes within a bulk specimen (Larson et al., 2002). These experiments use the micro-
beam diffraction instrument on sector 34ID at the Advanced Photon Source at Argonne National Laboratory. More recently,
this technique has been extended by using a scanned monochromatic X-ray beam (Levine et al., 2006) to allow absolute lat-
tice parameters and dilatational strains to be measured from buried submicrometer sample volumes. The 3D submicrometer
(~0.5 um)? sample volume of this new technique is small enough to allow probing within individual dislocation cells within
a bulk deformed specimen. In scanning-monochromatic DAXM, a submicrometer X-ray beam is scanned through a broad
enough range of energies to ensure diffraction from all of the sample volumes along the beam path. For a given photon en-
ergy, X-rays diffracted by the dislocation cells are measured using an area detector. A Pt wire is then translated parallel to the
sample surface and the locations of the diffracting cells can be determined with submicrometer accuracy. Since the energy
(and thus the wavelength) is known, absolute lattice parameters can be obtained. This process is repeated over a wide range
of photon energies (up to 600 eV range for 3 eV steps) and a series of lattice parameter values can be assigned to specific,
small, volumes of material leading to measurements of the average lattice parameter within individual dislocation cell inte-
riors. Further enhancements to this technique allowed complete diffraction line profiles to be measured from numerous indi-
vidual, adjacent dislocation cell walls and cell interiors (Levine et al., 2011).

The scanned-monochromatic DAXM technique was first applied to make direct measurements of the strain-state within
dislocation cells in deformed copper. Copper single crystals with (00 1) orientations were deformed in both tension and com-
pression to strains of ~30% that led to well developed dislocation cell structures such as in Fig. 8.

The deformation-induced change in the lattice parameter reverses sign in tension and compression (negative in tension,
positive in compression as measured locally by DAXM). Also, (006) volume average X-ray line profiles, from tension and
compression deformed samples were found to contain asymmetry, and the asymmetry “sense” was reversed when compar-
ing tension and compression samples. This is shown in Fig 9. These two results, when taken together, are direct evidence that
a long range internal stress (LRIS) remains after plastic deformation, specifically showing that cell interiors are under
compressive stress after tensile deformation and vice versa. Further, these two results are in qualitative agreement with
the predictions of the composite model proposed independently by Mughrabi and also by Pedersen. This also suggests that
a Mott-Seeger type (pile-up) model for LRIS is unlikely as such a model is not expected to show that stress reversal changes
the sign of LRIS. Again, it is important to emphasize that there appears to be a range of values (order of magnitude) for the
lattice parameter changes from one cell to the next.

It should be mentioned that the microbeam studies were performed on unloaded specimens and recovery of LRIS must be
considered. Borbély et al. (2000) made X-ray peak asymmetry measurements similar to Fig. 7 in situ, or under load. The XRD
line profiles provided the expected asymmetry under stress at elevated temperature. Additionally, the unloaded specimen
retained a majority of the asymmetry despite elevated temperature exposure that would lead to recovery of any LRIS. Since
it appears that the asymmetry under load is reflective of LRIS, then unloaded specimens appear to substantially “lock in” at
least two-thirds of these stresses in Cu at room temperature. Additional experiments to validate these results should be
performed.

Fig. 8. (a) TEM micrograph of the dislocation substructure of deformed [001]-oriented Cu single crystals compression deformed to a true strain of —0.28.
(b) The same micrograph with the dislocation walls shaded in grey. The shaded area comprises ~55% of the micrograph.
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Fig. 9. Comparison between spatially integrated and spatially resolved X-ray diffraction experiments on deformed copper single-crystals. (a) Photograph
and X-ray results from the (001) compression specimen. Inset: a representative beam energy and depth scan for a typical dislocation cell, where the Energy
grid lines denote 2 eV steps, the depth grid lines denote 0.5 pm steps and the center of the peak determines the 006 Bragg angle for the cell. (b) Photograph
and corresponding results from the (001) tension specimen. The red lines in both panels are spatially averaged axial 006 line profiles obtained using
conventional X-ray diffraction techniques. The vertical blue lines in both panels show the corresponding diffraction peak centers from individual dislocation
cells, measured using spatially resolved monochromatic differential-aperture X-ray microscopy. The error bar indicates one standard deviation. As
predicted by the two-component composite model, the cell strains in (a) are shifted to smaller q and those in (b) are shifted to larger q. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

More recent Cu compression tests, similar to those just discussed, confirm these findings and are illustrated in Fig. 10.
However, in these experiments, a large number of the strains from individual cell walls in addition to cell interiors were mea-
sured. Unlike the experiments of Fig. 7, where the LRIS are deduced from the decomposition of an X-ray line profile into sym-
metric sub-peaks, here direct lattice parameter measurements are taken from individual cell walls and cell interiors. The
average stress in the cell walls and cell interiors is roughly equal. TEM observations reveal that the cell wall and cell interior
volumes are also roughly equal, indicating a balance of forces in the unloaded specimens.

The elastic strains within the cell walls and cell interiors measured have an approximate 40 MPa difference between their
averages and are of opposite sign. Thus, the LRIS for both cell walls and cell interiors is roughly 0.1 the applied stress. So, the
average value of the LRIS in these specimens is not very large. Of course, it should be mentioned that there is considerable
variation from cell wall/interior to the next and a local cell wall, for example can have a local stress that approaches 0.4 the
applied stress; the microbeam is well suited to detect these variations, obscured with earlier techniques. Also, note that the
magnitude of the LRIS at an average of about +20 MPa is significant and it is unclear how the value changes with the flow
stress. That is, how this value might change with the flow stress during hardening.

Additionally, there is a broad asymmetric shape to the stress distribution functions shown. A simple model was devel-
oped by Levine et al. (2011). It is suggested that the long range internal stress fields of the dislocations within the walls
are shielded and that the LRIS are a consequence of the interfacial dipoles illustrated in Fig. 3. The analysis further suggested
that the average number of interfacial dislocations needed to create the observed LRIS was very small, only about two, or so,
per cell wall.

It must be mentioned, here, that the cell walls examined are typical of those produced by deformation in single crystal Cu
along [100]. The cells are well-organized and consistently of low misorientation. In off-[100] axis single crystals, where high
misorientation boundaries (geometric necessary boundaries or GNBs) are formed, the LRIS could increase over this simple
case. Also, care must be exercised in converting strains to stresses. Multiplication of the strain and modulus gives proper
stress only if the full strain tensor is known. Future work by the microbeam group will include an evaluation of the full strain
tensor.

There is actually reasonable agreement between Levine et al. (2011) Cu monotonic deformation results and the work of
Mughrabi et al. (1986) as corrected in Ungar et al. (1991) provided the proper adjustments are performed. Estimates for the
volume fractions of cell walls at 0.28 + 0.001 strain in [001] oriented Cu is actually f,, = 0.55 + 0.1 based on a fairly simple
image analysis of TEM micrographs that partition “high” and “low” dislocation density regions. We expect that the cell wall
estimates of LRIS of the Mughrabi et al. (1986) (again, as corrected by Ungar et al. 1991), of 0.40,4 is based on an assessment
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the references to color in this figure legend, the reader is referred to the web version of this article.)

of a very large number of cells are in reasonable agreement with the Levine et al. (2011) work if a more realistic estimate of
the volume fraction of walls is used in the Mughrabi et al. work.

2.2.3. Creep

Various models have been suggested to be the basis of LRIS in creep. These include “flexing” subgrain walls (Argon and
Takeuchi, 1981; Gibeling and Nix, 1981) leading to backstresses about eight times the applied stress, backstresses from pile-
ups (Kassner, 2009) and, of course, the composite model. Below are some of the experimental observations of LRIS or their
absence.

2.2.3.1. CBED. Convergent beam electron diffraction (CBED) experiments were used by Kassner et al. (2000, 2002) to assess
internal stresses in unloaded monotonically and cyclically deformed Cu. CBED, with a 20-100 nm beam size, can probe smal-
ler volumes than the X-ray studies referenced thus far. Convergent beam electron diffraction experiments were performed
near cell/subgrain walls (within 80 nm) and interiors in creep deformed Cu and Al. These experiments measured the lattice
parameters in small volumes in various locations in a TEM thin foil. No evidence for LRIS was observed. The uncertainty,
however, was 1.5-2.0 times the flow stress for Cu and Al, respectively. These suggest that the LRIS in these creep deformed
materials is not very high, if at all present. Of course, the CBED experiments are performed on unloaded material, and the foil
thickness is relatively small in the regions examined and relaxation of LRIS is possible. This kind of experiment was also per-
formed on cyclically (fatigued) deformed Cu, later illustrated in Fig. 13.

2.2.3.2. In situ. Morris and Martin (1984) quenched a creep-deformed solid solution Al-Zn alloy that behaves essentially
identically to pure Al at elevated temperature. These results are illustrated in Fig. 11. On cooling to ambient temperature
however, precipitates form that allegedly pin dislocations (and dislocation loops) in place. The Orowan bowing equation
was applied to assess the stresses required for bowing and suggested enormous LRIS near walls. Nabarro et al. point out
(Nabarro and de Villiers, 1995), however, that the curvature of the dislocation segments may not reflect just the LRIS but,
rather, the curvature was increased by the “chemical pressure” of the super-saturated zinc. The meaning of this criticism
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Fig. 11. Dislocation loop-radii-calculated LRIS based on precipitate-pinning (under load) of dislocation loops in creep deformed Al-Zn alloy with subgrains.
The high stresses are very close to the subgrain walls. From (Morris and Martin, 1984).

is unclear, but may imply that with low-temperature precipitation, stress fields from the precipitate (coherency or dilata-
tional), or the mass transfer from the matrix to the precipitate (leaving vacancies behind) that may create a hydrostatic stress
gradient, leaving bowed dislocations whose configuration is independent of LRIS.

2.2.3.3. X-ray peak asymmetry. Borbély et al. (2000), as mentioned previously, observed X-ray peak asymmetry in creep-
deformed Cu under load. Their analysis suggests that LRIS in the walls is about equal to the applied stress. Also Blum,
one of the co-authors, increased this value to about 5-7 times the applied stress (Blum, 2012; Vogerand and Blum, 1990).
A complication to the analysis is assessing the volume fraction associated with subgrain/cell walls.

Table 1 illustrates the LRIS values from various studies, many already discussed. The table indicates a wide variation of
experimental estimates and theoretical predictions for LRIS in deformed materials.

2.3. Cyclic deformation

2.3.1. Saturation (PSBs)

2.3.1.1. In situ experiments for saturation. In situ deformation experiments in the TEM by Lepinoux and Kubin (1985) and par-
ticularly the neutron irradiation experiments by Mughrabi (1983) of Fig. 12 have long been cited as evidence for long-range
internal stresses in cyclically deformed metals. The observed stresses are, roughly, a factor of three higher than the applied
stress for dipole walls in Cu persistent slip band (PSB) walls (i.e., LRIS is about twice the applied stress). These two studies
assessed LRIS by measuring dislocation loop radii as a function of position within the heterogeneous microstructure in cycli-
cally deformed Cu single crystals and applying the standard bowing equation:

Gb
T=o (5)

(Of course, derivation of this equation assumes knowledge of the dislocation core energy and, thus, cannot be regarded as a
precise equation.) Recent work by Mughrabi and Pschenitzka (2005) suggests that the actual values may be half his earlier
estimates. This is because the connection between the “pinned” dislocation configurations and the elastic strains in the lat-
tice is not as straightforward as Eq. (5), especially since interactions with dipoles and multipoles of the wall are considered
important and Eq. (5) is not applicable. Mughrabi’s recent correction is also illustrated in Fig. 12. Nonetheless, it turns out
that the case of cyclic deformation to saturation, where PSBs may form, may constitute a case where LRIS are relatively high,
at 1.0 g, in comparison to other deformation modes and microstructures. As will be discussed later, other heterogeneities
appear to have lower values of LRIS. Lepinoux and Kubin (1985) performed in-situ deformation experiments (under load)
on Cu with PSBs and also calculated the stress using Eq. (5) and estimates of LRIS are similar to the original values of
Mughrabi et al. in Fig. 10, but would suffer the same limitations as the original Mughrabi estimates.

2.3.1.2. X-ray peak asymmetry measurements in cyclic deformation to saturation. Some indirect evidence for internal stresses
based on X-ray diffraction (XRD) experiments during cyclic deformation is now discussed that complements earlier X-ray
work for monotonic deformation (Mughrabi, 1983; Mughrabi et al.,, 1986; Mughrabi and Ungar, 2002; Borbély et al.,
1997, 2000; Hecker et al., 1997; Biermann et al., 1993; Jakobsen et al., 2006; Pantleon et al., 2004). Basically, X-ray peaks
have generally been observed to broaden asymmetrically with plastic deformation. A decomposition can be performed on
the asymmetric peak profile into two, usually, assumed symmetric peaks; one peak is suggested to represent the material
in the vicinity of the high dislocation-density heterogeneities such as dipole bundles, persistent slip bands (or PSB dipole



Table 1

Selected studies of long-range internal stresses.

Mat. Ref. Deformation mode ~ Strain LRIS (04) Observation method Temp. Notes
Walls Interior
Cu Mughrabi and Pschenitzka (2005) and Cyclic Saturation w/ +1.0 -0.37 in-situ neutron irrad. RT reanalysis of above
Mughrabi (1983) PSBs
Cu Mughrabi et al. (1986) and Mughrabi (2006a,b) Tension +0.4 -0.1 X-ray peak asymm. Unloaded [001] oriented single
crystal
Cu Lepinoux and Kubin (1985) Cyclic Saturation w/ +2.5 -05 In-situ TEM RT Loaded single crystal
PSBs
Cu Kassner et al. (2000) Cyclic Pre-sat. no 0 0 CBED RT Unloaded [123] single crystal
PSBs
Cu Kassner et al. (2000) Cyclic Pre-sat. no 0 00 Dipole sep. RT Unloaded [123] single crystal
PSBs
Cu Kassner et al. (2009) Cyclic Pre-sat. no 0 0 X-ray microbeam RT Unloaded [123] single crystal
PSBs
Cu Borbély et al. (2000) Creep Steady-state +1.0 —-0.08 X-ray peak asymm. 527K Loaded
Cu Kassner et al. (2002) Creep steady-state 0 0 CBED 823 K Unloaded
Cu Straub et al. (1996) Compression -0.3- +0.05- X-ray peak asymm. RT-
—-0.6 0.08 633 K
Cu Straub et al. (1996) Compression - Observed CBED RT-
633 K
Cu Levine et al. (2006) Tension - -0.17 X-ray microbeam RT Unloaded [001] oriented single
crystal
Cu Levine et al. (2006) Compression - +0.29 X-ray microbeam theoretical/ RT Unloaded [001] oriented single
(ave) X-ray crystal
Cu Vogerand and Blum (1990) Creep 5-7 527 K
Cu Levine et al. (2011) Compression -0.1 0.1 X-ray microbeam RT Unloaded [001] oriented single
(ave) crystal
Si Legros et al. (2008) Cyclic (pre 0 0 CBED RT Unloaded
saturation)
Ni Hecker et al. (1997) Cyclic Saturation w/ 1.4-1.8 0.16-0.2  X-ray peak asymm. RT Loaded
PSBs
Ni Hecker et al. (1997) Cyclic Pre-sat. wo/ 0 0 X-ray peak asymm. RT Loaded
PSBs
Al Kassner et al. (1997, 2000) Cyclic Pre-sat wo/ 0 0 Dipole separation 77K Unloaded [123] oriented single
PSBs crystal
Al Kassner et al. (2002) Creep Steady-state 0 0 CBED 664 K Unloaded
Al 5% Morris and Martin (1984) Creep Steady-state +25 +1 Disl loops from precipitation 483-
Zn pinning 523 K
- Sedlacek et al. (2002) Creep 1.5-10.0 0.5-1.0 Theoretical Creep
- Gibeling and Nix (1980), Nix and Ilschner Creep 7.7 ~0.1-- Theoretical Creep
(1980) 0.2
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Fig. 13. TEM micrograph of a dipole channel and dipole-bundle walls (cyclic deformation to presaturation). Locations are indicated where CBED was used to
determined the lattice parameter in order to assess any long-range internal stress. These black dots also project the area of the volume of material from
which the CBED determinations were made. The specimen was oriented for single slip and deformed with low stress amplitudes to about half the saturation
stress.

walls), cell walls or subgrain boundaries with high local-stresses. The second peak in deformed metals represents the lower
dislocation density material (e.g., cell interiors) where the long range internal stresses are smaller than the applied stress.
This asymmetry was illustrated in Fig. 7 where monotonic deformation was discussed. Asymmetry analysis varies, but
PSB walls in cyclically deformed metals exhibit especially high stress values (i.e., LRIS = 1.4 o4 to 1.8 g4). The earlier value
of LRIS = 1.0 g, ultimately suggested by Mughrabi, falls somewhat outside this range.

2.3.2. Multiple cycles: pre-saturation

2.3.2.1. Dipole height measurements. Prior to saturation of the flow stress, cyclically deformed metals harden, often without
the formation of PSBs that are observed in saturation. Rather, there is a uniform “vein” substructure, where higher disloca-
tion density (over a factor of 10) dipole bundles are evident (Basinski and Basinski, 1992; Laird, 1983). PSB walls, discussed in
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the previous section, generally have higher dislocation densities than veins. The measurement of maximum dipole heights
may allow the prediction of local stresses in cyclically deformed materials. The approximate stress to separate a dipole of
height h. can be calculated from the elastically isotropic equation:

Gb
=8 — e ()
where G is the shear modulus, b the magnitude of the Burgers vector, and v is Poisson’s ratio. Wider separation dipoles than
h. are unstable under the local stress, 7. Cyclic deformation experiments on aluminum and copper single crystals (oriented
for single slip) and deformed to about half the saturation stress by Kassner and Wall (1999) showed that the average dipole
heights in the presaturation microstructure are also approximately independent of location, being equal in the dipole bundles
(or veins) and the channels, consistent with other Ni work (Tippelt et al., 1997; Bretschneider et al., 1997) with PSBs. This
suggests a uniform stress state across the microstructure (i.e. no LRIS). The maximum dipole height translates to a stress,
according to Eq. (6), that is about equal to the applied (cyclic) stress for Al This is shown in Table 2. Hence, this is evidence
of an absence of any long-range internal stress in Al single crystals cyclically deformed to presaturation. However, the stress

Table 2

Three single crystals cyclically deformed to pre-saturation Al and Cu and saturation (Ni). Dipole heights were measured using TEM. Observed (7,) stresses and
calculated (74 from Eq. (6)) stresses based on observed primary “h” values at ambient temperature and 77 K (Kassner et al., 2000).

h (nm) T|Tm Ty Tq SFE
(mJ/m)
Al 9.6 (ave) 0.12 51 20 200
(77 K) 31.0 (max) (hc) 16 20
Ni 4.1 (ave) 0.1 280 50 130
5.7 (max) (he) 7 196 50
Cu 5.2 (ave) Primary 0.2 132 19 60
135 (max) Primary (h) 2 52 19
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Fig. 14. (a) Spatially integrated 024 X-ray diffraction line profiles measured on the fatigued copper single crystal (presaturation) and on a non-deformed
copper reference sample. (b) Fig. 7 shown for comparison.
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to separate the widest dipoles is 2-3 times larger in Cu while for Ni it is within a factor of four (Kassner and Wall, 1999;
Tippelt et al., 1997; Bretschneider et al., 1997; Kassner et al., 2000). The dipole heights are not expected to change signifi-
cantly after unloading. Dislocation pile-ups (just a few dislocations) in the lower stacking fault energy Cu and Ni may explain
narrower dipoles. Overall, these results are somewhat ambiguous in terms of an assessment of the magnitude of LRIS.

2.3.2.2. CBED. Lattice parameter measurements were made near (within 80 nm) dipole bundles and within the channels in
Cu cyclically deformed to presaturation. These measurements lead to calculation of the stress (i.e. LRIS) in the unloaded TEM
foil. No evidence of long-range internal stress was noticed. The uncertainty, however, was equal to the flow stress for the
cyclically deformed Cu examined. Recent CBED work by Legros et al. (2008) on silicon deformed cyclically to presaturation
also failed to detect LRIS to within 14% of the applied stress. Of course, one difficulty with these experiments is that the region
of the foils examined in CBED is thin, under 100 nm, so relaxation of LRIS could have occurred in the unloaded specimens.

2.3.2.3. X-ray peak asymmetry in presaturation cyclic deformation. Investigators (Hecker et al., 1997; Biermann et al., 1993)
have unloaded their samples from various points in the hysteresis loop to obtain X-ray asymmetry results on single-crystal
Ni, and polycrystalline Cu. An interesting phenomenon is the observation of asymmetry for saturation (PSBs) as discussed
earlier, but an absence for presaturation (no PSBs). This led Hecker et al. (1997) and Bretschneider (1998) to conclude the
presence of LRIS only when PSBs are present in cyclically deformed Ni. This is consistent with the Kassner et al. (2000)
and Legros et al. (2008) work on LRIS in cyclically deformed, pre-saturation, microstructures, and the DAXM work discussed
below.

Microdiffraction experiments, as with monotonically deformed specimens, were performed on the cyclically deformed Cu
single crystals of Fig. 13. The specimen was scanned in directions perpendicular to the dipole bundles (e.g., 220) to multiple
channel widths. As a consequence, lattice parameter measurements are expected to be extracted from both the high dislo-
cation density veins (dipole bundles) and channels. The dislocation densities in the dipole bundles and channels were
1.3 x 10 m™2 and 8.3 x 10! m~2 respectively (total dipole dislocation line-length per unit volume). The scans revealed
no changes in the lattice parameter to within the uncertainty of #10~%. This uncertainty translates to a maximum stress
=~F;53 x 1074=13.1 or a maximum LRIS about 0.34 the applied stress. Fig. 14 suggests some asymmetry in presaturation
substructures on an “expanded scale” (see inset), although microbeam work did not notice any LRIS. However, some asym-
metry (e.g. 10%) may originate from sources other than LRIS (Gaal, 1984), such as dislocation polarization (Delos-Reyes et al.,
2003). Thus at least some of the asymmetry of the presaturation structure could be non-LRIS in origin.

3. Roadmap for the future

In summary, the concept of long range internal stresses has been with the mechanics and materials community, in some
form, for over a hundred years, from the observation of the Bauschinger effect, the Mott-Seeger pile-up model, the composite
model to experimental refinement up to the present day. Most (but not all) investigators subscribe to the validity of the
internal stresses. The question has largely been the magnitude of the stress associated with various kinds of microstructures.
About 30 years ago, the estimates were really very large; sometimes the values exceed 20 times the applied stress, with “typ-
ical” values for proposed LRIS being about a factor of 2-8 times larger than the applied stress. Over the subsequent 10 years,
these estimates dramatically decreased with individual investigators sometimes decreasing their earlier values by a factor of
two. Over the past 5 years or so, improved techniques using convergent beam electron diffraction (CBED) and X-ray micro-
beams at synchrotrons suggested that the examined microstructures (cyclic deformation to pre-saturation and 100-oriented
Cu single crystals) have relatively low average LRIS (0-0.1 the applied stress). However, important questions remain.

In particular, the microstructures reliably and recently examined of low LRIS were also particularly non-complicated (di-
pole veins and low misorientation cell walls). It makes sense to examine those structures for which LRIS have been suggested
to be relatively high. These include persistent slip band (PSB) walls and more complicated dislocation boundaries with high-
er misorientation [e.g. geometric necessary boundaries (GNBs)]. More complicated boundaries could also include severe
plastic deformation (SPD) high angle boundaries for which indirect evidence (TEM image contrast) suggests the possibility
of relatively high LRIS. While these are excellent avenues for study, some complications exist. X-ray microbeams currently
resolve the stress within individual cell interiors and cell walls, which is an impressive accomplishment, but the strain mea-
surements are only resolved for a single direction. This technique has not yet been able to assess the full strain tensor.
Although this was acceptable for Cu single crystals under uniaxial loading along the [100] direction, more complicated dis-
location structures such as those just described will benefit from the assessment of the full tensor. This will allow an assess-
ment of the LRIS in a full assortment of microstructures and loading conditions. The authors believe his can be accomplished
through a series of experimental refinements.

Another issue that must be raised regarding the two elite techniques of CBED and the X-ray microbeams is the fact that,
currently, they are being performed on unloaded specimens. As discussed earlier, although it appears that the majority of the
LRIS is “locked in” upon unloading, this should be additionally verified. This might be accomplished by in situ X-ray testing of
loaded and subsequently unloaded specimens. In situ deformation experiments in CBED or X-ray microbeams may be pro-
hibitively difficult. However, the recent work using X-ray microbeams confirmed that the conventional diffraction tech-
niques by Ungar and co-workers discussed in earlier sections could be reliably utilized for this purpose. The X-ray peak
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asymmetry that they noted does, in fact, result largely from LRIS and can be used to assess any diminution of the LRIS with
unloading.

A verification for the dislocation basis of the LRIS that is consistent with the observations is critical. The composite model
predicts higher local (LRIS) stresses in association with higher local dislocation densities. With the disparity in yield stress,
dislocations accumulate at the interface for compatibility, producing a net dipole moment and thus dipolar LRIS. LRIS can
arise from a summation of the stress fields of individual dislocations in a GNB cell wall or subgrain wall. It would make some
sense to eventually model the LRIS as the summation of the stress fields of dislocations based on TEM images. Additionally,
along similar lines, the Orowan-Sleeswyk model for the Bauschinger effect should be verified by dislocation dynamics mod-
els. The Orowan-Sleeswyk model does not rely on LRIS as a significant contributor for the principal features of the stress
versus strain behavior with loading reversals.
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