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Revealing load hysteresis based on electronic speckle pattern
interferometry and physical mesomechanics

T. Sasaki and S. Yoshida'*

Niigata University, Niigata, 950-2181, Japan
!'Louisiana University, Hammond, LA, 70402, USA

A method to reveal load hysteresis of metal specimens is described. In this method, a low-level tensile- load is applied to a previously
loaded specimen, and the resultant displacement field is visualized as a two-dimensional, whole-field image. An optical interferometric
technique known as the Electronic Speckle Pattern Interferometry is used for the visualization. The interferometric fringe pattern of the
visualized displacement field is analyzed for determination of the degree of deformation from the previous load. A series of experiments
have been conducted with aluminum plate specimens for the demonstration of this method. The specimens are preloaded to three stress
levels: (A) lower than the yield stress, (B) middle of the plastic regime, and (C) close to the maximum stress. After released from the
preload, the specimens are reloaded for fringe pattern analysis. It has been found that the fringe patterns clearly differentiate the three
preloading conditions, and that by varying the reload stress level it is possible to reveal the preload stress quantitatively. All experimental
observations are explained by deformation dynamics based on physical mesomechanics.
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1. Introduction

Electronic speckle pattern interferometry (ESPI) is a
non-contact and non-invasive method capable of measur-
ing tiny displacement of solid-state objects as a whole-field
optical image. With the use of a CCD (charge coupled de-
vice) camera and simple software, spatial distributions of
the displacement on the objects’ surface can be observed as
contours of the optical intensity known as the correlation
fringes [1]. An important area of application of electronic
speckle pattern interferometry in mechanics is non-destruc-
tive inspection of objects. Through analysis of the correla-
tion fringes, material behavior such as elastic deformation,
plastic deformation and stress concentration can be ana-
lyzed on a real-time basis. A number of investigations have
been conducted to visualize cracks, the stress field around
acrack tip and fatigue damage [2—11]. Furthermore, recent
advancement in charge coupled device cameras and image
processing technology opens up new exciting applications
such as analysis at high-speed deformation [12].
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In these previous works, the focus is mostly on the analy-
sis of the current status of deformation or prediction of fail-
ure. In this study, a different use of electronic speckle pat-
tern interferometry is demonstrated; rather than analyzing
the current deformation status or predicting the future be-
havior of a material, the electronic speckle pattern interfer-
ometry technique is used to reveal loading hysteresis. The
idea is that by applying a minimum test load to a previously
deformed specimen and analyzing the resultant fringe pat-
tern, the level of the loading hysteresis is diagnosed in light
of physical mesomechanical interpretation of deformation
and fractare [13—15]. Gur preliminary stadies [16, 17] have
demonstrated that preloaded aluminum sheet specimens
present fringe patterns clearly different from non-preloaded
specimens of the same material and dimension, and that
depending on the preload stress level, the fringe patterns
observed in the reload can be classified into different stages.
In addition, the characteristic features of the classified fringe
patterns have been qualitatively explained in connection
with the level of deformation expected in the respective
stages. The aim of this paper is to investigate this ideain a
more quantitative fashion, and discuss the physics underly-
ing the classified fringe patterns.



2. Experimental
2.1. Experimental procedure

To investigate the above idea of using electronic speckle
pattern interferometry to reveal loading hysteresis, the fol-
lowing experiments were conducted. In all the experiments,
a tensile load at a constant crosshead speed of 0.02 mm/s
was applied.

Experiment 1. Single loading till failure

In this experiment, the tensile load was applied to the
specimen until it failed. The purpose of this experiment was
to acquire baseline data of fringe images which were com-
pared with those from other experiments described below.

Experiment 2. Reload with low level

In this experiment, preloaded specimens were prepared
with application of the tensile load up to three different stress
levels: 4, B and C (Fig. 1). After released from the preload,
each preloaded specimen was reloaded up to a stress level
of 30 MPa, about a half of the yield stress (the stress level at
which the material is definitely deforming plastically). The
purpose of this experiment was to examine if the preload-
ing level could be revealed from the fringe patterns obtained
in the reloading.

Experiment 3. Reload until failure

In this experiment, the preloaded specimens A—C were
reloaded until they failed. The purpose of this experiment
was to examine if the preloaded specimens show different
fringe patterns from Experiment 1 (i.e., non-preloaded speci-
mens) at each stage of deformation toward failure.

2.2. Specimen

The material used in this study was pure aluminum
(99.99 %). A 0.5 mm-thick aluminum sheet was cut into a
tensile specimen of 4 mm in gauge width and 25 mm in
gauge length. Subsequently, the specimens were annealed
at 400 °C for 30 min. The crystal grain size after annealing
was approximately 70 pm.

2.3. Loading condition and the stress-strain curve

Figure 1 shows a typical stress-strain curve obtained in
Experiment 1 Single loading till failure. Based on this stress-
strain curve, three preloading conditions for Experiment 2
and 3 were determined: 4 — 30 MPa, B — 55 MPa, and
C — 65 MPa. The solid circles in Fig. 1 depict these three
conditions. The residual strains after releasing the three pre-
loads were 0.01, 0.1 and 0.2, respectively. Being annealed
aluminum, the specimen did not show a clear yield point on
the stress-strain curve. Based on the level of the above-
mentioned residual strain and the linearity of the stress-strain
curve, it is reasonable to assume that the deformation is
practically elastic under preload condition A. On the other
hand, under preload conditions B and C, it is clear that the
specimen is deformed plastically. For the maximum stress
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Fig. 1. Preload condition

level of the reload test, 30 MPa, the same load as the elastic
preload level 4, was selected. The crosshead speed in the
preload and reload was constant at 0.02 mm/s.

2.4. Displacement measurement with electronic speckle
pattern interferometry

Figure 2 illustrates the experimental arrangement used
in this study. A dual beam electronic speckle pattern interfe-
rometry setup [ 18] sensitive to horizontal (x), in-plane dis-
placement was arranged in front of the aluminum speci-
men, which was mounted on a tensile machine that applied
tensile loads in the positive x direction. The light source
was a continuous wave, helium neon laser oscillating at
632.8 nm. The laser beam was split into two paths by a
beam splitter. After being expanded by beam expanders,
the two beams illuminated the specimen at the same angle
of incidence at 45°. This caused diffused reflection of the
laser beams on the specimen surface, each forming a speckle
pattern on the image plane of the CCD camera that cap-
tured the image of the specimen. Thus each pixel of the
CCD camera received optical intensity resulting from cohe-
rent superposition of the speckles due to the two laser beams.
When the specimen was stretched by the tensile machine,
different parts of the specimen surface displaced differently,
causing the corresponding speckles on the image plane move
accordingly. As points on the specimen surface displaced
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Fig. 2. Experimental arrangement



in the positive x direction, the optical path length to the
image plane increased for the left laser beam (the lower
beam in Fig. 2), and decreased for the other laser beam.
Consequently, the brightness of the superposed speckle field
changed as the specimen experienced deformation. Thus,
this setup had sensitivity of the displacement along the x-
axis.

The image of the specimen during the tensile test was
captured by the CCD camera at a constant rate of 15 fps
(frames per second). The images were recorded into com-
puter memory, and the change in the brightness of speckles
was calculated numerically by subtracting each frame of
image from a frame captured at a later frame, typically
3 frames later (0.2 s). Consequently, the displacement distri-
bution on the surface was observed as contours called the
fringes.

In this type of electronic speckle pattern interferometry
setup, when each part of the specimen displaces in propor-
tion to the distance from the stationary end of the specimen
under elastic deformation, the resultant fringe pattern con-
sists of vertical (perpendicular to the tensile axis) straight
lines with equal intervals. On the other hand, when the dis-
placement along the tensile direction (x-axis) solely depends
on the coordinate perpendicular to it (y-axis), such as the
case of shear deformation or rigid body rotation, the fringe
pattern consists of horizontal straight lines [19]. If the defor-
mation is a combination of these, which is normally the
case, the resultant fringes are mixture of these patterns.

3. Experimental results
3.1. Experiment 1. Single loading till failure

Figure 3 shows fringe patterns obtained at several stress
levels in Experiment 1. The images in this figure represent
deformation resulting from the deformation interval of 0.2 s,
i.e., the subtraction of a speckle pattern formed at a certain
time step from the speckle pattern formed 0.2 s later. As the
crosshead speed of the tensile machine is 0.02 mm/s,
the total elongation during this deformation interval is
0.02 (mm/s) - 0.2 (s) = 0.004 mm. Consequently, the displa-
cement corresponding to a pair of neighboring fringes (call-
ed the unit fringe displacement) is 632.8 (nm) - sin45°-2 =
=447.5 nm. Here, 632.8 nm is the laser wavelength and
45° is the angle of incidence of the two laser beams on the
specimen surface. Thus the total number of fringes corre-
sponding to this load interval is 0.004 (mm) / 447.5 (nm) =
= 9 fringes (called the reference fringe number).

When the stress is low (Fig. 3(a), 6 <5 MPa), the fringes
are unclear and some of them are slightly tilted from the
vertical position. The number of fringes observed over the
horizontal span of the specimen, six fringes, is less than the
above defined reference fringe number. It is suspected that
this is because part of the deformation occurs out of the
active interference zone; it is likely that at this initial stage
of loading, the deformation is substantial near the grips of

the tensile machine where the sides of specimen are curved
(from the parallel part to the wider part). In these regions,
the laser beam is partially blocked by the nearby grip. Conse-
quently, the interference does not occur and fringes are not
formed. The active interference zone is in between the two
vertical straight lines observed near the two ends of the spe-
cimen in all images of Fig. 3.

At the stress level of 30 MPa (Fig. 3(b)), the observed
total number of fringes is approximately equals the reference
fringe number, indicating that the deformation occurs in
the active interference zone. This stress level of 30 MPa is
the same as the preload condition 4. The stress-strain curve
shown in Fig. 1 indicates that at this stress level the deforma-
tion is still in the range traditionally known as the elastic
regime. From this viewpoint, it is not surprising that the
deformation is stably continues in the parallel part of the
specimen. However, the strain distribution observed from
the fringe pattern shows some behavior that is different from
the traditional concept of elastic deformation. In Fig. 3(b),
the fringes are basically vertical (€, /dy =0, where &,
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Fig. 3. Fringe patterns in the annealed aluminum (Experiment 1). The
deformation interval is 0.2 s; 6 <5 MPa (@), 6 = 30 (), 55 (¢), 65 MPa
(d), before failure (e)



denotes the horizontal displacement) toward the left end of
the specimen and somewhat tilted (9§, /dy >0) near the
right end. (Consider the rightmost fringe oriented in the
direction of 1 o’clock. Say the horizontal displacement &

of this fringe is one unit fringe displacement & . Since the
right grip is stationary, the next fringe on the left is two unit
displacements (2&, ). Itis thus observed that in the region
between these two fringes, the displacement is higher (more
leftward) as going up (increasing y) from the bottom of the
specimen. Call this additional displacement toward the top
of the specimen the excess stretch.) As rotation around the
z-axis is given by w, =0&, /dx —dE, /dy, positive &, /dy

indicates ®, <0; thus the right end part of the specimen
rotates counter-clockwise. (The sign of ®, also depends
on d¢, /0x, but it is reasonable to assume that being per-
pendicular to the tensile axis, €, is considered to be much
smaller than & , and thereby o0&, /dy is the dominant term
of ,.) Alternatively, it can be interpreted that the top edge
of the specimen displaces more than the bottom toward
the right end of the specimen, or the top side is weaker
than the bottom.

It is interesting to note that the specimen experiences
rotations at the stage where the stress-strain curve is still
nearly linear. It indicates that although the relationship bet-
ween the averaged stress and strain observed as the stress-
strain curve appears to be linear, locally the deformation
can be non-linear (9&,/dy varies as a function of x). It
is known that plastic deformation typically occurs as crys-
tal grains slip in a certain direction determined by the
crystal orientation and that therefore the deformation is ac-
companied by rotation and shear deformation of each crys-
tal grain. From this viewpoint, it is fair to say that at the
stage where the stress-strain curve appears to be linear, plas-
tic deformation is already initiated. This agrees with basic
postulate of physical mesomechanics [13].

When the stress level is increased to 55 MPa (Fig. 3(¢)),
the fringe pattern shows two distinctive differences from
Fig. 3(b). First, the fringes are more vertical, indicating that
the specimen is less rotational. Second, the total number of
fringes exceeds the reference fringe number indicating that
some part of the specimen experiences contraction. As dis-
cussed in more detail in a later section, this can be inter-
preted as follows: the excess stretch initiated at the top side
of the specimen propagates downward across the width of
the specimen, and at the stage of Fig. 3(c), it completes the
propagation. In other words, the weakening effect bridges
the width of the specimen. It is likely that this bridging phe-
nomenon occurs rather instantaneously at the moment when
the excess stretch reaches the bottom end of the specimen.
Consequently, the two sides of the specimen divided by the
bridged portion recoil in mutually opposite directions. When
this happens, the left end of the right portion and the right
end of the left portion of the specimen experience contrac-
tion. (Imagine that you cut a horizontally stretched spring.

The two portions of the resultant cut-off springs will con-
tract.)

In the next stage represented by Fig. 3(d), the fringes
are basically vertical, similarly to Fig. 3(c). However, the
pattern is clearly different from Fig. 3(c) in that the fringes
are much less evenly distributed horizontally. In particular,
the fringes are less distinctive in the left half of the speci-
men, and somewhat concentrated near the boundary of the
left half and the right half of the specimen where fringes
are more distinctive. This clearly indicates that the strain is
being concentrated in this central zone.

The tendency of strain concentration is further enhanced
towards the failure of the specimen. As shown in Fig. 3(e),
eventually all the fringes are concentrated in a small region
and appear as a bright pattern. It is interesting to note that
the location of such a bright pattern can vary at the late
stage of deformation, but eventually it becomes stationary
and the specimen always fails along the bright pattern. This
phenomenon has been observed in various materials [20].
From these observations, it can be said that plastic defor-
mation is characterized as a process where the strain gets
concentrated. The negative elongation can be understood
as strain concentration occurring at a certain location of the
specimen causes stress relaxation, making that part of the
material recoil. In addition, failure can be characterized as
the final stage of strain concentration.

The observation in the fringe patterns associated with
the development of plastic deformation can be argued in a
quantitative fashion as well. Figure 4 plots the fringe inter-
val as a function of the strain; here the solid circle repre-
sents the mean value and the error bar the standard devia-
tion of the fringe interval. The mean fringe interval decreases
up to a strain of about 0.1, above which it is nearly constant
at between 1.5 and 2 mm. On the other hand, the standard
deviation clearly increases beyond the strain of 0.1. Figure 1
indicates that the strain value of 0.1 is where the stress-
strain curve considerably deviates from the initial linear part;
hence it is reasonable to say that beyond this strain value

4
i i
1
e 3 i
£ - i
5 4 i
S o
52— =i
E g
2 i
c 1
£, ]
~ile
i Bright band !
1
i
0 T T T
0.0 0.1 0.2 0.3 0.4

Nominal strain €

Fig. 4. Relationship between fringe interval and nominal strain in the
specimen as annealed



the specimen is dominantly being plastically deformed. Such
behavior of the mean value and standard deviation of the
fringe interval support the above arguments of plastic de-
formation made in connection with the fringe patterns as
follows. Since the gauge length of the specimen is 25 mm,
the fringe interval corresponding to the reference fringe
number of 9 is around 2.5 mm. Figure 4 indicates that at the
strain level 0.1 and higher, the mean fringe interval is in
between 1.5 and 2 mm, which is considerably lower than
2.5 mm. This means that beyond this point, the total num-
ber of the fringes exceeds the reference fringe number and
that therefore part of the specimen experiences contraction.
The increase in the standard deviation observed at the strain
level 0.1 and higher indicates the strain concentration; as
the plastic deformation develops the fringes becomes denser
at a certain part than the rest of the specimen.

3.2. Experiment 2. Reload with low level

Figure 5 shows the stress-strain curves of Experiment 2
for the three different preload conditions. Here the dashed
line is the stress-strain curve of Experiment 1 for compari-
son. It is observed that the stress-strain curves in Experi-
ment 2 are as linear as Experiment 1. Moreover, the stress-
strain curves in Experiment 2 have a somewhat greater slope
than Experiment 1, and the linear range is longer as well.
These observations can be interpreted as that the preload
removes the nonlinearity of the specimen so that when it is
reloaded the stress-strain curves are actually more linear
than the single loading case.

While the stress-strain curves are similar, the fringe pat-
terns observed in Experiments 1 and 2 are substantially dif-
ferent from each other, indicating the possibility of finding
the load hysteresis via examination of the fringe pattern
observed under low-level reload. Figure 6 shows fringe pat-
terns observed in Experiment 2 for the three different pre-
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Fig. 5. Stress—strain curve in reload test, 6, = 30 (4), 55 (B), 65 MPa (C)

Fig. 6. Fringe patterns obtained in Experiment 2 at the reload stress
level of 30 MPa. Preload condition 4, 30 MPa (a); B, 55 MPa (b);
C, 65 MPa (c)

load conditions. The reload stress level at which these fringe
patterns were obtained is 30 MPa, or the same stress level
at which fringe pattern Fig. 3(b) was obtained in Experi-
ment 1. Notice that while the fringes in Fig. 3(b) are all
essentially vertical and approximately parallel to one an-
other, fringes shown in Fig. 6 are basically horizontal and
equidistant-parallel under all preload conditions. Moreover,
as the preload stress level increases as going from condi-
tion 4 (30 MPa) to C (65 MPa), the fringes are more hori-
zontal except for some points where the fringes look spout-
ing out from the lower/upper side of the specimen to the
other side (these locations are indicated with thick arrows
in Fig. 6). Generally speaking, an equidistant-horizontal
fringe system observed in a horizontally sensitive electronic
speckle pattern interferometry setup indicates that the ob-
ject experiences bodily rotation [19, 21]. Thus, it is inter-
preted that the specimen rotates in opposite directions on
the two segments bounded by the points where the fringes
are spouting out (called the segmental bodily rotation). The
circular arrows in Fig. 6(a) indicate the directions of the
segmental bodily rotations.

3.3. Experiment 3. Reload until failure

Figure 7 shows the stress-strain curve observed in Ex-
periment 3 with a specimen preloaded at 55 MPa (preload
condition B). The labels a—c denote three representative
reload stress levels at which the three fringes in Fig. 8 are
formed for analysis. Note that stress levels a (25 MPa), b
(55 MPa) and ¢ (65 MPa) are, respectively, lower, the same,
and higher than the preload stress level of 55 MPa. The
following observations can be drawn: when the reload stress
level is lower than the preload stress level (Fig. 8(a)), the
fringe pattern is similar to Fig. 6(b), the fringe formed at
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Fig. 7. Stress-strain curve in deformation until failure after preloading

the reload stress of 30 MPa with the same preload stress
(i.e., preload condition B). On the other hand, when the
reload stress level exceeds the preload level (Fig. 8(c)), the
fringe pattern appears to be similar to Fig. 3(d), the fringe
formed at the same stress level for the unpreloaded speci-
men. When the reload stress level is at the same as the
preload (Fig. 8(b)), the fringe pattern is transitional from
Fig. 8(a) to Fig. 8(c).

4. Discussions
4.1. Summary of observations

The above arguments on the development of deforma-
tion based on the observations under Experiment 1-3 can
be summarized as follows. From the very early stage of
deformation where the stress-strain curve is linear, some
part of the specimen stretched more than the rest of the
specimen. Fringe patterns observed in Experiment 1 indi-
cates that such an excess stretch is initiated at one of the
horizontal sides of the parallel part of the specimen, and

Fig. 8. Fringe pattern in reloading preloaded specimen at 55 MPa till
failure. Reload stress 25 (a), 55 (b), 65 MPa (c)

propagates across the width of the specimen. This excess
stretch on one side results in the segmental bodily rotations
of the specimen. The cause of the excess stretch cannot be
inferred from the fringe patterns, but from the observation
that it is accompanied by the reduction of stress increase in
the stress-strain curve, it is natural to hypothesize that the
excess stretch is associated with irreversible atomic rear-
rangement comprehensively termed dislocations. Conse-
quently, the resultant local strain is permanent. Further, as
the elasticity is represented by force proportional to dis-
placement, generally termed the spring force, it is natural
to term this irreversible process the breakage of spring,
meaning that the spring representing the elastic force of the
region where the permanent strain occurs loses elasticity.

Fig. 9 illustrates this process schematically, where the
excess, permanent stretch is denoted by ‘X’ indicating a
broken spring. In this illustration, the spring breakage is
initiated at the top atomic row in the left half of the speci-
men, and propagates downward, causing the right side of
the breaking point of the left half to rotate clockwise. Be-
ing gripped by the tensile machine, the two ends of the en-
tire specimen is constrained not to be able to displace ver-
tically. Consequently, the clockwise rotation of the right side
of the left half of the specimen induces counterclockwise
rotation on the right half of the specimen, stretching more
the bottom end of the specimen as indicated by Fig. 9. The
two arrows in Fig. 6(a) denoting the boundary of the cen-
tral segmental bodily rotation of the specimen correspond
to the two conjugate spring breakages in Fig. 9(a). Once
the spring breakage completes its propagation across the
width of the specimen, the specimen gains freedom to dis-
place vertically at the location where the propagation com-
pletes. That is why Figs. 6(b) and (c) show only one bound-
ary of opposite rotations.

Fig. 9. Schematic illustration of generation and propagation of perma-
nent stretch



When the specimen is released from the load after the
spring breakage propagates across the specimen to some
extent, only the elastic stretch is relaxed; the permanent
stretch remains. Therefore, when the specimen is reloaded
at a stress level lower or the same as the stress level at which
the specimen is released, only the elastic stretch resumes.
Consider a situation where a specimen is released from the
load when the permanent strain is greater on the top side of
the specimen than the bottom, as in Fig. 9(b). For the sake
of argument, say that the top side of the specimen can be
represented by two stretchable springs and one unstretchable
spring (as a consequence of the permanent stretch) whereas
the bottom side by three stretchable springs, and that the
reload stress causes total strain of 15 % at the right end of
the specimen gripped by the dynamics head of the tensile
machine. Figure 10 illustrate the situation where x, ..., X3
indicates the locations of the ends of the springs. The top
illustration (@) represents the situation before the specimen
is pulled for the first time, (b) the situation when the speci-
men is released from the preload, and (c) the situation at a
certain point when the specimen is being reloaded. The top
middle spring enclosed by a box (in (b) and (c)) represents
the unstretchable spring.

When this specimen is reloaded, since all the three
springs at the bottom are stretchable, the total elongation is
shared by the three springs; consequently, each spring stret-
ches by 15 % /3 =5 % of the length of the specimen. On
the other hand, along the top of the specimen, the same
total elongation is shared by the two stretchable springs,
i.e. the stretch is 7.5 % per spring. Consequently, the posi-
tions of the end of the springs along the top and bottom
side become different as shown in Table 1. Because of the
unstretchable spring, the distance between x, and x, along
the bottom of the specimen is greater than the top; equiva-
lently speaking, the left segment of the specimen between
X, and x, rotates clockwise, and the other segment be-
tween x, and x; counter clockwise. The dashed line in
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Fig. 10. Broken spring in reloading: preload (a), release from preload
(b), reload (¢)

Table 1
Positions of spring ends at top and bottom rows
X0 X X X3
Top 0 1.0751, 2.0751, 3.1501,
Bottom 0 1.0501, 2.1001, 3.1501,

Fig. 10 indicates the situation. This is the cause of the fringe
patterns indicating non-zero 0§, /dy (called the differen-
tial horizontal displacement).

This segmental bodily rotation due to the differential
horizontal displacement occurs in different fashions among
the three experiments discussed above. In Experiment 1
where the annealed specimen is pulled for the first time, the
fringes are formed as irreversible atomic rearrangement (the
formation of unstretchable springs) occurs. Consequently,
the resultant segmental bodily rotation is observed in the
fringe patters as a step-by-step process (as opposed to a
jump from Fig. 10(b) to Fig. 10(c) in the case of reloading).
The vertical fringes continue to tilt as the nearby specimen
experiences the irreversible atomic rearrangement. After the
irreversible atomic arrangement completes propagating
across the width of the specimen as discussed under Sec-
tion 3.1 (where the irreversible atomic arrangement is re-
ferred to as “the excess stretch”), the fringe patterns stop
showing the segmental bodily rotation; fringes become more
vertical.

In Experiment 2, the irreversible deformation is observed
in a different fashion from Experiment 1. The fringe pat-
tern presents the segmental bodily rotation resulting from
the differential horizontal displacement accumulated dur-
ing the preloading, as opposed to the step-by-step rotations
in the case of Experiment 1. When the preload stress is low,
low-level irreversible atomic rearrangements occur at dif-
ferent locations of the specimen. Therefore, local, small-
scale segmental bodily rotations occur at multiple locations,
resulting in a wavy fringe pattern like Fig. 6(a). When the
preload stress is high, the irreversible atomic rearrangement
bridges before the specimen is released from the preload.
As the bridging effect occurs, the two segments of the speci-
men divided by the bridged location are relaxed from the
stress. Consequently, when reloaded, the fringe pattern
shows mutually opposite bodily rotations on the two seg-
ments bounded by the bridging location. Fringe patters
Fig. 6(b, c) represent such situations. Note that the hori-
zontal fringes are straighter than Fig. 6(a), because inside
the two segments the material is barely deformed (more
rigid-body like).

In Experiment 3, the situation is the same as Experi-
ment 2 until the reload stress exceeds the preload stress
(Fig. 8(a)). When the reload stress becomes greater than
the preload stress, the formation of new irreversible atomic
rearrangement resumes. Consequently, the fringe patterns
(Fig. 8(c)) become similar to Experiment 1 where new irre-
versible atomic rearrangement occurs continuously.



4.2. Physical mesomechanics

The above-discussed experimental observations are well
explained from the viewpoint of physical mesomechanics.
In this section, the gist of the theory is quickly reviewed
and the above-discussed observation is interpreted based
on the physical mesomechanical dynamics.

Physical mesomechanics postulates that in the plastic
regime deformation is globally nonlinear but locally elas-
tic. Based on this postulate and the concept known as local
(gauge) symmetry [22], it introduces an additional vector
field to the displacement field. This additional field can be
characterized by two field variables; v representing the trans-
lational displacement of the local volume element at a glo-
bal coordinate point, and @ representing the rotational dis-
placement of the element at the same coordinate point. From
the field theoretical standpoint, v and @ can be viewed as
four-dimensional gradient of the potential associated with
the gauge that makes the linear elastic theory symmetric
under the condition of the global non-linearity. More de-
tails regarding the field theoretical aspects of physical meso-
mechanics can be found in [14, 15, 23].

With these field variables, the dynamics of plastic defor-
mation can be concisely expressed by the following set of
equations:

V.v=/°, (1)

me=—£ug—‘;—j. (2)

Here, € and 1/ are the density and shear modulus of the
material, and ;° and j are the time and space component
of the symmetry charge associated with the gauge,vand ®
are related to each other by the following equation:

—=VXyv. 3
o 3)
Defining a quantity
p=g’, )
Equation (2) can be rewritten as follows:
e - Lwxa-1 (5)
o u il

Derivation of Eqs. (1)—(5) and the physical meanings of
these equations are described elsewhere [15, 23].

Equation (5) can be viewed as an equation of motion
governing the dynamics of unit volume [24]. The left-hand
side represents the change in momentum of the unit volume
over time. The first term on the right-hand side represents
the shear force, which is restoring force and responsible for
the energy conservative, wave dynamics [15, 25] in the
plastic regime. In a two-dimensional model like this study,
the shear force can be explicitly expressed as follows:

Er =—l(VX(l))x =_lao‘)z =
U

wdy

_1af % &
waoy| ox oy |

If viewed in fringe patterns formed by a horizontally
sensitive interferometer, since the fringes represent only the
horizontal component of displacement &, the above two
force components become

ooy oy’

1 0 d¢
F =2 % 7
Y wox dy M

Equation (6) indicates that when the horizontal (x) compo-
nent of the shear force in the plastic regime is active, the
corresponding fringes are curved (02, /0%y #0); when
the vertical component of the shear force is active, the fringes
can be linear but not vertical (9§, /dy #0), and its slope
varies as going horizontally (9% /oxdy # 0).

The second term on the right-hand side of Eq. (5) repre-
sents the longitudinal effect acting on the momentum change
of the unit volume. In the elastic regime, this term repre-
sents the longitudinal elastic force proportional to the dis-
placement from equilibrium position. In the plastic regime,
it represents energy dissipation associated with the perma-
nent stretch discussed in earlier sections of this paper. Thus,
the term j/W is an important quantity in plastic dynamics.

To clarify the physical meaning of j/u, apply diver-
gence to both-hand sides of Eq. (2). With the mathematical
identity V-(VXx®) =0 and the use of Eq. (4), this leads to

ap 1 )
Lo (v, ®)
ot u
Equation (8) can be interpreted as follows. Substitution of
Eq. (4) to Eq. (1) yields
p=€(V-v)=V-(ev). )
The rightmost-hand side of Eq. (9) represents divergence
of momentum density. Application of divergence theorem
converts Eq. (8) to the integrated form as

% ﬂde=—ﬂ&-ndS. (10)

The left-hand side of Eq. (10) represents change of the to-
tal momentum in a closed volume Q over unit time and the
right-hand side represents the cause of the change in mo-
mentum due to some action through the surface area. Ac-
cording to Newton’s second law, change in momentum over
time is the net external force. Thus, the right-hand side of
Eq. (10) can be interpreted as the longitudinal external force
acting on the closed volume via the surface of the volume;
hence j/W is the external force on a unit volume. With this
interpretation, consider Eq. (5) and notice that the external
force j/u is the same direction as the acceleration dv/oL.



Equation (8) can also be viewed as an equation of con-
tinuity. From this viewpoint, j/i represents a flow of quan-
tity p=¢,° =€V -v. Being proportional to the symmetry
charge V-v =" and formulaically equivalent to the elec-
tric charge density, p is called the charge density. Equiva-
lently speaking, j/u can be identified as the flow of charge
across unit cross-sectional area. In the one-dimensional
model of Figs. 9 and 10, this flow corresponds to motion of
a stretched spring as a whole. In order for a stretched spring
to move as a whole, the material at the tailing end must
break as Fig. 9 illustrates, or becomes unstretchable
(Fig. 10). The external force does not contribute further
stretch of the spring, and therefore its work is not stored as
spring energy; consequently, the energy is dissipated and
therefore the deformation is not reversible. At the same time,
the material on the other side of the broken spring viewed
from the dynamic cross-head of the tensile machine loses
its velocity (because it is no more pulled by a spring in the
direction of tensile force). Consequently, the unit volume
loses its total momentum. This is the physical mesomecha-
nical picture of plastic strain.

4.3. Physical mesomechanical interpretation

Based on the fringe analysis and accompanying expla-
nation with the spring model discussed above, it is possible
to divide the development of plastic deformation under ten-
sile loading at constant puling rate into the following stages.

Stage 1. Local spring breakage occurs and propagates

This is the initial stage of plastic deformation, which
can occur while the stress-strain curve appears to be linear.
At this stage, the spring breakage is limited to a local area.
As the spring breaks, the stress relaxes in the region caus-
ing the neighboring region to be under high stress. This
causes the local spring in the neighboring region to break,
or the local spring breakage to propagate. If this stage of
deformation is observed with a horizontally sensitive interfe-
rometer for a specimen being pulled horizontally, the fringes
are tilted in the region where local spring breakage occurs.
The fringe patterns observed in Experiment 1 indicates that
in the parallel part of the specimen the initial spring break-
age occurs at a side as Fig. 9 illustrates.

Stage 2. Spring breakage propagates across specimen

The propagation of local spring breakage stops when it
reaches the other side of the specimen. Accordingly, the
stress relaxation due to the spring breakage bridges across
the width of the specimen. The fringes tilted by the above-
mentioned mechanism become vertical, and the total num-
ber of fringes exceeds the reference fringe number as dis-
cussed in Section 3.1.

Stage 3. Specimen fractures at bridged location

The initiation of plastic deformation in Stage 1 and the
bridging effect in Stage 2 can occur at multiple locations of

the same specimen. However, eventually, the cycle of this
process ends. At that point, the final bridged location keeps
stretching until the specimen fractures.

The repetition of the bridging process followed by frac-
ture at the final bridged location is evidenced by a number
of previous experiments [20, 21, 25] with the same type of
interferometer as this study. In these experiments, the bridg-
ing effect is observed as a bright band pattern similar to the
one in Fig. 3(e); the bright pattern shifts along the tensile
axis till the specimen fractures at the location where the
bright pattern gets stationary. In the case of this study, judg-
ing from the temporal change in the fringe patterns in Fig. 3,
the bridging effect seems to occur at only one location near
the horizontal center of the specimen where the bright spot
appears once. In other experiment with the same specimen
dimension and tensile speed, it has been observed that the
bright pattern moves around the specimen if 2—5 % of mag-
nesium is mixed into aluminum. The condition regarding
the mobility of this bright pattern is a subject of future study,
but it seems that addition of other elements is a major fac-
tor.

From the viewpoints of physical mesomechanics and
the stages of deformation argued above, the observations
in Experiment 1 through 3 can be explained comprehen-
sively. When a spring breakage and accompanying excess
stretch occurs, the displacement field becomes rotational
in such a way that the regions divided by the excess stretched
location rotate in mutually opposite directions. In terms
of the field Eq. (2), the situation is expressed by Vxm # 0
[26]. Under this condition, the restoring force VX®/u is
active as resisting mechanism against the tensile load, and
the fringe patterns present this force in accordance with
Eqgs. (6) and (7). If the specimen is not plastically deformed
previously, as is the case of Experiment 1, the fringe pat-
tern presenting the VX #0 feature of the displacement
field is observed in Stage 1. In the region where the local
spring breakage occurs, e.g., near the top edge of Fig. 3(b)
where the fringe interval is more irregular than near the
bottom edge, the VXx®/u force becomes the major com-
ponent as the restoring mechanism; on the other hand, near
the bottom edge of the specimen where V X @ is effectively
zero, the longitudinal elastic force j/u is the dominant re-
storing mechanism. As the deformation enters Stage 2, the
Vxo#0 feature of the displacement field fades out, as
the fringe pattern in Fig. 3(c) presents. At this point, across
the entire width of the specimen, the longitudinal effect j/u
enters the flow regime where it does not present the elastic
force but instead represents the energy dissipation associ-
ated with the flow of p defined by Eq. (9).

If the specimen is under a reload as Experiment 2 or 3,
the situation depends both on the preload and reload stress
level. Generally speaking, when the reload stress level is
equal or lower than the preload stress level, the reload does
not generate new permanent strain. Consequently, only the



elastic portion of deformation is reproduced. According to
the results of Experiment 2 and 3 under the condition of
reload stress level equal to or lower than the preload stress,
the corresponding fringe patterns dominantly represent ro-
tational displacement. This is because of the rotational na-
ture of the restoring force VX /u.

The above observation can be clearly explained based
on physical mesomechanics. From the physical mesomecha-
nical viewpoint, the permanent strain is caused by the lon-
gitudinal effect being the flow of charge (Eq. (9)). While
charges flow causing energy dissipation, the material still
possesses elasticity represented by the restoring shear force
V x o/, and this shear force makes the displacement field
rotational. When the preload stress level is in Stage 1, the
material possesses the elasticity associated with shear force
at various regions. Consequently, under reloading, the ro-
tational nature of the displacement field is local, producing
wavy fringe patterns like Fig. 6(a). When the preload stress
level is higher, on the other hand, the material is unable to
exert the restoring shear force in most part; as a result, the
rotational feature of the displacement field under reloading
becomes more global; in most cases, it is represented by a
pair of opposite rotations as shown by Figs. 6(b, ¢).

Based on this argument and Egs. (6) and (7), the hori-
zontal component of shear force F, is found active near
curved fringes such as the rightmost fringe in Fig. 3(b, c),
and most part of Fig. 6(a). From the observation that the
fringe slope d&, /dy varies along the x axis, the vertical
component F, appears to be active in Fig. 3(b) (except the
rightmost curved fringe) and Fig. 6(a).

When the deformation enters Stage 3, the material is
unable to exert the shear force at all, instead the current
j/u flows. During this period, there is no stress increase;
the stress-strain curve is flat. As Stage 1 and 2 resumes at
another location of the specimen, in the case the bridging
effect occurs at multiple locations, the stress start rising again
and the same process described in the preceding paragraph
repeats. When this repetition ends, or in the case where the
material experiences Stage 1-3 process once like Experi-
ment 1 of this study, the material loses the capability of
exerting restoring force permanently as the deformation
enters Stage 3. Once this happens, the material loses the
mechanism to resist the external force and fractures.

5. Conclusion

In summary, this study demonstrates that at least for alu-
minum specimens under tensile loading, it is possible to
reveal the loading hysteresis by reloading the specimen,
monitoring the deformation with electronic speckle pattern
interferometry, and examining the resultant interferometric
fringe patterns. The fringe analysis with the help of physi-
cal mesomechanics indicates that development of deforma-
tion toward fracture can be divided into three stages. The
fringe patterns formed by reloading the specimen at a stress

level lower than the yield stress reveals (i) whether or not
the specimen is previously loaded, and (ii) if previously
loaded, what the stage of deformation under the previous
load is. By increasing the reload stress level and observing
the change in the overall fringe pattern, it is possible to
estimate the stress level of the previous load quantitatively.
Below, the characteristics feature of the fringe pattern for
each stage is summarized. Here, the argument is for the
case where the deformation is due to a horizontal tensile
load and the electronic speckle pattern interferometry setup
has sensitive to horizontal displacement. The same argu-
ment should be applicable to any combination of the orien-
tation in the tensile axis and the interferometer’s sensitiv-
ity.

In Stage 1, the irreversible atomic rearrangement oc-
curs in a local zone, and propagates transversely to the ten-
sile axis. This causes the opposite sides of the material
bounded by the point of the local atomic rearrangement to
rotate mutually opposite directions (called the segmental
rotation). If the specimen experiences this process for the
first time, this segmental rotation continues step-by-step as
the irreversible atomic rearrangement propagates. When
both the tensile axis and the interferometer sensitivity are
horizontal, uniform elastic deformation generates equidis-
tant, vertical parallel fringes. In this case, the step-by-step
segmental rotation causes the fringes to tilt from the verti-
cal position in the vicinity of the local atomic rearrange-
ment. On the other hand, if a specimen is previously loaded
to Stage 1, released from the load, and reloaded at a stress
level equal or lower (than the previous load), the fringe
pattern resulting from the reload presents a feature distinc-
tively different from the step-by-step segmental rotation
case; it consists of multiple fringe systems each represent-
ing accumulated segmental rotation. These fringe systems
are characterized by equidistant, nearly horizontal parallel
fringes. The overall fringe pattern appears somewhat wavy,
indicating that it represents several local segmental bodily
rotations.

In Stage 2, the irreversible atomic rearrangement com-
pletes its propagation across the width of the specimen. If
the specimen is loaded for the first time, all fringes become
basically vertical and the total number of fringes become
greater than the reference fringe number, i.e., part of the
specimen experiences contraction. If a specimen is previ-
ously loaded to Stage 2, released from the load, and re-
loaded at a stress level equal or lower, the resultant fringe
system is drastically different from the previous load; it
consists of multiple equidistant nearly horizontal patterns
representing the accumulated segmental rotations as is the
case when a specimen is previously loaded to Stage 1. In
other words, if a specimen is loaded for the first time to
Stage 2, the overall fringe pattern is basically horizontal,
and if the same specimen is reloaded after released from
the previous load to Stage 2, the overall fringe pattern is
basically horizontal.



The overall fringe pattern of the nearly horizontal fringes
observed by reloading a specimen previously deformed to
Stage 2 is different from the case where the specimen is
previously deformed to Stage 1. It normally consists of two
fringe systems representing two segmental bodily rotations,
each showing straighter fringes, as opposed to the wavy
fringes in the case of previously deformed to Stage 1. This
indicates that when the previous deformation is in Stage 2,
the plastic strain is more concentrated in a single point of
the specimen, and therefore the material is barely deformed
inside the segments.

If the same specimen loaded to Stage 2 is reloaded at a
stress level higher than the previous load, the vertical fringes
representing partial contraction resumes. In other words,
when the reload stress level exceeds the previous load stress
level, the specimen behaves as if it is loaded for the first
time.

When the deformation enters Stage 3, the material com-
pletely loses the restoring mechanism. Consequently, the
only mechanism to consume the external work done by the
tensile machine is to dissipate the energy via flow of charges.
When the flow ends, the material loses all mechanism to
consume the external work, and fractures.
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