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opposite sides of the specimen, they propagate in a very similar
fashion. Figure 2 plots the locations of the centers of the Lüders’
front and WB measured from a reference point near the lower grip
as a function of time. The solid lines are the best fits to the data
points. From the slopes of these lines, the propagation velocities
of the Lüders’ front and the WB are found to be 1.11
�10−4 m/s and 1.13�10−4 m/s, respectively. Considering that
the error associated with the reading of the locations of the
Lüders’ line and WBs is estimated to be ±2%, it is fair to say that
the Lüders’ front and the WB propagate at the same velocity.

Figure 3 shows the stress-strain diagram in the plastic regime
along with its expanded view near the yield point. This diagram
was recorded at the same time as Fig. 1. The extents where the
Lüders’ fronts and WB appear are marked, respectively. From the
observed yield elongation �region between points A and B� and
the specimen length of 50 mm, the yield strain �L can be esti-
mated to be 0.0197. Using this yield strain, the crosshead speed
Vc=2.5�10−6 m/s and the relationship VL=VC /�L derived by
Sylwestrowicz and Hall �7�, the theoretical velocity of the Lüders’
front can be estimated to be VL=1.27�10−4 m/s. This value
shows a good agreement with the measurement, as the dashed line
in Fig. 2 indicates.

While the theoretical velocity of the Lüders’ front based on the
yield strain agrees with experiment, Fig. 3 indicates that the
Lüders’ front or WB does not extend the whole span of the yield
elongation. A possible explanation of this observation is that while
the plastic deformation front begins to propagate at the lower end
of the specimen at the yield stress and completes the propagation
at the upper end of the specimen at the end of the yield elongation,

the initial and final parts of the propagation are not manifested as
the Lüders’ front or WB. The fact that the WB appears earlier and
disappears later than the Lüders’ front indicates that the former
has higher sensitivity as an indicator of the plastic deformation
front. The expanded view in Fig. 3 shows that the WB begins to
appear at 8% lower stress than the Lüders’ front �8�. This obser-
vation is consistent with the previous finding by Funamoto �9� for
the same material that the WB begins to appear near a circular
hole at a stress value 11% lower than the corresponding stretcher-
strain.

At the crosshead speed of 25 �m/s, a similar relationship be-
tween the Lüders’ front and WB was observed. Figure 4 shows the
Lüders’ front and WB observed in the second type of specimen at
this crosshead speed. In this run, two pairs of Lüders’ front and
WB began to appear at the upper and lower end of the specimen,
respectively, within a time lag less than 30 s. At this crosshead
speed, the Lüders’ fronts show less sharp edges, as is normally the
case. The two pairs of Lüders’ front and WB propagated along the
length of the specimen in mutually opposite directions. Figure 5
shows the locations of the pairs as a function of time. Like Fig. 2,
the Lüders’ front and WB of the same pair propagate at the same
velocity, which is reasonably close to the theoretical Lüders’ front
velocity �dashed lines� estimated in the same fashion as Fig. 2.
�The lower Lüders’ front and WB show somewhat higher velocity
than the theoretical value, and its reason is not clear.� Unlike Fig.
2, however, both the Lüders’ front and the WB fluctuate around
the fitted straight lines, indicating that when the Lüders’ front
forms a less sharp edge, it does not propagate at a constant veloc-
ity but somewhat fluctuates around a mean value. The WB ob-
served under this condition follows a similar, fluctuating trend,
indicating that it still represents the same phenomenon as the

Fig. 1 Lüders’ front „upper… and WB „lower… observed simulta-
neously at the crosshead speed of 2.5 �m/s. Numbers repre-
sent the elapsed time in s from a reference time set before the
yield point. The window inserted in the leftmost image of the
upper row indicates the view of the lower images
approximately.

Fig. 2 Locations of Lüders’ front and WB as a function of time.
The crosshead speed is 2.5 �m/s.

Fig. 3 The stress-strain diagram in the plastic regime re-
corded at the same time as Fig. 1. The expanded view indicates
the stress values when the Lüders’ front and WB begin to
appear.

Fig. 4 Lüders’ front „upper… and WB „lower… observed simulta-
neously at the crosshead speed of 25 �m/s. The Lüders’ front
taken at time step 184 is not shown because of poor quality.
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Lüders’ front. We examined the second type of specimen at the
crosshead speed of 2.5 �s / s and observed a straight trend similar
to Fig. 2. Judging from this result, the fluctuating trend observed
in Fig. 5 is not caused by the difference in the shape of the speci-
men but the difference in the crosshead speed.

The fringe patterns observed in the regions divided by the WBs
can be characterized as consisting of nearly equidistant and hori-
zontally parallel fringes �see Figs. 1, 4, and 6�. A system of per-
fectly equidistant and horizontally parallel fringes observed in a
horizontally sensitive ESPI setup represents a rigid body rotation
of the object �10�. This observation, therefore, indicates that the
deformation is concentrated at the Lüders’ front in such a way that
the regions divided by the front experience rigid body like rota-
tions �5�; i.e., there is a stress concentration at the Lüders’ front.

Figure 6 shows fringe patterns formed by subtracting several
specklegrams from a common specklegram �frame #180� varying
the time-step increment. The number shown underneath each
fringe pattern denotes the number of the frames involved in the
subtraction. The fringe systems seen in these patterns have the
following features. The region above the WB �region 1� shows
nearly the equidistant, horizontally parallel system representing a
rigid body like rotation. The region inside the WB �region 2�
shows a dense fringes parallel to the WB, representing a concen-
trated strain normal to the WB. The region below the WB �region
3� does not show a clear fringe structure. As the number of the
time-step increment increases in going from �a� to �f�, the number

of fringes in region 1 increases rather constantly. The number of
fringes in region 2 also increases, at a rate much higher than
region 1. In going from �a� to �c�, the fringe density in region 2
becomes four or five times higher, while the number of fringes in
region 1 increases by one. The fringe pattern in region 3 remains
more or less the same in �a� through �f�. These features can be
interpreted as follows. When the Lüders’ front was formed, the
material in the vicinity of the front experienced a localized defor-
mation. As the time went by, the part of the specimen held by the
dynamic grip �region 3� displaced in the vertical direction as a
rigid body �without substantial deformation�, forming no clear
fringe structure. This motion sustained the localized deformation
in region 2. While this happened, the localized deformation
moved up by some mechanism as the other side of the material
�region 1� rotated as nearly a rigid body at an approximately con-
stant rate.

4 Conclusion
The result of this study confirms that the WB represents the

same phenomenon as the Lüders’ front, supporting our previous
interpretation. Now that this has been confirmed, further investi-
gation on the plastic deformation front can be pursued through
analysis on the WB. It is observed that the WB appears at about
10% lower stress than the Lüders’ front, indicating that the WB
has higher sensitivity than the Lüders’ front as an indicator of the
plastic deformation front.
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Fig. 5 Locations of Lüders’ front and WB as a function of time.
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Fig. 6 WB obtained for a common specklegram with various
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