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Abstract

A technique based on high-speed digital photography and image correlation for direct whole-field strain mapping of Portevin–Le

Chatelier deformation bands is described. Results for a type B band show that the deformation band was formed within a few mil-

liseconds and remained stationary as no motion of the band was detected.

� 2005 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.

Keywords: Dynamic strain aging; Portevin–Le Chatelier effect; Tension test; Aluminum alloys; Image correlation strain mapping
1. Introduction

Unstable plastic flow in terms of nucleation of defor-

mation bands associated with repeated serrated yielding
are often observed macroscopically in metal alloys

due to strong dynamic strain aging or the so-called

Portevin–Le Chatetlier (PLC) effect [1–8]. The serrations

are due to sudden strain bursts that are generally be-

lieved to result from interactions between moving dis-

locations and diffusing solute clouds, although other

processes may also be involved [9]. The PLC effect is

commonly observed in many aluminum alloys [10] and
a variety of other materials [9,11–13]. However, it has

been most extensively studied in the dilute solid solution

Al–Mg alloys under uniaxial tension [2,3,8,10,11,14].

Progress has been made toward a general understand-

ing of the microscopic-scale features underlying the PLC

effect, and several mechanistic models have been pro-

posed [15,16]. However, a complete understanding of
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the detailed micromechanical mechanisms that underlie

macroscopic deformation behavior of serrated plastic

flow is still lacking [4]. Of particular importance is

PLC band nucleation, which has not been adequately
quantified even at the macroscopic level [5–7,17,18]. Sev-

eral nucleation and development mechanisms were con-

jectured by Chihab et al. [3] who used analog video

technology and light contrast variation of polished sur-

faces due to PLC band formation to capture PLC band

kinetics in an Al–Mg alloy tensile coupon. They con-

cluded, however, that the slow video framing rate

(25 fps, where fps = frames per second) in their experi-
ments was inadequate and should be replaced with ‘‘fast

cinematography’’ to more fully capture band nucleation

and growth kinetics.

In the present study, we combine state-of-the-art

high-speed digital photography with an experimental

strain mapping measurement technique via image corre-

lation [17–21] to both temporally and spatially charac-

terize serrated plastic flow in an Al–Mg alloy in
tension. We present here a first report on time-resolved

direct strain mapping measurements to provide some in-

sight into the nucleation and growth of individual PLC
of Acta Materialia Inc.
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bands. In addition, we explore the issue of band propa-

gation across the tensile coupon surface during the

image capture times afforded by the high-speed camera.
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2. Experimental procedure

An aluminum AA 5052-H32 sheet with alloying ele-

ments of 2.5 wt% Mg, 0.25 wt% Cr, and 0.1% Mn [22]

was tested in the as-received condition in this study.

The aluminum polycrystalline sheet was strain-hardened

and stabilized at the H32 temper and was not strongly

textured. It had a thickness of 0.95 mm and an average

grain size of about 12 lm. To facilitate the image-based
strain measurement of PLC bands at a sufficiently high

spatial resolution, a tension test coupon with a

4.6 mm-wide gage section and 20 mm gage length was

used, see Fig. 1(a). The test coupon was fully clamped

at the both ends and stretched under displacement con-

trol by a screw-driven mini-tensile tester at a constant

crosshead speed to achieve a nominal strain rate of

10�4 s�1. The mini-tensile tester, which is shown in
Fig. 1(b), had overall dimensions of 100 mm by

125 mm by 50 mm, a total crosshead travel of 50 mm,

and a load cell of 4.4 kN maximum capacity. Both force

and displacement data were recorded digitally at a rate

of 8 Hz. The uncertainty in the load measurement was

±0.3 N for the 4.4 kN miniature load cell. Tests were

also carried out using a data acquisition rate of 100–

250 Hz but with higher electronic noises.
Prior to the test, one flat surface of the tension test

coupon was decorated with finely sprayed black paint
Fig. 1. (a) A digital image of the AA5052-H32 sheet metal tension

coupon. Its surface was sprayed with black paint speckles and its gauge

section is 20 mm long, 4.6 mm wide and 0.95 mm thick; (b) the screw-

driven mini-tensile tester. The coordinate system X1�X2 used in the

paper is also shown.
speckles to enhance image contrast. To characterize

the nucleation and growth of individual PLC bands dur-

ing tensile testing, both temporally and spatially, the en-

tire gage section of the test coupon was imaged with a

high-speed digital camera using a special CMOS sensor

operating at various framing rates ranging from 1000 to
5000 fps [23]. The high-speed camera was post-triggered

when a sudden load drop associated with a single serra-

tion event was detected and a total amount of 8285

image frames prior to the triggering point were captured

in the camera memory (see Fig. 2(a)). The tensile test

was then interrupted (but without complete unloading)

in order to download the images to a host computer
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Fig. 2. (a) The force–time record of the tension test with arrow

markers indicating the start (the first image frame) and end (the post-

triggering point) of the image capture of PLC band #4; (b) the

accumulated plastic deformation in terms of horizontal displacement

U1 (in both pixels and mm) and the axial strain E1 contour map

showing strain localization in band #4 over the image capture duration

of 1.6568 s. The field of view of the contour maps is 22 mm by 4.6 mm

of the tensile coupon surface as shown in Fig. 1(a).
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via a high-speed Ethernet connection. More than 10

PLC band nucleation and growth events were imaged

in our experiment. Each of the recorded 8-bit grayscale

digital images had a size of 1344 · 280 pixels with a

spatial resolution of 20.0 lm per pixel. The aspect ratio

of the digital images was chosen to match closely that of
the gage section of the tension coupon to maximize both

the spatial and time resolution of the high-speed imag-

ing acquisition. The recorded digital images were ana-

lyzed with the SDMAP [24] digital image correlation

software that computes both cumulative and incremen-

tal surface strain maps of the test coupon surface for

each image capture. Details behind the strain mapping

via the digital image correlation analysis may be found
in [19,21,24]. The axial strain reported here was com-

puted locally using a bi-quadratic surface fitting of dis-

placements over subsets of 40 · 40 to 60 · 60 pixels

[19]. The errors in local in-plane displacements, rigid

body rotation, and strain measurements were estimated

to be 0.02 pixels, 0.02� and 100 · 10�6, respectively, for

a macroscopically homogenous field.
3. Results

Serrated plastic flow was detected in the AA5052-H32

tension coupon in Fig. 1(a) after an incubation plastic

strain of about 1% when it was stretched at a nominal

strain rate of 10�4 s�1 at the ambient temperature of

24 �C. Load drops with a magnitude of 30–40 N (corre-
sponding to 7–9 MPa in stress or 2–4% of the current

flow strength of the material) occurred rather regularly

within a period of 4–5 s. Each load drop was associated

with the nucleation and growth of a spatially discrete

PLC band followed by a predominantly elastic reload-

ing phase.

Out of more than 10 PLC bands captured by the

high-speed digital photography, we selected one repre-
sentative PLC band (#4) for a detailed description of

digital image correlation analysis results. A total of

8285 digital image frames were continuously recorded

with a time interval of 0.2 ms per frame for a total dura-

tion of 1.6568 s for the band. Fig. 2(a) and (b) show the

experimental force–time records and whole-field strain

mapping data. In Fig. 2(a), the serration time with its

origin defined by the start of the image capture is given
in the top horizontal axis in milliseconds as t4. Note that

the left arrow in the figure coincides with the load and

time at the start of the image capture, while the right

arrow designates the load and time at which recording

was stopped (as the camera was post-triggered at this

point). The time at which the load reached its local min-

imum (which coincided more or less with complete band

formation) is labeled PLC #4. Fig. 2(b) shows the corre-
sponding cumulative plastic deformation maps in terms

of both horizontal displacement U1 (top map in units of
pixels, and middle map in mm) and true axial strain, E1.

These deformation maps were obtained via correlation

analysis of frame 1 (t4 = 0 s) and frame 8285

(t4 = 1.6568 s) for the band. The densely spaced dis-

placement contour lines denote the location, width,

and orientation (about 26� clockwise from the trans-
verse direction) of the PLC band. The symmetry in dis-

placement conditions tended to favor alternating bands

±26� so that the relative vertical displacement at the grip

ends was nearly zero on average. The axial strain con-

tour map (bottom) details the distribution and magni-

tude of deformation inside the PLC band. Across the

PLC band, there was a jump of about 0.45 pixel or

9 lm in horizontal displacement over an axial distance
of about 150 pixels or 3 mm. The peak axial strain in

PLC band #4 was about 0.6%.

Fig. 3(a) and (b) shows cumulative and incremental

strain maps and the corresponding several selected times

on their force–time curves associated with the nucleation

and growth of PLC band #4. Each of the four cumula-

tive strain maps in Fig. 3(a) was generated through dig-

ital image correlation of the very first image (t4 = 0 s)
with the image recorded at the indicated time. The time

label in each map designates the capture time, which is

referenced to the time at which the first image was cap-

tured at the outset of the capture event (denoted by the

left arrows in Fig. 2(a)). The top left contour map in Fig.

2(a) (representing a capture time of 969.4 ms for band

#4) shows the cumulative axial strain field just prior to

a sudden load drop or the sudden nucleation and rapid
growth of the band. It suggests that there was some pre-

cursory strain up to 0.1% that accumulated locally at

one of the free edges of the tensile coupon before the

sudden load drop. The second and third cumulative ax-

ial maps in Fig. 3(a) (representing capture times of 972.2

and 975.0 ms, respectively) show the development of the

PLC bands during the sudden load drop. The last cumu-

lative axial map in Fig. 3(a) (representing a capture time
of 1656.8 ms) show fully formed PLC after some elastic

reloading (i.e. along the increasing portion of the load

curve) but prior to the nucleation of another PLC band.

Changes in strain contours associated with the PLC

bands are shown very clearly by the incremental axial

strain maps in Fig. 3(b). The incremental maps were

generated through digital image correlation of two suc-

cessive image frames captured at a 0.4 ms time interval.
The time shown on each incremental axial strain map is

the average of the capture times for these two image

frames. The four incremental axial strain maps shown

in Fig. 3(b) span a period of 1.6 ms or about 1/3 of

the entire dynamic plastic deformation process during

the formation of PLC bands #4. By dividing the axial

strain increments with the time interval of 0.4 ms, the ac-

tual strain rate inside a PLC band _eB was estimated to
between 0.5 and 1 s�1 and is much higher than the im-

posed overall strain rate _ea of 10�4 s�1. However, the
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Fig. 3. PLC band #4: cumulative E1 (a) and incremental dE1 (b) axial strain maps (with a 9 mm · 4.6 mm field of view) at selected times. The time

used here is t4 with origin defined as the start of high-speed image captures shown in Fig. 2(a).
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very high magnitude of the strain rate inside the band is

not simply dictated by the compatibility condition of the

imposed overall strain rate as wB

2Le

_eB

_ea
� 460–920 (where

the band width at half height is wB/2 � 1.85 mm and
the total gage length of the sample Le � 20 mm)!

The time history of cumulative axial strain at the cen-

ter of PLC band #4 is shown in Fig. 4. Up to 80% or

more of the total axial strain in the band was accumu-

lated within a short period of 3–5 ms (accompanied by

a sudden load drop of 2–4% of the current axial load

level). Fig. 5 shows the time evolution of the axial strain

distributions for PLC band #4 along the centerline of
the tensile coupon around the location of each band.

After initiation, PLC band #4 grew in a self-similar

manner in terms of the spatial distribution of axial

strain. In other words, the spatial distributions of axial
strain at various times after band nucleation closely

resemble one another if normalized by the correspond-

ing peak strain level). No axial motion of the peak strain

locations was observed (within the resolution of subpixel

or a few microns) and the band width at half of the peak

strain (i.e., the full width at the half magnitude) was

found to be nearly constant (about 1.85 mm) through-

out the rapid growth of the bands.
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4. Discussion

At least two possible PLC band nucleation and sub-

sequent development mechanisms in tensile test coupons

have been proposed in the literature [3,25]. The first

mechanism is associated with the initiation of an embryo

band at a lateral specimen surface with subsequent
transversal growth into the bulk at an angle (consistent

with the resulting band orientation) with respect to the

tensile axis. Such a band may have its final width and

peak strain level at nucleation, and subsequently grows

along its length direction to develop a complete band.

The second mechanism is associated with nucleation

and growth of a sample-scale band across the width
and thickness of the tensile coupon but only a few

atomic planes thick. This narrow band then expands

in its width direction (along the specimen axis) until its

expansion is blocked by the stress relaxation. Chihab

et al. [3] associated these two scenarios of band develop-

ment with different types of PLC bands observed in their
experiments. For example, type C bands were thought

to be related to the first mechanism, and types A and

B bands largely result from the second mechanism.

However, Chihab et al. [3] could not verify their hypoth-

eses due to the lack of direct strain measurements and

the very limited time resolution (25 fps) in their experi-

ments. The PLC bands observed in our investigation fall

into the type B bands according to the definition by Chi-
hab et al. [3]. Some strain concentrations were indeed

found to start to accumulate (prior to any obvious ser-

rations or sudden load drops in the load–time curve)

at one of the edges of the tensile coupon according to

our time-resolved direct strain measurement results.

However, the PLC bands were not first fully developed

at a tensile coupon edge to their peak strain levels of

0.6%. Neither did fully developed strain concentrations
of such a magnitude subsequently propagate within 3–

5 ms along their length directions to form complete

bands across the specimen width at the angle of ±26�
with respect to the transverse direction (the representa-

tive PLC band #4 described in details here had an angle

of �26�). As shown in incremental strain maps of Fig.

3(b), the material along the entire band region partici-

pated in plastic deformation throughout the entire 3–
5 ms duration of the sudden load drops although some

strain heterogeneities during the band growth was also

evident.

Our strain measurement results did not show any sig-

nificant expansion of type B PLC bands along the width

direction of the bands (the tensile loading direction) dur-

ing their growth. This is clearly confirmed by the axial

strain distribution profiles shown in Fig. 5. As the strain
profiles remained self-similar, no major motion of the

band strain distributions (either cumulative or incre-

mental) along the tensile loading direction occurred

within the 3–5 ms of the band development period. Con-

trary to the usual assumption of a uniform band strain

distribution with step-like transitions (which is consis-

tent with the second mechanism proposed by Chihab

et al. [3]), our strain measurement results show that
the PLC bands have a more or less symmetric but

bell-like strain distribution throughout the entire 3–

5 ms nucleation and development period. Such strain

distribution characteristics are similar to those observed

in localized necks in sheet metals due to material tension

instability at large strains [26].

At the time resolution of 0.2 ms and the spatial reso-

lution of the average grain size, the type B PLC bands
studied here appear to be purely stationary at the

macroscopic level as no plastic deformation front was
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detected to propagate either along the band�s length

direction or along the band�s width direction (the tensile

loading direction). This is clearly demonstrated by the

incremental maps in Fig. 3(b): the successive ‘‘snap-

shots’’ of the each band suggest no transverse or lateral

motion of the deformation fronts of any kind. In sum-
mary, PLC bands of the type B are more or less just a

series of discrete, localized necks with a certain peak

strain and a characteristic bell-like strain profile.
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