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age outside PLC bands.

been investigated at various applied strain rates at room temperature in this study. Three-dimensional
digital image correlation (3D-DIC) technique was applied to obtaining the further insight into the spa-
tiotemporal characteristics, in particular the influence of Mg content on deformation behaviors. Mg content
has a pronounced effect on serration characteristics, including the serration type and amplitude; Mg content
tends to weaken the spatial correlation of the propagative bands. Additionally, the serration amplitude
linearly increases with the maximum PLC band strain; high Mg content generates a higher PLC band strain
at a given serration amplitude compared with low Mg content. Mg content is found to be effective to
enhance the serration amplitude, the maximum PLC band strain and also the amount of elastic shrink-
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1. Introduction

With a great intensity, a good formability and an excellent cor-
rosion resistance, Al-Mg alloys are extensively used in the aerospace
industry and the automotive manufacture!'l, However, the Portevin-
Le Chatelier (PLC) effect, a kind of plastic instability, always appears
even at room temperature in columnar or plate specimens sub-
jected to tension, compression and torsion?-4., Previous studies have
shown that repeated serrations in the plastic regime are a predom-
inant feature in the deformation over a broad range of strain rates!>7),

The PLC effect, always referred to as jerky flow or serrated flow,
is manifested as a repetitive yielding (serrations) in stress-strain
curves and a localized deformation band in specimens of Al/Mg-
based alloys!“®-'°l and even some Ni-based superalloys!''-'*.. Generally,
it is considered to be a consequence of dynamic strain aging (DSA),
i.e., the dynamic interactions between mobile dislocations and dif-
fusing solute atoms clustered around these dislocations during plastic
flow!'#-'¢l. This theory stipulates that the mobile dislocations are
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blocked and released repeatedly by the solutes, resulting in repeat-
ed serrations in the stress—strain curves and corresponding PLC
bands. For Ni-based superalloys, the interactions between the mobile
dislocations and solute atoms might be different compared with Al/
Mg-based alloys due to the y precipitates. Tian et al.'’! and Han
et al."8"l investigated the jerky flow at various strain rates and tem-
peratures in Ni-Co-based superalloys, and all found that the normal
PLC effect occurs at low temperatures, whereas the inverse PLC effect
occurs at high temperatures.

Usually, PLC bands cause undesirable visible traces on the surface
of the final products due to high strain gradient effect?®!. There-
fore, as a remarkable feature in the space-domain, PLC bands have
attracted extensive attention on the direct observation of defor-
mations. In the past two decades, many investigations of the spatial
features of the PLC effect have been reported. Various optic methods,
such as shadowgraph technique!?'l, laser scanning extensometer
method!??, digital speckle pattern interferometry(?*-2 infrared
thermography!?6-2%), digital shearography*°/ and digital image cor-
relation (DIC)!*731l were applied to obtaining the deformation
information of PLC bands.

As a kind of substitutional solutes, Mg is widely considered to
be the solute element responsible for DSA in Al-Mg alloys!>233],
Indeed, Mg content itself affects the solute concentration in DSA;
as such, the magnitude of stress drops and even the deformation
behaviors should be influenced. Recently, several researchers, par-
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ticularly Ait-Amokhtar and Kang, focused their attention on and
made a great contribution to the effect of Mg content on the PLC
effect. Ait-Amokhtar et al.*#*%! investigated the spatiotemporal
aspects and the critical strain of jerky flow in relation to Mg content;
they found that the instability characteristics were influenced by
the Mg content, and the critical strain rate (corresponding to the
minimum of the critical strain vs. applied strain rate curve) shifts
to larger values when the Mg content increases. The aforemen-
tioned behavior can lead to an enlargement of the strain rate domain
of inverse behavior of the critical strain. Since analyses of Ait-
Amokhtar et al. are almost based on loading curves, Kang et al.I*®!
studied Al-Mg sheets with Mg content between 1.8 wt% and 4.5 wt%
by using DIC method and discovered that the band strain values in
all the samples follow a common linear relationship with the loading
procedure, which reveals that the linear relationship is only inde-
pendent of solute content. Ma et al.’”! investigated the effects of
alloying elements and processing parameters on the mechanical
properties and PLC effect of Al-Mg alloys, and found that the ad-
dition of Mg or Zn enhances the work-hardening rate, which leads
to an increase in both strength and ductility. Besides, the influ-
ence of the addition of Mg or Zn solute atoms on the serration
characteristics is also analyzed. Nevertheless, there are very few in-
vestigations devoted to the influence of Mg content on the
deformation behaviors of PLC bands in connection with the corre-
sponding serrations so far.

In what follows, three alloys of Al-2.30wt%Mg, Al-4.57wt%Mg
and Al-6.91wt%Mg were fabricated to investigate the PLC effect at
various applied strain rates at room temperature. The influence of
Mg concentration on deformation behaviors (the spatiotemporal
characteristics) is studied by using three-dimensional digital image
correlation. The dependence of the serration amplitude and the
domain of PLC effect on the Mg content are analyzed in relation to
the microscopic DSA mechanism. Additionally, another attention is
particularly focused on the variation of the relationship between
the serration amplitude and the maximum PLC band strain (i.e., the
maximum strain within PLC band) with Mg contents. The elastic
shrinkage outside PLC bands, an accompanied phenomenon, is dis-
cussed with various Mg contents as a balancing term under the
condition of deformation compatibility.

2. Experiment

The investigated materials are laboratory-scale chill-casting alloys
with different Mg contents, with nominal chemical compositions
shown in Table 1. These three alloys were labeled based on the in-
creasing trend of Mg content. For these alloys, prior to the tensile
test experiments, plates of the three alloys were subjected to a three-
step aging heat and rolling treatment, as follows: first-step
homogenizing at 450 and 540 °C for 5 and 10 h, respectively, and
then hot-rolling to 6-mm-thick plate with at least 90% reduction;
second-step cold-rolling to 4 mm followed by an annealing process
at 450 °C for 1 h; third-step cold-rolling to 1 mm followed by an an-
nealing process at 450 °C for 1 h, and then air cooling to room
temperature. The specimens for tensile tests of alloy 1-3, with gauge
length of 50 mm, width of 12.5 mm, were machined from the 1-mm-
thick plate along the rolling direction.

Table 1
Chemical compositions of three investigated alloys (wt%)

Alloy Mg Mn Fe Si Ti Cu Cr Al

Alloy 1 2.30 0.22 0.24 0.10 0.02 0.17 0.05 Bal.
Alloy 2 4.57 0.22 0.24 0.10 0.02 0.17 0.05 Bal.
Alloy 3 6.91 0.22 0.24 0.10 0.02 0.17 0.05 Bal.

Tensile tests were performed at various applied strain rates in
the range of 1.67 x 10 -5.00 x 10~3s7"; all tests were carried out by
using a hard testing machine (RGM-4050) at room temperature. The
force data were recorded at a sampling rate of 25 Hz. The accura-
cy of DIC method is a coupling factor associated with the image noise,
the interpolation bias and the calculation algorithm parameters!®®.
Note that it is much more difficult in establishing the theoretical
measurement resolution in the high gradient deformation situa-
tion (e.g., the PLC band) than the homogeneous deformation
situation. Specifically, the experimentally measured value of the dis-
placement and strain measurement error are about 0.01 pixel and
150 pe respectively™. Our group explored the influence of DIC pa-
rameters, including the patch size, the shape function and the strain
gradient, on measurement error, and gave an effective suggestion
(i.e., the moderate patch size) for high gradient inhomogeneous
deformations!*”,

The self-developed DIC system, referred to as PMLAB DIC-3D
(Nanjing PMLAB Sensor Tech Co., LTD, Nanjing, China), was used to
continuously capture the deformed images via synchronous image
acquisition. Sequence DIC and equal-interval DIC were both used
in this work. In the case of sequence DIC, the correlation between
a fixed reference image and the deformed image is determined; with
equal-interval DIC, however, the correlation between frame n and
frame n +g is determined (g =1 is the image interval in this work).
In this work, the sequence DIC was only used in the acquisition of
PLC band propagative characteristics. Before the tensile tests, speci-
mens were sprayed in flat white lacquer oversprayed with random
black spots. The defined right-handed coordinate and the experi-
mental schematic were presented in Fig. 1. The horizontal distance
between the specimen and the optical center of the left- and the
right-camera was about 600 mm; the stereoscopic angle of each
camera was about 10°. In the 3D-DIC system, deformed images were
captured continuously by synchronous image acquisition technol-
ogy using a collection trigger. The image sampling rate was about
7 fps. The array dimensions of each image = 2048 x 2048 pixel?; cal-
culation grid size =1 pixel; patch size =29 x 29 pixel?; and strain
calculation window size =9 x 9 point2.

3. Results and Discussion
3.1. Stress—strain curves

3.1.1. Serration morphology and the critical strain

Fig. 2 shows the engineering stress vs. engineering strain curves
obtained with different Mg contents at applied strain rate; magni-
fied views of the data in sections A, B and C (corresponding to
Fig. 2(a)-(c) respectively) are shown as Fig. 2(d)-(f), respectively.
It can be seen that the Liiders strain (i.e., the flat in the stress—
strain curves at the end of the elastic part) is observed systematically
in the increasing tendency of Liiders strain with increasing applied
strain-rate, which accords with the theoretical prediction pro-
posed by Sun et al.[*'l, Moreover, the serration morphology also
obviously changes with different Mg contents and strain rates. The
unstable plastic flow with serrations appears in all experiments
beyond a certain critical strain of the serration onset, which becomes
especially apparent in the high Mg content alloy (Alloy 3). As these
figures show, the variation of Mg content and strain rate leads to a
crossover of the serration type and a corresponding change of the
serration amplitude. Specifically, Fig. 2(d)-(f) shows that the ser-
ration type switches from type A to type B and then to type C, and
simultaneously the serration amplitude (Ac) gradually increases with
decreasing applied strain rate or increasing Mg content. The ser-
ration density, defined as the number of serrations per 100% strain,
decreases with increasing Mg content for type B/C serrations, which
is ascribed to increasing reloading time. From another viewpoint,
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