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Effect of Heat Treatment on the Portevin-Le
Chatelier Effect of Al-2.5%Mg Alloy

A. Chatterjee, A. Sarkar, N. Gayathri, P. Mukherjee and P. Barat

Abstract—An experimental study is presented on the effect
of microstructural change on the Portevin-Le Chatelier effect
behaviour of Al-2.5%Mg alloy. Tensile tests are performed on
the as received and heat treated (at 400 °C for 16 hours)
samples for a wide range of strain rates. The serrations
observed in the stress-time curve are investigated from
statistical analysis point of view. Microstructures of the
samples are characterized by optical metallography and X-ray
diffraction. It is found that the excess vacancy generated due
to heat treatment leads to decrease in the strain rate sensitivity
and the increase in the number of stress drop occurrences per
unit time during the PLC effect. The microstructural
parameters like domain size, dislocation density have no
appreciable effect on the PLC effect as far as the statistical
behavior of the serrations is considered.

Keywords—Dynamic strain ageing, Heat treatment, Portevin-Le
Chatelier effect

I. INTRODUCTION

HE Portevin-Le Chatelier (PLC) effect, also known as

jerky flow, denotes a plastic instability, which is related to

the discontinuous plastic flow and plastic strain
inhomogeneities. It has been observed in many dilute metallic
solid solutions including both interstitial [1] and substitutional
[2]. The effect is manifested as serrations in the stress-strain
(time) curve. The general consensus explains the origin of the
PLC effect as Dynamic Strain Aging (DSA) - the dynamic
interaction between the moving dislocation and the diffusing
solute atoms [3-8]. The mobile dislocations which are the
carrier of the plastic strain move jerkily between the obstacles
provided by the other defects. Mobile solute atoms diffuse in
the stress field generated by the mobile dislocations and tend
to cluster at dislocations. Clustering leads to an enhancement
of the apparent lattice resistance to dislocation motion.
Clustering is assumed to occur either by lattice diffusion from
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the lattice to the arrested mobile dislocation, or by pipe
diffusion, from the solute cluster on the forest dislocation
along the core of the mobile dislocation [9-12].

5xxx series Al-Mg alloys have been the model system for
studying the Portevin-Le Chatelier effect for a long time [13-
17]. These aluminum alloys with nominal percentage of
magnesium exhibit the PLC effect at room temperature for a
wide range of strain rates. Several works have been done on
the serrated behavior with regard to temperature, strain rate,
solute atoms etc. However, only few studies have been
reported on the effect of microstructure on the serration
behavior of the PLC effect [18,19]. In this work, an attempt
has been made to characterize the effect of microstructural
changes caused by heat treatment of the sample on the PLC
effect in Al-2.5% Mg alloy.

II. EXPERIMENTAL METHODS AND ANALYSIS

A.Tensile test

Tensile specimens with dimensions (25 mm x 5 mm x 2.3
mm) have been prepared from an Al-2.5%Mg alloy sheet.
Some of the samples are heat treated at 400°C for 16 hours
and then water quenched. Tensile experiments are carried out
on the as received and the heat treated samples in an
INSTRON (model 4482) machine at room temperature for a
wide range of strain rates, starting from 2.0x107s™ to 2.0x10"
35!, The machine is computer controlled and the stress data
are recorded at an interval of 0.05 seconds.

B. Optical metallography

Samples for optical micrograph were cut from the as-
received and the heat-treated samples.

@

(b)
Fig. 1 Optical micrograph of (a) as received and (b) heat treated
sample.

They were cold mounted and mechanically polished. The
polishing agents for the intermediate and final polishing
processes were diamond suspensions with particle sizes of 9
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and 3 um and alumina. The solution used for etching was a
mixture of 1 parts hydrofluoric acid and 99 parts distilled
water. Fig. 1(a) and 1(b) show the optical micrographs of the
as received and the heat treated samples respectively.

C.X-Ray diffraction

XRD is a powerful tool to characterize the microstructure
of the polycrystalline samples. It gives the microstructure of
the sample in a statistical manner. XRD profiles for the as
received and the heat treated samples have been recorded by
Bruker D8 Advance diffractometer using CuK,, radiation. The
range of 20 was from 35° to 85° and a step scan of 0.02° was
used. The time per step was 4 seconds. Fig. 2(a) and 2(b)
show the XRD profile of the as received and the heat treated
samples respectively. It is evident from these figures that the
texture of the sample has changed due to the heat treatment.
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Fig. 2 XRD profile of (a) as received and (b) heat treated sample

Microstructural characterization from X-ray diffraction line
profile analysis has become a very popular technique in recent
years. Various methods have been developed to determine the
microstructural parameters like domain size, microstrain,
dislocation density from the broadened XRD peaks [20, 21].
We have used the variance method developed by Groma [22,
23] and the Integral Breadth method [24] to characterize the
microstructure of the samples.

D.Studies on the PLC effect

Fig. 3 shows the typical stress-strain curves of the as
received and the heat treated samples deformed at a strain rate
of 3.8x10™ s™'. It is seen that the ductility of the sample has
changed drastically due to the heat treatment. However, here
we are interested in the effect of heat treatment on the PLC
effect. To quantify the changes in the behaviour of PLC effect
we concentrate on the statistical features of the serrations. We
have carried out the following studies on the stress-time data
recorded during the PLC effect of the as received and heat
treated samples.

Negative strain rate sensitivity is considered as the essential
criterion for the PLC effect. The strain rate sensitivity
parameter, m, was evaluated from the constant strain rate tests
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represent the flow stress at the current strain, measured in tests

using the equationm = [25], where 0 and O,

performed with strain rates &, and £, , respectively.
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Fig. 3: True stress vs. True strain curve for as received and heat
treated sample deformed at a strain rate of 3.8x10™ s,

TABLE I
STRAIN RATE SENSITIVITY PARAMETER FOR THE AS RECEIVED

AND THE HEAT TREATED SAMPLES. &, =3.7x10%s" £, =6.5x10*s™.

Sample Strain Strain rate sensitivity
parameter
0.05 -0.042
As received 0.06 -0.022
0.08 -0.014
0.09 -0.024
0.05 -0.126
Heat treated 0.10 -0.084
0.15 -0.120
0.20 -0.119

For two chosen strain rates we have computed m at various
strain values. Typical values of the m for the as received and
the heat treated samples are listed in Table .

Number of stress drop per unit time

The number of stress drops (nsd) per unit time gives the
measure of the activity of the PLC dynamics. The variation of
the average nsd per second with strain for both the as received
and the heat treated samples are shown in Fig. 4.
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Fig. 4: Variation of average number of stress drops per second for as
received and heat treated sample.

Reloading time

Another parameter which is often studied in the PLC effect
literature is the time during the stress increase. This time is
called the reloading time and it corresponds to the time for
which the band waits at the obstacles prior to its release due to
thermal activation. We have calculated the reloading time
corresponding to each stress drop in the stress-time series
data.
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Fig. 5: Variation of average reloading time for as received and heat
treated sample.
Fig. 5 shows the variation of the mean reloading with the
strain rate.

Stress drop magnitude

Magnitude of stress drops during the PLC effect is
considered as one of the important parameter to characterize
the PLC effect. The different types of serrations, now well
known in the literature of the PLC effect, were first identified
from the study of the distribution of the stress drop magnitude
[26, 27]. Fig. 6(a) and 6(b) show the variation of the average
stress drop magnitude with the strain rate for the as received
and the heat treated samples in double-logarithmic scale. It is
seen that the average stress drop magnitude decreases with the
strain rate for both as received and heat treated samples. Fig.
7(a) and 7(b) show the cumulative distribution of the stress
drop magnitude for the as received and the heat treated

samples deformed at three representative strain rates. The
inset of the figures shows the corresponding frequency
distribution plot. The distribution of nsd and reloading time
are also computed from the stress-time series data.
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Fig. 6: Variation of average stress drop magnitude for (a) as received
and (b) heat treated sample.

III. RESULTS AND DISCUSSIONS

From the optical micrographs of Fig. 1 it is evident that the
grain structure has changed substantially after the heat
treatment. XRD line profile analysis gives quantitative details
of the microstructure of the sample. The microstructural
parameters obtained from X-ray diffraction line profile
analysis of the as received and the heat treated samples (Table
IT and Table III) revealed that the domain (sub-grain) size has
increased due to heat treatment, while the dislocation density
and the microstrain have decreased on heat treatment.

TABLEII
MICROSTRUCTURAL PARAMETERS OBTAINED FROM THE
VARIANCE METHOD ANALYSIS OF THE (111) PEAK OF THE AS
RECEIVED AND THE HEAT TREATED SAMPLES

Sample Domain size Dislocation density
&) (10"
()
As received 390 (+35) 8.19 (£0.26)
Heat treated 461 (+43) 6.23 (£0.19)
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TABLE III
MICROSTRUCTURAL PARAMETERS OBTAINED FROM THE
INTEGRAL BREDTH ANALYSIS OF THE AS RECEIVED AND THE

HEAT TREATED SAMPLES
Peak As received Heat treated
Domain Microstrain Domain Microstrain
size (10 size (10
A) A)
(111) 616 9.06 707 5.50
(200) 760 9.13 962 7.25
(220) 615 9.10 693 4.39

Moreover, the visual inspection of the XRD profiles of
both the samples indicates that the texture of the sample has
also changed due to heat treatment.
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Al-Mg alloy is a substitutional alloy. The atomic radius of
Mg atom is 12% larger than the Al atom. The diffusion of
solute Mg atom is the primary ingredient of the DSA and
hence the PLC effect in this alloy. Diffusion of Mg in Al-Mg
is vacancy assisted. Therefore, the excess vacancies present in
the heat treated sample are expected to have influence on the
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PLC serrations. From Table [ it is seen that the m parameter is
negative for both the samples. Moreover, the value of m is
more negative in case of the heat treated sample. This result
corroborates with the earlier observation of Picu et. al. [25] in
an Al-4.5%Mg alloy. It has been established in previous
studies that grain size has no significant effect on the SRS
[28]. The dislocation density is also expected to have no effect
on the SRS [29]. Thus the pronounced reduction of the SRS in
the heat treated sample may be attributed to the enhanced
mobility of the solute in the presence of excess vacancies.

The variation of the nsd per second in Fig. 4 shows that the
nsd per second is more in the heat treated sample as compared
to the as received sample. This signifies the frequent
occurrence of the locking-unlocking phenomenon of the band
in the heat treated sample. This may be attributed to the fact
that the presence of excess vacancy in the heat treated sample
increases the diffusion coefficient of Mg atom and makes the
locking mechanism faster. This increases the number of stress
drop occurrences.

On the other hand, the distribution of stress drop magnitude
(fig.7) at a particular strain rate appear to be almost similar for
the as received and the heat treated samples. This holds true
for the distribution of nsd and reloading time also. The plot of
variation of the average reloading time with strain rate in Fig.
5 are also similar for both the as received and the heat treated
samples.

It is now well established that during the PLC effect
deformation in the material localizes in a narrow band. The
deformation of the material in this case is entirely governed by
the movement of the band of dislocations. In recent years,
there have been some highly sophisticated efforts to study the
kinematical properties of the PLC bands [30-32]. These
studies estimated various band parameters like band width,
band velocity, inclination angle of the band with the tensile
axis etc. All studies indicated that the PLC bands are not
confined to a particular slip plane but are wide and extended
to few grains. This may be attributed to the reason behind the
similarity of the probability distributions of nsd per second,
stress drop magnitude, reloading time for a particular strain
rate experiment of the as received and the heat treated
samples. The observed serrations in the stress-time curve are
manifestation of the jerky band movement in the mesoscopic
scale of the material. Thus the serrations are the outcome of
the effect averaged over a few grains. Hence, the changes in
grain size, dislocation density and texture have no appreciable
effect in the statistical behaviour of the PLC effect.

In one of their studies, Klose et. al. [33] have shown that
the average stress drop magnitude decreases in a power law
fashion with strain rate at a particular temperature, i.e., the
variation of the average stress drop magnitude (Ao) with
strain rate (¢) can be expressed by the following relation

Ao =¢“

The power law exponent « has been shown to depend on
the diffusion mechanism of the solute atoms and the
dislocation pile-up configuration [33]. From Fig. 6(a) and 6(b)
it is seen that the Ao show a power law dependence with ¢ for
both the as received and the heat treated samples. The values
of the exponent o obtained from the slope of the linear fits
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are 0.80 (£0.11) and 0.56 (£0.0.07) for as received and heat
treated samples respectively. The values of ¢« are markedly
different from that obtained by Klose et. al. for Al-1.5%Mg
alloy deformed at room temperature. This may be due to the
difference in the dislocation pile-up configuration in these two
materials. However, the change in the value of ¢ in case of
the heat treated sample from the as received sample is
definitely due to the change in the diffusion mechanism of
solute atom. This again is related to the presence of excess
vacancy in the heat treated sample.

IV. CONCLUSIONS

In conclusion, we have studied the effect of heat treatment
on the behaviour of the PLC effect in Al-2.5%Mg alloy. The
heat treatment of the sample has generated excess vacancy in
the lattice and has changed the microstructure and the texture
of the sample. Analysis of the stress time series data revealed
that the excess vacancy in the heat treated sample has changed
the SRS and the number of stress drop occurrence per unit
time in the heat treated sample. The microstructural
parameters like domain size, dislocation density and
microstrain do not have observable influence on the PLC
effect.
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