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Abstract

The Portevin-Le Chatelier (PLC) effect has been studied for many decades, yet the influ-
ence of testing modes has received limited attention. In the past 20 years, it has become
increasingly recognized that the stiffness of the testing machine can significantly affect the
occurrence of jerky flow, particularly the serrations observed during tensile tests. This study
addresses this issue by conducting tests on the Al-Mg alloy AA5083H111, which contains a
substantial amount of diffusible magnesium in solid solution and exhibits dynamic strain
aging, resulting in a pronounced PLC effect. Both electromechanical and servohydraulic
testing machines were used in the tests; these machines differ in stiffness and control tech-
nology for applied strain rates. The study also explored different control modes, including
stroke control for both machines and true strain control for the servohydraulic machine.
The findings indicate that machine stiffness has a moderate effect on material behavior, and
no single machine or testing mode can precisely control the strain rate in the sample during
the PLC effect. However, it was noted that true strain rate control using a servohydraulic
machine comes closest to accurately reflecting the material’s behavior during jerky flow.

Keywords: serrations; stiffness; strain rate; servohydraulic machine; true strain control mode

1. Introduction
The Portevin-Le Chatelier (PLC) effect has been the focus of extensive research for

many decades. It occurs in a variety of structural engineering materials under specific
conditions of temperature, strain rate, and mechanical constraint. This effect primarily
influences ferrous and aluminum alloys, which are the most commonly used materials in
structural engineering applications. The PLC effect can result in surface defects, typically of
a cosmetic nature, during shaping processes, and may lead to a reduction in ductility, such
as tensile elongation and fracture toughness in these alloys. These issues are associated with
an irregular phenomenon of plastic flow that can cause unpredictable plastic instability. In
many cases, the PLC effect is linked to dynamic strain aging in alloys that contain diffusible
solutes. These solutes can create Cottrell atmospheres around dislocations, effectively
immobilizing them. This paper does not intend to delve into the underlying explanations
of the PLC effect, as there is already a significant amount of literature on the subject.
Numerous relevant papers can be referenced [1–15].

One often-overlooked aspect of the phenomenon is how the degree of mechanical
constraint imposed on specimens during tensile tests affects the stability of plastic flow.
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Some researchers have highlighted the impact of machine stiffness on this phenomenon.
For instance, Tong and Zhang [16] conclude that the magnitude of stress drops may not
accurately reflect the phenomenon without additional information regarding machine
stiffness. The authors in [17] note that the stiffness of the testing machine alters the
displacement rate at the moving end of the specimen. While the crosshead speed remains
constant, the non-linear behavior of the material can lead to fluctuations in the actual
displacement rate experienced by the sample. Yamasaki et al. [18] suggest that both
machine stiffness and specimen geometry have a combined effect on the serrated stress-
strain curve. They advocate for the use of high-stiffness machines because they exert
less influence on specimen strain. Further investigating this issue, Guillermin et al. [19]
conducted simulations of stress-strain curves considering the Portevin-Le Chatelier (PLC)
effect while varying machine stiffness. Their findings indicate that lower machine stiffness
is associated with a lower critical plastic strain for the onset of serrations, a lower frequency
of serrations, and a higher amplitude of serrations. Similar results were obtained in the
simulations conducted by Luo et al. [20]. Tretyakova and Tretyakov [21] achieved closely
aligned experimental results by varying machine stiffness using a specially designed
mechanical device.

The exploration of how testing machines influence results is both intriguing and
presents new research opportunities, although it has only been examined in a limited
number of cases so far. Most published findings on the Portevin-Le Chatelier (PLC) effect
have been derived from experiments conducted with electromechanical machines that
utilize screw-driven crosshead displacement control at a constant speed. The crosshead
speed is set to achieve the desired strain rate in the sample, resulting in an approximately
constant (though not exactly) strain rate. However, there is limited published data regarding
machine stiffness, which makes it challenging to accurately assess the reliability of the data
related to PLC effect serrations. One possible advancement in testing conditions would be
the use of servohydraulic machines, but the existing literature only includes a few recent
reports on this method (e.g., refs. [16,19,21–24]). Another approach is to compare results
obtained under the same nominal conditions, such as strain rate and specimen geometry,
across different types of testing machines, like electromechanical and servohydraulic
machines. Unfortunately, examples of such comparisons are even rarer [25,26].

Due to the ongoing uncertainty surrounding the most effective test procedures for
examining the mechanical aspects of the Portevin-Le Chatelier (PLC) effect, this study
aims to compare various mechanical testing machines and control modes. All specimens
analyzed have the same geometry and are tested under identical nominal strain rate
conditions. The focus of this investigation is on the Al-Mg system, in which magnesium
(Mg) serves as the diffusible solute capable of inducing dynamic strain aging. There is a
significant amount of research on the PLC effect in Al-Mg alloys; however, this paper does
not intend to review the existing literature. Interested readers can refer to papers [27–37]
for insights into the challenges associated with these alloys. Among the range of available
alloys, AA5083H111 was chosen for this study. This specific alloy contains approximately
5% Mg by mass and is commonly used in temper H111, resulting in a very soft metal that
is suitable for fabrication through plastic deformation. In this context, plastic deformation
and its potential instabilities are of considerable interest to the industry.

2. Materials and Methods
Tensile tests were performed on AA 5083 alloy, provided in a 3 mm thick sheet. The

chemical composition of this material is outlined in Table 1. This particular aluminum
alloy was chosen due to its high magnesium content, which makes the PLC effect more
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pronounced. The supplied state H111 corresponds to nearly annealed metal with a low
dislocation density.

Table 1. Mass percentage chemical composition of the 3 mm thick sheet used in the study.

Mg Mn Cr Si Fe Cu Zn Ti Al

4.62 0.67 0.13 0.28 0.21 0.06 0.18 0.12 Bal.

The PLC effect was highlighted by performing tensile tests (minimum 3 samples
per type) at room temperature (20 ◦C) with a strain rate of 10−4 s−1, which are typical
conditions for observing this phenomenon. To ensure consistency, tests were conducted
using two different machines under the same conditions:

1. MTS 793 series (MTS Systems Corporation, Minneapolis, MN, USA), 100 kN force,
servohydraulic, equipped with FlexTest SE Plus electronic system (MTS Systems
Corporation, Minneapolis, MN, USA); extensometer for strain measurement is model
MTS 634.12F-25 with measuring base (L0) 25 mm.

2. electromechanical MTS Criterion C43 (MTS Systems Corporation, Minneapolis, MN,
USA), 50 kN force, equipped with TestSuite TW electronic system (MTS Systems
Corporation, Minneapolis, MN, USA); extensometer for strain measurement is model
MTS 632.12F-20 with measuring base (L0) 25 mm.

During the tests, signals were collected from three transducers in the equipment:
actuator displacement (MTS Flextest SE Plus, MTS Systems Corporation, Minneapolis, MN,
USA), crosshead displacement (MTS Criterion, MTS Systems Corporation, Minneapolis,
MN, USA), force (load cell), and strain (extensometer). To accurately capture the signals
during the load drops associated with the PLC serrations, the data acquisition frequency
was set to 20 Hz.

Tension samples were cut from the sheet metal using laser cutting, oriented perpen-
dicular to the rolling direction. The geometry of these samples is shown in Figure 1. It
is important to note that, as is standard practice, the measuring base length of the exten-
someter is 25 mm, while the length of the useful section of the test sample is 40 mm. This
difference may impact the testing process, particularly when the machine’s control relies
on the signal from the extensometer.

Figure 1. Geometry of tensile samples. Dimensions are given in mm.

Tension tests were carried out in three different modes:

(a) using the electromechanical machine, the displacement of the moving crosshead, or
stroke control, acts as the control channel to achieve the predetermined strain rate.
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(b) using the servohydraulic machine, the displacement of the hydraulic actuator, or
stroke control, serves as the control channel to achieve the predetermined strain rate.

(c) using a servohydraulic machine, we utilized a virtual true strain channel; this was
formulated through an equation using the extensometer signal, which represents
the engineering strain, serving as the control channel to achieve the predetermined
strain rate.

The tests mentioned earlier were made possible by carefully controlling the modes
of action of the control channels, specifically focusing on stroke and true strain controls.
To achieve this, it was essential to tune the machines for these conditions. This involved
experimentally determining, through preliminary tests in the elastic range, the PIDF (Pro-
portional, Integral, Differential, Feed-forward) gain parameters that optimize the machines’
responses under the specified testing conditions. For each test condition, at least three
samples were examined.

3. Results
The summary of the test results is presented in Table 2, which displays the average

mechanical properties for each set of samples. The strength characteristics are quite similar
across the three different control modes. However, there are noticeable differences in the
elongations at break, ranked in increasing order as follows: true strain control, servohy-
draulic stroke, and electromechanical stroke. There is a certain difference between the
standard deviation values: there is greater scatter in true strain control. This suggests that
the type of control affects the material’s behavior. Additionally, variations in stress drops
are observed, with the following ascending order: servohydraulic stroke, electromechanical
stroke, and true strain control.

Table 2. Characteristics of the true strain-true stress curves for 5083H111 alloy sheet in the three
different control modes of tensile tests. The largest load drop recorded during serrations is also reported.

Testing Control R0.2 [MPa] Rm [MPa] A% A% Standard Deviation ∆σmax [MPa]

true strain 128 244 14 1.46 16

stroke, servohydraulic 124 245 17 0.96 11

stroke, electromechanical 120 245 21 0.94 14

The PLC effect can be observed by analyzing the true stress-true strain curves, which
are presented in Figure 2 in different colors for three samples, each corresponding to
one of three control modes. In the true strain control mode, as shown in Figure 3, the
jerky flow exhibits two distinct components. The first is a discreet, barely noticeable
component that is consistently present from a true strain of 1% onward. The second is
a sporadic component characterized by progressively pronounced load jumps as plastic
strain increases. These significant jumps correspond to the formation of localized plastic
bands, which are generated by the avalanche motion of coordinated packets of dislocations
dislodging from their Cottrell atmospheres. Eventually, striction occurs, although it can
be somewhat difficult to observe. In contrast, the curves under stroke control appear
very similar for both the servohydraulic and electromechanical machines, as illustrated
in Figure 2. Here, the jerky flow begins quite densely and persists throughout the entire
true stress-true strain curve. The stress fluctuations gradually increase up to a true strain of
approximately 6–7%, after which they remain relatively constant until near the end of the
curve. In the final portion, a necking phenomenon occurs, leading to a significant decrease
in the intensity of the stress jumps. If there is a slight difference between the two curves, it
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is that the curve from the servohydraulic machine is somewhat more irregular, featuring
blocks of constant stress jumps separated by narrower, less uniform regions.

Figure 2. True stress-true strain curves of three samples for each testing mode, in different color. In
blue is true strain control, in red is stroke control for electromechanical machine, in green is stroke
control for servohydraulic machine.

Figure 3. True stress-true strain curve in true strain control. The details of the PLC effect can be
better appreciated.
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The data collected from the tests allowed us to calculate the stiffness of the two
testing machines used. The electromechanical machine (MTS Electromechanical, MTS
Systems Corporation, Minneapolis, MN, USA) exhibited a stiffness of 34,500 N/mm, while
the servohydraulic machine (MTS Flextest SE, MTS Systems Corporation, Minneapolis,
MN, USA) displayed a stiffness of 60,600 N/mm. This alignment with the structural
characteristics of both machines is noteworthy. However, as illustrated in Figure 2, there
is no significant difference in the serrations of the stroke control curves obtained from
each machine. The greater irregularity in the serrations observed in the servohydraulic
machine may be attributed to the differing operating modes of its actuator compared to
the crosshead. Additionally, the distinct behavior observed in true strain control does not
appear to be related to the machine’s stiffness and is markedly different from the behavior
exhibited by the servohydraulic machine under stroke control.

4. Discussion
The results suggest that machine stiffness may influence the PLC effect. However,

studies by Guillermin et al. [19] and experimental data from Tretyakova [2] indicate that
noticeable effects only occur when there are significant changes in stiffness, up to an
order of magnitude. Both studies examine stroke control modes used with servohydraulic
machines, but there are some inconsistencies. For instance, in the case of low stiffness at
25 kN/mm, Guillermin et al. [19] observe that the load drops are not vertical; instead, they
are inclined, resembling load control modes. In these modes, there are no actual load drops,
but rather sudden increases in strain. Conversely, Tretyakova [21], working with a stiffness
of 5 kN/mm, records vertical load drops, even though this stiffness is significantly lower
than that reported by Guillermin.

The information presented indicates that various factors influence behavior. One key
question to consider is how effectively the testing machine can maintain a constant or
nearly constant strain rate. In our study, we chose to conduct tests at a nominal strain rate
of 10−4 s−1. Using our data, recorded at an acquisition rate of 20 Hz, we calculated the true
strain rate experienced by the specimen during the test by utilizing the values measured
by the extensometer. If we let ε represent the strain and t denote time, we can apply the
forward finite difference calculation method:

.
εj =

∂ε

∂t
∼=

ε j+1 − ε j

tj+1 − tj
(1)

The index j = 1, 2, . . ., n refers to the experimental data points collected. When
applying Equation (1) to the data acquired from stroke control and true strain control using
the servohydraulic MTS machine, the results are shown in Figures 4 and 5, respectively.
It is important to note that the Flextest SE Plus controller, along with the MultiPurpose
TestWare software, operates a servoloop at a frequency of approximately 5 kHz. This high
frequency allows the system to quickly minimize the error between the command and the
actual response. In Figure 4, which examines stroke control, it is clear that the actuator only
approximately maintains the desired strain rate; the measured strain fluctuates significantly
around the target set point. Additionally, there is substantial background noise, and the
load drops caused by the serrations are not sufficiently compensated for by the servoloop.
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Figure 4. Strain rate measured during the tensile test using the extensometer applied to the tested
specimen in stroke control mode.

Figure 5. Strain rate measured during the tensile test by the extensometer applied to the sample
tested in true strain control mode.

The current control mode employed faces significant challenges in maintaining a
constant strain rate across the sample. Several factors contribute to this issue, including
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background noise generated from the discretization of calculations based on Equation (1).
Additionally, the actuator must accommodate various distant deformations, such as the
elastic deformations of the machine frame, grips, and the sample itself. These deformations
arise from multiple sources: elastic deformations at the connections, the part of the sample
clamped by the grips, plastic deformations within the bands due to the Portevin-Le Chate-
lier (PLC) effect, and elastic relaxation in areas adjacent to these bands. Consequently, it is
clear that achieving a constant strain rate in the specimen, particularly in the plastic band,
is practically impossible when using stroke control, the method currently employed for
conducting tensile tests to study the PLC effect.

In reference to Figure 5, which covers true strain control, the situation appears signifi-
cantly improved compared to Figure 4. While there is still some background noise, much
of it can be attributed to the discretization of the calculations used to assess the strain rate.
For most points, the fluctuations in strain rate are around 10−4 s−1, representing a notable
decrease from the 10−3 s−1 observed in Figure 4. This improvement is expected, as the
current measurements are taken directly from the extensometer on the deformed section
of the sample, focusing on the localized plastic strains resulting from the Portevin-Le
Chatelier (PLC) effect, rather than measuring overall displacement from a distance (the
actuator). However, not everything is fully controlled; Figure 5 still exhibits spikes that
tend to increase in amplitude along with the overall plastic deformation, indicating that
the system is struggling to manage these fluctuations.

In studying the deformation kinetics characteristic of the PLC effect, where each
serration represents a plastic band, the following aspects must be considered:

1. The bands form and eventually propagate, sometimes within the zone monitored
by the extensometer and sometimes outside of it, often near the connections of the
calibrated central zone with the sample heads due to the local notch effect.

2. The strain rate within the bands is significantly higher than that imposed by the machine.

Due to the placement of the plastic band outside the measuring zone and the rapid
occurrence of related phenomena, accurately determining the average strain rate in the
sample’s measured area using current mechanical testing methods is impractical. More-
over, controlling the strain rate within the band itself is unrealistic. Existing mechanical
equipment and contact extensometers lack the capacity to manage the rapid dynamics
of PLC plastic bands. A potential solution for the future could involve using video ex-
tensometry combined with Digital Image Correlation (DIC). This approach would enable
real-time monitoring of the strain rate within the band, allowing the information to be used
retroactively to evaluate the response of the testing machine.

In this case, it is clear that using true strain offers a more accurate observation of
the phenomena associated with the PLC effect. By removing the influence of passive
phenomena occurring outside the measured area of the sample, we can avoid some of the
limitations imposed by the machine’s stiffness during stroke control.

When comparing the true strain-true stress curves presented in Figures 2 and 3, it can
be concluded, supported by literature on the Digital Image Correlation (DIC) technique, that
each serration in true strain control corresponds to the formation of a new plastic band. This
assumption is more challenging to justify when using stroke control, where the number
of plastic bands appears to be significantly higher. Stroke control imposes mechanical
constraints that inhibit the full development of these bands, making their formation more
straightforward under true strain control. To better understand the limitations of stroke
control, one can examine the displacement of the actuator for the servo-hydraulic machine
(shown in Figure 6) and the crosshead for the electromechanical machine (shown in Figure 7)
during the deformation of the test sample.
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Figure 6. Movements made by the actuator of the servo hydraulic machine while the overall
deformation is being carried out inside the extensometer.

Figure 7. Movements made by the crosshead of the electromechanical machine during the overall
deformation within the extensometer.

During the formation of a band, an instability occurs that is subsequently managed by
the control system of the machine. In a servohydraulic machine, the actuator’s displacement
is adjusted according to the requirements at the moment, allowing for continuous variation
during deformation. This movement typically ranges within approximately 3 µm. In
contrast, the electromechanical machine features a crosshead that moves in a consistent
and fixed manner at three specific levels: 0.36 µm, 0.42 µm, and 0.48 µm. As shown in
Figure 7, the lines represent clusters of points corresponding to these fixed displacement
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levels executed by the crosshead. The electromechanical machine operates using two
servomotors, one for each screw of the two columns, that are driven by electric pulses.
These pulses cause the screws to rotate, which is connected to the movable crosshead. The
system is rigid because the servomotors function only in discrete impulses rather than
continuously. This results in specific displacement levels and uniformity in the PLC effect
serrations. However, the stepwise operation of the movable crosshead limits the potential
for the complete development of a plastic band.

The information provided clarifies the values of elongation and its scatter measured
during the tests. True strain control imposes the least restrictions on band formation,
allowing it to more readily reach conditions of global instability, even without a visible
striction (see Figures 2 and 3). In contrast, stroke control imposes constraints that prevent
the bands from becoming unstable, enabling the development of significant necking. In
this scenario, the electromechanical machine applies the strictest constraints due to the
discrete and limited displacements typical of the drive motors (Figure 7), which ultimately
allows the metal to achieve greater elongation before rupture.

5. Conclusions
This study aimed to highlight the aspects of tensile testing that influence the occurrence

of the Portevin-Le Chatelier (PLC) effect. For this purpose, we selected the Al-Mg alloy
AA5083H111, which contains a significant amount of diffusible magnesium, making it
particularly susceptible to the phenomenon of dynamic strain aging. This alloy effectively
demonstrates various characteristics of the PLC effect. The tests were conducted using two
types of machines: an electromechanical machine and a servohydraulic machine. These
machines differ in stiffness and in the methods used to control the strain rate applied to the
specimens. We employed either stroke control or true strain control to impose a nominal
strain rate of 10−4 s−1. The results provide new insights into how the PLC effect takes place
during experimental trials:

• The stiffness of the machine moderately affects the Portevin-Le Chatelier (PLC) effect,
especially regarding serrations;

• No method of control, whether stroke control or true strain control, can consistently
guarantee the nominal strain rate in the specimen;

• Stroke control tends to inhibit the development of plastic bands during jerky flow;
• An electromechanical machine that controls the applied strain rate using electric pulse

servomotors minimizes the development of these bands and delays breaking, resulting
in greater elongations;

• True strain rate control places fewer limitations on plastic band formation, resulting in
more widely spaced serrations, each representing an individual plastic band;

• True strain control is the most effective control mode for achieving an applied strain
rate that closely approximates the nominal value, thereby allowing for a better obser-
vation of the PLC effect.
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