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Abstract: Prestressing steel wires usually undergo cyclic loading in service. Therefore, it is of interest
to analyse certain features of their mechanical behaviour under this type of loading, such as the
Bauschinger effect (BE) or the hardening rule, that fit the real mechanical behaviour appropriately.
In this study, different samples of high strength pearlitic steel wires were subjected to cyclic
tension-compression load exceeding the material yield strength, thus generating plastic strains. From
the experimental results, various parameters were obtained revealing that analysed steels exhibited
the so-called Masing type BE. In addition, the variation of the BE characteristics (of the effective and
internal stresses) with the applied plastic pre-strain indicated that the studied materials followed a
mixed strain hardening rule with the domination of the kinematic component.

Keywords: pearlitic steel wires; cold drawn wires; bauschinger effect; cyclic loading;
kinematic hardening

1. Introduction

Material responses to mechanical loads depend on the stress states that materials experience in
service, and also on past plastic straining histories [1]. In this context, the relevant phenomenon was
discovered in 1881 by Bauschinger [2] who observed that, in certain metals subjected to compressive
loads after tensile loads exceeding the yield limit, the plastic regime started at lower stress magnitude
than it was previously in tension, i.e., the plastic pre-strain by tension caused the reduction of the
material yield strength in compression [3–7]. This is called the Bauschinger effect (BE). The reduction
of strength due to plastic pre-strain is a question of major relevance in various research and application
areas. This finding furthered the advancements in the theory of the mechanical behaviour of materials
in the plastic regime under cyclic loading [1,3,8–16], as well as the technological innovations in cold
plastic strain conforming processes [17–20]. On the one hand, deeper knowledge about the material
mechanical response allows one to optimise the plastic strain conforming processes, avoiding excessive
material damage in load reversals, and on the other, this facilitates more accurate predictions (e.g., from
numerical simulations) of the performance of materials undergoing cyclic strain hardening.

For these reasons, significant efforts have been aimed at the clarification of the causes of this
phenomenon. Many theories have been proposed to explain the BE following both micro and
macroscopic approaches [1,21–23]. The physical origin of the BE is associated with the action of the
long range internal stresses (e.g., from the dislocation pile-ups at grain boundaries or from the so-called
Orowan loops around precipitates) or with the short range opposition to the dislocation movement
appearing during the process of plastic straining in reverse loading [21].
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Several studies have been devoted to the characterisation of the BE quantitatively [5,7,24–27].
Different types of tests were employed to achieve this; the most common one is the Bauschinger
test [3,28]. This test consists in applying to the specimen a loading history, consisting of a cycle of
tension up to a certain magnitude of the maximum load above the material yield strength, followed by
compressive load, the absolute value of which attains the same level as reached in the previous phase
of tensile loading, and finally, unloading. Various parameters that quantify this effect, the so-called BE
indicators, can be derived from the loading curves obtained in such tests. Further, these tests enable
one to identify the strain hardening model that fits the metal behaviour in the plastic regime better.
The theory proposed by Kuhlmann-Willsdorf and Laird [29] allows one to establish a relation between
the origins of the BE at the microstructural level and the mathematical models of the plasticity theory
for analysing the strain hardening in metals in terms of two parameters: the so-called internal stress
and the effective stress. On the one hand, the internal stress, which is associated with the local strain
process leading to long range interactions with mobile dislocations, is linked to the isotropic hardening
where the yield surface expands homothetically along with plastic strains during loading without
changing its shape. On the other hand, the effective stress is linked to the kinematic hardening that
moves the yield surface in the principal stress space without increasing its size.

The analysis of this effect is particularly interesting in high strength pearlitic steels widely used
in civil engineering in the form of prestressing steel wires. These wires are obtained by means of a
plastic strain conforming process called cold drawing. It consists in progressive stepwise reduction
of the cross-sectional area of wires (supplied hot rolled bars) by forcing them to pass through a
series of different drawing dies. As a consequence, the manufacturing-induced residual stress-strain
state is generated that strongly affects the wire failure, in particular, due to hydrogen embrittlement
phenomenon [30]. During the drawing process, the material undergoes severe plastic strains and
diverse microstructural changes [31–37].

The aim of this study was to characterize the BE in high strength pearlitic steels under uniaxial
tension-compression at room temperature. To this end, the most relevant BE indicators were evaluated
from the experimental data, and the type of appropriate strain hardening model was determined. The
tests were performed taking the wires from two stages of a commercial cold drawing process, namely
the as-received hot rolled bars (not yet cold drawn) and the wires from an intermediate stage of the cold
drawing process, after passing three consecutive diameter reductions when the manufacturing-induced
microstructural changes [32] and corresponding material behaviour anisotropy [38] become detectable.
Based on the original results obtained in the present work, the most adequate type of material behaviour
model is suggested to describe the fatigue performance of cold-drawn pearlitic steels for prestressing
wires, which are the key constituents of prestressed concrete.

2. Theoretical Background

2.1. Bauschinger Effect Indicators

Several studies [1,3,24,27] have established different methods to characterise the considered
effect in terms of the Bauschinger indicators obtaining them from the data of tension-compression
Bauschinger tests. Such indicators are based on stress, strain, or strain energy. The indicators in terms
of stress (βσ), strain (βε), and energy per volume (βW) are as follows:

βσ =
σmax + σC

Y
σmax

(1)

βε =
εB

ε∗P
(2)

βW =
WS
WP

(3)



Metals 2020, 10, 114 3 of 13

where σmax is the stress at maximum loading or pre-stress, σY
C is the yield strength at the compression

stage (σY
C < 0), εB is the Bauschinger strain, εP* is the plastic pre-strain, WS is the Bauschinger energy

factor and WP the plastic pre-strain energy density. Involved parameters are defined as shown by
the scheme in Figure 1 displaying the hysteresis loop obtained from a Bauschinger test, where the
compression curve is mirrored in the tensile domain (dashed line in Figure 1) to simplify the parameter
definition. In this plot, the tensile yield strength is denoted as σY

T. Accordingly, a material does not
exhibit BE when the aforesaid parameters βσ, βε, and βW are null. The values of these parameters
establish the degree of BE quantitatively.
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2.2. Effective and Internal Stresses

The study performed by Kuhlmann-Wilsdorf and Laird [29] allows one to establish the most
appropriate hardening model to fit the real behaviour with the use of the values of the effective stress
(σef) and internal stress (σint) deduced from the hysteresis loop obtained in the Bauschinger test. The
mentioned parameters are defined as follows (see Figure 2):

σe f =
σmax − σC

Y
2

(4)

σint =
σmax + σC

Y
2

(5)

The stress interval between the maximum tensile stress applied during the test (σmax) and the
yield strength in compression (σY

C < 0) is related to the diameter of the yield surface, and the stress at
the half-way between them, i.e., at the middle point of the former interval, corresponds to the position
of the shifted axis of the yield surface in the space of stress components. Variations of these parameters
for different plastic pre-strain values indicate whether the yield surface moves in the principal stress
space (this is the kinematic hardening) or if it expands in size (this is the isotropic hardening).

Kishi and Tanabe [39] established the relation between the plastic pre-strain and the yield stress
decrease caused by the BE. As well, the yield criterion accounting for the kinematic hardening, which
is useful for the analysis of the strain-induced mechanical anisotropy of initially isotropic materials,
was proposed. According to Kishi and Tanabe [39], the effective stress and the plastic pre-strain are
related by a power-law equation as follows:

2σint = σmax + σC
Y = A

(
ε∗P

)m
(6)

where A is the BE constant and m is the BE exponent. Accordingly, a material exhibits the BE when the
factor A is not zero.
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2.3. The Masing Model

After Bauschinger’s finding [2], Masing proposed a theoretical model for explaining the BE in
metals [40]. Briefly, this model considers several yield stress levels (ten in the Masing’s original work)
associated with respective parallel elastic-perfectly plastic elements that constitute a solid experiencing
uniform strain under load [40]. To re-start yielding during reverse loading, each of these elements
must deform through twice its previous strain range [40]. Different yield stress levels of the mentioned
solid constituents are attributed mainly to the local variations of the dislocation density [40]. Thus, in a
Masing material, the tensile branches of hysteresis loops for various plastic pre-strain ranges are the
same when the loops are plotted in such a way that they share their points of maximum compression
load [40]. According to the study [41], the Bauschinger strain (εB) grows linearly with the plastic
pre-strain applied during the Bauschinger test of the Masing type material.

It turns [41] that when the plastic cyclic stress-strain curve of the Masing-type metal is represented
by the power-law equation

σmax = K′
(
ε∗P

)n′
(7)

where K’ is the cyclic strength coefficient, n’ is the cyclic strain-hardening exponent, then the work
developed during the Bauschinger test (WP) can be obtained directly from the Equation (7) as follows:

∆WP =

(
1− n′

1 + n′

)
∆σ ε∗P (8)

where ∆σ is twice the maximum applied stress.

3. Materials & Methods

3.1. Material

To analyse the BE in high strength steels used in civil engineering, various Bauschinger tests were
carried out with the steels corresponding to two stages of the industrial seven-step cold drawing process
used for obtaining commercial prestressing steel wires: the initial hot rolled bar not yet subjected
to drawing to generate plastic strain (i.e., the drawing induced strain is nil there), which is labelled
hereafter as the steel E0, and the steel from the intermediate drawing stage after passing through three
drawing dies, which is denoted as the steel E3. The diameters of the wires E0 and E3 were, respectively,
dE0 = 11.03 mm and dE3 = 8.21 mm [32]. Accordingly, the drawing induced engineering plastic strain in
the steel E3 is (dE0

2/dE3
2) − 1 = 0.80, which is rather moderate in comparison with that generated by the

industrial drawing process rendering the diameter of manufactured prestressing wire close to 5 mm,
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which corresponds to the engineering strain of 3.9 (the details of drawing chain behind the present
study can be found in the cited paper [32]). Taking into account elevated levels of test load and rather
not large wire diameters, undesirable buckling could appear during testing in the compression loading
phase. To avoid this, the analysis was focused on the third step of the cold drawing chain after which
the drawn wire diameter remains not too small. This wire has a slenderness ratio sufficient to avoid
buckling, and in addition, manufacturing induced microstructural changes are rather moderate and
induce not too strong anisotropy [32]. The chemical composition of the steel is 0.789% C, 0.681% Mn,
0.210% Si, 0.010% P, 0.008% S, 0.003% Al, 0.218% Cr, 0.061% V [32]. This provides the eutectoid steel
wires with pearlitic microstructure (Figure 3).
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3.2. Mechanical Testing

To reveal the mechanical properties of the analysed steels, ordinary tension tests of three samples
of each wire E0 and E3 were carried out with a universal testing machine MTS RF200 (MTS Systems
Corporation, Eden Prairie, MN, USA) under constant displacement rate of 2 mm/min up to fracture.
The specimens were 300 mm long. To keep close to the real behaviour of prestressing wires in service,
the specimens were cut from the as-received wires. The stress-strain curves of the studied steels
obtained from these tests are displayed in Figure 4 manifesting the strain hardening with significant
increase (of about 30%) of the yield stress of the steel E3 due to cold drawing. The values of the Young
modulus E and yield strength σY, which is identified with the usual 0.2% offset yield point, were
obtained from the experimental data for the steels E0 and E3, respectively, as follows: E0 = 199 MPa,
σY0 = 720 MPa, and E3 = 192 MPa, σY3 = 930 MPa.

Bauschinger tests were carried out with a test machine 810 MTS (MTS Systems Corporation, Eden
Prairie, MN, USA), see Figure 5a,b. The specimens (see Figure 5c) were round bars machined from the
wires E0 and E3. The specimen geometry is characterised by the diameter din in the central third of the
bar being the gauge section, which is reduced with respect to the diameter dout of two outer thirds being
the shoulders for gripping. These diameters din and dout are indicated Table 1. This reduction of din
comparing to dout avoided undesirable fracture in the test machine grips. In order to avoid deformation
inhomogeneity within the gauge sections in line with the known standards, the reduced parts of the
specimens provided the gauge section lengths that always more than quadrupled the gauge section
diameters. The wire strains were measured using the MTS extensometers. Available extensometers
used in the tests had the base lengths of 20 mm and 10 mm. Though, this data is irrelevant as far as the
specimen cross-section areas remained uniform with no detectable necking, i.e., the distributions of
strain were uniform along the gauge lengths in these experiments. The extensometers were placed on
the specimens in this central third during testing. The specimen surfaces were polished before testing.
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Table 1. Specimen dimensions in the Bauschinger tests for the steels E0 and E3.

Steel E0 Steel E3

Test din (mm) dout (mm) Test din (mm) dout (mm)

E0_1 7.58 10.84 E3_1 6.07 8.12
E0_2 7.50 10.79 E3_2 6.06 8.24
E0_3 7.55 10.82 E3_3 5.76 8.15
E0_4 7.65 10.70 E3_4 5.86 8.16
E0_5 7.55 10.71 E3_5 5.80 8.15
E0_6 7.34 10.73 - - -
E0_7 7.51 10.80 - - -

The tests were carried out under displacement control imposing limits on maximum load. Cyclic
loading between the extremes of the same absolute value in tension and compression was applied at
constant displacement rate of 2 mm/min (Figure 5d). The upper and lower load limits in each test were
determined from the steel flow curves obtained from tensile tests (Figure 4) in correspondence with
plastic strain levels applied during cyclic loading of the hot rolled steel and of the cold drawn one as
indicated in Table 2.

Table 2. Plastic pre-strain and maximum applied stress in Bauschinger tests for the steels E0 and E3.

Steel E0 Steel E3

Test εp* (× 10−3) σmax (MPa) Test εp* (× 10−3) σmax (MPa)

E0_1 1.05 650.69 E3_1 0.90 822.76
E0_2 3.40 802.13 E3_2 2.41 992.47
E0_3 3.84 769.61 E3_3 3.56 1059.50
E0_4 7.15 874.43 E3_4 4.65 1159.00
E0_5 7.26 843.19 E3_5 7.81 1232.10
E0_6 8.90 918.20 - - -
E0_7 14.00 952.32 - - -

4. Experimental Results

Figure 6 shows the hysteresis loops for the steel E0 that were obtained in the Bauschinger tests
performed at seven pre-strain levels specified in Table 2. For comparison, the flow curve obtained from
the tension test of the same steel [32] is presented there, too. Similarly, Figure 7 displays analogous
data for the steel E3. Each load case is identified in Figures 6 and 7 with a number after the steel label
E0 or E3. For instance, E0_i represents the curve of the steel E0 in the test number i specified in Table 2,
where the larger curve numbers i correspond to larger plastic pre-strains.
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5. Discussion

The Bauschinger tests performed at different pre-strain levels allow one to characterise the BE
in a material basing on the evolution of the mentioned effect indicators (1) to (3) with the applied
plastic pre-strain. The present analysis is focused on the evolution of the stress-based indicator βσ in
agreement with the performed test conditions.

Figure 8 shows the evolution of the Bauschinger effect stress indicator βσ with the plastic pre-strain
applied in testing of the steels E0 and E3. The yield stress in compression σY

C, which is necessary to
determine βσ according to Equation (1), was identified as the stress at which 0.2% plastic deformation
was newly generated in the compression phase of the test. To this end, the compression-stage curve
was plotted (mirrored) in the tension field (see the dashed line in Figure 1), and then the yield stress σY

C

was determined using customary procedure for the evaluation of the conventional 0.2% offset yield
point. The variation of βσ shows that analysed steels exhibit the BE as far as the value of this parameter
is not null for all the performed tests. This parameter increases with the plastic pre-strain showing steep
variation at low plastic pre-strain values and apparent approaching of an asymptotic level at larger
plastic pre-strains. The main difference between the steels E0 and E3 is due to the cold drawing induced
plastic strain that caused microstructure alterations. The microstructure of the steel E3 differs from
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E0 (Figure 3) and induces some anisotropy in the drawing direction. Further, cold drawing is known
to increase the dislocation density, the number of dislocation-dislocation interactions, and the back
stress value during forward loading, thus causing the reverse yield stress decrease. These differences
between steels affect their conventional mechanical behaviour evaluated by means of ordinary tension
tests under monotonic loading (Figure 4). In the matter of cyclic loading, such microstructural changes
also affect the Bauschinger stress indicators of both steels (see Figure 8).Metals 2020, 10, 114 9 of 12 
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Figure 9 shows the evolutions of the internal and effective stresses σint and σef with plastic
pre-strain levels in both steels. In relative terms, the variations of the internal stress σint with the plastic
pre-strain are much more pronounced than those of the effective stress σef in both steels. According
to the previously mentioned theoretical model, this implies that the mechanical behaviour of the
steels in the plastic regime should obey the kinematic strain hardening rule as far as the characteristic
associated with the isotropic hardening does not vary substantially in the explored plastic strain range.
According to the Kishi and Tanabe theory [39], the rising trend manifested by the internal stress in
Figure 9 indicates that both steels exhibit appreciable BE.
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Figure 10 shows the evolution of the Bauschinger strain (εB) with the plastic pre-strain. The linear
variation between these variables (the regression coefficient of the linear fitting is R = 0.989 for the steel
E0 and R = 0.974 for the steel E3) indicates according to the study [41] that the steel behaviours agree
with the Masing type equation.
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The present study has important implications for the modelling of material constitutive behaviour
under cyclic loading [42,43]. In this particular case of high-strength cold-drawn pearlitic steels,
which provide prestressing steel wires being the basic constituent of prestressed concrete structures,
substantial research efforts have been made for the computational modelling of the performance of
these steels for the purposes of the assessments of structural fatigue [44–49]. The results of these
simulations manifested substantial sensitivity to the implemented hypothetical strain hardening rules,
so that there remained a deal of uncertainty about the fatigue predictions due to indeterminacy of the
appropriate hardening rule (isotropic, kinematic, or their combination) to be used in simulations for a
particular steel. The present results open the way to perform the fatigue simulations employing the
suitable hardening model.

6. Conclusions

The main achievements of this study can be summarized as follows:

• The results show that the studied high-strength pearlitic steels exhibit a notable Bauschinger effect
(BE). This is reflected by the variations of the considered effect parameters dependent on the
applied plastic pre-strain, which were revealed by the performed tests. In addition, it follows that
the material behaviour can be described as that of the Masing type.

• The variation of the internal and effective stresses with the plastic pre-strain demonstrates that the
considered steels manifest mainly the kinematic-type strain hardening behaviour, whereas the
isotropic strain hardening component is much less significant.

• The results of the present paper are relevant for the computational modelling of fatigue in cold
drawn pearlitic steel, allowing one to implement the appropriate rule of hardening and its
parameters in the simulations of fatigue.
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