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Abstract: Measuring the compressive behaviour of sheet materials is an important process for
understanding the material behaviour and numerical simulation of metal forming. The application
of side force on both surfaces of a specimen in the thickness direction is an effective way to prevent
buckling when conducting compressive tests. However, the side effects of side forces (such as
the biaxial stress state and non-uniform deformation) make it difficult to interpret the measured
data and derive the intrinsic compressive behaviour. It is even more difficult for materials with
tension–compression asymmetry such as steels that undergo transformation-induced plasticity. In
this study, a novel design for a sheet compression tester was developed with freely movable anti-
buckling bars on both sides of the specimen to prevent buckling during in-plane compressive
loading. Tensile and compressive tests under side force were conducted for low-carbon steel using
the digital image correlation method. The raw tensile and compressive stress–strain data of the
low-carbon steel showed apparent flow stress asymmetry of tension and compression, originating
from the biaxial and thickness effects. A finite element method-based data correction procedure was
suggested and validated for the low-carbon steel. The third generation advanced high strength steels
showed intrinsic tension–compression asymmetry at room temperature whereas the asymmetry was
significantly reduced at 175 ◦C.

Keywords: sheet compression; buckling; strength-differential effect; advanced high strength steel;
digital image correlation; finite element analysis; transformation-induced plasticity (TRIP); friction;
biaxial effect; side force

1. Introduction

Sheet metal forming processes may be classified as cutting, stretching, bending, and
deep drawing. In bending and deep drawing processes, sheet metals experience tension
and compression. The residual stress caused by the forming process affects the shape
of the formed products due to springback. For accurate analysis of springback in sheet
metal forming, it is important to measure the tensile and compressive behaviour precisely
and use appropriate models to describe the behaviour [1–10]. The characterisation of
compressive behaviour is even more important in the sheet-bulk metal forming processes
where three-dimensional material flow is involved [11,12]. Out-of-plane compressive
behaviour can be measured using the stack compression test [13,14]. In-plane sheet com-
pression tests have been used to measure material behaviour under tensile and compressive
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loading [5,7,9,10,15–17]. The major issue with the in-plane sheet compression test is the
avoidance of buckling during compression.

Several approaches have been proposed to avoid buckling during in-plane compres-
sive tests, as summarised in Table 1. A comb-like anti-buckling device was used where a
side force was applied to a dog bone-shaped specimen by a hydraulic actuator through the
anti-buckling device [9,18–21] or bolts [22]. Plate type anti-buckling devices have also been
used [1,23–29]. Two hydraulic actuators were used to apply side force to both sides of the
specimen [29]. Instead of a hydraulic actuator, bolts and coil springs have also been used
to apply side force [1,25–28]. A specimen with a single-sided groove was used to prevent
buckling without the application of side force [30].

Table 1. In-plane sheet compression test designs.

Type Opening Side Force Strain Measurement Correction Source

Comb

Shoulder Hydraulic actuator Strain gauge None [18–20]

Shoulder Hydraulic actuator Laser extensometer Friction [9,21]

None Bolt Ex-situ cross-section
measurement Friction [22]

Plate

Shoulder Coil-spring Clip-on extensometer None [1]

Grip Hydraulic actuator Laser extensometer Friction and biaxial
stress effect [23,24]

Grip Coil-spring Digital image correlation Friction and biaxial
stress effect [25]

None Bolt Laser extensometer None [26]

Grip Bolt Clip-on extensometer None [27]

Grip Coil-spring Digital image correlation None [28]

Grip Hydraulic Digital image correlation Friction [29]

Groove Gauge region None Digital image correlation None [30]

Strains were measured using various methods depending on the experimental setup:
strain gauges [18–20], laser extensometer [9,23,24,26], ex situ cross-section measurements [22],
digital image correlation [25,28–30], and mechanical extensometer [1,27].

The measured data may need to be corrected. In some studies, it was claimed that the
low friction caused by lubrication rarely affects material behaviour, and that correction was
therefore not needed [16–18]. In other studies, the friction force was subtracted from the
measured load for correction [9,19,20,27]. The biaxial stress effect caused by the side forces
was considered [21–23].

For steels with an austenitic phase, the strength-differential effect in the tensile and
compressive modes has been attributed to the martensitic phase transformation from
the austenitic phase, or the transformation-induced plasticity (TRIP) effect [10,16,31–33].
The TRIP effect depends on the stress state and causes an asymmetry in the tensile and
compressive strengths, where the compressive strength is usually larger than the tensile
strength. The asymmetry is caused by the faster transformation rate (and thus slower
hardening) in tensile loading than in compressive loading.

In this study, a novel design for a sheet compression tester was developed using freely
movable anti-buckling bars. The proposed design does not resemble any of the previous
comb and plate type designs, and to the best of the authors’ knowledge, has not been
previously presented. Tension and compression tests under side force were conducted for
low-carbon steel and third generation advanced high strength steels (3G AHSS) using the
digital image correlation method for strain measurement. The apparent stress–strain curves
obtained for low-carbon steel were analysed, and the origin of the apparent flow stress
asymmetry of tension and compression was examined using finite element simulations.



Metals 2022, 12, 161 3 of 17

A data correction procedure based on the finite element method was proposed and applied
to the correction of the stress–strain curves of the 3G AHSS at room temperature and 175 ◦C.

2. Methods
2.1. Horizontal Sheet Compression Tester with Moving Anti-Buckling Bars

Previous designs of sheet compression testers (shown in Table 1) can be classified
largely into comb (or fork) and plate types in terms of the anti-buckling device. During
compression testing of a sheet specimen, the length of the specimen decreases, whereas the
anti-buckling device does not. Therefore, an empty space is initially required so that the
device can move during compression. In the plate design, the shoulder region or some part
of the grip region of the specimen is not covered by the device for this purpose, but this
region is prone to buckling. In the comb design, the space between the interlocking comb
teeth enables movement of the device during compression, but may cause uneven stress
distribution and uneven temperature distribution for elevated temperature tests.

In this study, a novel design for a sheet compression tester was developed, as shown
in Figure 1. Rectangular anti-buckling bars were placed on both sides of the specimen to
prevent buckling during in-plane compressive loading. The bars can move freely in the
socketed jaw grips so that all the specimen surfaces, except for small regions inside the
grips, are in contact with the anti-buckling bars during the tensile or compressive tests,
as shown in Figure 2a. In addition to the prevention of buckling, the new design is also
beneficial for keeping the specimen temperature uniform in elevated temperature tests
where the bars are heated by cartridge heaters.

2.2. Materials

The in-plane compressive behaviour of low-carbon steel and 3G AHSS sheets was
measured in this study. Low-carbon steel was chosen because it does not have the strength
differential effect and will be used for the validation of the test and correction method.
3G AHSS exhibited transformation-induced plasticity (TRIP) and showed the tension–
compression strength differential effect because of the martensitic transformation of the
austenite phase [10,16,31–33]. The thickness of each of the two steel sheets was 1.4 mm.

2.3. Uniaxial Tensile Test

Uniaxial tensile tests without side forces were conducted using a universal testing
machine (UTM). ASTM E8 standard size specimens with a gauge length of 50 mm were
prepared in the rolling direction by wire cutting. The crosshead speed was 5 mm/min. The
strain was measured using the digital image correlation (DIC) method. The images of the
specimen were taken using the 5 mega-pixel camera positioned perpendicular to the top
surface of the tensile specimen, and the strain was measured between the two points in the
gauge length using the commercial GOM Correlate Professional software. All tests were
conducted at least three times to ensure reproducibility.

2.4. Tensile and Compressive Tests under Side Force

For tensile and compressive tests using the developed test setup, dog bone-type customised
specimens with a 70 mm long straight region were used, as shown in Figure 2b. Similar
specimens have previously been used for measuring tension–compression behaviour [10,16,34].

The strain was measured in the 40 mm-long gauge region using the DIC method.
The images of the specimen were taken using the 5 mega-pixel camera positioned per-
pendicular to the side surface of the specimen, as shown in Figure 2c, and the strain was
measured between the two points in the gauge length using the commercial GOM Correlate
Professional software. The gauge length of 40 mm was chosen to reduce the effect of the
non-uniform deformation in the specimen on the strain measurement.
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Figure 1. Tension–compression tester: (a) the exploded and (b) assembled views, and (c) the experi-
mental setup.

For testing, the specimen was placed between the lower and upper anti-buckling bars.
The grip regions were clamped using hydraulic grips. The lower bar was placed on a fixed
plate, while the upper bar was controlled by a hydraulic actuator, which exerted a given
side force (SF). During the test, the left grip was fixed, and the right grip was moved at
a speed of ±5 mm/min for the tension and compression tests. In addition to the room
temperature (RT, 25 ◦C) tests for low-carbon steel and 3G AHSS, tests were conducted at
175 ◦C for 3G AHSS to investigate the effect of temperature on the tension–compression
strength asymmetry. The temperature of 175 ◦C was chosen because the effect of phase
transformation is expected to be reduced at that temperature.

Pre-tests were conducted to determine the minimum side force necessary to prevent
buckling while minimising side effects such as biaxial and thickness effects, which will be
explained later. The minimum side force was determined by trial and error. It is known that
the minimum side force is related to the thickness and strength of the sheet specimen [21,23].
In this work, side forces of 2.9 kN and 8.8 kN were used for the low-carbon steel and 3G
AHSS, respectively.
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Figure 2. Specimen for tension-compression testing: (a) arrangement of the specimen, bar, and jaws,
(b) dimensions, and (c) side surface for DIC measurement.

Friction coefficients were measured using a cut specimen with only one grip region.
The grip region on the left side of the specimen was cut so that the specimen can slide
between the anti-buckling bars with the movement of the grip on the right. The friction
coefficient was calculated as the half of the force measured at the jaws divided by the applied
side force. Figure 3 shows the measured friction coefficient at various temperatures.
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Figure 3. Measured friction coefficients at various temperatures.

2.5. Finite Element Analysis

Finite element (FE) simulations were conducted for the tensile and compressive tests
with side force using the commercial finite element software Abaqus/Standard (V2018,
Dassault Systèmes, Vélizy-Villacoublay, France). A half finite element model of the test
was used with symmetric boundary conditions, as shown in Figure 4. The specimen and
the upper and lower bars were modelled as deformable bodies with an 8-node linear
hexahedral element (C3D8R). An element size of 0.5 mm in the in-plane directions and five
layers in the thickness direction were used for the specimen. The jaws and supports were
modelled as rigid bodies. A jaw force of 98 kN was applied.
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The stress and strain were measured using the same method used in the experiment.
The reaction forces from the lower and upper jaws were used to calculate the stress. The
strain was measured in a 40 mm-long gauge region.

The measured friction coefficients of 0.12 and 0.24 were used for simulations between
the specimen and the anti-buckling bars at room temperature and 175 ◦C, respectively. The
friction coefficient between the specimen and the jaws was assumed to be 1.0. A Young’s
modulus of 210 GPa and Poisson’s ratio of 0.3 were used.
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3. Results and Discussion
3.1. Uniaxial Behaviour

The tensile stress–strain curves of the low-carbon steel and 3G AHSS measured from
the uniaxial tensile test are shown in Figure 5. The material properties measured from the
stress–strain curves are listed in Table 2. It is notable that the flow stress of the 3G AHSS
at 175 ◦C was higher than that at RT because of the TRIP effect [32,33,35]. For the finite
element simulations, the measured flow stress–plastic strain data were used in the tabular
form up to the limit strain. After the limit strain, the Voce-type hardening law was used to
extrapolate the data:

σ = σ0 + Q(1 − exp(−bε)) (1)
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Figure 5. Engineering stress–strain curves of the sheet materials: (a) the low-carbon steel and (b) the
3G AHSS.

Table 2. Tensile properties and hardening parameters.

Material Low-Carbon Steel 3G AHSS

Temperature RT RT 175 ◦C

Yield Strength [MPa] 390.4 1026 1109

Tensile Strength [MPa] 495.0 1546 1622

Elongation [%] 34.06 11.13 11.84

Equivalent plastic strain limit for
tabular input 0.24 0.06 0.07

σ0 [MPa] 545.4 1611 1632

Q [MPa] 156,185 223.8 414.5

b 0.0021 4.473 5.696

The limit strains and hardening parameters are listed in Table 2. The flow stress-
equivalent plastic strain curves are shown in Figure 6.

3.2. Tension and Compression Behaviour of the Low-Carbon Steel

The apparent absolute true stress–strain curves for the tensile and compressive tests
of the low-carbon steel under side force are shown in Figure 7. The apparent stress–strain
curve represents the raw stress–strain curve obtained from the load cell and the DIC
extensometer data. The true stress–strain curve of the tensile test without side force (mea-
sured using the UTM) is also plotted for comparison. In both the tensile and compressive
stress–strain curves, the stresses with side force were larger than those without side force.
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However, the average difference between the compressive curves with and without side
force (20.1 MPa) was much larger than that between the tensile curves (3.1 MPa). This
apparent flow stress asymmetry between tension and compression may be attributed to
mechanical factors (such as friction, biaxial stress state, non-uniform deformation) and/or
the intrinsic tension–compression asymmetry of the material. In the following section, the
origin of the difference is analysed using FE simulations.
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(b) 3G AHSS.
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Figure 7. Apparent absolute true stress–strain curves of the low-carbon steel.

Finite element simulations were performed for the tensile and compressive tests under
a side force. In the FE simulation, the flow stress curve obtained from the tensile test
was used in both tensile and compressive tests, assuming tension–compression symmetry.
The FE calculated true stress–strain curves under side force were in good agreement with
the measured stress–strain curves, as shown in Figure 8. They showed an asymmetric
difference between the stress–strain curves with and without side force. This implies that
the difference can be explained by mechanical factors, rather than material asymmetry.
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Figure 8. Comparison of the measured and FE calculated absolute true stress–strain curves of the
low-carbon steel: (a) tensile and (b) compressive tests.

The difference can be explained by two major factors: the biaxial effect and the
thickness effect. The biaxial effect represents the change in the magnitude of the flow
stress under stress normal to the loading direction [23,25]. The compressive normal stress
decreased the magnitude of the tensile flow stress, whereas it increased the magnitude of
the compressive flow stress, as shown in Figure 9. The biaxial effect is generally negligible
because the average normal stress (the side force divided by the area of the anti-buckling
bar) is usually small. For example, the average normal stress of the low-carbon steel test
was 1.68 MPa, and the effect of the average normal stress on the flow stress was 0.2%.
However, the effect is not trivial if the deformation is not uniform, particularly in the
early stages of the test. Figure 10 shows the normal stress distribution at the beginning of
plastic yielding (at a strain of 0.005). The rounded corner induced stress concentration near
the shoulder of the specimen; hence, plastic yielding occurred in that region first. In the
compression test, the thickness of the region became greater than that of the other regions,
which caused a larger compressive stress in the normal direction at the region, and the local
normal stress decreased to −31 MPa. On the other hand, in the tensile test, the thickness
of the region became less than that of the other regions, and the magnitude of the normal
stress decreased. This caused the asymmetry of the apparent flow stresses of tension and
compression under side force.

In the horizontal loading system, the upper side of the specimen was pressed by an
upper anti-buckling bar on which a given amount of force was applied by the hydraulic
actuator. On the other hand, the lower side of the specimen was supported by a fixed plate.
During the tensile test under side force, the central region of the specimen became relatively
thinner than the other regions, as schematically shown in Figure 11, and most of the side
force was transmitted to the jaws. Therefore, the normal force between the specimen and
the lower bar became smaller than the side force applied by the actuator, as shown in
Figure 12. On the other hand, during compression, the thickening of the central region of
the specimen localised the normal force to the central region, thus increasing the normal
force between the specimen and the lower bar. The decrease and increase in the normal
force during tension and compression, respectively, can cause a difference in the frictional
force and hence a difference in the apparent flow stress. Therefore, the strength difference
between the tension and compression shown in Figure 7 is not intrinsic to low-carbon steel.
Rather, it originated from mechanical factors.
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Figure 9. Schematic representation of the biaxial effect.
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Figure 10. Normal stress distribution during the tensile and compressive tests under side force at the
strain of 0.005.

The effects of the friction coefficient and side force on the material flow stress were
analysed using a finite element simulation of low-carbon steel. Figure 13 shows the FE
calculated apparent absolute true stress–strain curves obtained using various friction
coefficients. The increase in the friction coefficient increased the magnitude of the apparent
flow stress for both tension and compression. However, the effect of the friction coefficient
was more pronounced for compression than for tension. This implies that it is beneficial
to reduce the friction between the specimen and the anti-buckling bars to minimise the
apparent asymmetry of tension and compression. Figure 14 shows the FE calculated
apparent absolute true stress–strain curves obtained using various side forces. It also shows
that the effect of the side force is more pronounced for compression than tension. The effect
of the side force is larger than the effect of the friction coefficient because it also influences
the biaxial stress state. This shows the necessity of using minimal side force to reduce the
side effects.
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Figure 11. Schematic representation of the (a) thinning and (b) thickening of the specimen during
tension and compression, respectively.

Metals 2022, 12, x FOR PEER REVIEW  11 of 16 
 

 
(b) 

Figure 11. Schematic representation of the (a) thinning and (b) thickening of the specimen during 

tension and compression, respectively. 

 

Figure 12. Comparison of the forces acting on the lower anti‐buckling bar during tension and com‐

pression. 

The effects of the friction coefficient and side force on the material flow stress were 

analysed using a finite element simulation of  low‐carbon steel. Figure 13 shows the FE 

calculated apparent absolute true stress–strain curves obtained using various friction co‐

efficients. The increase in the friction coefficient increased the magnitude of the apparent 

flow stress for both tension and compression. However, the effect of the friction coefficient 

was more pronounced for compression than for tension. This implies that it is beneficial 

to reduce the friction between the specimen and the anti‐buckling bars to minimise the 

apparent asymmetry of tension and compression. Figure 14 shows the FE calculated ap‐

parent absolute true stress–strain curves obtained using various side forces. It also shows 

that  the effect of  the side  force  is more pronounced  for compression  than  tension. The 

effect of  the side force  is  larger  than  the effect of  the  friction coefficient because  it also 

influences the biaxial stress state. This shows the necessity of using minimal side force to 

reduce the side effects. 

Specimen

Upper Support

Bar Jaw

Side Force

Jaw

Lower Support

Bar

Bar

Low Carbon Steel (RT)

Absolute True Strain

0.00 0.03 0.06 0.09

N
o

rm
al

 F
o

rc
e 

at
 L

o
w

er
 S

u
p

p
o

rt
 [

N
]

0

1000

2000

3000

4000

5000

Compressive FEM
(with SF)

Tensile FEM
(with SF)

Figure 12. Comparison of the forces acting on the lower anti-buckling bar during tension
and compression.
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Figure 13. FE calculated stress–strain curves with various friction coefficients for (a) tensile and
(b) compressive tests.
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Figure 14. FE calculated stress–strain curves with various side forces for (a) tensile and (b) compres-
sive tests.

Through the analysis, it was found that the friction and thickness effects can cause
apparent flow stress asymmetry between tension and compression. Therefore, the raw
data should be corrected for these effects using finite element simulations. The suggested
correction procedure is as follows:

(1) Measure the friction coefficient using a cut specimen;
(2) Conduct tensile tests using UTM (without side force);
(3) Conduct compressive tests using a compression tester with side force;
(4) Perform an FE simulation of the compressive test with side force and the friction

coefficient using the stress–strain data from the UTM as an initial guess; and
(5) If the result of (4) does not match the experimental result, adjust the input stress–

strain data until they match.
The above correction procedure was applied to low-carbon steel, as shown in Figure 15.

The corrected compressive stress–strain curve agreed well with the tensile stress–strain
curve for this material.
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Figure 15. Corrected absolute true stress–strain curves of the low-carbon steel for tension
and compression.

3.3. Tension and Compression Behaviour of the 3G AHSS

The apparent absolute true stress–strain curves for the tensile and compressive tests
of 3G AHSS under side force are shown in Figure 16. The true stress–strain curve of the
tensile test without side force (measured using the UTM) is also plotted for comparison.
Similar to low-carbon steel, the tensile flow stresses with side force were larger than those
without side force at room temperature and 175 ◦C. The compressive curves with side
force were much larger than the tensile curves with side force. Part of the difference may
be attributed to the biaxial and thickness effects. However, the 3G AHSS is also known
to exhibit the TRIP effect, and thus, an intrinsic flow stress asymmetry of tension and
compression [9,16,31–33]. The phase transformation generates hard martensite from soft
austenite, which is thought to cause hardening. However, the fraction of the transformed
martensite is usually very small considering the small retained-austenitic phase fraction
and the small amount of plastic strain, which cannot explain the strength differential effect
of the material. On the other hand, the transformation in tension occurs at a lower stress
level than the stress at which slip occurs in compression (i.e., the phase transformation
controls the flow stress in uniaxial tension), while the flow stress is controlled by the slip
mechanism in uniaxial compression [31].
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Figure 16. Apparent absolute true stress–strain curves of 3G AHSS at (a) room temperature, and
(b) 175 ◦C.
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The correction procedure presented in Section 3.2 was performed to eliminate the
artificial side effects and determine the actual material properties. The compressive flow
stress curves were obtained and the measured and predicted apparent flow stress curves
agreed with each other, as shown in Figure 17. To obtain the corrected compressive flow
stress curves, the tensile flow stress curve shifted up by 88 MPa at room temperature. No
adjustment was required for the flow stress curve at 175 ◦C.
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Figure 17. Comparison of the measured and FE calculated absolute true stress–strain curves of 3G
AHSS: (a) tensile and (b) compressive tests.

The corrected absolute true stress–strain curves of the 3G AHSS at room temperature
and 175 ◦C are shown in Figure 18. Unlike low-carbon steel, 3G AHSS exhibited an intrinsic
flow stress asymmetry of tension and compression after correction at room temperature.
This is attributed to the TRIP effect, where additional plastic strains (Bain strain and
transformation strain) are generated from the martensitic transformation from the retained
austenite [17,33]. However, the flow stress asymmetry was significantly reduced at 175 ◦C.
The average differences between the tensile and compressive curves were 98.1 and 6.9 MPa
at room temperature and 175 ◦C, respectively. This result is consistent with the observation
that the TRIP effect is reduced at elevated temperatures [32,33,35,36].
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Figure 18. Corrected absolute true stress-strain curves of 3G AHSS at (a) room temperature, and
(b) 175 ◦C for tension and compression.
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4. Conclusions

To measure the compressive behaviour of sheet metals, a novel design for a sheet
compression tester was developed with freely movable anti-buckling bars to prevent
buckling. Tensile and compressive tests under side force were conducted for low-carbon
steel and 3G AHSS using the digital image correlation method. A finite element method-
based data correction procedure was suggested to obtain the tensile and compressive
behaviour from the test results under side force. The following conclusions were drawn
from the analysis:

1. The tensile and compressive stress–strain curves under side force were successfully
measured at room temperature and 175 ◦C using a novel sheet compression tester.
The freely movable anti-buckling bars removed open regions in the specimen, which
may cause buckling.

2. The measured apparent stress–strain curves of the low-carbon steel under side force
showed the flow stress asymmetry of tension and compression, although low-carbon
steel is known to have symmetric tension–compression strengths.

3. The finite element simulations confirmed that the flow stress asymmetry of the low-
carbon steel originated from the biaxial stress effect (localisation of normal stress
in the thickness direction because of non-uniform deformation) and the thickness
effect (the change in the actual side force and thus the friction force due to thinning
and thickening).

4. Decreasing the friction coefficient and side force is beneficial for the reduction in the
apparent asymmetry.

5. A data correction procedure based on the finite element method was proposed, and
the corrected stress–strain curves of the low-carbon steel were symmetric.

6. The correction procedure was applied to the 3G AHSS at room temperature and
175 ◦C. The corrected compressive stress–strain curve was larger in magnitude than
the tensile curve at room temperature, which is attributed to the TRIP effect. However,
the asymmetry was significantly reduced at 175 ◦C.
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