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Abstract

The stack compression test (SCT) and the strain-rate controlled hydraulic bulge test (HBT) enable to determine the large strain
flow curve of sheet metal under an identical deformation mode and balanced biaxial tension. This equivalence should lead to
identical flow behavior if plastic yielding is independent of the hydrostatic stress. However, a discrepancy is observed in the flow
curves of DP600 steel sheet determined by the SCT and the HBT. In order to avoid uncertainty with respect to dissimilar test
conditions, the average strain-rate in both material tests is carefully controlled. Additionally, evidence is provided that friction can
be sufficiently minimized yielding a homogeneous SCT up to a true plastic strain of 0.3. Assuming reliable experimental data, the
hypothesis that the hydrostatic pressure shift between the stress states in the SCT and the HBT causes the observed difference in
flow behavior is scrutinized. Theoretical considerations regarding the effect of a superimposed hydrostatic pressure (i.e. putting a
material under a pressure environment for a certain stress state) on the flow stress, as suggested by Spitzig et al. [1] and Spitzig
and Richmond [2], are used to understand the effect of a pressure shift between two stress states on the flow stress. Finally, the
theoretical considerations are experimentally validated using the discrepancy in flow behavior of DP600 measured by the SCT and
the HBT.
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1. Introduction
It is common knowledge that the predictive accuracy of
sheet metal forming simulations largely depends on the
adopted material model. In addition, many of these processes
generate severe plastic deformation. Obviously, standard
tensile tests are of limited usefulness because necking limits
uniform deformation. Several experimental techniques have
been developed [3-7] to determine the large strain flow curve
of sheet metal. In this paper, the focus is on the stack
compression test (SCT) and the hydraulic bulge test (HBT).
Both tests enable the determination of the large strain flow

curve of sheet metal under an identical deformation mode. In
terms of stress state, assuming that:



plastic yielding is independent from the hydrostatic
pressure, and
friction in the SCT can be sufficiently reduced,

then the SCT is equivalent to the HBT, i.e. in-plane balanced
biaxial tension. The SCT, also referred to as through-thickness
compression test [6], layer compression test [8] or multi-layer
upsetting test [9], enables to suppress plastic instabilities hence
enabling to probe large plastic strains. The stack can consist of
small circular discs [8, 9] or square specimens [10]. A clear
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benefit in this regard is that the SCT requires only a small
amount of test material, which can be locally removed to
acquire the local flow behaviour. Friction between the stack
and the compression platen is inevitable. A friction-hill
analysis [10] shows that a small height to diameter (or width
for bricks) ratio, referred to as aspect ratio in the remainder of
this work, requires a correction for friction to obtain an accurate
flow curve. The latter implies that the friction coefficient can
be measured, and, more importantly, is constant during the
SCT. Indeed, friction conditions might vary as lubrication
deteriorates due to thinning of the film and extension of the
surface. With the aid of the ring compression test, An and
Vegter [10] showed that oiled PFTE film yields a constant
frictional behaviour. Coppieters [9] adopted the modified two
specimen method [11] to calibrate the coefficient of friction in
the SCT of low carbon steel. Steglich et al. [6] and Merklein
and Godel [8] did not correct for friction when subjecting
magnesium alloys and steel sheets to the SCT, respectively.
Despite this inconsistency with respect to the role of friction in
the SCT, it is clear that the aspect ratio plays a crucial role in
assessing the need for friction correction [10]. The lower the
aspect ratio of the stack, the more pronounced the frictional
effect and the need for friction correction. However, when
targeting the large strain flow curve, a small aspect ratio is
favoured for the stability of the stack deformation and
mitigating preliminary stack defects such as disc localization.
Moreover, frictional effects lead to a triaxial stress state which
further complicates the determination of the flow curve.
Obviously, friction is a disadvantage of the SCT. The crux of
the problem is that one must be able to guarantee a strain range
for which a constant frictional condition prevails. In addition,
correction of the flow curve requires a method to quantify the
frictional condition. When a shearable film (e.g. TPFE) is used,
a correction can be made based on the shear strength of the film
[10]. As opposed to the SCT, the HBT does not suffer from
frictional effects but in turn lacks accuracy due to assumptions
involved in the analytical treatment of the experimental data
[7].

good agreement between the SCT and HBT for DC04 and
DX56 steel sheet. Mulder et al. [12] initially found a
discrepancy between the SCT and the HBT for DC06.
According to Mulder et al. [13], the latter discrepancy could be
attributed to strain rate and temperature effects in the HBT.
Steglich et al. [6] found an excellent agreement between the
SCT and HBT for magnesium alloys. The aim of this paper is
to further elaborate on the discrepancy between the SCT and
the HBT found for DP600 steel sheet. The next section
discusses the experimentally acquired flow behavior of DP600
determined using the SCT and the HBT. To probe large plastic
strains with the SCT, a low aspect ratio is chosen along with a
strategy to correct for friction. Based on the work by Spitzig et
al. [1] and Spitzig and Richmond [2], Section 3 embarks on
theoretical considerations regarding the role of the hydrostatic
pressure shift on the flow stress. The latter findings are
experimentally validated in Section 4 using the flow behaviour
determined in Section 2. Conclusions are drawn in Section 5.
2. Experimental
2.1. SCT and HBT
The SCT is conducted on an electro-mechanical press with
a load capacity of 100 kN. The stack consisted of 3 discs with
a diameter of 10 mm. Lubrication (oil) is applied to minimize
the effect of friction. The red curves shown in Fig. 1 show the
experimentally acquired flow curves using the SCT calculated
following:
𝑐
𝜎𝑎𝑣𝑔
=

𝐹∙ℎ
𝜋∙𝑟02 ∙ℎ0

(1)

𝑐
where 𝜎𝑎𝑣𝑔
is the average compressive true stress, F the
measured force and ℎ0 , 𝑟0 the initial stack height and radius,
respectively. The logarithmic true compressive strain is simply:
ℎ

𝜀 = ln( 0)
ℎ

(2)

It can be inferred that the SCT yields a good repeatability up to
a true plastic strain of 0.3. Beyond that point, lubricant
depletion led to metallic contact and galling is observed. Fig.
1 also shows the flow behaviour measured by the HBT. The
HBT-flow stress is calculated as follows:
𝜎=

𝜌∙𝑝
2∙𝑡

(3)

where σ and p are the true stress and fluid pressure,
respectively. The logarithmic true strain is estimated as:
𝜀 = −𝜀1 − 𝜀2
Fig. 1. Flow curves obtained through SCT and HBT.

In addition, it is well-known that the HBT is not accurate in
determining the flow curve at moderately low plastic strains
due to the uncertainty related to measuring the curvature of the
dome apex. Given the identical deformation mode and stress
condition, one would expect identical flow behaviour obtained
through the SCT and HBT. Merklein and Godel [8] found a

(4)

which is valid assuming equal strain or equal stress at the
specimen pole. The radius of curvature ρ and the principal
strains 𝜀1 , 𝜀2 a the top of the bulged specimen are measured
using a stereo DIC system. In this regard, ISO 16808 is
followed and extended with a closed-loop strain rate control at
the top of the dome. The average strain rates in the HBT and
1
the SCT are both approximately 10−4 . It can be inferred from
𝑠
Fig.1 that the repeatability of the HBT beyond a true strain of
0.1 is excellent.
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2.2. SCT: friction correction
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Given the low aspect ratio of the stack, it is required to
compensate for friction. The friction-hill analysis of a
homogenous compression of a single disc [14] leads to:
𝜎=

𝑐
2∙𝜎𝑎𝑣𝑔
2𝜇𝑟
2
ℎ
2𝜇𝑟
( ) ∙[𝑒 ℎ −
−1]
𝜇𝑟
ℎ

(5)

with h, r the instantaneous height and radius of the stack,
respectively. The height h of the stack is measured and r is
derived assuming volume constancy. Eq.(5) is validated for the
stack configuration (i.e. number of discs and diameter) adopted
in this study using a FE model of the SCT. This means that
Eq.(5) can be adopted to correct the SCT-flow curve shown in
Fig. 1 provided that the friction coefficient μ is known. The
modified two specimen method (MTSM) [11] could be adopted
to identify μ. The fundamental hypothesis of the MTSM,
however, is that the material behavior is independent of the
stack configuration. Given that the hydrostatic stress
component in the stack potentially depends on the stack
configuration, the MTSM is not applied.
In this work, the coefficient of friction is inversely calibrated
using an FE model of the SCT. To this end, the SCT is
simulated using a displacement-driven FE model assuming a
constant friction coefficient and adopting the HBT-flow curve
which is considered here as the ground-truth strain hardening.
The left panel of Fig. 2 shows the experimental cross section of
the stack after compression, while the right panel shows the
numerical simulation. A frictionless SCT would lead to a
perfectly homogeneous experiment, instead some slight
barreling can be observed in the left panel.

Fig.3. Thickness after compression measured at the centre of each individual
disc

It must be noted that this is in line with the findings of
Coppieters [9] using the MTSM. Fig. 4 shows the SCT-flow
curve corrected for friction using Eq.(5) with a constant friction
coefficient of μ= 0.05 . It can be seen that the corrected SCTflow curve is bounded between the raw SCT-flow curve and
the lower bound HBT-flow curve.

Fig.4. Flow curves obtained through SCT (with and without correction for
friction) and HBT.

Theoretical
Fig. 2. Cross-section compressed stack DP600. Left: experimental. Right
panel: FE simulation using HBT-flow curve and μ=0.05.

Instead of assessing the homogeneity of the SCT by evaluating
this barreling, one could also evaluate the thickness of each
individual disc. Indeed, a frictionless experiment would lead to
an identical thickness reduction of each disc in the stack. The
red symbols in Fig. 3 show the experimentally measured
(average of 3 experiments) disc thicknesses at the center of
each disc. It can be inferred that the mid disc is consistently
thinner than the discs that are in contact with the compression
platens. This observation is used to inversely tune the friction
coefficient using the FE model. Fig. 3 shows the numerically
predicted thicknesses using three friction coefficients, namely
μ=0.1, 0.05 and 0.03. It can be seen that a friction coefficient
of μ= 0.05 enables to accurately reproduce the thickness

Given that the HBT-flow curve lacks accuracy in the strain
range 0 ≤ 𝜀 ≤ 0.15, the focus here will be on the discrepancy
of the flow behavior in the strain range 0.15 ≤ 𝜀 ≤ 0.3. Note
that this analysis is inherently assuming a correct compensation
for friction in the SCT. In this section, we draw on the work of
Spitzig et al. [1, 2] regarding the effect of superimposed
hydrostatic pressure on the tension and compression flow stress
behavior of steels. They concluded that the hydrostatic pressure
increases the yield strength and work hardening rate of steels.
Richmond and Spitzig [15] used a yield condition enabling to
describe their experimental observations, namely:
𝐼2 = 𝑐 − 𝑎𝐼1

(6)

where 𝐼2 is the von Mises effective stress and 𝐼1 the first stress
tensor invariant. When the parameters a and c are constants,
this yield condition is identical to that proposed by Drucker and
Prager [16]. However, Spitzig and Richmond [1] revealed that
a and c are strain dependent coefficients that can be determined
from experiments. Additionally, they showed that the pressure
coefficient α, which reads as:

4
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𝛼=

𝑎

(7)

𝑐

is nearly constant and within the range of 13 ≤ 𝛼 ≤ 23 (TPa1
) for a number (about 10) of low and high strength steels. Since
the yield condition Eq.(6) enables the capture of the wellknown strength differential effect (SDE), i.e. the difference
between the flow stress under uniaxial tension and
compression, this supports the idea that the SDE is driven by
the interaction of pressure and the transient dilatancy of moving
dislocations as demonstrated by Bulatov et al.[17]. Given that
the yield condition Eq. (6) depends on the first stress tensor
invariant, however, it is used here to understand the
discrepancy in flow behavior between the SCT and the HBT.
The stress states associated with the SCT and the HBT are 𝛔 𝑆𝐶𝑇
and 𝛔𝐻𝐵𝑇 , respectively. Without a superimposed external
pressure, the yield condition Eq.(6) can be applied to a material
that is subjected to the stress states 𝛔𝑆𝐶𝑇 and 𝛔𝐻𝐵𝑇 ,
respectively:
𝐼2 (𝛔𝑆𝐶𝑇 ) = 𝑐 − 𝑎𝐼1 (𝛔𝑆𝐶𝑇 )

(8)

𝐼2 (𝛔𝐻𝐵𝑇 ) = 𝑐 − 𝑎𝐼1 (𝛔𝐻𝐵𝑇 )

(9)

Subtracting both equations, i.e. Eq.(8) - Eq.(9), yields:
𝐼2 (𝛔𝑆𝐶𝑇 ) − 𝐼2 (𝛔𝐻𝐵𝑇 ) = −𝑎𝐼1 (𝛔 𝑆𝐶𝑇 ) + 𝑎𝐼1 (𝛔𝐻𝐵𝑇 )

(10)

Note that this approach with the von Mises effective stress 𝐼2
can be extended to any pressure independent effective stress 𝜎̅.
The mean or hydrostatic stress 𝜎𝑚 is one third of the first stress
tensor invariant yielding:
𝐻𝐵𝑇
𝜎̅(𝛔𝑆𝐶𝑇 ) − 𝜎̅(𝛔𝐻𝐵𝑇 ) = +3𝑎 [𝜎𝑚
− 𝜎𝑚𝑆𝐶𝑇 ]

(11)

Eq. (11) shows that the difference in the two effective stresses
is proportional to the pressure shift between the two stress
states 𝛔𝑆𝐶𝑇 and 𝛔𝐻𝐵𝑇 . Moreover, it shows that the difference in
effective stress between the SCT and the HBT can be used to
calibrate the parameter a of the yield condition, Eq. (6):
𝑎 =

𝜎
̅ (𝛔𝑆𝐶𝑇 )−𝜎
̅ (𝛔𝐻𝐵𝑇 )
𝐻𝐵𝑇 −𝜎 𝑆𝐶𝑇 ]
3∙[𝜎𝑚
𝑚

(12)

By substituting the mean stresses, Eq.(12) reads as:

𝑎=

𝜎
̅ (𝛔𝑆𝐶𝑇 )−𝜎
̅ (𝛔𝐻𝐵𝑇 )
3∙𝜎
̅ (𝛔𝐻𝐵𝑇 )

(15)

In other words, the flow curves measured with the aid of the
SCT and the HBT can be exploited to identify the parameter 𝑎
in Eq.(6). It must be noted that Eq. (15) must be evaluated at an
instant when the same amount of plastic work per unit volume
is consumed. Finally, the coefficient c can be calculated as:
𝑐 = 𝜎̅(𝛔𝐻𝐵𝑇 ) ∙ (1 + 2 ∙ 𝑎)

(16)

3. Results and discussion
The difference in flow behavior shown in Fig. 4 is used to
calculate a and c in the strain range 0.15 ≤ 𝜀 ≤ 0.3 following
Eq.(15) and Eq.(16), respectively. According to Eq.(7), the
values of a and c can be used to calculate the pressure
coefficient α. For DP600, it can be inferred from Fig. 5 that α
is nearly constant (average α =20.5 TPa-1) and within the range
of 13 ≤ 𝛼 ≤ 23 (TPa-1). The fact that α is not perfectly
constant might be due the assumed constant frictional
condition, an assumption which is potentially violated as
lubrication depletes as the deformation increases. Although
friction probably introduces some uncertainty here, it seems
that the current findings are consistent with the work of Spitzig
and Richmond [15] on high strength steels. As opposed to the
findings obtained through exploiting the difference in flow
behavior between the SCT and the HBT, in-plane tensioncompression experiments enable to accurately determine the
pressure coefficient α for sheet metal in the lower strain range,
e.g. 0 ≤ 𝜀 ≤ 0.1. Recently, Maeda et al. [18] correlated the
SDE effect with the pressure dependent yield condition Eq.(6)
for DP980 sheet. They calibrated the coefficients a and c for
DP980 steel sheet using in-plane tension-compression
Spitzig and Richmond [15] on high strength steels. As
opposed to the findings obtained through exploiting the
difference in flow behavior between the SCT and the HBT,
in-plane tension-compression experiments enable to
accurately determine the pressure coefficient α for sheet metal
in the lower strain range, e.g. 0 ≤ 𝜀 ≤ 0.1. Recently, Maeda
et al. [18] correlated the SDE effect with the pressure
dependent yield condition Eq.(6) for DP980 sheet. They
calibrated the coefficients a and c for DP980 steel sheet using
in-plane tension-compression
Fig.5. Pressure coefficient α (DP600) in the strain range 0.15 ≤ 𝜀 ≤ 0.3

𝑎 =

𝜎
̅ (𝛔𝑆𝐶𝑇 )−𝜎
̅ (𝛔𝐻𝐵𝑇 )
2𝜎 𝑡 +𝜎 𝑐

(13)

as 𝜎 𝑡 = 𝜎̅(𝛔𝐻𝐵𝑇 ) for an isotropic material with 𝜎 𝑡 the uniaxial
tensile stress. Given that for steels, half of the strengthdifferential effect can be written as [15]:
𝜎 𝑐 −𝜎 𝑡
𝜎 𝑐 +𝜎 𝑡

=𝑎≪1

(14)

, the following relation between a and the difference in flow
behaviour can be derived:

experiments and found a pressure coefficient α of 24 TPa-1
associated with a true plastic strain of 𝜀 = 0.08. Shirakami et
al. [19] measured the SDE effect of DP590 steel sheet and
found that the compressive flow stress is higher than in tension
by approximately 6% in the strain range 0 ≤ 𝜀 ≤ 0.05. In this
regard, Fig. 4 shows that in the strain range 0.15 ≤ 𝜀 ≤ 0.3 ,
the SCT-flow stress of DP600 steel is consistently higher than
the HBT-flow stress by approximately 6%. As such, the work
of Maeda et al. [18] and Shirakami et al. [19] for moderately
small plastic strains seems to be in agreement with the findings
here for larger plastic strain up to 0.3.
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4. Conclusions
This study investigated the difference in flow behavior
measured by the stack compression test and the strain rate
controlled hydraulic bulge test of a dual phase steel sheet with
a tensile strength of 635 MPa. It is shown, as suggested by
Spitzig et al. [1] and Spitzig and Richmond [2] that the
observed difference in flow behavior can be related to a
hydrostatic pressure shift between the stress states that prevail
in the stack compression test and the hydraulic bulge test.
Moreover, the measured difference in flow behavior in those
tests can be used to calibrate the pressure dependent yield
condition. Despite the uncertainty regarding the friction in the
SCT, the experimental measurements of the pressure
coefficient α are in good agreement with the work of Richmond
and Spitzig [15]. Future work will embark on numerical
reproduction of the experimental findings using plasticity
models enabling to describe the plastic behavior of
incompressible, yet hydrostatic pressure sensitive metals, e.g.
through the work of Aretz [20].
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