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Abstract
Predicting the flow behaviour at high strain values beyond uniform elongation is a critical factor in sheet metal forming, 
especially in the context of heat-assisted forming processes of lightweight materials. Based on uniaxial tensile tests con-
ducted at the temperature profiles of the Hotforming, W-Temper, and Warmforming process routes this study presents the 
determination of the flow curve for EN AW-7021 sheet material using five commonly used empirical approximation models. 
A support point obtained from layer compression tests was introduced to analyse the accuracy of the extrapolation models at 
higher strain values. All models considered were found to be in good agreement with the experimental tensile test data in the 
area of uniform elongation. However, the empirical approximation models show significant differences in strain hardening 
behaviour when higher strain values and varying temperature profiles are considered. For the Hotforming and W-Temper 
process routes, the Hockett-Sherby model estimates the flow behaviour with the highest accuracy. When using the Warmform-
ing process, all approximation models considered seem to estimate the flow behaviour with reasonable accuracy, however 
the Ludwik-Hollomon modified equation shows the best correlation with the experimental data.
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1 Introduction

A widely used method of lightweight construction is the use 
of high-strength aluminium alloys due to their advantageous 
strength-to-weight ratio. In the automotive or aerospace 
industries, the substitution of steel alloys with such light-
weight materials is a means of reducing the nominal com-
ponent weights [1, 2]. Although for most automotive panel 
applications 5000 and 6000 series Al alloys are currently 
used, the potential use of high-strength aluminium alloys for 
structural components is growing rapidly. In the aerospace 
industry, 7000 and 2000 series alloys are used primarily 
because of their high strength and good corrosion resist-
ance [3]. Most of these aluminium parts are manufactured 

by forming, but the formability of certain aluminium alloys, 
such as the 7000 series, is limited at room temperature. 
To improve the forming behaviour, various heat-assisted 
processes have been investigated such as Hotforming [4], 
W-Temper [5], or the Warmforming [6] process routes.

The prediction of local plastic strains is a critical factor 
for process and tool design in sheet metal forming. Flow 
curves are used to accurately model these processes in a 
finite element method (FEM) simulation as they indicate 
strain hardening up to the maximum equivalent strain val-
ues. It is worth noting that most FEM software assumes a 
monotonic increasing curve to model forming processes 
[7]. Zhuang et al. [8] discussed three options for obtaining 
such data: experimental, analytical, and numerical methods. 
Commonly used experimental methods for determining the 
flow curve of sheet metals include tensile tests [9], bulge 
tests [10], shear tests [11], plain strain compression tests 
[12], and layer compression tests [13]; the latter being a 
modification of the plain strain compression test to meet the 
operating conditions of sheet metal forming processes. Mer-
klein and Kuppert [14] demonstrated that the flow curves 
obtained from layer compression tests show a high corre-
lation with those from uniaxial tensile tests when special 
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attention is paid towards the reduction of friction between 
the specimen and the test equipment. In addition, the layer 
compression test provides flow curves with higher strain 
values as no necking occurs. However, the most common 
method of obtaining flow curves is the uniaxial tensile test, 
where the experimental data are extrapolated to true strain 
values of ε ≥ 1. Analytical methods are based on formula-
tions that describe the flow curve by physical or mathemati-
cal equations, as demonstrated by Albiez et al. [15] for the 
aluminium alloy EN AW-6016. Although analytical extrapo-
lation methods are time and cost-effective, Gese et al. [16] 
demonstrated potential inaccuracies in terms of the choice of 
the approximation model and the experimental data used for 
extrapolation. In addition to analytical approaches, finite ele-
ment analysis (FEA) can be used to numerically estimate the 
flow behaviour at high strain values. By using this approach, 
as presented by Joun et al. [17], an iterative scheme based 
on the local deformation behaviour in the necking region 
is applied to minimise the error between the measured and 
predicted load-strain curves.

However, for the aluminium alloy EN AW-7021, there are 
limited studies about the flow behaviour during heat-assisted 
forming processes. This study presents the determination of 
the flow curve for EN AW-7021 sheet material by analytical 
approximation models using experimentally obtained stress-
strain data. Tensile tests and layer compression tests with 
the corresponding temperature profiles of the Hotforming, 
W-Temper and Warmforming process routes are carried out 
to analyse the accuracy of five commonly used analytical 
extrapolation models at higher strain values.

2  Theoretical and experimental background

2.1  Flow curve determination

It is well known from the literature how to convert experi-
mentally determined engineering stress ( σ0 ) and engineering 
strain (e) data into true stress (σ) and true strain (ε) dia-
grams [18]. Analytical modelling and extrapolation of flow 
curves can be achieved using physically based (internal vari-
able), semi-empirical, or empirical material models [19]. A 
major advantage of internal variable models is their realistic 
description of the flow behaviour beyond the uniform elon-
gation region. However, the physical nature of such models 
results in complex systems of differential equations with a 
high number of parameters, as shown by Svyetlichnyy [20]. 
From an application point of view, it may be reasonable 
to describe the flow behaviour by mathematical equations 
based on empirical constants. Some of the commonly used 
empirical models are listed in Table 1.

The Ludwik-Hollomon and Ghosh equations are power 
law approximations that exhibit relatively high strain 

hardening along the true stress (σ) and true strain (ε) curve. 
The Ghosh equation extends the well-known Swift model by 
introducing a free parameter C. It is used to further adjust 
the hardening behaviour and thus describe the flow behav-
iour with higher accuracy. Deviations between the approxi-
mated and observed flow behaviour should be expected as 
the strain hardening exponent (n) and thus, the strength 
coefficient (A) varies with deformation but is assumed to 
be constant here. It should also be noted that when using 
the Ludwik-Hollomon equations with an epsilon value of 
zero, the stress value will be zero and therefore the slope 
of the flow curve approaches infinity which does not cor-
respond to reality. Both modelling approaches are capable 
of describing the typical hardening behaviour of particularly 
low-alloy steels in the uniform elongation region. However, 
the flow behaviour may not be described with sufficient 
accuracy at higher strain values or when using high-strength 
steels and aluminium alloys [22]. The Hockett-Sherby and 
Voce exponential equations include the yield strength ( σy ) 
and saturation stress ( σs ) to account for dynamic recovery 
mechanisms during deformation. The saturation stress, origi-
nally intended to be a physical value, is defined empirically 
to approximate the flow curve for small deformation values 
and to flatten the curve for high deformation values [22]. The 
free parameters B, C, D, E, F and R are defined as constants. 
The Voce equation was examined for extrapolating various 
steel grades, nickel alloys and titanium alloys [23], but is 
typically used to describe the flow behaviour of aluminium 
alloys [24]. For tailor heat treated aluminium blanks, the 
Hockett-Sherby equation was found to show the highest cor-
relation with the experimental tensile test data [25].

2.2  Layer compression tests

Depending on the empirical approximation model used 
(Table 1), flow curve formulations may lose accuracy 
and deviate from the experimentally obtained data when 
extrapolated to strain values beyond the uniform elonga-
tion region. To verify this deviation and hence the pre-
diction error layer compression tests, also referred to as 
stack compression tests, are carried out to evaluate the 
flow behaviour up to relatively high strain values. The test 

Table 1  Empirical models for the extrapolation of flow curves [21]

Empirical model Equation

Ludwik-Hollomon � = A ∗ �
n (Eq. 1)

Ludwik-Hollomon 
modified

� = A ∗ �
n+R (Eq. 2)

Ghosh � = A ∗ (B + �)
n
− C (Eq. 3)

Hockett-Sherby � = �s −
(

�s − �y

)

∗ exp(−D ∗ �
E) (Eq. 4)

Voce � = �s −
(

�s − �y

)

∗ exp(−F ∗ �) (Eq. 5)
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uses circular pieces which are stacked to form a cylindrical 
specimen and then uniaxially compressed in the direction 
of the sheet thickness. As the testing procedure is not yet 
standardised it is based on the standard compression test 
according to DIN 50106 [12]. The most comprehensive 
work in this area was conducted by Merklein and Kuppert 
who presented a method for evaluating the layer compres-
sion test on anisotropic materials [14, 26]. Alves et al. [13] 
demonstrated that the results of the layer compression test 
are nearly identical to those obtained by the standard com-
pression test using solid specimens. Special attention must 
be paid to the relative orientation (rolling direction) of 
the discs and the friction between the specimen and test 
equipment as this not only affects the uniaxial stress state 
but also causes slippage between the individual layers. 
The usage of solid lubricants, such as Teflon, has proven 
to be effective [27].

The extrapolation of the flow curve obtained from ten-
sile tests is compared to a support point based on layer 
compression tests (Fig. 1). The deviation ∆σ from the 
support point can be used to identify models capable of 
accurately approximating the flow behaviour beyond uni-
form elongation.

Based on the standard compression test, the values of 
true stress (σ) and true strain (ε) for the layer compression 
test are determined using Eqs. 6 and 7 [26].

The applied force is denoted by F,  A0 is the initial speci-
men area, h is the specimen height during the test and  h0 is 
the initial specimen height. Both equations are based on the 
height reduction measured by the crosshead movement of 
the testing machine.

3  Experimental setup

In order to determine the flow curve in the uniform elonga-
tion region uniaxial tensile tests are carried out in accord-
ance with DIN EN ISO 6892 [9] on EN AW-7021-T6 sheet 
material using a universal testing machine (Zwick Z100). 
According to DIN 50125 [28] tensile specimens (geometry 
H) were manufactured with a parallel length of 75 mm and 
a thickness of 2 mm and tested at a crosshead speed of 5 
mm/min, resulting in a strain rate of ε̇ = 0.0017  s-1. Special 
attention was given to the temperature profiles (Hotforming, 
W-Temper and Warmforming, Fig. 4) throughout the test 

(6)� =
F ∗ h

A0 ∗ h0

(7)� = ��

(

h

h0

)

Fig. 1  Comparison between the approximated flow curve and the support point
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series. A radiation furnace next to the testing machine (Hot-
forming, W-Temper) and a radiation furnace mounted on the 
universal testing machine (Warmforming, Fig. 2) were used 
to achieve the required temperature profile.

For each temperature profile and rolling direction r (lon-
gitudinal 0r, transverse 90r and 45-degree angle 45r) five 
tensile tests were carried out and averaged to provide a sig-
nificant database for flow curve approximation. The method 
of least square error (LSE) was used to determine the coef-
ficients defined in Table 1 (GRG nonlinear solver function 
in MS Excel 2019) and to minimise the deviation between 
the experimental tensile test data in the uniform elongation 
region and the approximation model. The derived flow curve 
was then extrapolated to the true strain value of ε = 1.

For layer compression testing square plates with an edge 
length of 8 mm were cut from the same sheet material as 
for the tensile test (EN AW-7021-T6, thickness 2 mm) and 
laminated using a two-component epoxy resin adhesive. All 
plates were oriented in the same rolling direction and the 
outer surface of the stack was turned to a diameter of 6 mm. 
Special attention was given to an aspect ratio of  h0/d0 = 1 
(where  h0 represents the initial height and  d0 is the initial 
diameter of the specimen) to ensure compliance with the 
standard compression test for solid cylindrical specimens 
which specifies a ratio of 1 ≤  h0/d0 ≤ 2 to avoid bending or 
buckling [12]. The tests were carried out using a universal 
testing machine (Zwick Z100) between two parallel com-
pression plates. To reduce friction between the compression 
plates and the specimen the tool surfaces were polished and 
a Teflon film was applied. The initial height and diameter 
of the specimen were measured using a micrometre. The 

height of the specimen after testing was determined by the 
crosshead displacement of the testing machine with elastic 
deformation being compensated by a correction curve. The 
correction curve was measured prior to testing and indicates 
the deformation of the machinery and test equipment as a 
function of the force applied. The support point was deter-
mined by reducing the initial height of the test cylinder to 
approximately 50% and 60%. An external radiation furnace 
(for Hotforming and W-Temper) next to the universal testing 
machine and a heating sleeve mounted on the compression 
plates (for Warmforming, Fig. 3) was used to apply the pro-
cess-oriented temperature profile (Fig. 4) to the specimens. 
As with the tensile tests the crosshead speed was set at 5 
mm/min and five layer compression tests were carried out 
at each temperature profile. Figure 3 shows the specimen 
preparation and the schematic setup of the layer compres-
sion test.

To characterise the temperature profile tensile and layer 
compression specimens were fitted with thermocouples 
to monitor the temperature values at a frequency of 5 Hz. 
Measurements were taken for the external radiation furnace 
(Linn ET-LM 312.07) and the heating devices (Maytec 
HTO-23, HASCO H1134) mounted on the universal testing 
machine. Each heating curve in Fig. 4 is averaged over three 
measurements.

In the Hotforming process, the specimen is heated in a 
separate furnace to the solution annealing temperature of 
approximately 515°C Fig. 4, point 1) and held for a mini-
mum of 5 minutes (point 2). The specimen was then trans-
ferred to the universal testing machine (point 3), where 
it was held between the cold compression plates (layer 

Fig. 2  Tensile test setup with heating devices
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compression test) or between the cold clamping jaws and 
quenched with compressed air during testing (tensile test). 
When using an EN AW-7021 alloy the temperature of the 
specimen must not fall below 380°C during transfer from 
the furnace to the universal testing machine as precipita-
tion reactions start when cooling below this temperature. 

The critical cooling rate for EN AW-7021 is approximately 
10 K/s and should be kept below 200°C (point 4) to avoid 
quench induced precipitation or loss of age hardening poten-
tial [29]. For the W-Temper process, which is a thermally 
decoupled forming process, the specimen is heated in a sepa-
rated furnace, held at a solution annealing temperature of 

Fig. 3  Layer compression test setup and specimen preparation

Fig. 4  Temperature profile of the Hotforming, W-Temper and Warmforming process
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approximately 515°C and then quenched. In this test series, 
quenching was carried out using a water bath. The cold 
specimen was tested at ambient temperature within 30 min 
before the onset of natural ageing of the material [24]. The 
dotted line in Fig. 4 illustrates the heating behaviour of the 
layer compression specimens in the external furnace.

For Warmforming the specimens are heated, held at 
approximately 200°C and then tested isothermally. For the 
tensile test, a radiation furnace was mounted on the universal 
testing machine and closed around the positioned tensile 
specimen. A heating time of 4 minutes was measured to 
reach the required temperature (point 5). For the layer com-
pression tests the compression plates were heated to approxi-
mately 200°C using a heating sleeve and the specimens were 
heated by direct contact (dashed curve).

4  Results and discussion

Figure 5 shows the flow curves of EN AW-7021 material for 
different temperature profiles (average of five tests each). 
Further, flow curves tested in the longitudinal direction (0r) 
are shown as no significant changes in the true stress-strain 
behaviour were observed with varying rolling directions. 
Both the strain hardening behaviour and the onset of yield-
ing are nearly identical; for Hotforming 101.8 ± 6.2 MPa 

and W-Temper 99.5 ± 4.7 MPa. The highest uniform elonga-
tion values were obtained by applying the W-Temper process 
route (up to ε = 0.23). In accordance with the results of 
Schneider et al. [30] the serration of the true stress values 
is due to the Portevin-Le Chatelier (PLC) effect. The curve 
characteristics correspond well with the results from Grohm-
ann [31] where flow curves were obtained for the W-Temper 
forming of AMAG 7021 sheet material. Tensile tests carried 
out at a temperature of 200°C (Warmforming) indicate an 
increased onset of yielding (320.9 ± 7.5 MPa) but the mate-
rial exhibits softening behaviour (negative strain hardening 
coefficient). The dashed curve shows the flow behaviour of 
the Warmforming testing procedure beyond uniform elon-
gation (true strain values of up to ε = 0.02). This behaviour 
corresponds well with the stress values obtained by Polak 
et al. for EN AW-7075 at elevated temperatures [6].

The flow curves obtained from the layer compression 
tests are depicted by dotted lines in Fig. 5. To enhance com-
parability with the tensile test results, the flow curves are 
shown up to a strain value of ε = 0.3. For the W-Temper pro-
cess route, the flow curves obtained from tensile and layer 
compression tests are almost identical (with a maximum 
deviation of 6 MPa) and the shape of the compressed speci-
men remains cylindrical, indicating a negligible influence 
of friction. When considering the Hotforming process, the 
maximum deviation increases to 17 MPa and the specimen 

Fig. 5  Flow curves of EN AW-7021 sheet material for different temperature profiles
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exhibit a bulged geometry after testing. One reason for this 
can be found in the altered frictional conditions caused by 
the applied temperature profile. When positioned in the 
compression plates and thus on the Teflon film, the speci-
men has a temperature of approximately 430°C (Fig. 4), 
which means that the solid lubricant is subjected to short-
term heating. Compared with the W-Temper or Hotforming 
process routes, the deviation of the flow curves is most sig-
nificant for Warmforming with a maximum stress difference 
of 19 MPa. The flatter flow curve obtained from the layer 
compression test suggests that the deformation behaviour is 
influenced by the epoxy resin adhesive used for laminating 
of the specimens. This influence is not discernible in the 
W-Temper and Hotforming processes due to the solution 
heat treatment prior to forming. For the Hotforming process, 
future work ought to address on the reduction of the friction 
influence by using heat resistant lubricants or compensate 
frictional force with factors as suggested by Lenzen et al 
[32]. When considering the Warmforming route, further 
investigations should be carried out on the modification of 
the heated test equipment to enable the use of digital image 
correlation systems for sample measurement.

For accurate comparison between layer compression and 
tensile test data, it is essential to assume isotropic forming 
behaviour, i.e. equal deformation in the tangential and radial 
directions. For highly anisotropic materials, the axes in and 
perpendicular to the rolling direction must be analysed 
and the data mathematically converted as a function of the 
prevailing major strain values [14]. The optical measuring 
system ZEISS Axio Zoom.V16 was used to measure the 
diameters of the compressed middle plate at 0° and 90° to 
the rolling direction. Figure 6 compares the biaxial Lankford 

coefficients for each process route. The values correspond 
well with the results from Hetz et al. [33], in which a single 
layer compression test was used for determining the biaxial 
Lankford coefficient. The results showed a coefficient close 
to 1.0 for EN AW-7020-T6 sheet material, indicating iso-
tropic material behaviour when a Teflon film is used as a 
lubricant.

Since the biaxial anisotropy values for each process are 
approximately equal to 1, an isotropic forming behaviour is 
assumed. Table 2 summarises the results of the layer com-
pression testing as a function of the process-related tempera-
ture profiles (average of five tests each). The stress values at 
a height reduction of 50% are nearly identical if the Hotform-
ing (358.8 ± 10.2 MPa) and W-Temper (348.4 ± 3.9 MPa) 
process routes are compared. With a height reduction of 60% 
the stress values increase to 364.6 ± 9.1 MPa (Hotforming) 
and 355.1 ± 2.8 MPa (W-Temper). Considering the Warm-
forming process route, flow curve determination is possible 

Fig. 6  Biaxial anisotropy coefficients for different temperature profiles

Table 2  Support points obtained from layer compression tests for EN 
AW-7021 sheet material

Process h0
[mm]

A0
[mm2]

σ(ε = 0.3)
[MPa]

σ(ε = 0.5)
[MPa]

σ(ε = 0.6)
[MPa]

Hotforming 6.11 28.18 – 358.8 ± 
10.2

364.6 ± 9.1

W-Temper 6.06 28.08 – 348.4 ± 3.9 355.1 ± 2.8
Warmform-

ing
6.07 28.11 365.9 ± 2.9 – –
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Fig. 7  Approximated flow 
curves of EN AW-7021 sheet 
material as a function of the a 
Hotforming (HF), b W-Temper 
(WTemp), and c Warmforming 
temperature profile
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for strain values of approximately 30% as the specimens fail 
at higher strains.

Figure 7a–c show the experimentally determined flow 
curves, the approximation models and the support points of 
the EN AW-7021 sheet material as a function of the forming 
process used. Table 3 shows the coefficients of the extrapola-
tion formulas used. The least squares error (LSE) is given as 
a measure of the correlation between the experimental and 
the approximated data in the uniform elongation region. Fig-
ure 8 shows the evaluated deviation between the measured 
and predicted flow stress values for different approximation 
models and temperature profiles.

Considering the deviation for EN AW-7021 material 
(Fig. 8) when Hotforming is applied, it can be seen that the 
flow stress values calculated using the Voce equation differ 
from the experimentally determined data by approximately 
44 MPa (12%) at 50% true strain and 49 MPa (14%) at 60% 
true strain. The stress values determined using the Ludwik-
Hollomon equation differ by approximately 48 MPa (13%) 
at 50% true strain and 68 MPa (19%) at 60% true strain. 
When using the Ludwik-Hollomon-modified model the LSE 
in the uniform elongation region can be significantly reduced 
from 20.17 to 4.72 MPa (Table 3) but without improving 
the deviation error in the extrapolation region. Using the 
Hockett-Sherby equation a deviation between the measured 

Table 3  Coefficients of flow 
curve extrapolation models for 
EN AW-7021: a) Hotforming, b) 
W-Temper and c) Warmforming

Coefficient Hollomon Hollomon modified Ghosh Hockett-Sherby Voce

(a) Hotforming process
 n 0.33 0.33 0.33 – –
 A 510.28 510.28 510.28 – –
 R – − 0.0110 – – –
 B – – 0.0082 – –
 C – – 0.20 – –
 D – – – 3.75 –
 E – – – 0.78 –
 F – – – – 10.98
 σs – – – 426.93 315.58
 σy – – – 101.83 101.83
 LSE 20.17 4.72 7.93 1.47 3.61

(b) W-Temper process
 n 0.36 0.36 0.36 – –
 A 518.97 518.97 518.97 – –
 R – − 0.0128 – – –
 B – – 0.0105 – –
 C – – 0.12 – –
 D – – – 6.02 –
 E – – – 0.92 –
 F – – – – 8.37
 σs – – – 358.45 335.32
 σy – – – 99.49 99.49
 LSE 11.03 7.83 13.78 1.46 1.91

(c) Warmforming process
 n 0.0146 0.0146 0.0146 – –
 A 373.22 373.22 373.22 – –
 R – 0.0013 – – –
 B – – 2.38 E-05 – –
 C – – 0.0226 – –
 D – – – 984.87 –
 E – – – 1.15 –
 F – – – – 375.07
 σs – – – 350.06 351.12
 σy – – – 315.20 314.91
 LSE 5.85 5.64 5.86 0.24 0.57
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and calculated flow curves of 15 MPa (4%) at 50% true 
strain and 20 MPa (5%) at 60% true strain can be observed. 
The average errors obtained using the Ghosh equation are 
approximately 47 MPa (13%) at 50% true strain and 67 MPa 
(18%) at 60% true strain.

For the W-Temper process route the Ludwik-Hollomon, 
Ludwik-Hollomon-modified and Ghosh equations indicate 
the highest deviation values of 56–59 MPa (16–17%) at true 
strain values of 50% and 77–79 MPa (21–23%) at true strain 
values of 60%. Using the Hockett-Sherby equation the devia-
tion between the measured and calculated flow stress is 1 
MPa (0.4%) at a true strain of 50% and 3 MPa (0.8%) at a 
true strain of 60%. This corresponds well with the results 
from Schneider et al. [34] for EN AW-6016 material where 
the Ludwik-Hollomon and Ludwik-Hollomon-modified 
models approximated similar stress values and the Hockett-
Sherby formulation showed the best correlation with the 
experimental data. For the Hotforming and W-Temper pro-
cess routes it seems that the models considering dynamic 
recovery mechanisms during deformation [35] estimate the 
hardening behaviour with higher accuracy.

Considering the Warmforming process the flow stress 
values calculated using the Voce equation differ from the 
experimentally determined data by approximately 15 MPa 
(4%) at 30% true strain. The values determined using the 
Ludwik-Hollomon and Ludwik-Hollomon-modified equa-
tions differ by less than 1 MPa with the modified model 

showing slightly reduced LSE values in the uniform elon-
gation region (Table 3). Using the Hockett-Sherby model a 
deviation of 15 MPa (4%) is observed between the measured 
and calculated flow curves. The absolute stress value devia-
tion obtained using the Ghosh equation is approximately 4 
MPa (1%). Considering a relatively small area of uniform 
elongation in the stress-strain curve (Figure 5, dashed curve) 
the power law approximations seem to provide a high cor-
relation with the experimentally determined support point. 
Future work has to clarify whether hybrid approximation 
models, such as the combination of Hockett-Sherby and 
Swift, result in a higher correlation with the experimental 
data. Further, the validity of future tests may be enhanced 
by comparing the entire flow curve of the layer compression 
test with the extrapolated data.

5  Conclusion

The prediction of plastic strains and flow stresses is a criti-
cal factor in sheet metal forming, especially in the context 
of heat-assisted forming processes of lightweight materials 
such as high-strength aluminium alloys. Although empiri-
cally based flow curve models approximate the flow behav-
iour within the uniform elongation region with reasonable 
accuracy, there are significant deviations when extrapolating 
to higher strain values. In this study the flow behaviour of 

Fig. 8  Deviation of the approximation models from the support point as a function of the forming process and strain value
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EN AW-7021 sheet material has been investigated for dif-
ferent forming processes using tensile and layer compres-
sion tests; the latter providing a support point to indicate the 
extrapolation quality of the approximate model.

The main conclusions of this study are as follows:

• For the Hotforming and W-Temper testing routes the 
experimentally obtained flow curves show a high cor-
relation within the uniform elongation region which is 
assumed to be due to the same material condition.

• For the Warmforming temperature profile the experi-
mentally obtained flow curve is mainly characterised by 
a negative strain hardening coefficient. Layer compres-
sion tests indicate the accuracy of the empirical models 
at higher strain values, despite the significantly lower 
uniform elongation region compared with the Hotform-
ing or the W-Temper process route.

• In the region of uniform elongation the Ludwik-Hollo-
mon, Ludwik-Hollomon-modified and the Ghosh equa-
tion indicate the highest LSE-values and thus the high-
est deviations from the experimental data. This applies 
to all heat-assisted process routes investigated.

• The Hockett-Sherby model shows the least deviation 
from the experimental data when considering the Hot-
forming (Δσ < 20 MPa) and W-Temper (Δσ < 3 MPa) 
temperature profiles in the range of extrapolated strain 
values. This indicates a high quality of extrapolation.

• Considering the Warmforming process route, all 
approximation models seem to estimate the flow behav-
iour with reasonable accuracy. However, the Ludwik-
Hollomon-modified approximation model was found 
to show the best correlation with the experimental 
data indicating an absolute deviation of Δσ < 1 MPa. 
The Hockett-Sherby equation, which seems to be well 
suited to all temperature profiles, indicates an absolute 
deviation of Δσ < 16 MPa.
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