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Abstract
The new idea is to produce specimens by forward rod extrusion, where in the core of the extrudate a deviatoric tension-loading is
present, which is superposed by an adjustable hydrostatic pressure. Various damage levels are hence possible in the extrudate.
Conducting tensile and upsetting tests with the pre-strained specimens both the influence of a load reversal as well as the material
weakening through ductile damage on the resulting flow curve is explored. Not only can the results be utilized to identify flow
curves of materials up to high strains (ε > 1.7), but also to get new insights into the plastic material behaviour, which can be used
for generating or adapting new damage models as well as kinematic hardening models under cold forging conditions. The
proposed method was first assessed by means of analytical and numerical methods and then validated experimentally, by the
example of the typical cold forging steel 16MnCrS5.
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Introduction

The flow curve is the relation between the flow stress and the
true plastic strain. In the field of metal forming, flow curves are
necessary for the prediction of forming forces, tool deflection,
material flow as well as the resulting product properties of the
produced parts. According to Bridgeman [1] the formability of
metals increases significantly under hydrostatic pressure. Since
in cold forging, the hydrostatic pressure is usually large, a high
variety of complex part geometries can be produced. In order
to predict the plastic material behaviour under cold forging
conditions by means of numerical analyses with sufficient ac-
curacy, the flow curve needs to be defined up to the large
strains that actually occur during the forming process.

For bulk materials, the most common experimental
methods used to determine flow curves are tensile tests, up-
setting tests and torsion tests. In the case of tensile tests the
maximum plastic strain is given by the onset of necking, when
the true strain ε is equal to the corresponding hardening expo-
nent n of the workpiece material. After necking the material

plastically deforms further but in an inhomogeneous manner,
which makes the evaluation of the flow stress difficult.
Several authors have tried to take into account the plastic flow
in the post-necking regime. Bridgman [2] andMirone [3] have
achieved this by means of analytical descriptions of the post-
necking geometry, while other authors like Kajberg and
Lindkvist [4] and Kim et al. [5] focused on the use of inverse
methods based on tracking and modelling the evolution of the
displacement field during deformation of the tensile speci-
mens. Latter publication gives a good overview of methods
to characterize the strain hardening behaviour in the post-
necking regime. In upsetting tests, a cylindrical specimen is
compressed between two parallel dies. The limit for flow
curve evaluation is given by the occurrence of barrelling,
caused by the friction between the dies and the specimen. In
the torsion test a cylindrical bar or pipe is twisted. The main
difficulty here, is to calculate representative shear stress and
shear strain from experimental data, due to the statically inde-
terminate nature of the process.

Usually, the actual strains achieved in cold forging process-
es drastically exceed the strains reached by the conventional
experimental methods. To estimate the flow stresses of metals
for higher strains, several equations have been proposed to
extrapolate the measured flow stresses from experimentally
measured results (Fig. 1). Due to the lack of experimental data
in the higher strain regions, the choice of the best extrapolation
model is difficult and often leads to large uncertainties.
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For sheet metals, various experimental methods have been
proposed to evaluate flow curves up to large strains. Steglich
et al. [10] conducted compression tests on stacked magnesium
sheets produced by rolling and extrusion. Coppieters and
Kuwabara [11] used an inverse approach as well as the uniax-
ial tube expansion test in order to quantify the strain hardening
of cold rolled interstitial-free steel in the post-necking regime.
Tekkaya and Pöhlandt [12] have reached true strains up to ε =
0.9 by means of the in-plane torsion test (Fig. 2). More recent
investigations of the in-plane torsion test by Traphöner et al.
[13] focus on the use of grooved specimens and optical strain
measurement in order to evaluate accurate flow curves to even
higher true strains.

Most experimental methods for flow curve evaluation of
sheets cannot be used for the characterization of bulk mate-
rials. Due to the simple experimental setup of upsetting tests,
the process was investigated and developed further by many
authors. Various methods have been proposed to minimize the
influence of friction by means of additional experimental pre-
cautions. These precautions usually deal with the use of spe-
cial specimen geometries, e.g. the use of lubrication pockets,
as proposed by Rastegaev [14]. Siebel and Pomp [15] utilize
specimens with conical end faces in order to compensate the
frictional stresses. For this, several tests must be conducted
with varying point angles of the conical dies to reach an

optimal friction compensation. By the use of special specimen
geometries, strains up to ε = 1.0 are possible for some mate-
rials. For higher strains up to ε = 2.0, the plane strain upsetting
test is often utilized, as proposed by Nadai [16] and further
developed by Orowan [17] and Watts and Ford [18]. In the
plane strain upsetting test, a flat specimen is compressed be-
tween two narrow punches (Fig. 3). By the choice of a high
relation between specimenwidth and thickness a nearly plane-
strain deformation can be reached. However, due to large fric-
tional forces, the flow stress is usually overestimated signifi-
cantly in the plane strain upsetting test.

All of the before-mentioned methods for flow curve eval-
uation are either strictly limited by the maximum amount of
plastic strain or include uncertainties regarding the actual
stress and strain distributions within the specimen.
Reicherter [19], Siebel [20] and Sachs [21] have taken into
account the friction-related stresses in upsetting tests bymeans
of analytical models based on the mechanics of the process.
While a certain improvement of the flow curves is possible by
mathematical methods, additional uncertainties arise, regard-
ing the underlying friction models and the unknown specimen
geometry due to barrelling. Pöhlandt et al. [22] have proposed
a method to calculate a critical surface distance in torsion tests,
to improve the estimation of the shear strain.

Summaries of experimental procedures for flow curve
evaluation in bulk forming are given, e.g. by Krause [23],
Nebe and Stenger [24], Pöhlandt [25] and Doege et al. [26].

So far, only continuous experimental procedures for flow
curve evaluation were presented. Another approach for the
evaluation of flow curves for high strains is the conduction
of intermittent procedures. Herein, usually the goal is to pro-
duce specimens with a large known pre-strain. According to
Sevillano et al. [27] it should be stressed that in the utilization
of intermittent procedures, the influence of load path changes
should be given special care, as changes in the stress state or
strain rate may have a significant influence on the work-hard-
ening. The author gives a comprehensive literature review of
intermittent procedures for flow curve evaluation. Among
these, Langford and Cohen [28] have conducted multi-pass
wire-drawing on low-alloyed steel wires in order to pre-

Fig. 2 a Principle of in-plane
torsion test; (b) deformation of a
radial line during testing (Tekkaya
and Pöhlandt, [12], adapted by
Traphöner et al. [13])

Fig. 1 Flow curve extrapolation models (Extrapolation of upsetting test
results of 16MnCrS5)
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strain the material by ε = 0.22 in each pass. By the use of more
than 30 passes, the authors were able to reach a total maxi-
mum pre-strain of ε ≥ 7. By the conduction of tensile and
upsetting tests on the wires, they were able to generate the
corresponding flow curve. Pöhlandt [29] has exploited the
steady-state properties of forward rod extrusion for the pro-
duction of pre-strained specimens for the subsequent conduc-
tion of upsetting tests for the first time. The author observed
large deviations between the results of upsetting tests on un-
deformed material and its corresponding extrapolation as well
as on the specimens pre-strained by forward extrusion. The
author suggested, that due to forward rod extrusion, the
formed shaft possesses an inhomogeneous strain distri-
bution over the shaft radius which is caused by shearing
in the vicinity of the shaft surface, leading to a larger
overall flow stress. Doege et al. [26] pointed out that
the unusual shape of the resulting flow curves is caused
by the Bauschinger effect, due to the load reversal be-
tween forward rod extrusion and upsetting. This led the
authors to the conclusion that a flow stress evaluation is
not possible by the proposed method. Krause [23] uti-
lized rolling to produce sheets with known pre-strains in
order to find the flow curves by subsequent tensile tests
on the pre-strained specimens leading to flow curves up
to high strains. However, large deviations were observed
in a comparison with results of conventional testing methods.
Possible reasons for these deviations will be discussed in the
following.

Besides strain hardening, materials are subjected to addi-
tional phenomena during forming, which can affect the global
flow stress. While strain hardening results from the restrained
movement and generation of dislocations, plastic deformation
may lead to the nucleation, growth and coalescence of voids,
regarded as ductile damage [30]. The accumulated damage
may lead to a weakening of the material due to a decrease of
the load bearing cross-section. The amount of accumulated
damage generally depends on the stress state the material is
subjected to. Behrens and Landgrebe [31] explain the flow

stress difference under tensile and compressive loading by
the evolution of damage in a tensile test. The authors utilize
the difference in the flow curves to illustrate the evolution of
ductile damage. The damage is quantified by the damage var-
iable D, which is an indicator for the volume fraction of voids
as compared to the volume of the surrounding metal matrix
(Fig. 4).

In addition to damage, a plastic load reversal leads to a
direction dependence of the flow stress due to the
Bauschinger effect. As a consequence, both damage and the
Bauschinger effect must be considered in the evaluation of
flow curves for large strains, especially for intermittent exper-
imental procedures.

Forward rod extrusion is a unique process to produce cy-
lindrical parts with large known pre-strains. The amount of
plastic strain along the central axis of the extrudate is directly
prescribed by the reduction of the cross-section. To the knowl-
edge of the authors of this paper, no publication exists, which
deals with the conduction of tensile tests on material pre-
strained by forward rod extrusion to characterize the plastic
behaviour of metals under large plastic strains. So far, the
highest strains were reached by Langford and Cohen [28]
utilizing wire-drawing. In wire-drawing, the maximum
strain per pass is highly limited by the occurrence of
necking. This, however, does not apply in forward rod
extrusion, as the material is pushed through the die un-
der high compressive stresses. In addition to this, forward rod
extrusion allows for the extraction of standardized specimens

Fig. 4 Illustration of evolution of damage variable D in tensile and
compressive tests (adapted from Behrens and Landgrebe [31])

Fig. 3 Plane-strain upsetting test (adapted from Nadai [10])
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for the conduction of subsequent tests, which means the influ-
ence of inhomogeneous strain distribution can be incorporated
more accurately.

The aim of this paper is the systematic evaluation of flow
curves for high strains by tensile and upsetting tests on spec-
imens pre-strained by forward rod extrusion (Fig. 5a). The
flow stress of pre-strained specimens can then be used, as
support points in the generation of flow curves up to high
strains (Fig. 5b).

In a first step, the process sequence is investigated analyt-
ically and numerically in order to evaluate whether a produc-
tion of pre-strained specimens is possible with the following
necessary requirements:

& Homogeneous strain distribution over specimen length
& Known strain distribution over specimen radius
& Monotonic stress history for material points moving

through the forming zone
& Negligible residual stresses within specimens.

The requirements have been verified for standardized ten-
sile and upsetting test specimens (diameter d = 8 mm).

In a second step, the proposed method was utilized
on 16MnCrS5 case-hardening steel in order to evaluate
the corresponding flow curve as well as to assess the
influence of hydrostatic pressure during forward extru-
sion as well as a load reversal on the resulting flow
stress.

Characteristics of forward rod extrusion

Fundamental parameters

Forward rod extrusion is a cold forging process, where a
(usually) cylindrical workpiece is pushed through a conical
die, which leads to a reduction of the cross-section. For large
cross-section reductions, the workpiece is surrounded by a
container to limit upsetting (Fig. 6).

The process can be characterized by the initial workpiece
diameter d0, the die shoulder opening angle 2α and the diam-
eter of the formed extrudate diameter d1. From volume con-
stancy it follows that the strain along the rotational axis of the
extrudate can be calculated exactly as

εz ¼ εex ¼ ln
A0

A1
ð1Þ

εex ¼ 2∙ln
d0
d1
; ð2Þ

where A0 and A1 are the cross-section areas of the workpiece
and the extruded shaft, respectively. In the following, the local
effective strain or true strain ε will be separated from the
extrusion strain εex by the index. Along its central axis the
pre-strain εpre of a cylindrical specimen extracted from an
extruded rod, is equal to the corresponding extrusion strain
εex. In order to reach a prescribed strain along the central axis
of the workpiece, the inner diameter of the die cavity d1,
which directly prescribes the resulting shaft diameter of the
extrudate, is given by:

d1 ¼ d0∙e−
εex
2 : ð3Þ

Fig. 6 Process illustration of forward rod extrusion and corresponding
geometrical parameters

Fig. 5 a Proposed experimental procedure for the evaluation of flow
curves up to large strains by tensile tests on specimens pre-strained by
forward rod extrusion (b) Utilization of experimental data as support
points for flow curve extrapolation
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Strain distribution over extrudate length

A necessary requirement for the production of pre-strained
specimens by forward extrusion is a homogenous strain dis-
tribution over the specimen length. An inhomogeneous strain
distribution would lead to a inhomogeneous stress distribution
in the tensile test specimens during loading, which may cause
premature necking. After necking the calculation of the corre-
sponding flow stress from the tensile force is impossible.

After upsetting of the workpiece in the container the mate-
rial begins to flow through the die opening. A steady-state
process state is reached, which leads to a constant strain dis-
tribution along the produced shaft. The material flow during
forward extrusion can be illustrated experimentally by means
of visioplastic methods. For this, two marked half sections are
extruded together and the distorted markings after forming are
visualised (Fig. 7). The existence of a steady-state region be-
tween the shaft tip and the die shoulder becomes obvious.

The resulting strain distribution over the shaft radius was
further investigated by means of numerical analysis. A de-
tailed description of the numerical model of forward extrusion
by means of FEM are documented in Appendix A. Contour
plots of the overall effective strain distribution are shown for
extrusion strains of εex= 0.5 (39% area reduction), εex= 1.0
(63%) and εex= 1.5 (78%) (Fig. 8).

The numerical results emphasize, that due to the steady-
state properties of forward extrusion, the strains are homoge-
neously distributed over a sufficiently large region of the
extrudate length. For a standardized tensile test specimen with
a diameter d = 8 mm and a total length of l = 77 mm (DIN
50125 – B 8 × 40) the strains are homogenous over the whole
specimen length, which means the first requirement is
fulfilled.

Strain distribution over extrudate radius

From Fig. 7 and 8 the inhomogeneous distribution of the true
strain over the extrudate radius becomes clear. The second
requirement for the produced specimens is a known strain
distribution over the specimen radius. The knowledge of the
strain distribution allows for a definition of an effective strain,
which can be used to shift flow curves of pre-strained material
by a known pre-strain.

Figure 9 shows a comparison of the effective local strain
and the results of macro-hardness measurements over the ra-
dius of an extrudate with εex = 0.5. A correlation between
hardness and effective strains exists, which has been thor-
oughly investigated in the literature, e.g. by Tekkaya and
Lange [33]. Within the centre of the extrudate, the effective
strain and the hardness are nearly constant, whereas they show
a progressive increase toward the shaft surface.

Figure 10 summarizes the numerically determined effec-
tive strain distribution over the corresponding squared shaft
radius, for the corresponding extrusion strains. The squared
shaft radius is proportional to the cross-section area.

Along the central axis of the produced shafts, the local
effective strain is slightly higher than the extrusion strain εex
calculated by Eq. 1. The deviation comes from the strain
resulting from upsetting of the workpiece in the container,
differences in the elastic expansion of the container and the
die as well as numerical inaccuracies caused by remeshing.
The error amounts to less than 2.8% for all investigated extru-
sion strains. Towards the shaft surface, the effective strains
increase due to shearing, whose amount depends on the fric-
tion conditions, the tool radii and the semi-cone angle of the
die. Within the region of specimen extraction with a diameter
of 8 mm (squared radius of 16 mm2), the effective strain

Fig. 9 Comparison of local effective strain (simulation) and hardness
over the shaft radius for εex = 0.5 (16MnCrS5, 2α = 90°, μ = 0.04)

Fig. 8 Strain distribution over length of extrudates with varying extrusion
strains (2α = 90°, Coulomb friction coefficient μ = 0.04)

Fig. 7 Material flow in forward rod extrusion (εex = 1.0, 2α = 120°,
adapted from Ossenkemper [32])
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increases in a linear fashion. In order to take into account the
increasing strains within the extracted specimens, an area-
weighted average strain ε was defined as the mean strain over
the squared radius within the extraction region. In Fig. 10, the
area-weighted strains are indicated by the dashed horizontal
lines. The maximum error between the area-weighted strain
and the actual effective strain is present for the highest extru-
sion strain of εex= 1.5 and amounts to 7%. Figure 11 shows a
comparison of the ideal extrusion strains (Eq. 2) and the area-
weighted average strains ε. It can be observed, that ε increases
linearly with increasing extrusion strain εex, however, the
values are consistently higher than the extrusion strains.

From the deviation of the area-weighted average strains
and the actual strain distribution of pre-strained specimens
(Fig. 10) the question arises, whether a flow curve evaluation
is possible with sufficient accuracy, although the local effec-
tive strain during tensile loading is unknown. To investigate
this, simulations of tensile tests were conducted, considering
specimens with the actual pre-strain distribution generated by
forward extrusion as well as specimens homogeneously pre-
strained by the area-weighted average strain ε (Appendix B).
As a result of the investigations, the strain inhomogeneity over
the specimen radius is taken into account in the flow curve
evaluation procedure by shifting the flow curves of the pre-
strained specimens by the corresponding amount of area-
weighted average strain ε.

Load path

In general, the flow stress of a pre-strained material depends
on the stress history that previously led to its deformation.
While ductile damage can result in a reduction of the flow
stress of pre-strained material, the Bauschinger effect intro-
duces a direction dependence of the flow stress. In the case
of tensile tests on rolled sheets Krause [23] observed lower
flow stresses in comparison to conventional methods, i.e. ten-
sile and upsetting tests. To account for this, the stress states
during forward extrusion are investigated and compared to the
stress states of tensile tests.

In order to determine the evolution of the stress states along
the central axis in forward rod extrusion, the increments of
strain dεij are considered first. If the coordinate system is cho-
sen according to Fig. 12, the strain increments can be defined
in the three principal directions r, z and t.

Along the central axis no shear stresses exist. Following
from this, the components of the tensor of strain increments in
a material point on the central axis is given as

dεi j ¼
dεz 0 0
0 dεr 0
0 0 dεt

0
@

1
A: ð4Þ

Fig. 10 Effective strain over the shaft radius for various extrusion strains
(16MnCrS5, 2α = 90°, μ = 0.04)

Fig. 11 Extrusion strain and area-weighted average strain for a cylindri-
cal test specimen with d = 8 mm (16MnCrS5, 2α = 90°, μ = 0.04) Fig. 12 Forward rod extrusion
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From axisymmetry, it follows that the strain increments on
the rotational axis in the radial and circumferential direction
must be equal (dεr = dεt), which leads to

dεij ¼
dεz 0 0
0 dεr 0
0 0 dεr

0
@

1
A: ð5Þ

Due to the volume constancy of plastic deformations, the
sum of the principal strain increments must vanish:

∑dεi ¼ 0: ð6Þ

The contraction of the cross-sectional area leads to dεr =
dεt < 0 and hence by Eq. 6 dεz = − 2dεr > 0 it follows

dεij ¼ dεr
2 0 0
0 −1 0
0 0 −1

0
@

1
A: ð7Þ

In forward rod extrusion, the stress component in the axial
direction is always the algebraically largest. It follows for the
principal stress components that

σij ¼
σz 0 0
0 σr 0
0 0 σr

0
@

1
A: ð8Þ

The stress components can be subdivided into their

deviatoric and hydrostatic parts σ
0
ij and σhij, respectively. The

hydrostatic stress reads

σh ¼ 1

3
σz þ 2σrð Þ: ð9Þ

By subtracting the hydrostatic stress from the total stress
tensor, the deviatoric stress components read

σ
0
ij ¼

1

3
σz−σrð Þ

2 0 0
0 −1 0
0 0 −1

0
@

1
A: ð10Þ

Under the assumption of an isotropic flow condition (e.g.
vonMises or Tresca) the flow stress σf along the central axis is
given by

σ f ¼ σz−σr: ð11Þ

By insertion of Eq. 11 into Eq. 9 and Eq. 10 the
hydrostatic stress and deviatoric stress components are
reformulated to

σh ¼ σ f

3
þ σr ð12Þ

σ′
i j ¼

1

3
σ f

2 0 0
0 −1 0
0 0 −1

0
@

1
A: ð13Þ

The deviatoric stress σ
0
ij is related to the strain increments

dεij by the Levy-Mises flow rule:

dεij ¼ dλ∙σ
0
ij; ð14Þ

where dλ is the plastic multiplier, a non-negative real number.
In comparison to forward rod extrusion, the stress compo-

nents for simple tension read

σij ¼
σz 0 0
0 0 0
0 0 0

0
@

1
A: ð15Þ

With σz = σf, the hydrostatic stress and deviatoric stress
components yield

σh ¼ σ f

3
ð16Þ

σ′
i j ¼

1

3
σ f

2 0 0
0 −1 0
0 0 −1

0
@

1
A: ð17Þ

Hence by comparison of Eq. 13 and Eq. 17, forward extrusion
yields thesamedeviatoricstress statealongthe rotationalaxisof the
extrudateas theuniaxial tensile test.Bothstress statesdifferonlyby
theamountofradialstressσr inthehydrostaticstress(Eq.12andEq.
16). Usually, σr is large in forward rod extrusion. Due to the large
resulting hydrostatic pressure supressing damage, a high material
formability is possible, which, for somematerials, allows for large
true strains of 1.6 and higher.

Thorough investigations have been conducted e.g. by
Avitzur et al. [34] to predict the stresses occurring in the
forming zone during forward rod extrusion by means of the
upper-bound method. However, the exact amount of hydro-
static stress cannot be predicted analytically with sufficient
accuracy, making the use of numerical methods necessary.

Description of loading conditions by triaxiality
and Lode parameter

Under the assumption of plastic flow, any three-dimensional
stress state can be described by two scalar values, namely the

stress triaxiality η and the Lode parameter θ.The stress triaxiality
is defined by

η ¼ σh

σvM
ð18Þ

whereσvM is the vonMises effective stress andσh thehydrostatic
stress.AccordingtoBaiandWierzbicki[35]ηcanbereferredtoas

the dimensionless hydrostatic pressure. The Lode parameter θ, is
defined by

θ ¼ 1−
2

π
arccos

27∙ σ1−σhð Þ∙ σ2−σhð Þ∙ σ3−σhð Þ
2∙σ3

vM

� �
: ð19Þ
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Herein, σ1, σ2 and σ3 again indicate the first and second
and third principle stresses.

Since the Lode parameter is connected to the deviatoric
part, it is required to be equal for both tensile tests as well as
forward rod extrusion. Figure 13 shows that in the vicinity of
the central axis �θ ¼ 1, which is also fulfilled for tensile tests on
round bars.

In a tensile test, the stress triaxiality, which describes
the hydrostatic part of the stress state, is always η =
1/3. However, in forward rod extrusion the stress triax-
iality is not constant and strongly depends on the ex-
trusion parameters. The influence of the extrusion strain
on the stress triaxiality is shown in Fig. 14.

The evolution of the stress triaxiality over the effective
strain along the central line is shown in Fig. Figure 15 for
three extrusion strains. First, the triaxiality is negative, due
to upsetting in the container. Upon entry of the forming zone
the triaxiality increases until reaching its peak value ηmax in
the centre of the forming zone. With increasing extrusion
strain εex, the triaxiality curves are increasingly translated into
the negative region.

In order to quantify the hydrostatic stress states, the evolu-
tion of the stress triaxiality has been computed by two ap-
proaches. In utilizing

ηmax ¼ max η εð Þð Þ; ð20Þ
it is assumed, that the the maximum stress triaxiality is repre-
sentative for the evolution of damage and thus for the macro-
scopic flow stress change. Herein, it is presumed, that
pores can only nucleate, but not shrink. On the contrary,
the Bstrain-weighted stress triaxiality^

η ¼ ∫ε0η εð Þdε
∫ε0dε

ð21Þ

additionally takes into account the increments of plastic strain

dε along the central axis in combination with the correspond-
ing triaxiality.

The two definitions of triaxiality measures will help to
characterize the stress history a material point along the central
axis has been subjected to during extrusion. Table 1 shows the
two evaluated triaxiality measures depending on the investi-
gated extrusion strains.

In the case of ηmax an extrusion strain of εex = 0.3 leads to a
maximum triaxiality of ηmax = 1/3, which corresponds to the
stress state of uniaxial tensile test. For η the corresponding
value lies between extrusion strains of εex = 0.1 and εex = 0.3.
Up to extrusion strains of εex = 0.7, the triaxiality
values are above or close to zero. For both triaxiality
measures a further increase of the extrusion strain leads
to a progressive shift towards negative triaxiality values,

Fig. 15 Numerical evaluation of maximum stress triaxiality and strain-
weighted stress triaxiality for a material point moving along the central
axis in the forming zone (16MnCrS5, 2α = 90°, μ = 0.04)

Fig. 14 Influence of the extrusion strain on the stress triaxiality
(16MnCrS5, 2α = 90°, μ = 0.04)

Fig. 13 Influence of the extrusion strain on the Lode parameter
(16MnCrS5, 2α = 90°, μ = 0.04)
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which makes the evolution of damage highly unlikely
for larger extrusion strains.

Since extracted specimens from the extrudate do not only
contain material particles which have moved along the central
line during forward extrusion, the maximum stress triaxiality
ηmax was calculated for various material lines over the speci-
men radius (Fig. 16).

The maximum stress triaxiality values along the cen-
tre lines from Table 1 are indicated in the diagram at a
radius of r = 0 mm. With increasing radius the maxi-
mum triaxiality tends to decrease toward the specimen
surface. This holds for all extrusion ratios up to εex=
1.0. For higher extrusion strains, the curves flatten.
Though the maximum stress triaxiality is not constant
over the specimen radius, no intersections are present
for the lines corresponding to varying extrusion strains.
Hence, the triaxiality values calculated in Table 1 are
sufficient to compare the stress history of extrudates
by the use of just one characteristic value such as
ηmax(r = 0).

Residual stresses

Cold forging can lead to high forming induced residual stress-
es, caused by inhomogeneous elastic-plastic deformations. To
isolate the influence of forming induced residual stresses from
the resulting flow stress, a numerical analysis has been per-
formed to evaluate the residual stresses in the test specimens
after extraction by machining.

First the residual stress distribution before and after ejec-
tion of the part was investigated. The stress distribution is
shown for εex = 0.5 (Fig. 17).

After extrusion and before ejection, the formed part con-
tains large residual stresses which are caused by inhomoge-
neous plastic deformations during cold forging. Small plastic
deformations during the ejection process lead to a significant
drop of residual stresses, which is documented and explained
in the literature e.g. by Tekkaya and Gerhardt [36]. The nu-
merically evaluated residual stress distribution after ejection is
depicted in Fig. 18 for an extrusion strain of εex = 0.5. For this
investigation, the conventionally obtained flow curve (upset-
ting test up to ε = 0.7) was used.

While the core of the part is subjected to compressive
stresses of 50% of the initial flow stress of the annealed ma-
terial σf, 0 = 340 MPa, the stress increases toward the shaft
surface, resulting in a positive stresses of 25% of σf, 0 in this
region. After extraction of a cylindrical specimen (diameter
d = 8 mm) by turning, the self-equilibrating nature of residual
stresses leads to a second drop, as the region containing large
positive stress is removed. The residual stresses after turning
were evaluated analytically by shifting the remaining part of
the curve to zero, in order to reach a stress balance. The re-
maining residual stresses are within the small range of

Fig. 16 Maximum triaxiality for material lines ending up in the region of
specimen extraction (d = 8 mm) depending on the corresponding
extrusion strains (16MnCrS5, 2α = 90°, μ = 0.04)

Table 1 Maximumhydrostatic stress, maximum stress triaxiality and strain-weighted stress triaxiality along the central axis of the extrudate, depending
on the extrusion strain

εex 0.1 0.3 0.5 0.7 1.0 1.2 1.5

σh, max
[MPa]

289 236 131 −30 −250 −395 −541

ηmax 0.48 0.33 0.18 −0.04 −0.34 −0.53 −0.72
η 0.46 0.1 −0.05 −0.27 −0.61 −0.85 −1.16

Fig. 17 Numerically determined axial residual stress distribution before
and after ejection (16MnCrS5, 2α = 90°, μ = 0.04, Young’s modulus
Edie = 210.000 MPa, Poisson’s ratio ν = 0.3)
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±50 MPa (±14.7% of σf, 0). Since in this procedure it is as-
sumed that the turning operation does not cause additional
residual stresses, the results are an approximation of the actual
stress distribution.

Experimental procedure

It was shown, that a production of cylindrical specimens from
forward extruded rods with a known pre-strain is possible. In
the following, the experimental procedure to produce and test
the pre-strained specimens to achieve flow curves up to high
strains is presented and the results are discussed.

Cold extrusion

All experiments were performed on a hydraulic triple action
drawing press SMG HZPUI 260/160–1000/1000 with a max-
imum force of 2600 kN and a punch speed of 10mm/s at room
temperature. All billets were lubricated with Beruforge 191 by
manufacturer Carl Bechem GmbH. Beruforge 191 is a MoS2,
containing coating lubricant with small particle size for tem-
peratures up to 500 °C, for the application on non-phosphated
semi-finished products. The billets were extruded up to a con-
stant shaft length of 80 mm. The semi-cone angle of the die
and the transition radii were kept constant for all investiga-
tions (2α = 90°, r = 3 mm). The initial diameter of the semi-
finished parts was d0 = 30 mm, the initial workpiece length
l0 = 71 mm. The investigated extrusion strains and corre-
sponding reduced diameters are summarized in Table 2.

The case-hardening steel DIN 16MnCrS5 (SAE 5115) was
used for all investigations. Table 3 shows the chemical com-
position of the case-hardening steel.

The initial workpiece as well as the forward extruded rods
with varying extrusion strains are shown in Fig. 19.

From the extruded rods, tensile and upsetting test speci-
mens were extracted by means of turning. Details on the spec-
imen extraction and the testing procedures will be discussed in
the following.

Tensile tests

Tensile tests were conducted on a Zwick Roell Z250 universal
testing machine up to fracture on specimens machined from
annealed material as well as on specimens pre-strained with
varying extrusion strains according to Table 2. The position of
extraction as well as the specimen geometry (DIN 50125 – B
8 × 40) is shown in Fig. 20.

All tensile tests were conducted according to DIN
EN ISO 6892-1. The velocity was controlled in order
to ensure a constant strain rate of 0.0067 s−1. The spec-
imen elongation was measured directly on the test spec-
imens by means of a tactile macro-extensometer with a
gauge length of 40 mm.

Upsetting tests

Upsetting tests were conducted on specimens machined from
annealed material as well as on pre-strained specimens. The
position of extraction as well as the specimen geometry is
shown in Fig. 21.

The upsetting tests were conducted according to DIN
50106, with a constant strain rate of 0.0067 s−1. In order to
reduce the friction between the test specimens and the dies, the
contacting surfaces were sprayed with Teflon spray after each
upsetting test. The change in height of the specimen was mea-
sured indirectly by the crosshead travel. To account for the
unavoidable elastic deflection of the testing machine a stiff-
ness correction curve was utilized. The recorded values were
validated against the actual deformed specimen heights after
upsetting, whereby only small deviations of ±2% were
observed.

Results and discussion

The procedure of flow curve evaluation for large strains by
means of tensile tests on material pre-strained by forward rod
extrusion will be discussed in the following. In addition, the
variation of the extrusion strain εex allowed for an investiga-
tion of the influence of hydrostatic pressure on the resulting

Fig. 18 Relaxation of residual stress after machining operation for an
extrusion strain of εex = 0.5 (16MnCrS5, 2α = 90°, μ = 0.04)

Table 2 Investigated extrusion strains

εex 0.1 0.2 0.3 0.5 0.7 1.0 1.2 1.5

d1
[mm]

28.6 27.2 25.9 23.4 21.2 18.3 16.5 14.2
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flow curves. In order to evaluate the forming induced
Bauschinger effect a comparison of tensile and compres-
sive flow curves of the pre-strained material was
conducted.

True stress-strain curves were calculated from the force and
stroke measurements of the tensile and upsetting tests
(Fig. 22). Each test was repeated least three times. For every
test set the median curve was chosen. For a given strain the
deviation in stress between the median curve and the other
curves of the corresponding set was always less than 1%.

The dark red curve corresponds to the result of the tensile
test on annealedmaterial. The specimens necked at true strains
of approximately ε = 0.12. The dark blue curve, correspond-
ing to the result of the upsetting test on annealed material, was
evaluated up to a strain of ε = 0.7. After that, barrelling of the
specimen due to friction became too pronounced for a correct
calculation of the true stress, noticeable by a discontinuity in
the flow curve. The true stress-strain curves of the tensile and
upsetting tests on material pre-strained by forward rod are
plotted as bright red and blue lines, respectively. The begin-
ning of each pre-strained curve was shifted by their corre-
sponding area-weighted pre-strain ε, as explained in the pre-
vious section (Fig. 11).

So far, no special emphasis was given to the change in
strain rate between extrusion and subsequent tensile and up-
setting tests. However, Fig. 22 suggests that the change in
strain rate does not have a significant influence on the work-
hardening behaviour of the material, as the tensile and com-
pressive flow curves of extruded material are consistently
lower than the flow curves of annealed material. This is
underlined by results from Doege et al. [26], where no signif-
icant strain rate sensitivity was observed for strain rates below
8 1/s. Following from these observations, the strain rate sen-
sitivity of the flow curves was neglected in the subsequent
investigations.

Flow curve evaluation

A deviation exists between the flow curve from the
upsetting test on annealed material and the flow curves
from tensile tests on pre-strained material. One possible
explanation for the deviation is related to friction in upsetting,
which eventually leads to the unfavourable barrelling of the
specimen. Additional friction forces must be overcome to ini-
tiate yielding of the material, resulting in a higher overall
upsetting force and thus, in a higher apparent flow stress. In
order to take into account the inhomogeneous stress distribu-
tion resulting from friction, the friction-corrected flow stress
σf, μ was calculated according to Siebel [20] :

σ f ;μ ¼ Fj j∙ 4
π
D−2∙ 1þ 1

3
μ
D
h

� �−1

: ð22Þ

Herein, F is the experimental upsetting force and D and h
are the current diameter and height of the deformed specimen,
respectively. The Coulomb-friction coefficient is symbolized
by μ. According to Eq. 22 the influence of friction on
the apparent flow stress becomes more pronounced with
a decrease in the height to diameter ratio, since the contact
surface increases in a quadratic manner with decreasing spec-
imen height.

Figure 23a shows a comparison of the friction-corrected
upsetting flow curve for friction coefficients of μ = 0.05 and

Table 3 Chemical composition
of 16MnCrS5 steel Mat. No. DIN / SAE C Si Mn S Cr

1.7139 16MnCrS5 / 5515 0.14–0.19 ≤ 0.4 1.0–1.3 0.02–0.04 0.8–1.1

Fig. 19 Extruded parts with different extrusion strains
Fig. 20 Position of tensile test specimen extraction from cold extruded
shafts and specimen geometry (DIN 50125 – B 8 × 40)
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μ = 0.1. By the use of a friction coefficient of μ = 0.05 the
compressive flow curve is lowered onto the Bfriction-free^
tensile flow curve of the annealed material. The decrease of
the calculated flow stress leads to a general reduction of the
deviation between the compressive flow curve on annealed
material and tensile flow curves of pre-strained material. A
further increase of the friction coefficient to μ = 0.1 leads to
an underestimation of the friction-free tensile flow stress,
which is not admissible. Consequently, the friction coefficient
ofμ = 0.05was used for the friction-correction. The remaining

deviation between the friction-corrected compressive flow
curve and the tensile flow curve indicates that friction only
contributes partly. The second part of the deviation is assumed
to be caused by forming induced damage in the pre-strained
specimens, which is dealt with in the next section.

A flow curve was generated by use of the data from the
friction-corrected upsetting test on annealed material (μ =
0.05). The maximum stress of the tensile flow curve of the
specimen pre-strained by εex = 1.5 was used as an additional
support point, acting as a lower bound for the flow curve at the
corresponding area-weighted average strain ε = 1.67. Due to
its low number of model parameters, the Swift-type flow
curve model was utilized according to

σ f ¼ C∙ εþ ε0ð Þn: ð23Þ

C, ε0 and n are model parameters corresponding to a scal-
ing in stress, a shift in strain and the hardening exponent,
respectively. Due to the larger number of data points in the
upsetting test regime, the support point was given more
weight to be considered by the optimization algorithm.
Generally, the choice of the flow curve model is arbitrary, as
long as the model is capable to capture the experimental data
with sufficient accuracy. In Fig. 23b, the resulting flow curve
extrapolation is shown as dashed green line.

Damage

The remaining deviation between the compressive flow curve
of annealed material and the tensile flow curves of pre-
strained material suggests that the variation of hydrostatic
stress superposition during extrusion affects the strain harden-
ing behaviour. In the second section, it was shown that the

Fig. 21 Position of upsetting test specimen extraction from cold extruded
shafts

Fig. 22 True stress-strain-curves
for annealed material and speci-
mens pre-strained by forward rod
extrusion evaluated by means of
tensile and upsetting tests
(16MnCrS5, 2α = 90°)
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amount of hydrostatic stress along the central axis of a forward
rod extruded shaft depends on the extrusion strain. The influ-
ence of hydrostatic and deviatoric stresses on the evolution of
ductile damage is the topic of several ongoing research pro-
jects. Generally, it is assumed that for a given constant Lode
parameter a high triaxiality may lead to an evolution of ductile
damage, causing a material weakening, while negative triaxi-
ality values tend to cause little or no damage accumulation.

Figure 24 shows the maximum hydrostatic pressure as well
as the correspondingmaximum triaxiality in the forming zone,
as a function of the extrusion strain. Up to an extrusion strain
of εex = 0.7 the hydrostatic stress as well as the triaxiality is
above or close to zero. Under these stress states it is generally
assumed that ductile damage is accumulated. With increasing

extrusion strain, both the hydrostatic stress as well as the tri-
axiality decrease, eventually resulting in a negative triaxiality,
whereby it is assumed that less or no damage is accumulated.

In correspondence to this, Figure 24 shows that the tensile
flow curve of annealed material and the tensile flow curves
pre-strained up to εex = 0.7 saturate toward a shared flow stress
level (black dashed line on the left), which is significantly
lower than the Bdamage-free^ compressive flow curve of
annealed material (green line). Pre-strains above εex = 0.7 lead
to a second flow stress level (black dashed line on the right),
which saturates toward the extrapolation of the damage-free
compressive flow curve (green dashed line), emphasizing that
little or no damage was accumulated in the forward extruded
shafts with these extrusion strains.

Fig. 23 Friction-corrected flow
curve evaluation by (a) tensile
and upsetting test on annealed
material and (b) tensile tests on
material pre-strained by forward
rod extrusion (16MnCrS5,
2α = 90°)

Fig. 24 Illustration of different stress levels in tensile tests on pre-strained specimens (16MnCrS5, 2α = 90°)
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Tekkaya et al. [37] have found, by means of SEM analysis
as well as fatigue testing of specimens made from forward
extruded rods that large deviations occur, when extrusion
strains of εex = 0.5 and εex = 1.0 are compared. For the lower
extrusion strain of εex = 0.5 a more pronounced void nucle-
ation was observed, leading to a significantly lower fatigue
strength than the part with εex = 1.0. The influences
of work-hardening and residual stress were ruled out
by experimental and numerical analyses. The observa-
tions are in accordance with the present results regard-
ing the occurrence of triaxiality-dependent flow stress
levels of pre-strained specimens.

Load reversal

As shown in Fig. 22, the compressive flow curve of material
pre-strained by εex = 0.1 saturates toward an elongation of the
compressive flow curve of the annealed material. However,
for higher pre-strains, the curves saturate toward lower stress
levels. During forward rod extrusion, the material was sub-
jected to a tensile deviatoric stress state, whereas in the upset-
ting test, the deviatoric stress direction reverses. This load
reversal not only leads to a decrease of the yield stress with
increasing pre-strain, known as Bauschinger effect, but also to
a permanent softening effect, as observed by many authors
e.g. Sun and Wagoner [38]. In addition to that, when pre-
strains exceed εex = 0.2 a region of work-hardening stagnation
becomes apparent. It is stated e.g. by Yoshida und Uemori
[39], that the general existence of work-hardening stagnation
depends on the investigated material. However, the present
results indicate that even when a material does not show a
clear region of work-hardening stagnation up to a certain
pre-strain, the phenomenon may just be shifted toward larger
pre-strain regions. In addition to that, for pre-strains above εex
= 0.7, the material seems to show not only one, but two con-
secutive regions of work-hardening stagnation. The phenom-
enon becomes more pronounced for higher pre-strains.

Due to the load reversal, the evaluation of upsetting tests on
forward extruded material does not suffice for the evaluation
of flow curves for large strains. However, a comparison of the
tensile and compressive flow curves, give new insights into
the Bauschinger effect for materials pre-strained by large true
strains over εex = 1.5. In order to evaluate the Bauschinger
effect, the Bauschinger coefficient σy is used, which can be
defined as the ratio of the yield stresses in opposing load
directions according to

σ f ¼ jσ f ;negj
σ f ;pos

: ð24Þ

Herein, σy,pos and σy,neg are the yield stresses in positive
and negative direction. Conventionally, σy,neg is defined as the
yield stress under compression and σy,pos the yield stress under

tension, respectively. According to Yoshida and Uemori [39],
the Bauschinger coefficient depends on the pre-strain εpre.
Since the exact identification of the yield point is difficult
for pre-strained material, the Rp0.2%-yield-strength is utilized
instead. In this paper, the Bauschinger coefficient was evalu-
ated by means of two definitions, considering the tensile yield
stress Rp0.2%,tens, the compressive yield stress Rp0.2%,tens of
pre-strained material and the flow stress σy, μ. The determina-
tion of the three quantities is indicated in Fig. 25a. In the first
definition, the Bauschinger coefficient was calculated as the
ratio between the tensile and compressive yield stress of pre-
strained material, according to

σ f ¼
Rp0:2%; comp

�� ��
Rp0:2%;tens

: ð25Þ

In this definition, the forming induced damage is included
in the calculation of the Bauschinger coefficient, since the
flow stress Rp0.2% ,tens is affected by ductile damage accumu-
lated during forward rod extrusion. In the second definition,
the flow stress σy, μ is used instead, according to

σy;ex ¼
jRp0;2%;compj

σy;μ
: ð26Þ

The evaluated Bauschinger coefficients depending on the
corresponding pre-strain reached by forward rod extrusion are
shown in Fig. 25b.

For the annealed material, the yield stresses in both load
directions are equal which leads to a Bauschinger coefficient
of σ f = 1. With increasing pre-strain, both Bauschinger coef-
ficients decrease to about σ f ¼ 0.6 to σ f = 0.7, which means,

Fig. 25 a Evaluation of stresses for the calculation of the Bauschinger
coefficient b Bauschinger coefficients for pre-strained by forward rod
extrusion depending on the pre-strain (16MnCrS5)
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that the compressive yield stress is about 30–40% lower than
the tensile yield stress. Starting from the minimum in-
vestigated pre-strain of εpre = 0.1 the Bauschinger coef-
ficients are almost constant for the investigated pre-
strains. It is assumed, that the Bauschinger coefficient
saturates in a pre-strain region prior to εpre = 0.1, which
is true for various materials in the literature. The same
method of determining the Bauschinger coefficient can
be applied to any associated effect, e.g. permanent soft-
ening and transient hardening.

Conclusions

A new experimental method has been proposed to evaluate
flow curves of materials by tensile tests on specimens pre-
strained by forward rod extrusion. Due to the Bauschinger
effect upsetting tests on pre-strained specimens do not suffice
for a flow curve evaluation. In addition to this, tensile flow
curves with small pre-strains cannot be utilized either, since
the strength of these specimens seems to be affected by ductile
damage, accumulated during the process of forward rod ex-
trusion. With increasing extrusion strain, however, the stress
state is increasingly superposed by hydrostatic pressure, yield-
ing the accumulation of damage unlikely, which means that
the resulting curves can be used as support points for a flow
curve in the high strain region. The method has been conduct-
ed on the case-hardening steel 16MnCrS5, generating a flow
curve up to a strain of ε ¼ 1.7.

Figure 26 illustrates a comparison of the two standard
methods of flow curve generation, Btensile test^ and
Bupsetting test^, along with the proposed method Bupsetting
test and tensile test on extruded specimens^with respect to the
maximum strains achievable.

The resulting flow curves and their extrapolation uti-
lizing the three experimental methods are shown in
Fig. 27. In the high strain regime there are large devi-
ations between the individual methods. In the present
case, the actual flow stress seems to be overestimated
drastically when utilizing the commonly used upsetting
test, which emphasizes the potential of the use of addi-
tional support points.

Since the amount of hydrostatic stress can be varied
by changing the extrusion strain in forward rod extru-
sion, the experimental procedure allows for an investi-
gation of the influence of hydrostatic pressure on the
apparent flow stress and thus, a qualitative assessment
of ductile damage. In addition, the difference between
the tensile and compressive yield stress allows for an
evaluation of the Bauschinger effect for pre-strained ma-
terial. Following from that, the experimental procedure
can be used to further develop material models taking into
account forming-induced damage and the Bauschinger effect
for large pre-strains.

If the strain rate sensitivity or the temperature is of
interest the procedure can be adjusted accordingly by
changing the extrusion speed or temperature, as well
as the tensile test conditions.
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Appendix

A Simulation model of forward rod extrusion

Homogeneous stress and strain distributions over a sufficiently
large region of the forming zone are necessary requirements for
the extraction of representative test specimens from the forward
rod extruded shafts. In order to evaluate if the requirements are
fulfilled for forward rod extrusion, the process was analysed by
means of numerical simulations. The use of the method allows
for a detailed investigation of the load paths, not only regarding
the evolution of stresses and strains along the central axis, but
also over the workpiece radius. The simulations were conduct-
ed with the FEM-code Simufact.Forming. Due to rotational
symmetry, all simulations were conducted with axisymmetric
elements.

In the first simulation step, the workpiece is upset within
the container by the punch. After filling of the container is
reached, the material starts to flow into the die cavity. When
a shaft length of 80 mm is reached, the workpiece is unloaded
and pushed out of the die by an ejector. The workpiece was
modelled elastic-plastic in order to take into account forming-
induced residual stresses. The elastic material parameters as
well as the temperature dependent flow curves for 16MnCrS5
are shown in Fig. 28. According to Doege et al. [26] 16MnCrS5
shows no significant strain rate dependency for strain rates
below 8 1/s. Since the maximum strain rate in the forming zone
amounts to 4 1/s, the strain rate sensitivity of the flow stress was
neglected in the simulations.

According to Tekkaya and Gerhardt [36] modelling the die
as an elastic object is necessary in order to correctly predict the
reduction of residual stresses during the ejection process. Both
punch and ejector were assumed to be rigid objects. The work-
piece was discretized with linear 4-node elements with an
average element size of 0.35 mm, whereas the forming zone
was discretized more finely by means of a static mesh win-
dow, resulting in an element edge length of 0.15 mm. The
overall number of elements in the workpiece amounts to about
8.000 elements. Due to the large plastic strains occurring,
remeshing was conducted, whenever the local element distor-
tion led to a negative element Jacobian. The die was
discretized with a structured mesh with an average mesh size
of 1.2 mm. In contact regions the element edge length was
decreased to 0.5 mm and 0.4 mm. The settings resulted in an
overall element number of approximately 10.000 elements
(Fig. 29).

The Coulomb friction model was used for the tool-
workpiece interaction with a friction coefficient of μ = 0.04.
The cylindrical workpiece geometry was defined with an ini-
tial diameter of d0 = 30 mm and an initial length of l0 =
71 mm. The die radii as well as the semi-cone angle of the
dies were kept constant for all investigations (r = 3 mm and
2α = 90°).

B Influence of inhomogeneous pre-strain
distributions on the flow stress evaluation

It was shown, that cylindrical specimens pre-strained by for-
ward rod extrusion possess an inhomogeneous strain distribu-
tion over the specimen radius. Due to this, the question arises,
if a flow stress evaluation by means of tensile tests on the pre-
strained specimens can be conducted utilizing an area-
weighted average strains ε with sufficient accuracy regarding

Fig. 28 Temperature-dependent flow curves of 16MnCrS5
Fig. 29 FEM-model of forward rod extrusion (a) initial setup (b)
deformed setup (c) mesh refinement in the forming zone
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the actual pre-strain distribution. To validate the procedure,
simulations of tensile tests with pre-strained cylindrical spec-
imens have been conducted, utilizing the flow curve given by
Fig. 27. At first, a simulation was conducted with the actual
pre-strain distribution generated by forward rod extrusion. In
addition, a simulation was conducted, utilizing a homogenous
strain distribution equal to the area-weighted average strain ε
from Fig. 11. The highest extrusion strain of εex = 1.5 was
considered, since it shows the largest deviation between the
area-weighted average strain ε and the actual strain distribu-
tion ε(r).

Figure 30 shows the true stress-strain curves calculated
from the force F and displacement u for the two simulations.
The error between the two generated flow curves is less than
0.44 MPa, which corresponds to a deviation of 0.045%.

Following from the numerical results, the inhomogeneous
strain distribution of pre-strained specimens can be considered
in the flow curve evaluation by assuming the pre-strain εpre to
be equal to the area-weighted average strain ε.

In the numerical procedure an initial flow curve is needed
to obtain accurate area-weighted average strains. This raises
the question, how strongly the area-weighted average strains
depend on the accuracy of the generally unknown flow curve.

To analyse the sensitivity of the area-weighted average strain
on the underlying flow curve, additional simulations have
been conducted, utilizing a generic Swift-type hardening
curve. Starting from an initial set of hardening parameters
(C = 400 MPa, ε0 = 0.01, n = 0.2) the parameters were varied
within a range of ±100%. Themaximum resulting deviation of
the area weighted-average strains in the region of specimen
extraction (d = 8 mm or r2 = 16 mm) amounts to less than 5%,
indicating that the plastic deformation along the central axis is
not significantly affected by the hardening parameters.
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