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Abstract
The influence of anisotropic work-hardening on the component properties and process forces in cold forging is investigated. The
focus is on the material behaviour exhibited after strain path reversals. The work-hardening of three steels is characterized for
large monotonic strains (equivalent strains up to 1.7) and subsequent strain path reversals (accumulated strains up to 2.5). Tensile
tests on specimens extracted from rods forward extruded at room temperature reveal an almost linear work-hardening for all
investigated steels. The application of compressive tests on extruded material gives insights into the non-monotonic work-
hardening behaviour. All previously reported anisotropic work-hardening phenomena such as the Bauschinger effect, work-
hardening stagnation and permanent softening are present for all investigated steels and intensify with the pre-strain.
Experimental results of 16MnCrS5 were utilized to select constitutive models of increasing complexity regarding their capability
to capture anisotropic work-hardening. The best fit between experimental and numerical data was obtained by implementation of
a modified Yoshida-Uemori model, which is able to capture all observed anisotropic work-hardening phenomena. The consti-
tutive models were applied in simulations of single- and multi-stage cold forming processes, revealing the significant effect of
anisotropic hardening on the predicted component properties and process forces, originating in the process-intrinsic strain path
reversals as well as in strain path reversals between subsequent forming stages. Selected results were validated experimentally.
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Introduction

The goals of metal forming process design have long
exceeded the mere shaping of parts. Property changes of cold
forged parts due to plastic deformations have received increas-
ing attention in the last years including the mechanical prop-
erties [1] and damage [2]. An exact incorporation of the ma-
terial behaviour under complex strain paths is necessary to
predict and exploit these property changes by numerical sim-
ulations. Previous research works have rarely considered an-
isotropic hardening in the field of cold bulk forming
preventing an accurate prediction of a formed components
properties and its performance. In the scope of this paper,
the phrase “anisotropic work-hardening” refers to the devia-
tion of a metal’s yield surface from an initially isotropic state,

captured for example by the concept of combined isotropic-
kinematic hardening.

Bauschinger [3] found, that when a material is plastically
deformed under tension and then compressed, the yield stress
under reverse loading (σf,reverse) is lower than the flow stress
before unloading (σf,forward) (Fig. 1).

Consequently, the common assumption of isotropic hard-
ening is inaccurate, whenever a region of material undergoes a
strain path reversal.

In addition to the Bauschinger effect, which describes only
the difference of the flow stress in tensile and compressive
direction, materials can exhibit additional anisotropic work-
hardening phenomena. The illustrated effects (see Fig. 1) in-
clude the smooth transition from the elastic into the elastic-
plastic state immediately after a strain path reversal, referred to
as transient hardening, work-hardening stagnation and perma-
nent softening. Masing [4] explained the Bauschinger effect
with differences in the orientation of individual crystals within
a polycrystal, leading to differences in the yield strength of
individual crystals in different directions. Orowan [5] pro-
posed that the Bauschinger effect is connected to the
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interaction of dislocations with obstacles. Such obstacles can
be clusters of interstitial atoms of a secondary phase. During
forward loading, the obstacles must be sliced or bypassed,
during which so-called elastic back stresses are generated,
which add up to the total stress during reverse loading.
Sliced obstacle lead to an eased dislocation motion upon load
reversal. Sleeswyk et al. [6] explained the Bauschinger effect
and the accompanying transient hardening by a “loss of strain”
after reloading, based on a decrease of dislocation density.
Sillekens et al. [7] explained the lowered flow curve with the
unpiling of dislocation structures that do not encounter new
obstacles during the reverse motion. Hasegawa et al. [8] found
that the stagnation of the work-hardening curve after a load
reversal is related to the accompanying disintegration of cell
walls, while simultaneously new dislocations are generated.
Work-hardening resumes after all remaining cell walls from
the previous loading have dissolved. For single crystal zinc
specimens Edwards and Washburn [9] observed, that the
stress during reverse loading is permanently lower than the
flow stress under monotonic loading. The authors reported
that the “permanently lost strain” increases linearly with the
pre-strain and explained this with the annihilation of disloca-
tions trapped in the crystal during forward loading. Sillekens
et al. [7] attributed the linear correlation between the pre-strain
and the magnitude of permanent softening of Ck45 steel to the
gradually obstacle-free slip-planes in the reverse dislocation
moving direction.

Many authors identified the pre-strain as the most impor-
tant factor influencing the intensity of anisotropic hardening
effects. Sowerby et al. [10] observed for three steel grades that
the intensity of permanent softening correlates with the pre-
strain. Scholtes et al. [11] reported for normalized Ck45 steel
that the Bauschinger coefficient saturates with increasing pre-
strains and the intensity of permanent softening increases
without any signs of stagnation. Sillekens et al. [7] conducted
similar tests on C45 steel and found a linear correlation

between the pre-strain and permanent softening. Yoshida
et al. [12] performed forward-reverse tensile tests reporting
2.5% permanent softening for mild steel sheets and up to
7.5% for an advanced high strength steel.

In sheet metal forming anisotropic hardening effects re-
ceive frequent attention, as spring back, a major concern in
this research field, is highly affected by non-proportional
strain paths and the accompanying work-hardening phenom-
ena. This becomes especially important when large regions
are bent and unbent multiple times, e.g. in deep drawing with
draw beads. Ghaei and Green [13] showed by the example of
the NUMISHEET 2005 benchmark that the accuracy of
spring back simulations can be increased drastically utilizing
a mixed isotropic-kinematic hardening model. A comprehen-
sive review on the influence of anisotropic hardening on
spring back was given byWagoner et al. [14]. The most com-
mon method to characterize materials in the field of sheet
metal forming is the tension-compression test [15] (Fig. 2a).
Due to the low bending stiffness of the slender specimens, the
achievable tensile pre-strains are highly limited [16]. As a
countermeasure Kuwabara et al. [17] introduced a support
device, while Boger [18] used on special specimen geome-
tries. Other characterization methods include the cyclic planar
shear test [19], the cyclic bending test [20] and the cyclic in-
plane torsion test [21].

In the literature, experimental results on the influence of
anisotropic hardening in bulk forming processes are rare and
focus mainly on the application of pre-drawn wire in subse-
quent forming processes. Tozawa and Kojima [22] conducted
cold heading tests on different pre-drawn steels and showed
that the flow curve and formability depends on the die angle in
the wire drawing process, in which the material is pre-strained
under tension. Havranek [23] showed that pre-drawing leads
the two investigated steels AISI K1020 and AISI K1040 to
exhibit work-hardening stagnation and permanent softening
during subsequent cold heading. This leads the forming work
required for compression to be even lower than that of
spheroidized material. Ma [24] showed that a consideration
of the Bauschinger effect in cold heading simulations can
improve the quality of geometry prediction. Miki and Toda
[25] investigated the influence of work-hardening in drawing
and subsequent upsetting and subsequent forward rod extru-
sion. They found, that the anisotropic hardening only affects
the first process sequence which corresponds to a tension-
compression strain path change, emphasizing that anisotropic
hardening must be considered for an accurate prediction of
tool life. Galdos et al. [26] investigated the influence of strain
path reversals in the production of ball pins. They modelled
the workpiece behavior by means of the Chaboche hardening
model (1986) and observed that the geometry, residual stress
and process forces are only weakly affected by the
Bauschinger effect as most material regions do not undergo
strain path changes.

Fig. 1 Anisotropic work-hardening phenomena observed after strain path
reversal and comparison with monotonic loading

1464 Int J Mater Form (2021) 14:1463–1481



In bulk metal forming, the material is typically available in
form of bars or slabs. Analogously to the characterization of sheet
specimens, a common method to characterize material in the
form of bars is the tension-compression test of round specimens.
Due to the high length to diameter ratio and thus the low bending
stiffness, standardized tensile specimens according to the inter-
national standard ISO 6892-1 are not suited to apply strain path
reversals. Scholtes et al. [11] tested different types of specimen
geometries and test apparatuses to overcome this limitation.
Despite these precautions, the achieved plastic pre-strains were
limited to 3.7% due to the restricted material flow at the speci-
men’s end faces, introducing an unknown stress distribution.
Galdos et al. [27] investigated the load reversal behavior of
42CrMoS4Al case-hardening steel by means of cyclic torsion
tests on cylindrical specimens (Fig. 2b). They were able to char-
acterize the material to equivalent pre-strains of εpre = 0.7 and
observed the Bauschinger effect, transient hardening, work-
hardening stagnation and permanent softening. Sillekens et al.
[28] conducted upsetting tests on cylindrical specimens ma-
chined from previously elongated C22 steel and CuZn37 bars
and were able to achieve pre-strains of εpre > 0.3, showing that
the flow stress and hardening rate in reverse direction drops
significantly with increasing pre-strain.

To overcome the limits of conventional characterization pro-
cedures and reach larger strains ( ε >1), some authors utilized
different forming technologies to generate pre-strained speci-
mens for subsequent mechanical testing (Fig. 2c). Langford
and Cohen [29] conducted upsetting tests on drawn iron wires
with large pre-strains of εpre = 4.5, demonstrating that the mate-
rial exhibits extensive softening after the strain path reversal.
Pöhlandt [30] performed upsetting tests on cold-extruded
QSt32–3 to obtain large strain flow curves and observed an
“abnormal” hardening slope, which Doege et al. [31] attributed
to the strain path reversal between extrusion and upsetting. Nehl
[32] investigated the influence of the extrusion strain in forward
rod extrusion on the flow stress in subsequent compression for
four types of machining steels and found that even at the lowest
investigated pre-strain of εpre = 0.5 all materials exhibit softening
in subsequent upsetting.

In the field of cold forging, up to now, the consequences of
anisotropic hardening have been rarely considered in terms of
numerical simulations. To model strain path reversal related
work-hardening phenomena kinematic or distortional hardening
models can be applied, e. g. as described by Chaboche [33] or
Barlat et al. [34], respectively. So far, such enhanced models have
been rarely applied in the field of cold bulk forming simulations,
partly due to the missing experimental characterization procedures
necessary to fit the model parameters and partly due the model’s
limitations to correctly capture anisotropic hardening at the large
strains occurring in cold bulk forming processes. Suh et al. [35]
applied a simple kinematic hardening model in simulations of
forward extrusion simulations andobserved that the residual stress-
es are highly affected. Narita et al. [36] compared different process
sequences for the production of cold forged bolts, utilizing the
advancedYoshida et al. [12] hardeningmodel in their simulations.
By modelling the Bauschinger effect in the simulation, they were
able to improve the prediction accuracy of the part’s strength.

Considering the role of work-hardening for the product and
process properties in metal forming processes, the lack of
knowledge on the anisotropic work-hardening behavior over
the complete strain regime leads to significant uncertainties in
the results of cold forging simulations, making impossible an
accurate prediction of product properties and process forces.
The goal of this work is to quantify and model the influence of
anisotropic work-hardening on process forces and component
properties in cold forging with a focus on strain path reversals.
The methodology includes the following stages:

1) Establishment of experimental methods to characterize
the large strain anisotropic work-hardening behaviour of
cold forging steels over the whole relevant pre-strain re-
gime and comparison of materials,

2) assessment and modification of constitutive models to
capture all observed anisotropic work-hardening phe-
nomena exhibited after strain path reversal considering
large equivalent strains and pre-strains >1,

3) application and comparison of isotropic and anisotropic
work-hardening models in cold forging simulations,

Fig. 2 Selected methods to characterize the anisotropic hardening behaviour during strain path reversals in (a) sheet metal forming and (b) bulk metal
forming; (c) Application of forming technologies to generate pre-strained specimens for subsequent mechanical testing
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4) determination of the influence of anisotropic hardening
on the process forces and component properties in
single- and multi-stage cold forging processes.

To allow the assessment of the constitutive models with
regard to their prediction accuracy, selected results are vali-
dated experimentally.

Characterization of large strain anisotropic
work-hardening

In the following, the materials and methods used to character-
ize the work-hardening behaviour after strain path reversals at
large strains are presented.

Materials

Table 1 shows the chemical compositions of the three inves-
tigated steels. The steels were selected according to their neg-
ligible initial tension-compression asymmetry as well as to
cover a range of anisotropic work-hardening behaviours.

Methods

Various characterization methods were applied and compared
to capture the work-hardening behaviour over different strain
and pre-strain regimes (Fig. 3). For small strains (0 < ε < 0.5)
conventional tensile and upsetting tests were conducted.
Tensile tests on cold extrudedmaterial were applied to capture
the large strain work-hardening behaviour as suggested by

Hering et al. [37] (0.5 < ε < 1.7). Tensile test specimens are
extracted from the center of forward extruded bars which con-
tain a uniformly formed region in the core, in which the equiv-
alent strain can be calculated analytically as

εex ¼ 2⋅ln
d0
d1

� �
: ð1Þ

Herein, d0 and d1 are the diameter of the extrudate before
and after forward extrusion, respectively. The forward extru-
sion setup to produce specimens with various extrusion strains
is described in detail in Hering et al. [37].

By performing tensile tests on the extrudates with different
extrusion strains, individual points of a large strain flow curve
are obtained under an overall monotonic strain path as the
deviatoric stress state in the forming zone of forward extrusion
equals that of a uniaxial tensile test. The equivalent strain in
the extracted specimens is higher than the nominal extrusion
strain, as the material is additionally sheared toward the sur-
face and must thus be determined numerically.

To characterize the work-hardening behaviour subsequent
to a strain path reversal, upsetting tests were conducted on
material pre-strained by tensile tests (small pre-strains) and
pre-strained by forward rod extrusion (large pre-strains). The
specimen geometries are shown in Fig. 4.

The tensile and upsetting tests were performed on a Zwick
Roell Z250 universal testing machine. Tensile tests were per-
formed at room temperature according to DIN EN ISO 6892-1
with a constant strain rate of 0.0067 s−1. The specimen elongation
was measured with a macro-extensometer with a gauge length of
40 mm. The upsetting tests were conducted according to DIN
50106 at room temperature with a constant strain rate of
0.0067 s−1. In order to reduce the friction, the end faces of the
cylindrical specimens were lubricated with Teflon spray. The
specimen height was measured indirectly in terms of the cross-
head travel, which was corrected for the elastic deflection of the
test machinery under compressive loading. The stress-strain
curves obtained under compression were corrected for friction
by the method explained by Siebel [38]. According to Hering
et al. [37] the friction coefficient was assumed as μ = 0.05. All

Table 1 Chemical composition of investigated steels (vol-%)

Steel C Si Mn P S Cr Mo

16MnCrS5
(1.7139)

0.152 0.172 1.194 0.013 0.027 1.040 0.042

C15 (1.0401) 0.153 0.231 0.570 0.123 0.018 0.093 0.036

100Cr6 (1.3505) 0.967 0.178 0.351 0.009 0.017 1.478 0.019

Fig. 3 Experimental procedures
to determine the (a) large strain
monotonic and (b) non-
monotonic work-hardening
behaviour
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flow stress values presented in the following correspond to the
mean of least four individual measurements.

Large strain monotonic work-hardening behaviour

The results of the tensile tests and upsetting tests on
16MnCrS5 specimens and the data obtained by tensile tests
on forward extruded material is shown in Fig. 5.

In the case of the tensile test, the maximum achieved strain (ε
= 0.14) was limited by the occurrence of necking, in upsetting by
barrelling (ε = 0.5) and in forward extrusion by the highest pos-
sible extrusion strain εex= 1.5 (corresponding to an effective
strain in the specimen of ε = 1.68), which is limited by the
strength of the extrusion tools. The data from the tensile tests
on the as-received material and the tensile tests on forward ex-
truded material were combined to generate large strain flow
curves. It is noted that the pre-strained tensile specimens start
necking almost immediately after plastic flow sets in. The data
in between two flow stress points obtained by tensile tests on
forward extruded material is interpolated linearly. All three
methods show a high correlation as reported in Hering et al. [37].

The large strain flow curves of the investigated steels ob-
tained by tensile tests and tensile tests on cold extruded mate-
rial are shown in Fig. 6.

After an initially steep flow curve increase, all materials
transition into near linear work-hardening, as opposed to the

commonly assumed saturating behaviour. The observed linear
hardening at large strains is characteristic for the fibrous mi-
crostructure evolving under uniaxial tension and the corre-
sponding mode of deformation.

Large strain work-hardening behaviour after strain
path reversal

The results of tensile and upsetting tests on forward extruded
material are shown in Fig. 7. As the subsequent upsetting after
forward extrusion corresponds to a full strain path reversal, the
flow curves under compression include all work-hardening phe-
nomena presented in Fig. 1. All curves obtained by upsetting
tests (red lines) are significantly lower than the corresponding
stress-envelope curves (dashed blue lines) generated by the ten-
sile stress. The steels exhibit the classical Bauschinger effect, in
terms of flow stress difference between monotonic loading and
after strain path reversal, transient hardening, work-hardening
stagnation and permanent softening. The intensity of all these
effects increases with the pre-strainεpre. While 16MnCrS5 main-
tains its work-hardening rate after subsequent compression, the
work-hardening rate of 100Cr6 and C15 is altered permanently.
In the cases of C15 and 100Cr6, the work-hardening rate under
subsequent compression does not seem to revert to the work-
hardening rate under monotonic loading. In the extreme case of
C15 the work-hardening potential seems to vanish completely
for εpre > 0.7.

Fig. 4 Specimen geometries for
(a) tensile test, (b) upsetting test

Fig. 5 Comparison of methods to obtain the monotonic work-hardening
behaviour of the case-hardening steel 16MnCrS5 Fig. 6 Large strain monotonic flow curves of different steels
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In order to quantify the anisotropic work-hardening phe-
nomena, the definitions according to Fig. 8 are used.

The Bauschinger coefficient χ is defined as:

χ εpre
� � ¼ j σ f ;reverse

σ f ; forward
j: ð2Þ

Herein, σf, forward and σf, reverse are the flow stress before
and after the strain path reversal, respectively. As the flow
stress of pre-strained materials cannot be identified easily,
due to the smooth transition from the elastic into the elastic-
plastic regime, the flow stress was approximated by the proof
stress at 0.2% plastic strain (Rp0.2%).

The intensity of transient hardening and work-hardening stag-
nation cannot be captured by a scalar value, thus they are quan-
tified by means of the normalized stress difference curve

Δσ f εmax; εpre
� �

¼

 
σ f ; forward εmaxð Þ−jσ f ;reverse εmax; εpre

� �j
σ f ; forward εmaxð Þ : ð3Þ

Permanent softening Δσf∞ is defined by the difference be-
tween the last measured points of each flow curve at εmax obtain-
ed for subsequent compression and the flow stress under mono-
tonic loading at the same effective strain. As the flow curves for
monotonic tension and subsequent compression do not necessar-
ily become parallel (e. g. in the cases of C15 and 100Cr6) Δσ f∞
represents only an approximation of permanent softening, as the
continuation of the curves at large reverse strains remains un-
known. The influence of the pre-strain on the Bauschinger coef-
ficient of the three steels is plotted in Fig. 9. The curves in the
dashed box correspond to data obtained by upsetting tests on
material pre-strained by uniaxial tension. In this small pre-strain
regime, the Bauschinger coefficients show the frequently report-
ed steep drop with a fast saturation toward constant values in the
range of 0.66 < χ < 0.71.

The curves in the dashed box correspond to data obtained
by upsetting tests on material pre-strained by uniaxial tension.
In this small pre-strain regime, the Bauschinger coefficients
show the frequently reported steep drop with a fast saturation

Fig. 7 Stress-strain behaviour of various materials determined by tensile and upsetting tests subsequent to forward rod extrusion

Fig. 8 Definition of strain path reversal effects Fig. 9 Influence of the pre-strain on the Bauschinger coefficient
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toward constant values in the range of 0.66 < χ < 0.71. At
larger pre-strains, all steels show an initial increase of the
Bauschinger coefficients, before falling back and saturating
in the range of 0.67 < χ < 0.74.

The stress difference curves according to the definition
given in Eq. 3 are plotted in Fig. 10. The beginning of each
curve marks the initial flow stress difference after the strain
path reversal as quantified by the Bauschinger coefficient.

The curves then traverse into a steep drop①, followed by
another increase ②. This oscillating behaviour highlights the
region of work-hardening stagnation. For 16MnCrS5 the
curves flatten at increasing total strains, indicating that the
work-hardening slope before and after the strain path reversal
are equal ③. This is not the case for C15 and 100Cr6, as the
slope for subsequent compression remains lower than the
slope under monotonic tension ④.

The last point of each stress difference curve marks the
normalized permanent softening (Fig. 11). For all steels per-
manent softening increases with the pre-strain and is most
pronounced for C15, which loses more than 22% of its
work-hardening potential due to the strain path reversal.

In the application of the steels in cold forming processes with
strain path reversals, this permanent loss of work-hardening is
expected to translate directly into a decrease of the forming forces.

In summary, the applied experimental methods reveal the
monotonic work-hardening behaviour of three steels up to
large equivalent strains and after strain path reversals with
large pre-strains, far exceeding those in the literature (by a
factor of more than 5). All investigated steels exhibit signifi-
cant deviations from the conventionally assumed isotropic
hardening behaviour, if the strain path is reversed after previ-
ous plastic forward deformation.

Modelling anisotropic work-hardening

Material models and modifications

Based on the characterization results in the previous section,
constitutive models of varying complexity were selected and
modified with regard to their capabilities to capture the ob-
served anisotropic work-hardening effects:

a) Isotropic hardening (reference model)
b) Combined isotropic-kinematic hardening according to

Chaboche [33]
c) Yoshida-Uemori combined hardening [39]

The basic principles of the constitutive models are illustrat-
ed in Fig. 12 by means of the corresponding yield surfaces.

In the Chaboche model, the flow stress difference for ten-
sion and compression after previous plastic loading is cap-
tured by the translation of the yield surface α (back stress),
which evolves according to the evolution equations

α ¼ ∑n
i αi with dαi ¼ Ci dεp−γi αi dε; ð4Þ

where Ci and γi are material parameters and dε is the effective
plastic strain increment. In this paper, a variant of the
Chaboche model with two back stress terms (n = 2) and γ2
= 0 is considered. This setting allows modelling permanent
softening as the saturation of the second kinematic hardening
term is avoided.

Fig. 10 Stress difference curves calculated according to the definition given by Eq. 5

Fig. 11 Influence of pre-strain on normalized permanent softening
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The Yoshida and Uemori [39] model is a so-called multi-
surface model. The yield surface translates with respect to a
bounding surface according to

dθ ¼ c
a
Y
η−

ffiffiffi
a

θ

r
θ

� �
dε: ð5Þ

Here, θ is the position of the yield surface relative to the center
of the bounding surface, η is the difference between the stress and

the back stressα and θ is the effective value of θ, according to the
yield function definition (in the present case, the Von-Mises yield
function was used under the assumption of initial isotropy).

The bounding surface translates according to the evolution
equation:

dβ ¼ k
b
Y
η−β

� �
dε

p

eq: ð6Þ

The evolution equation of the yield surface translation
(back stress) is given as

dα ¼ dβþ dθ: ð7Þ

In the original formulation of the Yoshida-Uemori model, the
isotropic hardening of the bounding surface evolves according to

dR ¼ k Rsat−Rð Þdε; ð8Þ
corresponding to saturating isotropic hardening with a maxi-
mum bounding surface radius of Rsat. To model the work-
hardening stagnation, isotropic hardening of the bounding sur-
face only takes place, if the center of the bounding surfaceθ lies
on the edge of a third surface, the so-called stagnation surface.
The evolutions of the stagnation surface translation and expan-
sion are denoted by

dq ¼ dq hð Þ and ð9Þ
dr ¼ dr hð Þ ð10Þ
respectively. The fractions of the two components are con-
trolled by the material parameter h (0 < h < 1), which
determines the intensity of work-hardening stagnation.

To correctly model the large strain monotonic hardening
behaviour observed for 16MnCrS5 the isotropic hardening

component R was generalized as proposed by Yoshida et al.
[40] by defining it as a weighted combination of the Swift [41]
and Voce [42] hardening laws according to

R ¼ wCiso εþ ε0ð Þn
þ 1−wð ÞRsat 1−e−k

*ε
	 


;
ð11Þ

with the material parameters, Ciso, ε0, Rsat and k* and w. In the
original model, the rates of expansion and translation of the
bounding surface are both controlled by the parameter k (k =
k*). In order to increase the flexibility of the Yoshida-Uemori
model with regard to the material behaviour at large strains pre-
sented in “Characterization of large strain anisotropic work-hard-
ening” section, the parameter k was split into two separate param-
eters k1 and k2, individually controlling the rate of expansion (Eq.
11, k* ➔ k1) and translation (Eq. 6, k ➔ k2) of the bounding
surface, respectively. In the following, the model is referred to as
the “modified Yoshida-Uemori model”. The material parameters
of the modified Yoshida-Uemori model are summarized in
Table 2.

The isotropic and combined hardening model according to
Chaboche are implemented in Abaqus Standard by default.
The Yoshida-Uemori model was implemented by means of
a user material subroutine (UMAT) in terms of the semi-
implicit integration scheme described by [13]). In this scheme,

Fig. 12 Basic principal of the investigated constitute models

Table 2 Material parameters of the modified Yoshida-Uemori model (*
new or modified parameters)

Parameter Description

Yield surface

Y Initial yield surface radius

c Rate of translation

Bounding surface

B Initial radius

b Translation threshold

k1* Rate of expansion

k2* Rate of translation

w*, Ciso*, ε0*, n*, Rsat Isotropic hardening parameters

Stagnation surface

h Intensity of work-hardening stagnation
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the plastic strain increments are integrated implicitly, whereas
the other state variables are integrated explicitly. To ensure
stable convergence, a local sub-stepping algorithm was ap-
plied. This is triggered whenever a local plastic strain incre-
ment Δε exceeds a value of 0.001.

Parameter identification procedure

As all investigated steels exhibit the same anisotropic work-
hardening phenomena, differing only in their intensity,
16MnCrS5 was chosen as representative for the numerical investi-
gations. The experimental results of the tensile tests on initial ma-
terial were used to describe the monotonic work-hardening behav-
iour in the low strain regime. In the large strain regime, the exper-
imental results from the tensile tests on forward extruded material
were utilized. To account for anisotropic hardening the flow curves
obtained by upsetting of pre-strained material were considered.

Starting from an initial guess of physically admissible material
parameters x0, which were based on a preceding parameter sensi-
tivity study, single-element simulationswith uniaxial tensile loading
are conducted up to the highest experimentally obtained total strain.
The results of the uniaxial tensile test simulation are exported at
different pre-strains (εpre,i = 0.3 / 0.5 / 1.0 / 1.5) to apply subsequent

strain path reversals. The resulting stress-strain curves of all single-
element simulations are exported and compared with the experi-
mental data using the mean square error (MSE). The material pa-
rameters are optimized within pre-defined physically admissible
parameter ranges, with the goal to minimize the MSE function.
The mathematical optimization tool LS-Opt was used to conduct
the parameter identification procedure. To find a local minimum of
the mean square error function between the experimental and sim-
ulated stress-strain curves, the successive response surface method
(SRSM) was applied as described in detail by Stander et al. [43].
Abaqus Standard 2019 was used to conduct the single-element
simulations. Whenever the mean square error has been reduced in
an iteration, the parameter space is scaled down by a factor of 0.6.
To prevent overweighting of the stress-strain curves under com-
pressiondue to the larger total number of data points, themonotonic
stress-strain data was weighted with a factor of 2. In the case of
isotropic hardening, the experimental data obtained by subsequent
compression was discarded.

Parameter identification results

The results of the parameter identification procedure are shown
in Fig. 13. For each model, the resulting mean square error is

Fig. 13 Comparison of simulated and experimental flow curves of 16MnCrS5 for different constitutive models
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given. The material parameters of each investigated constitutive
model are given in the boxes. The solid and dashed lines indicate
the experimental and numerical flow curves, respectively. All
investigated constitutive models capture the monotonic work-
hardening behaviour well over the entire investigated strain re-
gime. Consequently, the necessary comparability is given for
monotonic strain paths.

As expected, the isotropic hardening model overestimates the
flow stress during subsequent compression significantly
(Fig. 13a). The Chaboche model (Fig. 13b) is able to capture
the classical Bauschinger effect in terms of the lowered flow stress
after the load reversal at all investigated pre-strains. The additional
non-saturating back stress term even enables modelling of perma-
nent softening. However, its accuracy is limited by the fact that it
is controlled only by the single parameterC2,which does not yield
the flexibility to model to evolution of permanent softening with
the pre-strain. Both the original Yoshida-Uemorimodel (Fig. 13c)
and the modified version (Fig. 13d) are able to model all aniso-
tropic hardening phenomena, including the Bauschinger effect,
transient hardening, work-hardening stagnation and permanent
softening over the complete investigated pre- strain regime.
However, the accuracy of the original model, especially in the
beginning of monotonic hardening curve, is clearly limited. The
modifications of the model, including the generalization of the
isotropic hardening of the bounding surface and the parameter
split of k into two separate parameters individually controlling
the translation and expansion of the boundary surface were nec-
essary to correctly model the monotonic hardening behaviour
over the complete investigated monotonic strain regime. This
requirement for an accurate prediction of the material behaviour
is underlined by the large difference between the optimized values
of the new parameters (k1 = 36 and k2 = 1.526).

All constitutive models were applied to describe the mate-
rial behaviour in cold forging simulations utilizing the opti-
mized material parameters.

Application of large strain work hardening
in cold forging

The selected and modified constitutive models presented in
the preceding section are applied to cold forging simulations
to determine the influence of anisotropic hardening on com-
ponent properties and process forces.

Investigated cold forging processes

Two basic cold forging processes were analysed in the scope
of this paper i. e. forward rod extrusion (Fig. 14a), backward
can extrusion (Fig. 14b). The influence of the most important
process parameters on the directional flow stress, residual
stress and the process forces, including the punch and ejector
forces, were evaluated. In addition to the basic cold forging

processes, two multi-stage processes are analysed, which in-
clude strain path reversals, i. e. anchor forging, a combination
of forward rod extrusion and subsequent upsetting (Fig. 14c)
and flange upsetting, a combination of backward can extru-
sion and upsetting (Fig. 14d). In the case of the multi-stage
processes, the influence of anisotropic hardening on the pro-
cess forces of the second forming stage is investigated.

The process parameters of the four investigated processes
are given Table 3. For all processes, the initial workpiece
diameter was defined as d0 = 30 mm. Details regarding the
setup of the FEM-models are given in Appendix A.1. In the
cases of backward can extrusion and multi-stage cold forging,
a manual remeshing algorithm was applied to prevent exces-
sive mesh distortion.

Influence of anisotropic hardening on local flow stress

In the case of isotropic hardening, the local flow stress of the
formed part is given by the yield condition

Fig. 14 Investigated cold forging processes

1472 Int J Mater Form (2021) 14:1463–1481



f σ; ε
	 


¼ σMises σð Þ−σ f ;iso ε
	 


¼ 0 ð12Þ

and can thus be determined explicitly as a function of the local
equivalent plastic strain ε. In this case, the flow stress is inde-
pendent of the sign of the load (Fig. 15a).

For combined isotropic-kinematic hardening models, the
local flow stress is determined via the altered yield condition:

f σ;α; εð Þ ¼ σMises σ−αð Þ−σ f ;iso εð Þ ¼ 0: ð13Þ

The back stress tensorα leads Eq. 13 to have two different
solutions for any fixed load direction, corresponding to the
flow stress under uniaxial tensile loading σf,zz+ and the flow
stress under uniaxial compressive loading σf,zz (Fig. 15b).

The local flow stress distribution of a forward extruded
component under the assumption of uniaxial loading in z-
direction is illustrated in Fig. 16 considering isotropic and
anisotropic hardening (modified Yoshida-Uemori). During
uniaxial compression, the kinematic hardening models predict
a flow stress σf,zz- that is significantly lower compared to the
flow stress under uniaxial tension σf,zz+. Interestingly, in the
region close to the surface even the tensile flow stress is lower
as compared to the isotropic hardening model, giving a first
hint on the existence of an intrinsic strain path reversal.

The local Bauschinger coefficient describes the ratio be-
tween the flow stress under tension and compression for a
fixed uniaxial stress state. The Bauschinger coefficient assum-
ing tensile and compressive loading under a uniaxial loading
in z-direction is thus given by

χzz ¼
σ f ;zz−
�� ��
σ f ;zzþ

: ð15Þ

The influence of the extrusion strain on the distribution of
the local Bauschinger coefficient in forward extruded rods is
shown in Fig. 17.

The evolution of the Bauschinger coefficient highlights the
existence of intrinsic strain path changes. These strain path
changes are especially pronounced for material points traveling

Table 3 Process parameters of the investigated forming processes

Process Parameter Symbol Value

All Initial diameter d0 30 mm

a) Extrusion strain εex 0.5 0.7 1.0

Die angle 2α 90°

Tool radius rex 3 mm

Die land lex 2.5 mm

b) Area reduction εbc 0.2 0.4 0.6

Tool radius rbc 3 mm

Punch land lbc 2.5 mm

c) Extrusion strain εex 0.5

Die angle 2α 60°

Tool radius rex 3 mm

Undercut inclination 2β 40°

d) Area reduction εex 0.4

Tool radius rex 3 mm

Flange diameter df 36 mm

Fig. 15 Flow stress under uniaxial loading in z-direction for (a) isotropic
hardening, (b) combined hardening

Fig. 16 a Local flow stress distribution after forward rod extrusion predicted by (i) isotropic and (ii) anisotropic hardening models, b Flow stress
distributions over the radius of the extrudates
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along surface-near particle lines. For example, for εex = 0.5, a
particle moving along surface-near particle line experiences a
maximumBauschinger coefficient of χzz = 1.5 and ends up with
a coefficient ofχzz = 0.84,whichmeans that it is first compressed
significantly before flowing into the die opening and then
stretched. In the core of the extruded rods, the Bauschinger co-
efficients end up in the range of 0.68 < χ < 0.71, which coin-
cides well with the experimentally obtained Bauschinger coeffi-
cients (χzz, exp = 0.67), since the data was used as the basis for the
parameter identification procedure. All investigated kinematic
hardening models are capable to model the experimentally ob-
served flow stress difference considering tension and compres-
sion after forward rod extrusion. The conventional assumption of
isotropic hardening leads to errors in the local flow stress predic-
tion of up to 32% (εex = 0.5).

Figure 18a shows the calculated flow stress distribution in a
backward extruded can (20% area reduction), assuming iso-
tropic and kinematic hardening. In analogy to forward rod
extrusion, in the formed region the flow stress during uniaxial
tension is higher than during uniaxial compression, as the
material is predominantly stretched in axial direction. The
influence of the area-reduction on the local Bauschinger effect

is shown in Fig. 18b. Regardless of the area-reduction, the
kinematic hardening model predicts a local Bauschinger coef-
ficient above 1 below the punch and a value below 1 in the can
wall. Again, this highlights the existence of an intrinsic strain
path strain path reversal, which is expected to have an impact
on secondary part properties like residual stresses as well as
the process forces. Regardless of the area-reduction, the kine-
matic hardening model predicts a local Bauschinger coeffi-
cient larger than 1 below the punch, where the material is
compressed and a value lower than 1 in the can region.
Again, the consequence is that some material regions undergo
a significant intrinsic strain path change, which is expected to
have an impact on secondary part properties like residual
stresses as well as the process forces.

Influence of anisotropic hardening on residual
stresses

To investigate the influence of anisotropic hardening on the re-
sidual stresses, the evolution of the axial stress in the core of the
extrudate during ejection after forward rod extrusion is shown in
Fig. 19a. To correctly simulate the springback of the container
and die after unloading, which is important for the correct calcu-
lation of residual stresses in the workpiece, the dies were simu-
lated as elastic objects as described in Appendix A.1.

During the ejection process, the extrudate can be subdivided
into three individual sections: Section ① is the head region,
which has only been axially compressed. As the material in the
surface region is compressed more than the material in the core,
the inhomogeneity of axial elastic springback after unloading
leads to tensile residual stresses in the core of the head region.
As the amount of elastic springback is not affected by anisotropic
hardening in this region, all constitutive models predict the same
axial stress.

During ejection, Section ② is actively compressed between
the ejector and the friction surfaces in the die cavity and the head,
leading to overall compressive stresses in the core of the shaft. In
this region, the combined work-hardening models predict lower

Fig. 17 Influence of extrusion strain on the local Bauschinger
coefficients considering uniaxial loading in z-direction

Fig. 18 a Local flow stress distribution after backward can extrusion calculated by isotropic and anisotropic hardening models, b Influence of area-
reduction on the resulting local Bauschinger coefficients considering uniaxial loading in z-direction

1474 Int J Mater Form (2021) 14:1463–1481



axial stresses than the conventional isotropic hardening model.
The reduced stresses are the consequence of a lowered elastic
strain inhomogeneity over the shaft radius, which is caused by
the intrinsic strain path change during forward extrusion. As the
surface near material is subject to a more significant strain path
change than the material in the core, the work-hardening in the
surface region is reduced in the case of the anisotropic hardening
models. The reduced work-hardening leads to a reduction of the
elastic strain inhomogeneity over the radius, which results in
lowered residual stresses. The effect is most pronounced for the
modified Yoshida-Uemori model, which is also able to capture
the work-hardening stagnation, triggered during the intrinsic
strain path change in the surface-near material. The work-hard-
ening stagnation leads to an even more pronounced reduction of
the work-hardening inhomogeneity over the radius, and thus to a
reduction of the elastic strain inhomogeneity. Lastly, in
Section③ new plastic strains caused by the ejection process lead
to another reduction of the elastic strain inhomogeneity and thus
to an additional reduction of the axial stress. In the case of the
anisotropic hardening models, this axial stress relaxation is more
pronounced due the overall lowered flow stress under compres-
sion, as compared to the isotropic hardeningmodels, manifesting
in a more pronounced plasticization over the cross-section.

Figure 19b shows the axial residual stress distribution in
completely unloaded forward extruded shafts for different con-
stitute models and extrusion strains over the (squared) radius.
Again, all anisotropic hardening models predict lower residual
stresses than the isotropic hardening model. Among these, the
modified Yoshida-Uemori model predicts the lowest residual
stresses. In addition to the numerical results, the axial residual
stresses were determined experimentally using the contour meth-
od introduced by Prime [44]. Details regarding the application of
this method for forward extruded rods are given in Appendix
A.2. The experimental results suggest, that the isotropic harden-
ing model as well as the Chaboche model, overestimate the
residual stresses significantly, especially in the core of the
extrudate. For the investigated extrusion strains, the modified
Yoshida-Uemori model shows the best correlation with the ex-
periments. The deviation at 80 mm2 < r2 < 95 mm2 is assumed
to be related to inaccuracies of the contour method which is not
able to capture abrupt changes of the residual stress distribution.

The lowered residual stresses predicted by the anisotropic
hardening models can be explained by a thought experiment
adapted from Tekkaya and Gerhardt [45] (Fig. 20). A cylindrical
specimen is considered, which is subject to a similar axial residual
stress distribution as a forward extruded shaft before ejection

Fig. 19 aAxial stress evolution along the extrudate core in forward rod extrusion during ejection, b Influence of the extrusion strain on the axial residual
stress distribution over the squared radius of the formed shaft after forward rod extrusion

Fig. 20 Thought experiment to explain the residual stress relaxation during ejection after forward rod extrusion, considering isotropic and anisotropic
work-hardening (inspired by Tekkaya et al. [45]; y-axes are flipped)
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(compressive residual stressσz,C,0 < 0 in the core over the areaAC
and tensile residual stress σz,S,0 > 0 in the sheath over the area
AS). If the specimen is loaded with a compression stress of σz (in
analogy to the compressive stress caused by the ejector), the load-
ing stresses are added up on the residual stresses. In this case, the
core will plastically deform first and work-harden. When the
sheath starts plastically deforming as well, the flow stress in the
core and sheath approach each other. If the specimen is then
unloaded, the elastic strain inhomogeneity is reduced which leads
to the residual stress relaxation. In the original thought experiment,
the dominant loading stress during ejection was assumed to be
tensile, which is true for isotropic materials as the relaxation of the
die cavity leads to a second extrusion process. However, due to
the lower flow stress of the previously extruded (elongated) ma-
terial during subsequent compression, the material is predomi-
nantly compressed axially before flowing into the reduced die
cavity. Based on these observations, the y-axes in Fig. 20 were
flipped. In addition to this, anisotropic hardening includes work-
hardening stagnation, which accelerates the approach of the flow
curves in the core and the sheath region, leading to an intensifica-
tion of the residual stress relaxation.

To conclude the residual stress investigations, the axial stress
evolution during the punch backward motion after backward can
extrusion is shown in Fig. 21a. Analogously to forward rod
extrusion, the elastic springback of the container and the
springback of the workpiece after unloading, lead to a second

forming stage during the punch backward motion. The numeri-
cally determined axial residual stress within backward extruded
cans after ejection is shown for three area reductions εbc
(Fig. 21b). At the lowest investigated area reduction (εbc =
0.2), there exists only a small deviation between the individual
constitutive models. With increasing area reduction, however,
the axial residual stress distributions predicted by themodels drift
apart. In analogy to forward rod extrusion, themodifiedYoshida-
Uemori model predicts the lowest axial residual stresses, as the
work-hardening stagnation occurring after the initial upsetting of
the workpiece in the container and the subsequent axial elonga-
tion leads to a reduction of the axial strain inhomogeneity over
the thickness of the can wall.

Influence of anisotropic hardening on process forces

Figure 22a shows the punch force F over the stroke s in forward
rod extrusion calculated by the isotropic and anisotropic harden-
ing models along with the corresponding experimental measure-
ments (dashed lines). While all numerically determined force-
stroke-curves are in good correlation with the experimentally
obtained data, the results suggest that anisotropic hardening does
not have a significant effect on the punch force in single-stage
forging processes. The effects of the intrinsic strain path changes
demonstrated in the previous sections even out over the forming
zone. The influence of anisotropic hardening on the ejector force

Fig. 21 a Evolution of axial stress during the punch backward motion in backward can extrusion (container is hidden for improved illustration), bAxial
residual stress over the cup wall for different area reductions as predicted by the different hardening models

Fig. 22 Influence of anisotropic hardening on (a) punch forces and (b) ejector forces in forward rod extrusion
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Fej after forward rod extrusion is shown in Fig. 22b. The reduced
flow stress under the compressive stresses present during the
ejection process, leads to an overall reduction of the predicted
ejector force for all extrusion strains. The experimental setup did
not allow for measurements of the ejector forces for validation,
which will be repeated in future investigations.

The forming and ejector forces in backward can extrusion pre-
dicted by the isotropic and anisotropic hardeningmodels are shown
in Fig. 23. In analogy to forward rod extrusion, the forming forces
in backward can extrusion are only weakly affected by anisotropic
hardening. However, the strain path change caused by the load
reversal during ejection leads to a reduction of the ejector forces
as newplastic strains generated during ejection occur under a lower
flow stress as compared to isotropic hardening. For the area reduc-
tion of εbc = 0.2 the difference between isotropic hardening and
the modified Yoshida-Uemori model amounts to 19%.

Lastly, the effect of anisotropic hardening on the forming
forces in multi-stage forming processes is shown by the exam-
ples of anchor forging after forward rod extrusion (Fig. 24a) and
flange forging after backward can extrusion (Fig. 24b). In both
process sequences, the material is subjected to a complete strain
path reversal. The average deviation between the force-stroke
curves calculated considering isotropic and anisotropic hardening
amounts to 11%, whereas the highest deviations are in the range
of 12% to 19%. The deviation of the forming forces correlates
with the permanent softening of 16MnCrS5 (see Fig. 11). For
materials with amore pronounced permanent softening or even a
complete loss of the work-hardening tendency after strain path

reversal (see C15), the influence of anisotropic hardening on the
forming forces is expected to be even more significant.

Conclusions

The result of this investigation contribute to the three fields (i)
characterization, (ii) constitutive modelling and (iii) implications
for bulk metal forming in the context of strain path reversals.

(i) Characterization of large strain anisotropic hardening:

& Tensile and compression tests on forward extruded mate-
rial reveal the large strain anisotropic work-hardening be-
haviour of 16MnCrS5, C15 and 100Cr6 up to equivalent
strains of 1.7 and accumulated strains of 2.5.

& All investigated steels exhibit near linear work-hardening
for monotonic deformation for strains above 1.0.

& All steels exhibit the Bauschinger effect, transient harden-
ing, work-hardening stagnation and permanent softening,
all of which intensify with the pre-strain. In the extreme
case of C15, no more work-hardening is observed after
pre-strains above 0.5.

(ii) Modelling of large strain anisotropic hardening:

Fig. 23 Influence of anisotropic hardening on (a) punch forces and (b) ejector forces in backward can extrusion

Fig. 24 Effect of anisotropic hardening on the punch forces in multi-staged forming: (a) Anchor forging, (b) Flange forging
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& The consideration of isotropic hardening leads to a signif-
icant overestimation of the materials’ flow stress after a
strain path reversal (15% < Δσ f < 50%)

& A modified version of the Yoshida-Uemori model was
implemented. The modifications were necessary to suc-
cessfully capture the experimentally observed large strain
anisotropic work-hardening phenomena exhibited by the
case-hardening steel 16MnCrS5 over the complete rele-
vant equivalent strain and pre-strain regimes. The modifi-
cations include the generalization of the isotropic harden-
ing relation to model the linear work-hardening under
monotonic loading and the split of the rates of isotropic
and kinematic hardening of the bounding surface.

(iii) Consequences of anisotropic hardening in cold
forging:

& The altered flow stress distribution leads to a significant
reduction of the forming-induced residual stresses due to
intrinsic strain path changes and strain path changes dur-
ing component ejection.

& While the punch force is only weakly affected by aniso-
tropic hardening in single-stage forming processes (the
difference between isotropic hardening and the modified
Yoshida-Uemori model is less than 5%), the ejector forces
are affected significantly (up to 19%).

& For multi-stage forming processes, in which relevant material
regions are subjected to a strain path reversal, anisotropic
hardening causes a reduction of the forming force is compared
to isotropic hardening (difference between isotropic hardening

and modified Yoshida-Uemori model 11% < ΔF < 19%).

Further experimental investigations on the influence of strain
path changes will focus on the influence of cross-hardening ef-
fects. To characterize materials accordingly, the procedure of
tensile tests on cold forward extruded material utilized in this
work can be modified by extraction of torsion test specimens
from the uniformly deformed region. The subsequent torsion
loading corresponds to an orthogonal strain path change, which
should reveal potential cross-hardening effects. In addition, the
influence of the temperature and strain rate on the large strain
anisotropic work-hardening will be evaluated by conducting ex-
periments at elevated temperatures and strain rates (according to
“Large strain monotonic work-hardening behaviour” section).

Appendix

Numerical simulation of cold forging processes

The FEM program Abaqus CAE 2019 was used for the con-
duction of the numerical investigations. The model setup of

forward rod extrusion at different process stages is shown in
Appendix Fig. 25.

For all cold forging processes, the workpiece was modelled
as an elastic-plastic object assuming isotropic linear elasticity
with constant elastic parameters and the described plasticity
models. To correctly simulate the residual stress reduction
during part ejection, according to Tekkaya [45], the dies were
simulated as an elastic object with a Young’s modulus of Edie

= 210 GPa and a Poisson’s ratio vdie = 0.3. The flow curve of
16MnCrS5 was determined by means of the experimental
procedure presented in “Large strain monotonic work-
hardening behaviour” section. The effect of the temperature
increaseΔT during cold forging on the current flow stress was
neglected due to its minor influence on the resulting local
workpiece properties after forming (ΔT < 250 °C for εex =
1.5, see “Large strain monotonic work-hardening behaviour”
section).

The workpiece was meshed with 2D-axisymmetric 4-node
quadrilateral elements with reduced integration (CAX4R). To
determine a suitable mesh size, a mesh convergence study,
was conducted. As the calculated residual stresses are the
physical quantity most sensitive with respect to the mesh qual-
ity, they were used as the target quantity in the mesh conver-
gence study. The number of elements was determined by the
example of forward rod extrusion (εex = 0.7, 2α = 90° rex =
3 mm, μ = 0.04). The results of the mesh convergence study
are shown in Appendix Fig. 26.

The punch force converges at 2000 elements, the strain and
residual stress converge at 7500 elements. As the calculation
time increases from 20 min to about 200 min between the two
settings, the solution with the lower number of elements was
considered to be sufficiently accurate. The mesh density of 7
elements/mm2 was applied for all simulations. The dies were
meshed with 4800 elements each. The die mesh was refined at

Fig. 25 Simulated process stages in forward rod extrusion
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the die shoulders, as this is the location of maximum elastic
deflection. The node-to-surface contact algorithm was utilized
to model the contact between the dies and the workpiece. To
simulate the friction between the workpiece and the die, the
Coulomb friction model was used. The constant friction coef-
ficient of μ < 0.035 was determined iteratively to acquire the
best possible fit between simulated and the experimentally
obtained ram forces for all investigated extrusion ratios.

Residual stress measurement via contour method

The contour method by Prime [44] was used to determine the
axial residual stress distribution of forward extruded rods. The
basic process principle of the contour method is visualized in
Appendix Fig. 27a. To determine the axial residual stress dis-
tribution of forward extruded parts, the following steps are
conducted:

1. Cutting of the parts cross-sections by wire-electronic dis-
charge machining

2. Contour measurement of the cut surfaces
3. Application of the contour plot of the cut surfaces as re-

verse displacement field in numerical simulations of the
ideally cut geometry

4. Post-processing of the resulting normal stresses at the sur-
face which equal the residual stresses normal to the cut-
ting plane before cutting

The extrudates were clamped with a special clamping de-
vice, which allows exact positioning of the extrudate during
wire cutting (Appendix Fig. 28).

The wire diameter was chosen 0.25 mm and the wire tension
was set to 12 N. The extrudates were cut at a speed of
3.84 mm min−1. The flushing nozzle pressure was set to 12 bar.
The resulting roughness of the cut surfaces wasRa = 2.8μm. The
contour of the cut surfaceswasmeasured using a tactile coordinate

Fig. 26 Effect of the element
number on the maximum ram
force, maximum strain and
maximum axial residual stress

Fig. 27 a Basic principle of the contour method to determine residual stresses as described by Prime [44], bPost-processing of the contour data to obtain
the residual stress distribution normal to the cutting plane
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measurement system Zeiss PRISMO VAST 5 HTG with a reso-
lution of 1 μm. The extrudate halves were measured along three
linear radial paths orientated at angles of 60° each, making up a
total of six contour paths per extrudate. The measured data was
post-processed according to Appendix Fig. 27b.

Each measured contour was rotated around the θ-axis to
and compensate tilting with respect to the z-axis. The contours
are approximated by a polynomial of sixth degree to smooth
the data scattering caused by the surface roughness. Finally,
the processed contour data of each extrudate is applied to an
idealized FEM-model of the cut extrudate in terms of a nega-
tive displacement field. The simulations were set-up as axi-
symmetric FEM-models in Abaqus Standard. The material
behaviour was assumed elastic with a Young’s modulus of
E = 210.000 MPa and a Poisson’s ratio of v = 0.3, assuming
that the wire-cutting process leads to purely elastic unloading.
The resulting normal stress distributions on the cutting plane
equal the forming-induced residual stress field pre-sent in the
extrudate before wire-cutting.

The results for parts with three extrusion strains are shown
in Appendix Fig. 29. The error bars indicate the standard
deviation of six contour measurements per extrusion strain.

In the core of the extrudates, there exists a compressive
residual stress, whereas, towards the surfaces the material is
subject to positive residual stress. Qualitatively, the results of
the contour method match well with the expected axial resid-
ual stress distributions.
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