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Abstract
The resulting tensile residual stresses on the surface of cold full-forward extruded parts are unfavorable for the fatigue life of these
parts. The final stress state is determined by the combination of two process stages: forming and ejection. This is due to the fact
that the workpiece undergoes a second plastic deformation after forming during the ejection from the die. So far, literature is
focusing mainly on the identification of the parameters affecting the residual stresses during the first stage. In the present paper,
the attention is drawn to the ejection phase during cold extrusion of workpieces made out of the austenitic stainless steel AISI 316
L. First of all, a system consisting of an active die is presented. This technology allows the control of the applied pre-stress on the
die during the process. It is experimentally and numerically demonstrated that a significant shift of the residual stress state in the
near-surface region can be achieved. Even compressive axial and tangential residual stresses can be induced in this area. Also the
limits of this system are numerically investigated. It is observed that a different deformation mechanism occurs above a certain
pre-stress level. Finally, an analytical model is created and observations are presented relatively to the mechanisms that influence
the plastic deformation during ejection.
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Introduction

Bulk forming processes are typically performed either at room
or at elevated temperatures. In the latter case, temperatures
above the recrystallization temperature of the material allow
to prevent work hardening. Although higher deformation
forces are required, cold-formed products exhibit some inter-
esting qualities like lack of oxidation, better surface finish,
smaller tolerances and higher strength due to work hardening.
However, in order to benefit from these advantages, the prod-
uct properties should not be adjusted subsequently through a
heat treatment. In this case, the characteristics of the

workpieces are determined exclusively by the process param-
eters. An important aspect of these parts is the formation of
residual stresses, which superpose with the external loads and
affect the operating and failure behavior of mechanical com-
ponents. The effects that the residual stresses have on the
performance of a part can be either positive or negative. This
is determined by their nature (tensile or compressive) and the
loads applied during the application of the workpiece [1]. A
good understanding of the mechanisms that induce the forma-
tion of residual stresses is therefore of paramount importance
for a safe manufacturing design. In cold forming, the causes
for the formation of residual stresses can be mainly attributed
to inhomogeneous deformations within the component and to
phase transformations of the material [2]. Also thermal effects
may affect the final stress state due to the energy dissipated
during the deformation process [3]. As residual stresses can be
considerably affected through the control of the forming pa-
rameters, the study of strategies to affect the final stress state
of formed parts can give considerable advantages. However,
nowadays the opportunity of conscious induction of desired
residual stresses has not been explored for many forming pro-
cesses [4]. Due to this knowledge deficit, intermediate and
post processes are usually added in many forming process
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chains to avoid problems related to a negative stress state.
These solutions are typically of two kinds. Heat treatments
can be employed to reduce the state of residual tensile stresses
in industrial applications. A second option is the execution of
forming processes that aim to induce residual compressive
stresses on the surface of the parts (e.g. deep rolling or shot
peening) at the end of the process chain. These processes
clearly have a negative impact on the production times and
cost. An intelligent process design should strive to influence
the residual stress state already during the forming processes
avoiding adding further steps to the process chain.

In some cases extruded parts can serve as exemplary cases
of residual stress formation with negative impact. In this pro-
cess, the strong inhomogeneous material flow behavior,
which characterizes the center and the surface of the work-
pieces, is responsible for the formation of significant residual
stresses [5]. Typically, high tensile residual stresses are found
on the surface, while compressive residual stresses are con-
centrated in the middle of the part [6]. This configuration is
strongly undesirable, as it facilitates the formation and prop-
agation of cracks during the fatigue life. Due to their axial
symmetric geometry, extruded parts are often subject to cy-
clic loads in their applications. Therefore, these parts usually

require a post -process heat treatment to adjust the stress state,
avoid distortions or premature failures during application.
The effect of the process parameters on the residual stresses
has been analyzed in different papers. It has been shown that
the amount of residual stresses can be reduced through a
decrease of the negative friction coefficient [7], an increase
of the opening angle of the die [8] and a decrease of the
degree of deformation [9]. However, the effect of these pa-
rameters is modest and no substantial stress state improve-
ment is achievable through the adjustment of the convention-
al process parameters of cold extrusion. A solution consisting
of a counter-punch actively controlled during the forming
process was proposed in a recent paper [10]. With this meth-
od, a significantly more consistent reduction of the residual
stresses in stainless steel parts was measured through X-ray
diffraction and destructive techniques. The beneficial effects
of the decrease of distortion were also numerically proven for
a carbon steel [11].

While all these papers studied the modification of the re-
sidual stresses during the forming phase, it is also known that
the stress state is further affected during the following ejection
of the sample from the die. In Fig. 1, the complete process of
full-forward extrusion is schematically displayed. Being

Fig. 1 Schematic illustration of
full-forward extrusion
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pushed a second time through the calibration zone, the extrud-
ed component undergoes a second plastic deformation [12].

Tekkaya found in his investigations that the ejection has a
positive influence on the residual stresses [7]. Especially the
tensile residual stresses on the surface of the specimen in axial
and tangential direction could be considerably reduced in his
simulations after ejection. Tekkaya explains the reason for the
residual stress reduction with the help of a thought experi-
ment. He considers a compression test of a sample composed
of two parts: a cylinder with compressive residual stresses
(core) and a hollow body with tensile residual stresses (shell).
He observes that the shell must necessarily reach the plastic
limit at a lower strain level. After the following stress relief,
the difference in length between shell and core must be com-
pensated. This is done by reducing the internal stresses [7].

Tekkaya also distinguishes two different phenomena that
happen during full-forward extrusion. Based on the reduction
in cross section, different phenomena are noticed in the mate-
rial deformation. A distinction is made between a large (ε >
0.5%) and a small (ε < 0.5%) area decrease. If a very small
reduction in cross section is made, the specimen surface de-
forms plastically. The specimen extends in the axial direction
and thus becomes longer. At the same time, the specimen core
deforms purely elastically. This results in a positive influence
on the residual stress state and the ejection phase operates in
this condition. Tekkaya also defines an “extreme layer“,
which is the region of the sample where plastic deformation
occurs. A bigger reduction of the specimen cross section also
means a further movement of the extreme layer towards the
specimen core. Finally, the plastic deformation reaches the
core and a negative stress state is induced in the extruded part.
Tekkaya estimates this point at about ε = 0.5%.

A recent experimental work by Jobst et al. [13] found,
however, a material-dependent effect of the ejection. In
their studies, samples of single-phase ferritic stainless steel
AISI 430 and two-phase AISI 318 LN were investigated.
The residual stresses were measured through X-ray diffrac-
tometry both in axial and tangential direction on ejected
and non-ejected samples. For the single-phase steel, the
same behavior described by Tekkaya was observed: both
axial and tangential stresses were reduced by the ejection
phase. However, a different influence was noticed for the
duplex steel. In this case, the tangential residual stresses
were unchanged and the axial residual stresses were even
increased by the ejection. The interpretation of the authors
is that a different plastic deformation occurs in the two
cases. For the softer single-phase material, plastic defor-
mation would occur in radial, tangential and axial direc-
tion. Therefore, all the stress components are affected by
the ejection. In the duplex steel, the plastic deformation
would occur only in axial direction. Consequently, the ax-
ial residual stresses are increased and the tangential ones
are not affected.

Although very significant effects of the ejecting phase on
the residual stresses are assessed in the literature, this step of
the process has not been fully studied and understood yet.
Also, it has been considered as a fixed procedure that the
sample must undergo at the end of the extrusion process,
without investigation of the design and process parameters.
This paper aims at further analyzing the effects of the ejection
phase on the final product qualities. In particular, the purpose
is to use the ejection phase and the occurring plasticization to
calibrate the residual stresses during the forming process. In a
conventional process chain, this could have a positive impact
in terms on cost and processing times, as it would give the
opportunity of avoiding further process steps for the adjust-
ment of the residual stresses (like heat treatments or shot
peening operations). This is done through the employment
of an active die, on which the pre-stress during the process
is controllable. In the conventional process instead, shrink-
fitted matrices are employed. The paper at hand answers the
question whether the active die can positively affect the resid-
ual stresses and increase the quality of cold extruded parts.

Materials and methods

Experimental setup and simulations

In the present paper, samples of austenitic stainless steel AISI
316 L were analyzed. In order to avoid fluctuations in the
material properties, all billets come from the same batch of
raw material. After solution annealing at 1050 °C for 15 min,
the material is cooled in air and machined to the final shape.
Prior to the deformation, the lubrication is provided by a coat-
ing with oxalate and the lubricant ZWEZ-Lube MD 230.

The employed active die is schematically represented in
Fig. 2. It is based on a segmented sleeve, whose radial motion
xss is controlled through the linear movement of four drawing
cushions zdc. The surface between these parts is conical, so
that the relation between the relative movements is determined
through trigonometry:

xss ¼ zdc � tanð1�Þ

The segmented sleeve is in contact with the external wall of
the die. Varying this pre-stress, it is possible to affect the
internal diameter of the calibration zone. The die is made of
tungsten carbide G20. It has an external diameter of 40 mm
and is designed to reduce the diameter of the extruded parts
from 13 to 12mm. The sample is clamped to the punch, which
is employed both for forming and ejecting. Therefore, no ejec-
tor is employed in the process.

The process was simulated with a 2D axial-symmetric FE
model on Simufact Forming® 16. The die was modelled as
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deformable body with an elastic material behavior (E =
490000MPa) characteristic for tungsten carbide. As boundary
conditions, the movement along the axis of the die was
blocked for the upper and bottom edge of the tool. The seg-
mented sleeve was instead simulated as rigid body and its
radial movement was controlled through tabular values during
the process. The workpiece was discretized with quadrilateral
elements and linear shape functions. The dimension of the
mesh was 0.3 mm. Due to the relatively small diameter reduc-
tion of the analyzed process, elements distortion was not ex-
cessive and remeshing was not employed to avoid errors due
to smoothing effects on the stresses. The die was discretized
with a coarser mesh (0.6 mm), but refinement boxes were
applied in the internal part of the tool, so that in the contact
region the mesh of the die and of the workpiece had the same
size. The contact was defined as node-to-segment and without
contact tolerance. A Chaboche material model with one back-
stress was set for the stainless steel AISI 316 L with the fol-
lowing formulation:

σ¼ σ0 þ Q 1� e�b�p
� �þ R0e�b�p i� C

�
ð1� e���pÞ ð1Þ

where σ0 is the yield strength, Q, R0 and b are coefficients for
the isotropic hardening and C and � describe the kinematic
hardening. As shown in [12], the employment of combined
hardening models allows a better geometrical prediction of
extruded parts. As the simulation of the residual stresses re-
quires a high level of accuracy, the kinematic hardening effect
should not be neglected. Compression tests were performed to
derive the isotropic parameters, while step incremental tests at
1% strain were adopted to determine the kinematic hardening
parameters. The parameters of the material model are given in
Table 1. This material model is purely mechanical and does
not take into account temperature effects. The tribological
conditions for the used lubricants and coatings were deter-
mined through tests with a sliding compression tribometer
[14] in a previous paper [15].

Following DIN EN 15305, the residual stresses were
determined using the sin²Ψ method of X-ray diffraction.
The diffractometer used for these measurements was an
XStress G3R from Stresstech with a modified Ψ-arrange-
ment. The (311) reflex was measured with a Mn X-ray tube
in 7 equidistant angles ranging from 0° to 45° and 0° to -
45°, respectively. Due to the radii of the samples an aper-
ture diameter of 1 mm was chosen. The X-ray elastic con-
stant used to calculate the residual stress values was ½S2
{{311}} = 7.57 × 10 − 6 mm2/N [16]. To gain information
about the residual stress state and its dependency on the
depth, an electropolishing machine type Struers Movipol-3
was employed. The residual stress was measured at depths
of 50, 125, 250, 500 and 1000 μm.

Experimental plan

The described system allows the variation of the pre-stress of
the die during the different steps of the process and to alter the
internal diameter in the calibration zone. In Table 1 the con-
ducted tests with the relative process parameters are displayed.
During the forming phase, a pre-stress is needed to protect the
die which reacts sensitive to tensile stresses. The introduced
tensile stresses act in the opposite direction to the process
stresses on the internal walls. The same value (Zdc= 6.5 mm)
was applied in all tests. To assess the effect of the ejection

Fig. 2 Schematic representation of the extrusion system with active die

Table 1 Parameters for
the combined hardening
model in Simufact
Forming® 16

Parameters for the isotropic hardening

σ0 R0 Q b

244.00 -3.25 1773.15 1.39

Parameters for the kinematic hardening

C γ

146.23 1.97
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phase on the residual stresses, three different conditions
through ejection were investigated (Table 2):

– Pre-stress decrease: in case Lower, the z position of the
drawing cushion is lowered during ejection. In this way
the diameter of the die is increased after the deformation
of the workpiece.

– Conventional process: in case Constant, the pre-stress of
the die remains constant during the whole process. It rep-
resents a conventional full-forward extrusion process.

– Pre-stress increase: in case Higher, the pre-stress of the
die is increased during the ejection phase.

The samples were deformed and ejected with a speed of 3
mm/min and a punch travel of 30 mm. Between the two pro-
cess phases 2 s were needed to move the drawing cushions
andmodify the pre-stress on the die. It should be noted that the
increase of the pre-stress causes a decrease of the diameter of
the die in the calibration zone, as it can be seen in Table 1.
Therefore, the extruded parts will have a slightly different
diameter depending on the testing condition. This aspect will
not be investigated here, as it is not significant for the scope of
the present paper. However, it should be taken into consider-
ation in the design phase in possible industrial applications for
the dimensional precision of the extruded parts.

Results

Experimental results

Residual stress measurements were performed with the sin²Ψ
method on the extruded samples. Electrochemical ablation
was used to remove the oxalate layer on the surface and the
material for the measurements in the depth at 125 μm, 250
μm, 500 μm and 1000 μm. The measuring techniques for the
investigated material with a Mn X-ray tube were developed in
[10], where a detailed description can be found. The measure-
ments were performed in the center of the deformed region of
the samples, as displayed in Fig. 3. In the same figure, the
results of the measurements in axial and tangential directions

are shown for the three pre-stress cases. As it is noticeable,
significant differences characterize the stress profiles of the
different curves. Considering case Constant as the standard,
i.e. the conventional process, it can be seen that the residual
stresses increase if the pre-stress is decreased during the ejec-
tion (case Lower). The deterioration is particularly noticeable
near the surface, where the axial residual stresses increase
from 200 to about 500 MPa. However, this difference is con-
fined to the near-surface region, as already at the depth of
1 mm hardly any difference can be observed anymore. It can
be expected that further in the depth of a sample the residual
stresses in the conventional case are higher than in case
Lower. This is due to the condition of equilibrium of the
residual stresses inside a body: an increase of residual stresses
on the surface must necessarily be balance by a decrease of the
residual stresses in some area of the workpiece. On the other
side, a strong improvement of the stress state is noticeable in
case Higher. Even near-surface compressive residual stresses
up to 100 MPa were measured in this case, which are partic-
ularly desired as they can improve the fatigue resistance of
these extruded parts. At the depth of 1 mm, the axial residual
stresses switch into the tensile region, but remain substantially
lower than the ones measured in the other two cases. Also in
this case, a higher gradient can be noticed in comparison with
the relative curves of cases Lower and Constant. It is expected
that a certain point in the depth of the workpiece the curves
would cross to compensate the decrease of superficial residual
stress in case Higher. The tangential residual stresses are also
compressive in the near-surface and change to tensile stresses
after approximately 500 μm in the depth direction. In this area
of the sample, the level of tangential residual stresses is very
similar to the stresses measured in the other two cases.

Numerical results

The three analyzed cases were modelled in Simufact 16 with
the parameters described in the previous chapter. Moreover, a
fourth FE model was created, in which the ejection was ex-
cluded from the process. The results of the simulations are
represented in Fig. 4. The residual stresses are measured along
a path in the steady-state region that goes from the center to
the surface of the extruded samples. The experimental results
appear in the diagrams to give the possibility for comparison
with the numerical results.

First of all, a good qualitative agreement can be observed
between experiments and simulations. An improvement of the
stress state through the employment of the active die is detect-
able also in the numerical results. Furthermore, the simulations
allow having a wider overlook over the effects of the ejection
phase on the stress state of the cold extruded samples. The stress
states after the forming phase (orange line) present their maxi-
mum value on the surface of the samples both in tangential and
axial direction. These conditions are very inconvenient for the

Table 2 Experimental plan. The internal radius of the die was
determined through FEM simulations

Case Zdc during
forming [mm]

Zdc during
ejection [mm]

Internal radius of the
die (FEM) [mm]

Lower 6.25 0 6.000

Constant 6.25 5.976

Higher 12 5.949
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Fig. 4 Simulation of the axial and tangential residual stresses in case Lower, Constant and Higher and without ejection

Fig. 3 Extruded sample with
measured point and results of the
residual stress measurements in
the depth
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fatigue life. Through an increase of the pre-stress acting on the
active die during ejection, the residual stresses are strongly mod-
ified on the surface. In particular, the highest value of the resid-
ual stresses is progressively decreased and the position of this
peak is shifted towards the center. However, the residual stresses
in a component must always be in equilibrium. Therefore, the
whole curves are necessarily modified to compensate the relax-
ation of the residual stresses on the surface. The compressive
residual stresses in the center decrease. It is, however, interesting
to notice that the most significant changes occur in the near-
surface region. This indicates that the deformation during ejec-
tion occurs essentially on the surface, unlike during the forming
phase when the cross section is plastically deformed.

As the previous results show that the system can positively
influence the residual stresses on the surface and induce com-
pressive residual stresses, wemaywonder if a further increase of
the pre-stress can lead to a further enhancement of the stress
state. Ideally, it would be desirable to obtain higher compressive
residual stresses on the surface. Therefore, a further pre-stress
increase is simulated and compared with the four previously
analyzed cases. In this case, the internal radius of the die is

reduced to 5.927 mm. In Fig. 5 the development of the stress
state during the different ejection conditions is displayed in re-
lation to the processing time. Two points for each simulation are
considered: one on the surface and the other in the middle of the
sample. In this representation, the sequence of loading and
unloading due to forming and ejection can be observed. The
curves do not differentiate during the forming phase (blue area),
where the parameters are not varied. Accordingly, the samples
display the same stress state after being extruded, i.e. high tensile
stresses on the surface and high compressive stresses in the
middle both in axial and tangential direction. Without ejection,
these residual stresses are clearly not affected anymore. When
the sample is ejected (green area), the points on the surface are
loaded and plastic deformation in these areas occur. The load
becomes evidently bigger with increased pre-stress of the die.
This causes different elastic unloading and results in different
final residual stresses. As seen before, case Higher displays im-
proved characteristics in comparison to case Constant, i.e. the
conventional process. However, a further increase of the pre-
stress is detrimental for the samples. As Fig. 5 shows, the tensile
residual stresses are again increased above the values of the

Fig. 5 Simulation of the development of the stress state with the different pre-stress conditions on the surface and in the middle of the workpieces
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conventional process. This behavior is visibly in contrast with
what was observed in the previous cases. The reason for this
unexpected comportment can be found by analyzing the devel-
opment of the stress state in the center of the sample (dashed
lines), where an important difference can be observed between
the three experimentally analyzed cases and the investigation
with even further increased pre-stress. In the first cases, no plas-
tic deformation occurs in the middle of the samples. On the
contrary, in the last case the external load and elastic unload
are clearly visible from the time plot. The reaching of the plastic
limit in the center determines a disadvantage for the calibration
of the residual stresses with the active die.

In conclusion, two different phenomena are noticed. The
ejection phase has got a positive effect in the decrease of the
residual stresses until it involves a plastic deformation exclu-
sively in the near-surface region. The process can be signifi-
cantly optimized through an increase of the pre-stress of the
die during the ejection. This technology, however, has a limit.
When the pre-stress is excessively increased, different defor-
mation mechanisms are introduced. The deformation is not
limited to the region of the surface anymore, but propagates
until the middle of the sample. Therefore, the process shows
the characteristics of extrusion instead of a surface treatment.
As known from the state of the art, cold extrusion is charac-
terized by a strongly undesired stress state.

Analytical model of the ejection phase

It is possible to create a simple analytical model of the ejection
phase and to study it with the observed experimental data.

During this stage of the process, the extruded part is pushed
through the die again. In each time span, the contact region
between die and workpiece is limited to the so-called calibra-
tion zone. The part of the workpiece affected by the external
load can be considered as a cylinder, having the dimensions of
the calibration zone. In the configuration considered in the
present article, this cylinder has a height of 2 mm and a diam-
eter of 12 mm, as shown in Fig. 6.

Knowing the force applied by the punch during ejection
Fout, it is possible to derive the tangential shear stress applied
on the cylinder:

� ra ¼ Fout

Ac

where AC is the area of the calibration zone. Through the
friction coefficient μ, the normal pressure pe applied by the
die on the sample can be found:

pe ¼
FN

Ac
¼ Fout

Acμ

Then, the model can be approximated with an axi-
symmetric disk. The radial and tangential stresses intro-
duced in the workpiece can be expressed by the follow-
ing formulas [17]:

σr ¼ C1 ¼ C2

r2

σθ ¼ C1 ¼ C2

r2

where C1 and C2 are constants. Introducing the bound-
ary conditions on the surface and in the middle of the

Fig. 6 Schematic representation of the calibration zone
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disk, it can be found that the introduced stress state in
the workpiece is isostatic:

σr ¼ σθ ¼ �pe

The stress state on the surface of the workpiece can be
expressed through the superposition of the matrices of the
external loads and of the residual stresses:

�pe 0 0
0 �pe � ra
0 � ra 0

6664
7775þ

0 0 0
0 σ�Res 0
0 0 σaRes

6664
7775 ¼

�pe 0 0
0 �pe þ σ�Res � ra
0 � ra σaRes

6664
7775

¼
� Fout

Acμ
0 0

0 � Fout
Acμ

þ σ�Res
Fout
Ac

0 Fout
Ac

σaRes

66664

77775

where σaRes and στRes are the axial and tangential residual
stresses on the surface of the extruded workpiece respectively.
At this point, some evaluations can be done substituting the
experimental results. The force applied by the punch during
the process is measured with a load cell. In Fig. 7, the force
profile during the conventional process (constant pre-stress of
the die) is displayed.

It can be seen that the force for the ejection of the sample
from the die applied by the punch is quite constant during
the ejection. The average value is about 2.6 kN in the case
considered. Now, the external load on the disk due to the
contact of the workpiece with the die in the calibration zone
is known. Also the residual stresses are known (simulated
and measured).

¼
�1088 0 0

0 �1088þ σ�Res 34
0 34 σaRes

6664
7775MPa

It can be immediately noticed, how small the shear stress is
in comparison with the other terms of the matrix. Then, the
equivalent stress of von Mises on the surface can be computed:

σVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2e þ pe 2σaRes � σ�Resð Þ þ σ�Res � σaResð Þ2 þ σaResσ�Res þ 3�ra2

q

Substituting the simulated residual stresses after extru-
sion in the formula, it can be found that the equivalent
stress of von Mises is 1889 MPa. This value is above the
plastic limit of the material at this hardening stage (strain
hardening 0.54 and plastic limit at 1243 MPa). Therefore,
as it is well known from the literature, the ejection causes a
second plastic deformation of the workpiece. It is obvious
that this value is strongly affected by the high axial resid-
ual stresses coming from the extrusion. Considering a sam-
ple without residual stresses, during ejection the von Mises
stress would be 1089.6 MPa, which is slightly below the
plastic limit. Therefore, the high gradient of the axial re-
sidual stresses that follows the extrusion process is favor-
able for the following plastic deformation that affects ex-
clusively the surface of the workpiece during the ejection.

To display this fact more clearly, other simulations were
carried out. They should reveal the influence of residual stress-
es after extrusion for the following plastic deformation during
ejection. The results are shown in Fig. 8. In this example, a
shorter sample was extruded and ejected with the previously
described die geometry. The pre-stress on the die was kept
constant throughout the whole process. Two conditions were
analyzed. In the first case, the workpiece was simply extruded
and ejected, without any intermediate process. As already
shown, very high residual stresses are introduced by the ex-
trusion in this case. The ejection phase plastically deforms the
sample a second time, partially decreasing the amount of

Fig. 7 Experimental measurement of the force applied by the punch during the extrusion process in case Constant
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residual stresses. In the second case, an intermediate step is
inserted between extrusion and ejection and the residual
stresses are removed from the part. Geometry, strain harden-
ing and the other parameters of the mesh are not altered. The
behavior during ejection is very different in this case. No
plastic deformation occurs on the surface of the sample, as
the plastic limit is not reached.

Conclusions

In the present paper the investigation of the ejection phase of
cold extrusion is described. In particular, the effects on the
residual stresses in the austenitic stainless steel AISI 316 L
were investigated. Experimentally, the samples were cold ex-
truded and the residual stresses were measured in the depth
through chemical material removal and X-ray diffraction. The
process was also investigated through FE simulation with a
combined hardening material model. A new system consisting
of an active die was used in the experimental conventional
cold extrusion processes. This system allows modifying the
pre-stress applied on the die during the process through the
movement of four drawing cushions. The following conclu-
sions were found:

– It was experimentally proven that the residual stress state of
cold extrudedworkpieces of AISI 316 L can be significant-
ly improved through an adjustment of the pre-stress of the
die during the ejection. This is reached through an increase
of the pre-stress, which leads to compressive axial and
tangential residual stresses in the near-surface region. On

the other side, a decrease of the pre-stress has a detrimental
effect on the axial and tangential residual stresses.

– The simulations could qualitatively reproduce the profile
of the residual stresses found with X-ray diffraction. For
the material AISI 316 L, the ejection phase has a positive
effect on the residual stresses also in the conventional
technology.

– It was determined that the residual stresses on the surface
cannot be enhanced above a definite value through the
active die. Above a certain limit of pre-stress during ejec-
tion, the residual stresses tend to high tensile values. The
reason for this behavior was analyzed through FE simu-
lations. It was proven that the positive effect of the ejec-
tion phase is bound to the condition that the plastic defor-
mation is limited to the surface of the workpiece. When
the entire sample reaches the plastic limit, the effect on
the residual stresses becomes similar to a second extru-
sion and is detrimental for the part.

The ejection phase in the conventional process was also
examined with an analytical model to better understand the
underlying phenomena. It was possible to show that:

– The frictional shear stress applied on the sample in the
calibration zone represents a small value in the stress die
during ejection for the studied case. Therefore, it does not
represent a decisive aspect for the consequent plastic de-
formation. The deformation is not due to the shear stress,
but due to the radial deformation.

– The plastic deformation during the ejection phase in
the studied case is strongly dependent on the presence

Fig. 8 Plastic deformation and consequent decrease of the residual stresses during ejection in the conventional process (1) and elastic deformation in
absence of residual stresses after extrusion (2)
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of the high residual stresses on the surface of the sam-
ples after the forward extrusion step. Simulations of a
theoretical case were run to support this conclusion.
The high gradient of residual stresses that character-
izes the workpieces after extrusion eases the initiation
of plastic deformation which is limited to the near-
surface region during ejection.

As seen, working on the ejection phase during cold extru-
sion allows to calibrate the residual stresses and to enhance the
quality of the workpieces. Future studies should focus in a first
stage on the effect of the process on different materials, as
suggested by [13]. Also a quantitative analysis of the increase
in performance of cold extruded parts with this system should
be carried out. In particular, the improvement of fatigue life
and corrosion resistance is of high interest and relevance.
Finally, the transferability of the mechanisms observed in this
process to other technologies should be considered.
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