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Abstract. Rotary swaging is an incremental cold forming process to produce axisymmetric
workpieces from rods and tubes. The process also induces changes of the microstructure of
the material depending on the process parameters. This in turn influences the mechanical
properties like hardness as well as the electrochemical properties. As a result of changed
electrochemical properties, the passivity of the material and thus the corrosion behavior
changes. In order to investigate the influence of rotary swaging on the corrosion behavior of
the stainless steel AISI304, deformed micro parts are electrochemically analyzed. The
measurements reveal a dependency of corrosion rate and impedance on both feed velocity
and final diameter of the rotary swaging process. A higher feed velocity decreases the
corrosion rate and increases the impedance indicating a better resistance against corrosion

as a side effect of rotary swaging.
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1 Introduction

Rotary swaging is an incremental cold forming process to
produce axisymmetric workpieces from rods and tubes. In
the macro-range it has an important field of application in
the automotive industry for example to produce axes,
steering spindles and gear shafts [1]. It is also suitable for
micro manufacturing to produce micro parts [2]. During
infeed rotary swaging the workpiece is axially fed into the
swaging unit and the diameter is reduced incrementally by
a radially oscillating motion of three tools [3]. The
swaging unit is rotating and the base jaws with the cam
are passing the cylinder roller and induces the
simultaneously radially stroke of the tools (Figure 1). The
process shows several advantages of the produced parts
like undisturbed fiber flow as well as improved
mechanical properties [1]. Due to cold working, the
tensile strength as well as the hardness increases during
the process. Furthermore, the formability and also the
microstructure of the material is influenced. This
influence on the material properties depends on the
process parameters like deformation degree or feed
velocity as shown for the material AISI 304 [4]. Processes
like rotary swaging, which cause mechanical deformation
also on the microscale, can induce a transformation of this
austenitic stainless steel into martensite. This change of
microstructure influences the mechanical behavior of the
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produced workpieces [4]. The lower the infeed velocity
during rotary swaging the higher the hardness compared
to the initial state [5]. Thus more martensite is generated
during the forming with lower feeding velocity [6].
Furthermore, the microstructure is significantly
influenced by the deformation degree insofar as a texture
is generated, grain size becomes smaller and the elongated
grains are formed in the longitudinal direction [7].

outer
ring

base jaw
with cam

tool
workpiece

feeding Z

rotation of
swaging shaft

tool stroke ht

cylinder
roller

Fig. 1: Principle of infeed rotary swaging.
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The changes in microstructure might affect not only the
mechanical properties but also the electrochemical
properties such as corrosion and the formation of
protective passive layers. Stainless steel shows the ability
to spontaneously form a protective oxide layer on the
material surface. This passive layer is just a few
nanometers thick and protects the steel against corrosion
[8].

The thickness, composition and stability — and thus the
protective effect of the passive layer depend on the
composition of the alloy (e.g. a high content of chromium
leads to a more protective layer [9, 10]), the
environmental conditions and the microstructure of the
steel [11].

The microstructure on different scales influences the
formation of the passive layer and can accelerate or
decelerate corrosion processes. It could be observed that
a smaller grain size leads to a more stable passive layer in
passivating environment [12]. But the higher amount of
lattice defects associated with small grains can also lead
to a faster dissolution under aggressive conditions like
acidic media [13]. Not only the grain size but also the
crystal structure can have an impact on the corrosion
behavior. Martensite for example shows a higher
electrochemical activity and thus a faster dissolution by
corrosive reactions than austenitic phase [14].

Electrochemical measurements are a common and a
well-known tool to study passivity and corrosion.
Corrosion is an electrochemical phenomenon since the
oxidative conversion of metals is accompanied by an
electron transfer and thus a measurable current. The
corrosion reactions can be forced by applying a potential
between the investigated sample and a counter electrode.
By measuring the flowing current during the reaction it is
possible to compare different samples with respect to their
resistance against corrosion. A lower anodic current
indicates lower dissolution by either a more noble
composition or a better passivation.

By rotary swaging the grain size of the material
decreases while the martensite content in stainless steel
increases [5, 7]. Both phenomena influences the passivity
of the material. A smaller grain size leads to a better
passivation while a higher martensite content leads to a

faster dissolution. By choosing the optimal process
parameters it should be possible not just to get improved
mechanical properties like a higher hardness but also a
better passivation and resistance against corrosion.

In this paper it will be shown that the martensite content
depends on the feed velocity while the grain size depends
on the final diameter. The additional electrochemical
measurements reveal the dependency of both material
parameters and thus process parameters on the corrosion
behavior.

2 Experimental set up

2.1 Rotary swaging

Rotary swaging experiments were conducted with
annealed workpieces of material AISI 304 (X5CrNil8-
10). The workpieces were fed with a direct linear motion
drive with different feed wvelocities of ve=1 mm/s,
5 mm/s, 7.5 mm/s and 10 mm/s into the swaging head.
The stroke height of the tools (Ar=0.1 mm) and the
stroke frequency (fs =102 Hz) were kept constant. A
lubricant (Shell Macron 01 F-2) was applied to all
forming operations. The initial diameter of the workpieces
was do=1 mm. Two different forming operations were
carried out. Thus two tool sets of the material 1.2379
(X155CrVMol2) were used, one with a nominal diameter
of dnomi = 0.75 mm and second with a nominal diameter
of drom2 = 0.46 mm. Both tool sets had the same settings
with a tool angle a=10° and a calibration length
It =20 mm (Figure 2). Workpieces were deformed in
one stage with the first tool set to a final diameter of
di=0.8 mm. An additional set of workpieces were
deformed in two stages first to 0.8 mm and finally to
di = 0.5 mm with the second tool set. When removing the
workpiece from the swaging unit, the tools were opened
to avoid further impact on the specimen.

l.a  calibration length
a tool angle

Fig. 2. Toolset for rotary swaging.
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Fig. 3. Microstructure (cross-section polish) of (a) annealed material, (b) deformed material with final diameter di =0.8 mm
(v=1.0 mm/s), (c) deformed material with final diameter d; = 0.5 mm (vf= 1.0 mm).

2.2 XRD measurements

For this study quantitative phase analysis [15] was
performed using Cr-radiation (Ky1, «2), produced by long
fine focus tube 12*0.4 (Panalytical). Diffracted radiation
was detected by a position sensitive detector “Miostar 2”
(Photron-X, Ottobrunn, Germany), equipped with
vanadium filter. The measurements were performed on
the outer surface of the wire, using a fox-mini-lens (IFG,
Berlin, Germany), with incident beam diameter of
200 um. All the diffraction profiles were obtained by
varying 26 from 60° to 164° with a resolution of 0.05°.

The collected XRD data was refined by Rietveld
method [16] using the software TOPAS 4.2 (Bruker AXS,
Karlsruhe, Germany). In this method, the whole measured
pattern is refined with a calculated pattern, taking into
account the instrumental contributions and the crystal
structure of the present phases, including microstructural
features like crystallite size and microstrains. The
calculated criterion residuals weighted profile (weighted
R-factor; Ryp) gives a reliable information about the fit
quality. Thereby, the smallest Ry, value represents the
best refinement. It is calculated by:

> U;(Y;0bs — Y;calc)?
Y.(Y;calc)? (1)

Ryp =

In this equation Y;obs is the measured and Yicalc is the
calculated intensity at each 26 position i [16].

2.3. Electrochemical measurements

All electrochemical measurements were carried out in a
standard three electrode cell using a Metrohm Autolab
potentiostat with the PGSTAT204 and the FRA32
modules. All experiments were performed at room
temperature. The counter electrode was a platin electrode

and the reference electrode was an Ag/AgCl electrode,
while the investigated material acts as the working
electrode. The samples were embedded in a PTFE
(Teflon) holder. All potentials in this paper are referred to
the Ag/AgCl electrode.

The electrochemical measurements, potentiodynamic
polarization scans and electrochemical impedance
spectroscopy, were done in phosphate buffered saline
(PBS) containing 0.2 M NaCl + 0.1 M phosphate buffer
solution [17] (pH =7.5). Before each measurement the
working electrodes were wet grinded with SiC grinding
paper up to 2000 grid, degreased in ethanol and cleaned
in an ultrasonic bath containing deionized water.

The polarization scans were performed in PBS with a
scan velocity of 1 mV/s. Each polarization scan started
from -0.8V and ended at 1.0V. Before every
measurement the open circuit potential (OCP) was
measured for 300 seconds.

The electrochemical impedance spectroscopy (EIS)
measurements were performed at OCP which was
measured for 1800 seconds. The EIS measurements were
performed in the frequency range between 10° and 0.1 Hz
with an AC amplitude of £10 mVms.

3 Results and discussion

3.1 Microstructure analysis

The microstructure of the annealed (initial state) material
and two rotary swaged samples are shown in Figure 3.
The annealed material is recognizable as austenitic steel
with a grain size of 36.4 pm. By rotary swaging the grain
size of the material was reduced significantly. The
workpieces that were deformed in one stage to the final
diameter d; = 0.8 mm showed a grain size 0of 2.2 pm. With
an additional deformation stage and a final diameter of
di=0.5 mm the grain size continued to be decreased
down to 0.94 pm.
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Tab 1: Weighted dislocation density and refined martensite
content in dependence of final diameter and feed velocity.

Average Martensite
Sample dislocation content,
density, cm™ mass-%
As received 1.17x10° 0
di =0.8 mm
ve= 10 mm/s 1.81x10% 21
ve=7.5 mm/s 1.82x1010 27
ve=5 mm/s 1.61x101 35
ve= 1 mm/s 1.59%101 47
di=0.5 mm
ve=5 mm/s 1.56x101" 55
ve=1 mm/s 1.14x10"° 80

A dependency of the grain size and the feed velocity
could not be observed. Other studies came to the same
result [5].

3.2 XRD Measurements

XRD was used to study the phase transformations taking
place during rotary swaging. Figure 4 shows the XRD
patterns of the annealed and deformed samples. In these
diagrams 7y represents peaks of the austenitic phase and o
represents martensite peaks. The labels of each scan
describes final diameter of the wire and the feed velocity
used during rotary swaging of the investigated samples.
Figure 3 illustrates the evolution of martensite peaks and
corresponding evolution of austenite peaks depending on
the process parameters. The increase of the o-peak is
correlated with the generation of deformation-induced
martensite during the process. Moreover, a broadening of
the diffraction peaks can be observed.

The values of Ry, for the refinements of studied
samples were in range of 3.2 to 3.9 which correspond to a
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Fig. 4. : XRD-scans for rotary swaged wires by different feed
velocities vrand for initial wire (no RS).

high fit quality. Phase composition was refined taking into
account two existing phases: initial austenite (FCC, face-
centered cubic) and deformation-induced martensite
(BCC, body-centered cubic). Also the refinement was
performed taking into account the texture with preferred
orientation in <011> direction, resulting from rotary
swaging process. The degree of preferred orientation
correction was refined by March-Dollase approach. The
precision of the quantitative analysis of phase contents is
estimated to be around + 5 mass-% in the present case.
Microstructural parameters, such as microstrain (eo) and
volume weighted crystalline block size (D), also obtained
by this refinement were used to calculate the dislocation
density by:

3k X (e)?
p= 2 21 @)
(D)2 x 2.48 x 10

with k a structure depending factor, which takes values
(calculated) of 16.1 for FCC materials and 14.4 for BCC
materials [18]. The dislocation density was calculated for
each of both existing phases. The average was calculated
taking into account the determined respective phase
contents. The results of these evaluations are shown in
Table 1.

It shows, that dislocation density values for initial state
were an order of magnitude smaller than for the wires
after rotary swaging. The dislocation density values for
samples subjected the rotary swaging with varied process
parameters were comparable, but there seems to be no
dependency on the process parameters and it has to be
kept in mind that the measurements were performed on
the outer surface and therefore, differences along the
radius might take place. On the other hand, the process
parameters had a significant influence on the martensite
content. An increasing feed velocity led to a decreasing
formation of martensite, while a higher diameter
reduction increased the amount of martensite.

3.3 Electrochemical measurements

3.3.1 Corrosion rate

To determine the corrosion potential and the corrosion
current density of the deformed samples and the initial
state material polarization scans in PBS solution were
performed. During the polarization scan a potential
between the sample and the counter electrode was
increased using a scan velocity of 1 mV/s and the current
between the sample and the counter electrode was
measured. The reference electrode served as a potential
reference during the measurement (for more detailed
description of the reference electrode the reader is referred
to [19]). The applied potential caused corrosion on the
surface of the workpiece and the measured current was
directly linked to the converted mass via Faraday’s law.
So a high anodic current in areas of dissolution reactions
(e.g Fe — Fe?") indicates a fast corrosion process. Thus a
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Fig. 5. Polarization scan in PBS. Final diameter di = 0.8;
variable feed velocity; scan velocity 1 mV/s; all potentials
referred to Ag/AgCl electrode; the corrosion current density icorr
and the corrosion potential Ecorr of sample ve= 1 mm/s are shown
as an example.

low corrosion current density icor and high corrosion
potential E.. indicate good corrosion resistance.

The aim of the polarization scans was to uncover a
correlation between the process parameters feed velocity
and final diameter and the electrochemical values
corrosion potential and corrosion current density. In
addition, the corrosion rate, which describes the
dissolution by corrosion, can be calculated from the
polarization scans.

Figure 5 shows the polarization scans of the deformed
material with d; =0.8 mm. The absolute value of the
current density |i| is plotted against the potential. At the
beginning of the measurements a cathodic current related
to the reduction of oxygen can be seen. While shifting to
higher (less negative) potentials the cathodic current
decreases. At the corrosion potential Ecor the cathodic
current is equal to the anodic current and the total current
is zero. For the determination of the corrosion current
density the linear courses of the anodic and cathodic
currents are extended and the intersection of both lines
indicates the value of the corrosion current (Tafel plot).
At higher potentials the anodic current, which is related to
the oxidation of the material, increases.

Feed velocity # /mms—!

Fig. 6. Dependency of corrosion current density icorr and
corrosion potential Ecorr from feed velocity for: final diameter
dr=0.8 mm.

The lowest corrosion potential and highest corrosion
current density is assigned to the sample with the lowest
feed velocity (ve= 1 mm/s) during the forming process.

With increasing feed velocity the corrosion potential
increases while the corrosion current density decreases
(Table 2). Both of these characteristics indicate higher
corrosion resistance.

Along with an increasing feed velocity the martensite
content declines. It is known that martensite shows higher
electrochemical activity than austenite [14, 20]. This
explains the lower corrosion current density and the
higher corrosion potential with increasing feed velocity,
which is obvious when corrosion current density and
corrosion potential are plotted against feed velocity.
Figure 6 shows this for a final diameter of 0.8 mm, but the
same trends were found for a final diameter of 0.5 mm
(not plotted).

While Ecor and icor are clearly a function of feed
velocity vr the dependence on the final diameter is not that
clear. The smaller final diameter (due to a second
deformation step) yields a higher martensite content and
a smaller grain size compared to the samples with larger
final diameter and the untreated material. On the one hand
a higher martensite content leads to a higher

Table 2. Corrosion potential and corrosion current density obtained by potentiodynamic polarization scans in PBS.

Corrosion Potential

Corrosion current density

Corrosion rate

Sample Ecorr /mV fcorr /NACM™ CR /uma’!

d=0.8 mm ve= 10 mm/s -327.7 2.45 2.56
ve="7.5 mm/s -384.8 2.78 2.90
ve=5 mm/s -352.9 3.32 3.47
ve=1 mm/s -443.9 5.59 5.84

d=0.5mm ve= 10 mm/s -343.5 2.20 2.30
ve=5 mm/s -451.4 3.15 3.29
ve=1 mm/s -475.1 9.40 9.82

As received -390.5 4.38 4.57
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electrochemical activity while on the other hand a smaller
grain size leads to a better passivation of stainless steel.

So the differences between samples treated with the
same feed velocity but different final diameter shrink with
increasing feed velocity (Table 2). Comparing sample
di=08mm and vr=10.0mm/s with sample
dy = 0.5 mm and vr=10.0 mm/s both corrosion current
densities are nearly the same (2.45nA and 2.20 nA
respectively). The smaller grain size of two times
deformed samples (di= 0.5 mm) seems to compensates
the higher martensite content resulting in nearly the same
corrosion behavior.

The corrosion rate is the material loss per time due to
corrosion under the given conditions. It is a function of
the corrosion current density and is given in micrometers
per year.

The corrosion rate CR is given by

LeorrMt

CR=F 3)
with the corrosion current density icorr, the molar mass M
the time #, the charge number n which indicates the
number of electrons exchanged in the dissolution reaction
and F is the Faraday constant. The quotient M/n is
sometimes referred to as equivalent weight. The different
values of the corrosion rate are summarized in Table 2.
According to Equation3 icor is the only variable
parameter so the corrosion rate correlates linear with the
corrosion current density. Due to the significant smaller
grain size compared to the initial state material the
deformed samples with low martensite content
(ve=5 mm/s — v¢= 10 mm/s) show even a lower corrosion
rate than the pure austenitic as received material.

The polarization scans reveal a dependency of the
corrosion potential and the corrosion rate on the feed
velocity (Figure 5). The corrosion potential increases with
feed velocity vy, while the corrosion rate decreases with vr.
So an increasing feed velocity improves the corrosion
behavior.

3.3.2 Corrosion resistance

To underline the findings of the polarization scans and to
investigate the corrosion resistance of the samples
electrochemical  impedance  spectroscopy  (EIS)
measurements were performed in PBS solution. During
the EIS measurements an AC voltage with decreasing
frequency (10 kHz — 0.1 Hz) was applied between the
sample and a counter electrode. While the measurement
the AC resistance — the impedance — as well as the phase
shift was measured. The impedance of the
electrochemical system can be interpreted as a resistance
against corrosion.

In Figure 7 the real part of the impedance (Z’) is
plotted against the imaginary part of the impedance (-Z”’).
With decreasing frequency the absolute impedance
increases. Figure 6 reveals the same relationship that was
already observed in the polarization scans.

E
j=)
=
X
2 = 10 mm/s
vy = 5 mm/s
v =1mm/s
as received
10 12

Z' fksem?

Fig. 7. Nyquist plot of the rotary swaged and initial material
recorded at OCP in PBS solution.

The impedance, so the resistance against corrosion,
increases with increasing feed velocity and thus
decreasing martensite content.

The differences between the impedance values for one
and two deformation steps also shrink with increasing
feed velocity. At a feed velocity of vi= 10 mm/s the
impedance values of both samples are nearly the same.
The higher martensite content appears to compensate for
the smaller grain size and nearly the same corrosion
behavior can be observed. It can also be seen that it is
possible to increase the impedance of the deformed
material compared to the initial material. The smaller
grain size improves the corrosion resistance (ve= 10 mm/s
and vr=5mm/s compared to as received) but with
increasing martensite content (vi=1mm/s) the
impedance gets smaller compared to the initial material
(Table 3).

The EIS measurements confirm the same relationship
like the polarization scans between corrosion resistance
and the feed velocity. A higher feed velocity leads to a
better passivation and a better corrosion resistance visible
through a high impedance (Figure 7) and a low corrosion
current density (Figure 5).

Table 3. Impedance values measured in PBS for one
(di = 0.8 mm) and two (d1 = 0.5 mm) deformation steps.

Impedance
Sample 7 /MQ
di = 0.8 mm ve= 10 mm/s 5.78
ve= 5 mm/s 5.31
ve=1 mm/s 4.17
di = 0.5 mm ve= 10 mm/s 5.90
ve=5 mm/s 4.46
ve= 1 mm/s 2.01
As received 4.06
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4 Conclusion

In this study workpieces deformed by rotary swaging
were investigated by analyzing the microstructure and the
electrochemical properties. The grain size of AISI 304
decreases with every deformation stage and strain-
induced martensite is built during the process. It could be
shown that the martensite content increases with
increasing deformation while an increasing feed velocity
can decrease the amount of formed martensite. On the
other hand, no significant impact of the feed velocity on
the grain size nor the dislocation density could be
observed.

The martensite content is directly linked to the
corrosion behavior. A high martensite content leads to
faster dissolution measurable by a higher corrosion
current density and corrosion rate as well as by a low
impedance. With increasing feed velocity the corrosion
current density (and thus the corrosion rate) decrease
while the impedance of the workpiece increase, which can
be attributed to the decreasing amount of built martensite.

The grain size also has a significant effect on the
corrosion behavior namely a smaller grain size leading to
a lower corrosion current density and a higher impedance.
Both indicates a better resistance against corrosion.

By choosing a high feed velocity it is therefore
possible to achieve a better protection against corrosion
compared to the initial material, even despite a higher
martensite content, due to the significant reduction of the
grain size. These effects were visible in a lower corrosion
rate and a higher impedance of the deformed material with
feed velocities from ve=5 mm/s to v = 10 mm/s.

The results confirmed that it is not just possible to
influence the mechanical and geometrical properties of
stainless steel AISI 304 by rotary swaging but also the
resulting electrochemical properties. The choice of the
right process parameters can lead to an increased hardness
as well as to an increased corrosion resistance.

Besides martensite content and grain size other factors
can also influence the corrosion behavior or the
passivation. For example microstructural properties like
texture [21], grain size distribution [22] and coincident
site lattice boundaries (by suppression of sensitization
through chromium depletion) [23, 24] can play an
important role. Further investigations on the influence of
rotary swaging on these microstructure properties and
thus the properties of the passive layer also seem to be
very promising and will be in focus of future
investigations.
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