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The implementation of control systems in metal forming processes improves product quality and productivity. By
controlling workpiece properties during the process, beneficial effects caused by forming can be exploited and
integrated in the product design. The overall goal of this investigation is to produce tailored tubular parts with a
defined locally graded microstructure by means of reverse flow forming. For this purpose, the proposed system
aims to control both the desired geometry of the workpiece and additionally the formation of strain-induced
α′ -martensite content in the metastable austenitic stainless steel AISI 304 L. The paper introduces an overall
control scheme, a geometry model for describing the process and changes in the dimensions of the workpiece, as
well as a material model for the process-induced formation of martensite, providing equations based on empirical
data. Moreover, measurement systems providing a closed feedback loop are presented, including a novel soft
sensor for in-situ measurements of the martensite content.

1. Introduction
The demands on materials, tools and processes within manufacturing
companies are increasing as a result of increasing customer re
quirements (Yang et al., 2018). Metal forming offers a number of ad
vantages, like improved mechanical properties due to strain hardening
and material scrap reduction. In addition to the efficient use of re
sources, the metal-forming manufacturing sector is also faced with a
number of novel challenges, such as customization (Yang et al., 2018;
Ingarao et al., 2011; Tekkaya et al., 2015). Ideally, the specified prop
erties of a workpiece should be adjustable locally in a reproducible
manner. Closed-loop process control represents a promising approach in
this context (Tekkaya et al., 2015). One example is the manufacture of
tube components with axially graded product properties by means of
flow forming – to create e.g. a defined hardness distribution or
tamper-proof and invisible product identification, e.g. by a unique
microstructure profile. One material offering appropriate characteristics
in this context is austenitic stainless steel with its metastable austenitic
phase, which can be transformed by forming into α′ -martensite (Knigge,
2015). The α′ -martensite has different mechanical and magnetic prop
erties than austenite, which can be measured and used to advantage

(Talonen et al., 2005). In order to meet customer expectations, it is
generally necessary to achieve not only the desired geometry of the
component, but also specific local properties for the final application in
question.
For property-controlled forming processes, interdisciplinary coop
eration between forming, materials, measurement and control engi
neering is essential. To our knowledge, no research or applications exist
with a simultaneous closed-loop control for the microstructure and
geometric product properties. The goal is a closed-loop process to con
trol the local product properties of flow-formed tubes, i.e. a desired local
α′ -martensite content and a predefined target geometry. To achieve this,
the controller requires models which describe the changes in geometry
and the material properties during the flow forming process. Some of
these models must be designed for a softsensor concept, since key pa
rameters such as α′ -martensite fraction cannot be measured directly
during production with the required temporal and spatial resolution.
This paper presents geometry and material model approaches that can
be used in control systems during the reverse flow forming of metastable
austenitic steel AISI 304 L. In addition, in section 3.4, a design for the
sensor setup is presented in order to control the geometrical character
istics and the material properties during the production process.

* Corresponding author.
E-mail addresses: markus.riepold@iem.fraunhofer.de (M. Riepold), ba@luf.uni-paderborn.de (B. Arian), julian.rozo@tu-dortmund.de (J. Rozo Vasquez), wh@luf.
uni-paderborn.de (W. Homberg), frank.walther@tu-dortmund.de (F. Walther), ansgar.traechtler@iem.fraunhofer.de (A. Trächtler).
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List of abbreviations

Symbol Variable
Δwmeas , Δwdes , Δw measured, desired and real wall thickness
reduction
p
index of pass
P
total number of passes
φr
true strain in r (thickness) direction
φz
true strain in z (axial) direction
εr
elongation in r (thickness) direction
εz
elongation in z (axial) direction
V
volume
L
total length of workpiece
FRT
forming force
contact area of roller tool and workpiece
ARTW
α′
martensite fraction
MBN
magnetic Barkhausen noise
max. amplitude of the MBN profile
Mmax
M, RT, W indices for mandrel, roller tool, workpiece
a, b, c, εm , fs , n coefficients of material model

Symbol Variable
X, Y, Z inertial coordinates, fix to test stand
z, θ, r
local coordinates of mandrel as cylinder coordinates
t
time
Ω
rotation angle of mandrel, workpiece and local coordinate
system in inertial coordinates
ω
rotational speed of mandrel, workpiece
f
feed rate of roller tool
Δr
infeed depth of roller tool
w
wall thickness
rW
outer radius of workpiece
RM
radius of mandrel
zRT
z-coordinate of roller tool (position of max. radius RRT )
rRT
radial coordinate of roller tool axis
max. radius of roller tool (at rounding)
RRT
ΩRT , θRT angular position of roller tool in inertial or local
coordinates

1.1. Process and experimental setup

occurs in the opposite direction to the axial movement of the roller tools
(Marini et al., 2016). Fig. 1c shows a magnification of the infeed depth
Δr of one roller tool and depicts the outer radius of the workpiece rw
exemplarily. The feed of the roller tools in the axial direction z is
controlled by the support feed. For future investigations and the current
machine setup, the use of only one flow forming roller tool is envisaged
in order to create space for the sensor application.

1.1.1. Flow forming process and application
Flow forming is an incremental forming process offering numerous
advantages in terms of flexibility and efficiency (Runge, 1993). It is
based on a defined reduction in wall thickness on prefabricated tubular
or cup-shaped tubular parts. Flow forming can produce hollow bodies
with excellent shape and dimensional accuracy as well as prime surface
qualities (Sivanandini et al., 2012). The benefits have been recognized
by the aerospace industry, among others, and therefore applied in many
components. Flow-formed components achieve the extremely high
standards required in this field in terms of precision and component
weight.
Fig. 1a shows examples of industrial applications for flow-formed
components, in this case drive shafts for jet engines by Winkelmann
MSR Technology (Ahlen, Germany). Fig. 1b illustrates a typical reverse
flow forming setup in motion during the forming process, with an
illustration of the movement directions of the tools. Here (Fig. 1b), three
identical co-rotating roller tools generate the necessary deformation
forces to manufacture axisymmetric products on a rotating mandrel by
plastically deforming a tube, either in consecutive passes or in one single
pass. The spinning roller tools, which are included in the support, are
arranged at an angle of 120◦ to each other (in this case) and move in a
radial direction. In reverse or backward flow forming, the material flow

1.2. Specimens for experimental investigation
The experimental data for modeling the geometry and material
behavior have been obtained from flow-formed components of seamless
AISI 304 L (X2CrNi18-9, 1.4307) stainless steel tubes, with an outer
diameter of 80 mm and an initial wall thickness w0 of 4 mm. The
specimens were produced isothermally at room temperature with a
rotation speed of ω = 30 rpm and feed rates between f = 6 and 60 mm/
min. Three equidistant roller tools performed flow forming by reducing
the initial wall thickness. Within the scope of this work, special
demonstrator workpieces will be considered. The dimensions of the
specimens are illustrated in Fig. 1d.
1.3. Austenite-martensite transformation of metastable austenite
In the scope of this work, the strain-induced phase transformation of

Fig. 1. Flow forming process: (a) product examples by Winkelmann MSR Technology (Ahlen, Germany): drive shafts for jet engines (Winkelmann and Technology
GmbH & Co. KG, 2021); (b) machine setup; (c) Detail: contact situation; (d) Demonstrator.
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metastable austenitic steels into martensite is key to obtaining tailored
components with graded properties in order to gain advanced func
tionality. This entails the modeling of these microstructural and
dependent property changes. This section introduces the scientific
foundations for a material modeling approach to strain-induced
α′ -martensite formation, to be incorporated in the control scheme.
The stainless steel AISI 304 L belongs to the group of high-alloy
austenitic steels. The martensite formation characteristic of these
steels is a diffusionless phase transition, that occurs through the dis
placive movement of larger groups of atoms relative to their neighbors.
This displacive movement is carried out by shear, dilation/contraction
and shuffling of the austenitic phase atoms. Generally, the austenitemartensite transformation could take place in two ways: i)
temperature-induced due to heating and cooling (quenching), or ii)
strain-induced triggered by mechanical loading, leading to plastic
deformation (Weidner, 2020).
The kinetics of the strain-induced α′ -martensite formation have been
modeled by means of sigmoidal equations, based on the Gompertz
function (Gompertz, 1825). This function has been used in science to
describe phenomena constrained by horizontal asymptotes, as is the case
for strain-induced α′ -martensite. The model of Olson and Cohen (1975)
describes the nucleation and growth of strain-induced α′ -martensite in
relation to the formation of deformation bands. The intersection points
of these deformation bands are the favored nucleation places of
α′ -martensite. According to Olson and Cohen, the evolution of
α′ -martensite volume fraction, with respect to increasing true strain φ,
can be represented by means of equation (1). a and b are parameters
related to the rate of shear band formation and intersection respectively,
and n is a fixed parameter (Olson and Cohen, 1975). This model fits well
with the experimental data obtained by Angel (1954). A modification of
the Olson and Cohen model was proposed by Mansourinejad and
Ketabchi, including the influence of the stress state (Mansourinejad and
Ketabchi, 2017).

process. The strain-induced α′ -martensite content was measured directly
by means of the Feritscope FMP30 system (Helmut Fischer, Sindelfin
gen, Germany). However, this sensor lacks an interface for data transfer
and is not suitable for online applications. Instead, it was possible to use
the 3 MA-II system (Fraunhofer IZFP, Saarbrücken, Germany) for
property control. Its sensor can operate without physical contact with
the workpiece and under the dynamic conditions of the flow forming
process. 3 MA-II measures the maximum amplitude of the magnetic
Barkhausen noise Mmax. This parameter can be correlated with micro
structural characteristics like phase transformation. Some studies have
reported matching correlations between the evolution of strain-induced
α′ -martensite and Mmax parameter in austenitic stainless steels (Astudillo
et al., 2015; Gorkunov et al., 2009; Arian et al., 2021). Determining the
α′ -martensite fraction by means of the physically measurable Mmax
parameter fits within the softsensor concept, described in section 3.3.
1.5. Basic control system scheme and governing models
Implementing closed-loop control in forming processes permits the
reproduction of tool paths in a highly precise manner, thus raising
productivity. Current processes still disregard the actual state of the
workpiece (Polyblank et al., 2014). In situ material property measure
ments, however, enable closed-loop control of these properties during
the process. This opens up novel possibilities for forming processes,
since it becomes possible to locally control favorable characteristics in
the final product. In the scope of this work, the goal is to develop a
closed-loop control for a reverse flow forming process for producing
tubular parts with desired, axially graded properties, like the martensite
fraction, and the desired geometry. Hence, the control variables
comprise both wall thickness and martensite fraction, while material
failures are currently not considered. Fig. 2 illustrates the proposed
control scheme.
The reference input defines the desired final workpiece geometry
G des (z, θ) and desired local martensite fraction α ’des (z,θ). To produce the
part, appropriate toolpaths for each pass need to be precalculated. First,
intermediate products for each pass are defined for the desired geometry
wdes (z, θ, t, p) or thickness reduction Δwdes (z, θ, t, p) respectively; as well
as the local martensite fraction α ’des (z, θ, t, p). Secondly, the process
parameters of depth infeed, roller tool feed, rotation speed and the

(1)

′

α = 1 − exp{ − b [1 − exp(− a φ)]n }

Another sigmoidal equation for the formation of α -martensite in
stainless steel is shown in equation (2). This model is based on the
Gompertz function and was used by Tavares et al. to describe the phase
transition during plastic deformation of stainless steel AISI 201. In
equation (2), fs is the saturation value of α′ -martensite, c is a parameter
related to the rate of transformation, φ indicates the true strain value
and φm a true strain value reference. Experimental results were found to
be consistent with the model and a comparison was done with AISI 304
in (Tavares et al., 2009). Ahmedabadi et al. derived a model based on the
previously described works and found the fitting parameters for AISI
304 (Ahmedabadi et al., 2016).
′

′

α = fs exp{ − exp [ − c(φ − φm )]}

number of passes [Δr f ω]ffp (z, θ, t) are determined to form the desired
parts. Precalculation is performed manually, based on experience from
proper process design, taking into account valid process windows, e.g.
the maximum deformation per pass or forming forces. A comprehensive
methodology was described by (Marini and Corney, 2017). In our case,
designing the tool paths is aided by a geometry process model and a
material property model, whose foundations are introduced in section
3.1 and 3.2. In the future, the feedback could be used to update the
feedforward process parameters by the precalculation block. This allows
run-by-run updates for each pass and, depending on required compu
tational effort, gradually adapting process parameters during
quasi-static forming conditions. The basic idea is to locally model the
material behavior of the forming zone, and thus to calculate appropriate
process parameters. It is planned to incorporate a geometry, and a ma
terial property model for the martensite fraction. Two of the authors
contributed to an analytical stress-strain model for shape memory alloys
and successfully controlled precision actuators (Pai et al., 2016a, 2016b,
2018). The easy-to-calculate approach is capable of modelling forming
history and provides an appropriate approach to model rate-dependent
or state-dependent material behavior.
During the real process, both modeling errors and disturbances
occur. A closed-loop controller contributes to the plant input variables of
depth infeed, roller tool feed and rotation speed [Δr f ω]fb (z, θ, t), to
eliminate both geometry and material property control errors.
Current work focusses on identifying a suitable state space model of
the forming process and thus establish a state space control. The exact

(2)

1.4. Measuring devices
During the process, undesired thermal and mechanical effects can
disturb the tool and cause deflections. Their compensation is crucial for
successfully controlling the workpiece geometry, ensuring dimensional
accuracy and reproducibility. This requires online data for a feedback
loop, which provides the basis for further property control. Moreover,
sensors measure the wall thickness w right in front and behind of the
main forming zone during the process. Their difference yields the cur
rent wall thickness reduction Δw. For these tasks, setups with OM70
laser distance sensors from Baumer Electric (Frauenfeld, Switzerland)
are designed. Section 3.4 discusses this concept and shows their
application.
Additionally, the property control requires a material model to
describe the strain-induced α′ -martensite formation as a function of the
geometrical changes and the process parameters. These models require
empirical data of the variables involved in the phase transformation
3
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Fig. 2. Proposed control scheme.

controller design is the subject of current research. Hence, questions
regarding controllability and observability will be addressed by means
of a model for control design, yet under development. The following
sections introduce the models, measurements and feedback loops for the
given control scheme.

RRT ], with a depth infeed Δr(t) causing a persistent wall thickness
reduction Δw(t) = w(t) − w(tdt) after a time increment dt.
In this model, the wall thickness reduction is regarded as the primal
desired forming operation, while the elongation of the workpiece occurs
as a consequence of volume constancy (Marini and Corney, 2017). As
depicted in Fig. 3b, the elongation is modeled for an element of infini
tesimal width and length (dθ, dz), whose location is given by z, θ. In this
first simple approach, infeed depth Δr equals the persistent wall thick
ness reduction Δw in radial direction. Furthermore, it is assumed that
Δw causes an elongation δz in axial direction with respect to a constant
volume, so that V0 before forming equals V1 after forming (see equations
(3)–(5)):

1.6. Geometry model
This section introduces an idealized geometric model for the reverse
flow forming process. It models the changing shape of the workpiece
with respect to simplifications. Furthermore, it describes the position of
the roller tool over time t and therefore the location of the current
forming zone. Fig. 3a shows the coordinates and variables used to model
a flow forming pass. The following assumptions are made: First, the
mandrel is an ideal rigid cylinder with radius RM equal to half the inner
diameter of the workpiece. The shape of the workpiece, i.e. any point on
the outer surface, is described by rW (z, θ, t) with 0 ≤ z ≤ L(t) and 0 ≤
θ < 2π . The total length is given by L(t) while the initial length is L0 =
L(t0 ). The forming is assumed to occur at point [zRT (t), θRT (t), rRT (t) −

dV0 = (1 / 2)(rW 2 − RM 2 )dθdz

(3)

)
(
dV1 = (1 / 2) (rW − Δw)2 − RM 2 dθ(dz + δz)

(4)

dV0 = dV1 ⇔ δz =

2rW Δw − Δw2
dz
rW 2 − 2rW Δw + Δw2 − RM2

Fig. 3. Idealized model of the flow forming process: (a) variables (b) infinitesimal volume element.
4
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Elongation and true strain values can easily be derived from the
absolute values by the equations in 6, where subscript r indicates the
radial direction and z the axial direction respectively (Doege and Beh
rens, 2010).

εr = Δw / w; εz = δz / dz; φr = ln(1 + εr ); φz = ln(1 + εz )

additional rims. Thus, during the forming process, the number of
frustum elements increases with each new rim in the surface line.
Plastic deformation is modeled as follows: Each hollow conical
frustum has a constant volume and its wall thickness reductions result in
equivalent elongations. As mentioned before, these elongations shift all
elements, which have already been passed by the roller tool in the
current pass, into the opposite direction to the roller tool feed. This re
sults in an increasing total length of the workpiece. The wall thickness
reduction is assumed to occur ideally, as dictated by the toolpath.
Fig. 5 shows a GUI implemented in MATLAB employing this model.
The input parameters are the dimensions of the preform and the tool
path, given by z, w coordinate pairs. These determine the wall thick
nesses of the workpiece, while the elongations and shifting of even
sections and rims occur as a result. The program calculates and graph
ically illustrates the intermediate geometry after each pass and thus
supports the adjustment of toolpaths for consecutive passes, following
the proposed methodology by (Marini and Corney, 2017).
In the context of the given control approach, one major benefit of the
proposed locally discretized geometry model is the possibility to map
inherent material properties to each volume element and track their
location. This is vital for advanced material models, which take into
account forming history and microstructure development, since they
require the updated coordinates of volume elements at any one time.
The necessary strains are easily calculated according to equation (6).
First approaches for material models are given in the following
paragraph.

(6)

These elongations or true strains can serve as input variables for the
material property model. Furthermore, they characterize the forming
history of the volume element.
The elongation of one volume element affects the overall geometry of
the workpiece, since it shifts all the elements that have already been
passed by the roller tool (i.e. for which z > zD (t) applies) to the right by
δz. This holds true for all elements with the same angular coordinate θ.
Equation (7) calculates the total shift Δz until time t for a particular
point in z, or a particular volume element respectively.
∫z
Δz(z, zD (t), t ) =
ζ=zD (t)

2rW (ζ)∙Δw(ζ) − Δw2 (ζ)
dζ
rW 2 (ζ) − 2rW (ζ)Δw(ζ) + Δw2 (ζ) − RM 2

(7)

The total increase in length of the workpiece after one pass is
expressed by equation (8).
∫L0
ΔL =
z=0

2rW (z)∙Δw(z) − Δw2 (z)
dz
rW 2 (z) − 2rW (z)Δw(z) + Δw2 (z) − RM 2

(8)

The proposed model assumes that material flow only occurs in the
direction opposite to the roller tool feed. It neglects the effects of
bulging, tangential material flow and springback, which causes de
viations between the depth infeed of the roller tool Δr and the actual
persistent wall thickness reduction Δw. Another example is the increase
in volume by approximately 2% due to phase transformation and an
increasing martensite fraction (Moyer and Ansell, 1975).
When designing a flow forming process, toolpaths for consecutive
passes have to be calculated, giving consideration to each intermediate
geometry of the workpiece. The model presented serves as a tool to
support this task. In order to realize a first implementation, a coarse
discretization of volume elements is chosen, under the assumption of
homogenous forming in angular direction. Similar to (Marini and Cor
ney, 2017), the workpiece is modeled by a small number of hollow
conical frustums as shown in Fig. 4a. This approach is able to appro
priately describe typical roller toolpaths, e.g. given in G-code. Those are
basically defined by a number of linear interpolated points, i.e. linear
sections. Hence, the following approach helps to precalculate toolpaths
for consecutive passes.
Fig. 4b und Fig. 4c give an example of two passes. The dash-dotted
line indicates the middle axis of the mandrel and workpiece, the solid
black line represents the upper half cross section and surface line of the
workpiece. The blue dashed lines illustrate the toolpaths. The arrows
mark the evolution of each frustum, linking elements of equal volume.
The red dotted lines divide adjacent frustums. Their borders result either
from the given geometry or from edges in the toolpath, creating

1.7. Material model
Property control during the flow forming of metastable austenitic
stainless steels requires the modeling of the phase transformation pro
cess. This model must describe the α′ -martensite content as a function of
the desired dimensions of the workpiece and the process parameters
during flow forming. In this approach, the thickness reduction, specif
ically the true strain φr , and the feed rate f of the forming tool, are
chosen as the variables for the model. In this way, the material model
′
must be an equation where α = g(φr , f). Other authors discussed the
′
formation of α -martensite in terms of strain rate, which is a more gen
eral way to express the rate of deformation in metal forming (Sunil and
Kapoor, 2020; Hahn, 2003). Hahn, among others used a “Johnso
n-and-Cook” approach to determine flow curves as a function of defor
mation, strain rate and temperature (Hahn, 2003). However, in contrast
to classical flow-forming processes, this work focusses exclusively on
low strain rates, and variation range, due to low rotational speed (n ≤
30 rpm) and feed range (6 ≤ f ≤ 60 mm/min). Therefore, known
rate-dependent effects can be omitted. The approach in this work aims to
correlate the process parameters of the machine to the resulting product
properties.
The measurements of α′ -martensite by means of Feritscope FMP30
system were carried out close to the outer surface of the flow-formed
components, as explained in section 2.4. The experimental data of

Fig. 4. Basic geometrical element: (a) Hollow conical frustum; (b) evolution of frustums in the first pass; (c) evolution of frustums in the second pass.
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Fig. 5. Hollow conical frustum model implemented in MATLAB, displaying surface lines.

α′ -martensite for different values of φr and f, are illustrated in Fig. 6a.

decreasing linear behavior of α′ -martensite content with the increment
of feed f. The suggested fitting curves correspond to the linear equation
(10).

Here, φr is calculated according to equation 6. The fitting curves were
obtained using the OriginPro 2019 software and the results are illus
trated in Fig. 6b. Those fitting curves were computed as sigmoidal
functions and correspond to equation (9). This equation is similar to the
Olson-Cohen model (equation (1)) and the Gompertz function (equation
(2)) discussed above. The similarities between the two functions agree
with the fact that the growth of strain-induced α′ -martensite is associ
ated with the increase in the deformation bands and their intersection
points (Mansourinejad and Ketabchi, 2017). The authors evidenced this
fact in previous studies by means of microscopic investigations per
formed on AISI 304 L flow-formed components. Using electron back
scatter diffraction (EBSD) analysis, characterization of the nucleation of
the strain-induced α′ -martensite at the intersection points of the defor
mation bands was carried out successfully and reported in (Rozo Vas
quez et al., 2020).
′

α1 = A0 + A1 exp (− φr / A2 )

(10)

′

α 2 = B0 + B1 f

Combining equations (9) and (10), for α1 and α2 , allows the
computation of α′ -martensite with consideration to the effects of φr and f
by means of equation (11).
′

′

α = [A0 + A1 exp (− φr / A2 )][B0 + B1 f ]

′

(11)

Equations (9) and (10) were used as “Ansatz” equations in a Matlab®
code to compute the numerical values of the coefficients in equation
(11), using the experimental data for a specific infeed depth of 1 mm/
pass. The computed coefficients by means of the implementation are: A0
= 107.4, A1 = -107.67, A2 = 0.2, B0 = 1.05 and B1 = -0.006. This way,
equation (11) can be written as shown in equation (12).

(9)

′

α = [107.4 − 107.67 exp (− φr / 0.2)][1.05 − 0.006 f ]

The effect of the feed rate is determined by means of the data re
ported in Fig. 7a and their corresponding fitting curves in Fig. 7b. The
plateau, especially prominent for the upmost curve (φr,Avg = 0.8) in
dicates a faster development and saturation of α′ -martensite in speci
mens produced with lower feed rates. The data at a lower strain (φr =
0.02) are not considered, but the tendency of the other curves suggests a

(12)

2. Material model and softsensor concept
Since the α′ -martensite fraction cannot be measured directly during
the production process, it is necessary to derive correlations with
physically measurable data, like micromagnetic parameters –

Fig. 6. Results of α′ -martensite contents (vol.-%) for different true strain φr (in thickness direction) conditions of flow-formed specimens, with feed rates between 6
and 60 mm/min: (a) experimental data; (b) fitted curves.
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Fig. 7. Results of α′ -martensite contents (vol.-%) for different feeds, with the strain conditions of flow-formed specimens, for different true strain φr (in thickness
direction) conditions: (a) experimental data; (b) fitted curves.

specifically Mmax. As explained in section 2.4, this parameter is related
to the strain-induced α′ -martensite development of austenitic stainless
steels (Astudillo et al., 2015; Gorkunov et al., 2009). The modeling of the
α′ -martensite fraction by means of the measured Mmax data matches the
softsensor concept. The material models of this study, based on experi
mental data, correspond to a black box model. In future work, the
integration of analytical calculations will allow migration into a grey
model, to improve flexibility and the predictive abilities of the
softsensor.
The Mmax measurements were carried out by means of 3 MA-II sys
tem up to a depth of approx. 100 μm with respect to the outer surface of
the flow-formed components, as set out in section 2.4. The experimental
data and the corresponding correlation between α′ -martensite and Mmax
are illustrated in Fig. 8a. In this first approach, a linear regression is
proposed using the fitting tool of Origin Pro (2019), as shown in Fig. 8b.
These curves correspond to equation (13), where C0 is a positive coef
ficient, fitted to measured data. The measurements of Mmax contain the
effects not only of phase transformation but also of surface damage,
residual stresses and hardening, among others. Based on the actual data,
it is clear that the phase transformation has a dominant effect on the
Mmax measurements. More investigations will be conducted to separate
those effects in order to adjust the data with respect to α′ -martensite
formation. Those investigations are expected to verify the linear ten
dency of the correlation between α′ -martensite and Mmax, or provide
relevant information for improvement of the model. This will be refined

to consider the effects of the gap between the sensor and the surface,
which can be estimated by the distance measurements and establish
means to correct corresponding measurement errors.
′

α = C0 Mmax

(13)

2.1. Multi-sensor concept
An optimal sensor arrangement is essential for robust measurements.
Like already addressed in section 2.4, undesired thermal and mechanical
effects can disturb the tool and cause deflections. Compensating these is
critical for successfully controlling the geometry of the workpiece,
which ensures dimensional accuracy and reproducibility. To provide
proper feedback, measurements should be performed close to the
forming zone to avoid dead time. Fig. 9 illustrates the sensor application
developed for the given flow forming machine. Here, Fig. 9a shows the
main tools and the sensor types used, in a full view from a current CADmodel, while Fig. 9b features a number of detailed views.
Four identical laser distance sensors by Baumer Electric are
employed and arranged in pairs. Their large measurement range from
100 to 600 mm allows a reasonable safety distance from the forming
zone, which will become relevant in the presence of high or low tem
peratures in future experiments. Two of the sensors point perpendicu
larly at the surface of the workpiece, close to the forming zone, and
move axially along with the roller tool. They measure the wall thickness

Fig. 8. Results of α′ -martensite content correlated with the maximum Barkhausen noise amplitude Mmax of flow-formed specimens, produced with feed rates between
6 and 60 mm/min: (a) experimental data; (b) fitted curves.
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Fig. 9. Multi-sensor concept: (a) full view (b) detailed views.

right in front of and behind the main forming zone. Additionally, the
difference between these signals yields the actual wall thickness
reduction by the current forming operation. To compensate for mea
surement errors caused by undesired deflection of the mandrel, two
stationary sensors measure perpendicularly to the tip of the mandrel
surface. These sensors, arranged orthogonally in respect of each other,
make it possible to localize the middle axis of the mandrel and therefore
of the workpiece.
To determine the α′ -martensite content by the softsensor, as intro
duced in section 2.4, the 3 MA-II sensor has to be applied close to the
forming zone. The softsensor calculates the α′ -martensite content,
providing a property feedback loop. The micromagnetic sensor is posi
tioned at a distance of approximately 1 mm from the tube surface for a
contact-free measurement. The sensor moves along with the roller tool
to perform the measurements near the current forming zone. The gap
between surface and sensor affects the quality of magnetic measure
ments and generally decreases it. Since the laser distance sensors pro
vide information about eccentricity during rotation, and therefore
variable gap, this information will be used to correct corresponding
systematic measurement errors within the softsensor.

Future work will investigate the robustness and real time capabilities
of measurements, information processing and actuators for the imple
mented control scheme, identifying the controllable process window.
Both the geometrical and material models will be evaluated and refined
by further experimental data, enhancing the predictive qualities.
Moreover, it is planned to conduct forming in high and low temperature
ranges and at a higher rotation speed. Since temperature is known to
affect phase transformation, heating and cooling actuators will add an
additional control variable and broaden the potential for flow forming
products.
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This paper presents advances in the development of a novel
feedback-controlled flow forming process. Its purpose is to manufacture
tubular parts with a defined locally graded microstructure by exploiting
the formation of martensite in the processed metastable austenite due to
forming operations. The basic control scheme, incorporating geometry
and material property control, has been introduced. Here, precalculated
toolpaths, designed with the aid of an idealized geometry model and
material model, define desired geometries and properties for each pass
as well as nominal process parameters. In the scheme presented, the
controller adjusts these process parameters online in order to correct
detected control errors. The application of both distance and magnetic
sensors, to provide the necessary feedback, was introduced and a
number of design decisions were briefly discussed. A geometry feedback
loop delivers the actual wall thickness and the thickness reduction. The
values are directly measured by laser distance sensors. To gain insight
into the microstructural properties during forming, which cannot be
measured directly, a novel softsensor concept was described. This de
ploys material models to correlate process parameters and the measured
maximum Barkhausen noise amplitude to provide a material property
feedback loop for the controller. Currently, the softsensor deploys a
black-box model, which is based on experimental data regression. It is
planned to integrate analytical equations for a grey-box model
approach, in order to improve flexibility and predictive abilities.
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