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Abstract. Workpiece property-control permits the application-oriented and time-efficient
production of components. In reverse flow forming, for example, a control of the microstructure
profile is not yet part of the state of the art, in contrast to the geometry control. This is, due to
several reasons, particularly challenging when forming seamless tubes made of metastable
austenitic stainless AISI 304L steel. Inducing mechanical and/or thermal energy can cause a phase
transformation from austenite to martensite within this steel. The resulting o’-martensite has
different mechanical and micromagnetic properties, which can be advantageous depending on the
application. For purposes of local property control, the resulting o’-martensite content should be
measured and controlled online during the forming process. This paper presents results from the
usage of a custom developed cryo-system and different application strategies to use liquid nitrogen
as a coolant for local enhancement of the forming-temperature depending o’-martensite content.

Introduction

With growing customer demands the requirements on materials, tools and processes within
manufacturing companies are increasing accordingly [1]. Therefore, one of the main objectives of
production and manufacturing technology is the reproducible production of (complex) defect-free
components. The control of local workpiece properties (e.g. microstructure profile), satisfying
customer needs while meeting requirements, has gained more and more importance. This still
constitutes a challenge in reverse flow forming, since the process is affected by a large number of
influencing factors e.g. tool and machine behavior, properties of the semi-finished product like
eccentricity as well as the chemical composition and is therefore hard to predict [2]. A promising
approach in this context is an according closed-loop process control. Extensive experimental
investigations were carried out in regard to a better control of the o’-martensite content in austenitic
stainless steel (AISI 304L) tubes during thermomechanical reverse flow forming. The focus of the
investigations was the use of temperature as a control variable to influence local transformation
behavior. Since cooling favors the phase transformation (austenite = o’-martensite) liquid
nitrogen was applied through a custom developed cryogenic nozzle to maximize the cooling effect
and therefore the o’-martensite formation. As part of the cryogenic reverse flow forming different
process strategies (timing of cooling during the process) and different cooling strategies (varying
cooling areas to produce axial and axial-angular graded o’-martensite areas) were investigated.
Local property control e.g. wall thickness and o’-martensite offers an advantage in product
labeling. This method can be utilized for a unique, invisible and novel product identification
comparable to an invisible QR code. The local manipulation of the a’-martensite content, while
maintaining the external dimensions, generates an individual and invisible microstructure profile,
making the products tamper-proof. Previous and current work has shown, that two strategies can
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be differentiated to decouple the geometry and the product properties. The first strategy employs
a multi-stage process that utilizes process parameters such as the feed rate and infeed, which has
been demonstrated to be effective in earlier research. Our previous investigations have shown a
correlation between the selection of these parameters and the o’-martensite content, while
maintaining the external dimensions [3]. The second strategy is part of current work and involves
thermomechanical forming, which locally affects the formation of o’-martensite in a single-stage
process through the active manipulation of temperature (cooling/heating). To locally grade
properties such as the o’-martensite content, it is necessary to differentiate between grading
directions. One approach to improve the properties of the tube is through axial grading, where the
martensite content is varied along the length of the tube. While previous research has shown
success in this method [3], current efforts aim to enhance the technique by also controlling the
o'-martensite content in the angular/circumferential direction. For this, rapid cooling methods or
periodic/cyclic local cooling or heating must be implemented during the tube forming process, as
the tubes need to reach varying temperature profiles in both the length and angular direction as
they rotate. However, precise control of these properties remains a challenge and is yet to be
established as a common practice. The ongoing research endeavors to develop new techniques and
methods to overcome these challenges and achieve the desired level of local property control. The
o’-martensite contents for local grading of the microstructure profile and the creation of an
invisible labeling of the components must be distinctly detectable for the sensors to be used. The
differences of the martensitic and non-martensitic ranges must be well above the measurement
uncertainty of the measuring instrument. For these investigations the feritscope FMP30 from
Helmut Fischer was used with a measuring accuracy of approx. £1 %.

Principles and Material

Flow forming as an incremental process offers various advantages in terms of flexibility and
efficiency [4]. Based on a defined wall thickness reduction within tubular components the process
allows the production of parts with an excellent shape and dimensional accuracy as well as prime
surface qualities [5]. Components that meet such high standards and offer the above-mentioned
advantages can be used to produce, among others, components for the aerospace industry. Here,
precision and lightweight play an essential role, which is covered by flow forming. Just to name a
few application examples: drive shafts for jet engines and helicopters are flow formed
components [6]. In principle, the rotating tube is set backlash-free on a rotating mandrel and is
typically deformed by a multiple roller tool arrangement generating the necessary deformation
forces for the wall thickness reduction. The roller tools can be moved in radial and axial direction,
reducing the outer diameter of the tube and thus generating an elongation. In reverse flow forming,
the material flows in the opposite direction to the roller tool movement [7], as demonstrated in
Fig. 1. This process is the focus of this paper.

Roller tool Positive-locking

connection

lMaterial flow

Mandrel Tube Main spindle

Fig. 1. Reverse flow forming principle.
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The stainless steel AISI 304L (X2CrNil8-9, 1.4307), which is used as semi-finished material
for the seamless tubes, is austenitic. Containing a metastable austenitic phase, a phase
transformation from austenite to a’-martensite could occur strain- or temperature-induced [8]. The
o’-martensite, nucleating at the intersections of the shear bands, has different mechanical and
micromagnetic properties and can be detected offline (e.g. Feritscope) or online via micromagnetic
sensor equipment (e.g. 3MA-II) like addressed in previous papers [9,10,11]. Besides the mentioned
influencing factors, the o’-martensite formation is also dependent of the chemical composition and
the austenite grain size of the semi-finished product [12,13]. Depending on the chemical
composition of the material batch the potential for a’-martensite formation can significantly vary.
The used material batch offers a qualitatively low potential for a’-martensite formation, since
fractions of austenite stabilizing elements like nickel are relatively high [14]. Comparisons with
different material batches show for the same process parameter combinations variations in
resulting a’-martensite content between approx. 10 % and 85 %. This aspect again emphasizes the
need for property control. For material batches with low potential for a’-martensite formation,
more deformation and/or lower (cryogenic) forming temperatures must be achieved to reach
similar o’-martensite contents. Since the semi-finished tubes with an outer diameter of 80 mm are
seamless, they contain an eccentricity and therefore slight deviations from the nominal wall
thickness of 4 mm.

Machine and Experimental Setup

All experiments were carried out on a PLB 400 spinning machine from Leifeld Metal Spinning
GmbH (Ahlen, Germany) with a drive power of 11 kW and a maximum achievable spindle speed
of 950 rpm. The hydraulically driven cross support equipped with two machining axes, was
developed at LUF at Paderborn University and is capable of generating a maximum force of 35 kN
on each of its axes (X/Y-axis). By default, the operating pressure of the external hydraulic system
amounts 80 bar and can be increased up to 120 bar, when required. Additionally, a universal tool
holder allows the attachment of a variety of tools or tool systems. For the investigations, a single-
roller tool configuration was used to provide enough space for the sensor equipment, which will
be applied for online-measurement purposes, which was presented in previous publications of the
authors and is not the focus of this paper. The roller has an attack angle of a = 12°, a transition
radius of R =2 mm and an exit angle of B = 5°. For the external dimensions, a rolling diameter of
155 mm and a roller width of 46.5 mm can be measured. In the process, a solid counter holder
with two ball-bearing counter rollers is used to support the mandrel. A cryogenic cooling system
was developed for the experiments and placed on the machine bed. It contains a liquid nitrogen
tank, a flexible stainless steel tube for the liquid nitrogen, pneumatic tubes, a set of valves and a
two-component cryogenic nozzle that bundles the liquid nitrogen and transports it with
compressed air surrounding it. The cryogenic nozzle was mounted in a distance of 8§ mm from the
specimen, which was to be deformed. For temperature monitoring an infrared camera (Infratech
VarioCam head HiRes 640) was used. Fig. 2 shows the machine and experimental setup.
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Fig. 2. Machine and experimental setup as 3D-model.

Experiments with three different cooling strategies were conducted. In the first experimental
cooling strategy, the tube was rotated and simultaneously shock-cooled for a certain period of time
prior to forming. Due to the stationary positioning of the cryogenic nozzle, this resulted in an axial
section on the tube which was cooled down circumferentially (ring-shaped cooling prior to
forming). The second experimental set-up was performed in analogy to the first strategy, with the
difference that the shock cooling was conducted simultaneously to the flow forming (ring-shaped
cooling while forming). In the third experimental set-up the aim was to create a spot that was
shock-cooled before forming, which is why the rotation was switched off during the cooling of the
component. (spot cooling prior to forming). For all three cooling strategies a radial infeed of 2 mm,
a feed rate of 0.1 mm/s and a rotational speed of 5 rpm was selected. Fig. 3 shows the initial state
of the specimens and the deformed specimens on which the cooled areas are highlighted in red.

Initial state Ring-shaped cooling Spot cooling

Fig. 3. Cryogenic deformed areas on specimens (highlighted in red).

Results and Discussion

For the first cooling strategy (ring-shaped cooling prior to forming) the tube, with an initial
temperature of 16°C, was cooled down with the liquid nitrogen in the ring-shaped area for approx.
200 s to -8°C using a rotational speed of 5 rpm. Then the reverse flow forming process was
initiated. The time span between the cooling of the tube and the deformation of the ring-shaped
cooled area was approx. 115 s and the initial pressure of the liquid nitrogen tank was at 0.5 bar.

For the second cooling strategy (ring-shaped cooling while forming) the tube had an initial
temperature of 17°C and was also cooled down to -8°C in the ring-shaped area using the liquid
nitrogen. In this case, the forming process was started before cooling. Only after reaching the tube
section to be cooled, the cooling was started and sustained for approx. 200 s, also at an initial
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pressure of 0.5 bar. At a feed rate of 0.1 mm/s, an axial tube section of 20 mm was thus formed
with active cooling. Fig. 4 shows the actual setup for the second cooling strategy.

i ——

Counter holder % ¢ Roller tool =

- i
M ‘ Cryogenic nozzle

Fig. 4. Ring-shaped cooling while forming (second cooling strategy).

The third cooling strategy (spot cooling prior to forming) included a tube with an initial
temperature of 15°C. After the reverse flow forming process was initiated prior to cooling, the
axial feed and the rotation of the mandrel was switched off while forming was taking place. The
system was switched off so that the area, in this case a circular spot, could be cooled down for
approx. 130 s until the surface of the tube was frozen, again with a liquid nitrogen tank pressure
of 0.5 bar. The infrared camera was not able to measure the temperature in the spot since it
displayed a temperature of -273.15°C, which corresponds to absolute zero with 0 K. Then the
cooling process was stopped and the reverse flow forming process was restarted to form the cooled
spot as well as the rest of the tube. Here, the cooling process was not sustained while forming,
since the rotation would again result in the cooling of a ring-shaped area. Fig. 5 shows the actual

setup for the coohng strategy.
o (I

i ;// 4
Mandrel
Cooled area |

Fig. 5. Spot cooling prior to forming (experiment 3).

The resulting tubes were investigated through measurements with a Feritscope (FMP 30,
Helmut Fischer) using the magnetic induction method, a micromagnetic sensor (3MA-II,
Fraunhofer IZFP) based on magnetic Barkhausen noise (MBN) effect, eddy current analysis
(Modulus r - 200 kHz) and hardness tests (HV3). The measurements were used to localize and
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quantify the o’-martensite content, which correlates with the underlying measured variables such
as the maximum amplitude of the MBN profile (Mmax) [15,16]. Fig. 6 shows the measurement
results with the Feritscope, where cooled areas show higher o’-martensite contents. Four
measuring circles with identical distances of 22 mm were used for the measurements. For this
purpose, the measuring circles were divided into 30°-sections. The result for the second cooling
strategy shows the highest o’-martensite content with a maximum of approx. 17 vol.-%, which is
comparatively low due to the chemical composition of this specific material batch, which contains
high proportions of austenite-stabilizing elements. This result can also be explained by the fact
that the component was deformed during cooling and therefore could not warm up towards room
temperature before deformation, in contrast to the first cooling strategy. Also, the coolant flow
continuously dissipates the forming heat. In addition to measuring circle 2 where the cooling was
mainly carried out, an increased o’-martensite content can be observed in measuring circle 1. This
is due to the fact that this section adjacent to measuring circle 2 was also cooled during the cooling
of measuring circle 2. Since there is little time between the cooling of measuring circle 2 and the
forming of measuring circle 1, this result is also reasonable. The ups and downs for the
o’-martensite measurement in the measuring circle 2 are due to pulsation of the liquid nitrogen.
As a result of the evaporation of the liquid nitrogen, due to the comparatively warm hose, liquid
nitrogen and a gas mixture alternately escape from the nozzle. This leads to inhomogeneous
cooling of the rotating tube section. The first cooling strategy shows the same effect due to
pulsation of the liquid nitrogen. The o’-martensite content is also lower than for cooling strategy
2, which is due to the time span between the cooling of and the deformation of the ring-shaped
cooled area. For the cooling strategy 3 only one large peak for the o’-martensite content is visible,
since only one spot was cooled down. An increase in o’-martensite content for areas close to the
spot is due to thermal conduction to the adjacent area.

a) Cooling prior to forming b) Cooling while forming c¢) Cooling prior to forming
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Fig. 6. Feritscope measurement results for the three applied cooling strategies.
The measurements with magnetic Barkhausen noise (MBN) effect performed with the 3SMA-II,
shown in Fig. 7, also display higher values for measuring circle 2, which is located in the cooled

areas. Similar to the previous measurements with the Feritscope, areas adjacent to measuring circle
2 also have slightly higher values, as they have been co-cooled.
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a) Cooling prior to forming b) Cooling while forming c¢) Cooling prior to forming
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Fig. 7. 3MA-Il measurement results for the three applied cooling strategies.

Other than expected, here the values for the measurements regarding cooling strategy 1 show
low magnitudes for measuring circle 2. This might be due to the fact that the areas with martensitic
microstructure might be smaller in terms of area than in cooling strategy 2, for example. However,
it may also be caused by disturbance influences such as the incorrect alignment of the measuring
head to the workpiece.

Eddy current analysis was used as a further non-destructive characterization technique. The
changes of conductivity and permeability of the material due to the phase transformation from
austenite into o’-martensite can be detected by means of the parameter “modulus r”’. This
parameter is computed from real and imaginary parts of the impedance vector corresponding to
each deformation state with respect to a point considered as the initial condition (unformed
metastable austenite). The measurements, shown in Fig. 8, indicate a strong similarity to the
measurements with the Feritscope. Here, the correlation of the measuring variable with the
o’-martensite is also visible. The comparison of the measured o’-martensite contents with the
Feritscope in Fig. 6 shows in cooling strategy 1 there are higher magnitudes for the parameter
“modulus r” for lower o’-martensite contents, which could be due to a superposition of effects
triggered by other variables influencing “modulus 1.
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a) Cooling prior to forming b) Cooling while forming c¢) Cooling prior to forming
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Fig. 8. Eddy current analysis for the three applied cooling strategies.

A comparison of the results from the hardness tests (HV3) in Fig. 9 show the same correlation
with the o’-martensite content. The hardness increases with higher magnitudes of o’-martensite.
As can be seen, for example, from the measurements for cooling strategy 3, the highest value for
hardness results here, although the a’-martensite content is higher for cooling strategy 2 (compare

Fig. 6). This is due to the influence by the work hardening, which can be quite different.
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Fig. 9. Hardness tests (HV3) for the three applied cooling strategies.
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Investigations of the wall thickness (compare Fig. 10) did not show any influence caused by the
martensitic microstructure. The wall thickness increase in feed direction of the roller tool is caused
due to material-pile-up in feed direction.

270° 180°

270° 180°

270° 180°

¢« €Q° 04 €0° 0¢q €0°
» » | O
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4.00 mm 4.00 mm 4.05 mm 4.05 mm 4.10 mm 4.05 mm

Fig. 10. Wall thicknesses resulting from the three applied cooling strategies.

The EBSD results in Fig. 11 show the microstructure of the cryogenic flow formed areas. The
phase mappings display a qualitative distribution of austenite (blue) and o’-martensite (red)
phases. The inverse pole figure (IPF) shows the grain orientation of the microstructure. The
pictures of the areas deformed at room temperature conditions, indicate almost no transformation
of the microstructure, which remains predominantly austenite (blue color in the phase mapping).
This correlates well with the micromagnetic measurements on these areas, where almost no
o’-martensite was detected. On the cryogenic flow formed area the dark lines in both pictures
correspond to shear bands, which are a characteristic of the phase transformation during plastic
deformation of metastable austenite. The intersection points of these shear bands are energetically
favored nucleation points of the a’-martensite (red color in the phase mapping), which is shown
on the red colored areas of the phase mapping.

Phase mapping

Inverse Pole Figure

Cross section

B fcc (y-austenite) 111
W bee (a-martensite) 0014101

Fig. 11. EBSD results of the microstructure of the cryogenic flow formed area: phase mapping
and inverse pole figure (IPF).
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A higher quantity of shear bands and nucleation points of a’-martensite is present close to the outer
surface, where the cryogenic deformation occurs. On the deeper areas, the deformation decreases
which is evidenced in a lower quantity of shear bands and o’-martensite.

Summary

The results from the investigation show that the cryo system is useful for the invisible local
enhancement of the o’-martensite content. The cryogenic nozzle is capable of focusing the liquid
nitrogen surrounded by compressed air to form a cooling jet. As a result from the investigation of
the different cooling strategies, cooling during forming was found to be the most effective method
for maximizing the o’-martensite content. The investigations also show that the material batch of
the tube used allows comparatively little a’-martensite formation due to its chemical composition,
which contains high proportions of austenite-stabilizing elements. The investigations have also
shown that automation of the cooling, i.e. inclusion of the cooling strategy in the process control,
appears to be useful. Currently, to cool a spot, as with cooling strategy 3, both process stop and
shock cooling were performed manually. In the future, the cryogenic system is to be further
developed so that position-dependent (depending on the axial position of the roller tool) and angle-
dependent (angular position of the tube to be formed) cooling is controlled automatically. This
enables the automated production of so-called 2D-gradations (axially and angularly graded
structures) similar to cooling strategy 3. For this purpose, an absolute encoder has been
implemented within the forming machine, via which the angular position of the tube can also be
incorporated into the control system. Furthermore, electromagnetic valves are currently being
implemented in the control system in order to automate the release of the liquid nitrogen and the
compressed air. The planned design of the cryogenic system is shown in Fig. 12.

Safety valve Electromagnetic cryo-valve Computer aided system control

=P BN OE QmE B

Cryogenic nozzle —-» =
LN, - tank N Electromagnetic air valve

Compressed air LN,

Fig. 12. Planned cryogenic system design.

Operating air pressure

With regard to thermomechanical forming, ongoing work is currently being conducted on an
induction system which is to be used for purposely lowering the o’-martensite content locally
through heating. In this way, for example, the co-cooling of adjacent tube sections can be
prevented, which can improve the grading sharpness in the axial and angular direction. The
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sharpness of local gradients in the grading process depends on various factors, including the
geometry of the roller tool determining the contact area (e.g. transition radius and the attack angle
of the roller), the achievable temperature differences in the areas being formed, the thermal
conductivity of the material, the duration between cooling and forming. These factors, along with
the constraints of the forming machine, such as achievable process parameters and actor dynamic,
affect the formation of o’ martensite and the distinction between different areas. Contact with
warm tools and resulting process heat can decrease the temperature differences crucial for grading
sharpness. These aspects are currently being investigated and will be quantified in future work.
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