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Abstract

The isothermal high temperature pneumoforming process to form tubes at constant elevated temperatures by means of inter-
nal pressure is investigated. Two materials, a ferritic (X2CrTiNb18) and a martensitic stainless steel (X12Cr13) are used
for the investigations. The required material characterization is performed at the temperature and strain rate of the actual
process. A new method for quantifying thermal softening via the time-dependent decrease in static yield stress is presented.
At a temperature of 1000 °C, the static yield stress decreases by 50% within 100 s for both materials. The numerical models
are validated on the basis of the formed geometry and used to study the influence of maximum internal pressure, axial feed,
holding time under load and die edge length on the final part geometry. It was observed, that with higher internal pressures
and longer holding times smaller corner radii are formed for both materials. In contrast, a superimposed axial feed as well
as the effective friction coefficient have a negligible influence on the formed geometry. With an increasing die edge length,
smaller radii are formed with the ferritic stainless steel numerically and experimentally. By contrast, for the martensitic stain-
less steel, larger radii are observed numerically. Experimentally, the limited formability of these tubes weld seam becomes
apparent. Based on the findings, process windows depending on the process parameters internal pressure and die edge length
were derived. Numerically, forming limit curves of tubular semi-finished products under comparable conditions serve as a
failure criterion. Good agreement with experiments was observed.
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Introduction

Lightweight design is one of the key motivations for reducing
CO2 emissions. In forming technology, this objective requires
processes that enable the manufacturing of components with
more complex geometries and high strength at the same time.
A common approach to this is forming at elevated tempera-
tures and subsequent hardening. For sheet metal components,
press hardening is already an established process [1]. In the
field of internal high-pressure forming, several approaches
exist to apply the advantages of hot forming (higher forming
limits, lower forming forces and less springback) to closed
profiles. Even though most of the processes still have a low
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technology readiness level and are part of ongoing research,
there are already fields of application in series production,
such as the roof bows of the Ford Bronco, which are produced
through form blow hardening [2].

In the field of internal high pressure forming, the medium-
based pressure can be used in two ways. On the one hand,
actively, in which case the internal pressure is the sole agent of
shaping (e.g. [3]). On the other hand passively, as a support-
ing internal pressure, in which case the forming is performed
predominantly by a radially acting punch (e.g. [4]). In this
contribution, an active internal pressure is in the focus. A
general structure of such a process is shown in Fig. 1. The
individual process steps are divided into heating, forming and
quenching, in the same way as for press hardening.

There are several ways to heat the profiles before form-
ing. These include heating in the furnace [5], by means of
induction [6] or by resistance heating [3]. With furnaces,
a homogeneous temperature distribution is achieved, but
this method is associated with a transfer as well as a heat
loss into the die. Induction heating has higher heating rates,
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but also requires a transfer [7] or removal of the coil [8].
Inductive heating during the forming process is not pos-
sible because the varying distance between the coil and the
specimen leads to an inhomogeneous temperature distribu-
tion [9]. With resistance heating, the electrical connectors
can be installed directly in the mold or on the workpiece. A
transfer is thus no longer necessary [3]. On straight profiles,
centrally homogeneous temperature distributions can be
achieved without further measures. Temperature gradients
occur in the area of the electrical connectors, the extend of
which depend on the thermal parameters of the clamps and
the workpiece [10]. In the case of curved specimens, a hot-
spot is formed on the inner arc. This can be reduced if the
current intensity is pulsed over time [11].

Gaseous media are currently preferred as forming media
at hot forming temperatures. Liquid media can only be used
up to approx. 300 °C. Solid media, on the other hand, typi-
cally have a low heat transfer coefficient, so that they are not
suitable for processes where the active forming medium is
also used as the cooling medium [12]. Commonly the gase-
ous medium is not pre-heated, so that it leads to a cooling
of the specimen while building up the internal pressure for
the forming process [13]. Simultaneously, lower forming
limits are obtained and higher internal pressures are required
with decreasing temperature. To prevent this cooling effect,
the use of heated tools is possible, which allows for iso-
thermal forming processes. This has already been carried
out for aluminum at 500 °C. A higher degree of forming
can be observed, if longer holding times at constant high
temperature and pressure are used [14]. On the other hand,
it is known for steel materials that an excessively high tool
temperature can prevent hardening. Under non-isothermal
conditions, pressures of up to 70 MPa are therefore used for
steel materials [15]. If the component is to be hardened after
forming, the use of suitable quenching methods is required.
Similar to press hardening of sheet materials, cooled tools
can be used to harden boron-manganese steels to above 500
HVS [5]. Alternatively, the component can also be cooled
with water from the inside after internal pressure forming
[16].

Processes that enable isothermal forming and subsequent
hardening in the die are not yet known. It is beneficial to
form the profile by means of internal pressure at constant
high temperatures (isothermal) so that lower pressures are
required and higher forming limits are achievable. At the
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same time, the potential hardening of the part after forming
by means of quenching in the same machines is desired. It
is apparent from the state of the art, that resistance heating
is the only method that can be considered to fulfill these
requirements. The tool may not heat up too much to allow
cooling from the inside through the medium. In this appli-
cation, compressed air is used as the forming and quench-
ing medium. In order to meet all the stated requirements,
the authors have devised a process to hot form hollow parts
by means of internal pressure with the option of subse-
quent hardening in the tool. The experimental setup and
the general feasibility of this process, called isothermal-
high-temperature-pneumoforming process (IHTP-process),
have already been proven in [17]. The aim of this paper is
to determine the process windows for both materials and
varying die edge lengths. This includes appropriate mate-
rial characterization methods, the numerical modeling of the
IHTP-process and an experimental validation.

Materials and methods

During hot forming, distortion of low-alloy steels occurs.
Standard coatings do not allow rapid heating rates as used
in the IHTP process [18]. From this point of view, suitable
materials are selected and the experimental setup as well
as the general process-procedure is presented. Furthermore,
potentially relevant parameters for the analysis of the process
are derived.

Materials

The ferritic stainless steel X2CrTiNb18 (short form for the
remainder of the text and figures: Ferrite) and the martensi-
tic stainless steel X12Cr13 (short form: Martensite) are used
in the following investigations. The chemical composition
of the two materials is given in Table 1. In the case of fer-
rite, the ductility initially reduces with increasing tempera-
ture up to approx. 700 °C before a significant improvement
takes place [19]. The martensite belongs to the air harden-
ing steels. In the as-delivered condition, it has a hardness
of approx. 150 HV10. For the investigations, welded tubes
with a diameter of 50 mm (d,=2 - r;)) and a wall thickness
of 1 mm (s,) are used.
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Table 1 Chemical composition C Cr Ni Ti Nb

of the used stainless steels in

wt-% without impurity [20] Ferrite (X2CrTiNb18) 0.03 17.5-18.5 - 0.1-0.6 (3-C +0.3)-1
Martensite (X12Crl3) 0.08-0.15 11.5-13.5 0.75 - -

Both materials exhibit increased resistance to oxidation
(scale) at elevated temperatures due to their alloying con-
stituents [21]. The formation and detachment of scale lay-
ers causes faulty temperature measurement by the optical
systems and is therefore impermissible. With the thermal
treatment times used for the IHTP process, this is given up
to a temperature of 1000 °C.

Experimental setup and procedure

The experimental setup is shown in Fig. 2a and is identical
to that of [17]. For the experiment, the tubes are sealed air-
tight on both sides. The media supply is connected on one
side. At the other end, a valve is connected in order to be
able to vary the volume flow during cooling. For heating,
water cooled conductive clamps are attached to the tube
with a distance of wy =190 mm. The assembly is placed in
a universal testing machine Zwick Z250 (co. ZwickRoell
GmbH & Co. KG), which provides an optional axial feed.
The temperature is set using a Metis M308 pyrometer and
a PID controller Regulus RD (both co. Sensortherm). The
pyrometer has a measuring range from 600 to 1400 °C. To
measure the cooling gradients, a thermocouple is inserted
in the die. The power for the resistance heating is pro-
vided by a DC-generator LAB/HP 4020 (co. ET System
electronic GmbH). To define the shape, a square die with
a variable edge length a is used. In addition to a steel
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reinforcement, thermal and electrical insulating materi-
als are utilized on the inside to maintain heating during
forming. For this purpose, the mica paper impregnated
silicone resin KS 800 M (co. AGK-Hochleistungswerkst-
offe GmbH) is used. The change of the die edge length a
is realized by the use of spacers and the adjustment of the
insulating layer (Fig. 2a). To monitor the volumetric flow
V during forming and subsequent cooling, a VA 520 - ther-
mal mass flow meter (co. CS-Instruments) is implemented.

The process parameters during the experiment are
shown qualitatively in Fig. 2b. Initially, the profile is
heated to the forming temperature 7z = 1000 °C within
the time #; = 40 s. After a dwell time of 7, = 5 s, the pres-
sure p is increased with a ramp of p = 0.06 MPa/s. Steeper
pressure ramps would lead to an undesired cooling of the
sample during the inflow of the medium, which enters the
forming zone at room temperature. The resulting process
times can be over 100 s (depending on the maximum pres-
sure aimed for), which is why suitability for series produc-
tion in its current form is not feasible. In order to reduce
the processing times, the application of more powerful
generators for heating is required. These would be able to
compensate the cooling effect of higher volume flows in
order to maintain the isothermal process character.

After a material-specific time #g, the bulging of the tube
begins and an optional axial feed f with varying feed rates
vg can be added. First, free expansion takes place until the
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workpiece comes into contact with the die. Then there is
a restricted forming of corner radii, denote with rg. This
radius decreases as long as the forming operation contin-
ues. After the load time f;, the maximum pressure p,,, is
reached and, if applied, the axial feed f stops for all sub-
sequent process steps. Optionally, the internal load can be
maintained for the pressure time 7, in order to further form
the profile due to increasing thermal softening. Finally, the
heating is stopped and the profile is quenched by a defined
internal volume flow V within a cooling time c. No fur-
ther forming is achieved due to the accompanying drop in
internal pressure and the increasing flow stresses caused
by the falling temperatures. Figure 2c shows exemplary
specimens from martensitic stainless steel before and after
the forming process.

Parameter definition for the experimental
procedure and numerical modeling

For the IHTP-process, the boundary conditions for the
modelling involve the axial feed rate v, the pressure over
time p(f) and the temperature level as well as its distribu-
tion. The axial feed rate is defined as position-controlled
via the universal testing machine. To validate the tar-
geted pressure ramp, reference tests are performed prior
to numeric modeling (Experimental setup and procedure
section). Figure 3a shows the realized experimental setup.

Fig.3 a Actual experimental a)
setup for the isothermal high
temperature pneumoforming

(IHTP) process, b measured
development of the experimen-

tal parameters temperature,
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Figure 3b provides the measured evolution of the process
variables over time. As desired, the pressure increases with
aramp of 0.06 MPa/s. The temperature also remains almost
constant during the forming process at the targeted value of
1000 °C. With the exemplary volume flow of V = 50 I/min
chosen here, a quenching gradient of approx. T = 5.87 °C/s
can be achieved. This value is calculated between forming
temperature 7 = 1000 °C and martensite start temperature
Mg =350 °C. The quantitative influence of different cool-
ing gradients is investigated in “Mechanical properties”
section.

In addition to the mechanical load variables, the tem-
perature distribution in the specimen is needed for the
numeric modeling. For this purpose, a tube section is
heated using the method described in “Experimental setup
and procedure” section and the temperature distribution is
determined with a thermographic camera thermoIMAGER
TIM M1 (co. Micro-Epsilon). The camera has a limited
measuring range at lower temperatures of about 600 °C.
Further, deviating emission characteristics are expected
with decreasing temperatures, which is why only the range
with validated emission values of approx. 1000 °C are
considered hereinafter. The distance of the conductive
clamps is set to wy=100 mm in order to obtain a finer
resolution of the measuring range. Figure 4a shows a ther-
mographic image of a sample heated to 1000 °C. No tem-
perature deviations are observed over the circumference.
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The measured temperature gradient over the longitudinal
axis can be seen in Fig. 4b. The transition area up to the
target temperature of 1000 °C is approx. 20 mm per side,
while the central 60 mm show a homogeneous tempera-
ture. For the numerical modeling, a linear progression is
assumed for the transition region. Due to the water cooling
of the conductive clamps and the limitations of the ther-
mographic camera mentioned above, 200 °C is assumed
as the lower limit.

Material characterization

To setup accurate numerical models for the IHTP-pro-
cess, various key information about the material behav-
iour at process-relevant temperatures is required. Hence,
in “Determination of elastic and plastic material proper-
ties” section hot tensile tests are performed to estimate
the elastic as well as plastic behaviour. Important for this
forming process is also the knowledge about the evolu-
tion of the static yield stress over time at a given constant
load. Special tests were devised and the results presented
in “Thermal softening behaviour under process-related
conditions” section.

Table 2 Experimentally determined Young’s moduli of the two mate-
rials at specific temperatures

Determination of elastic and plastic material
properties

Hot tensile tests are carried out to determine the thermo-
mechanical properties of both materials. The heating is
analogous to the isothermal high temperature pneumoform-
ing (IHTP) process (Experimental setup and procedure sec-
tion). Specimens with an initial gauge length of /[,=20 mm
are tested in the Zwick Z250 universal testing machine (co.
ZwickRoell GmbH & Co. KG). For the introduction of the
current for resistance heating, clamping jaws made of copper
are used. The elongation of the specimen is measured with a
high temperature extensometer PMA-12/V7-1 (co. Maytec).
The investigations will focus on the central main forming
zone of the tubes (Fig. 4). Therefore, forming temperatures
from T = 700 to 1000 °C, supplemented by room tempera-
ture experiments, will be investigated. The material-specific
Young’s moduli for the ferritic E and martensitic Ey; stain-
less steel as a function of the forming temperature Ty are
summarized in Table 2. For both materials, a decrease in
Young’s modulus was observed with increasing temperature.
These results are in line with the state of the art (e.g. [19]).

The strain-rate and temperature-specific flow curves are
partially summarized for both materials in Fig. 5. Effective
strain rates of £ = 0.01 s~ I £§=004s'ande=0.25"
were investigated. The yield stress and strain hardening
increase with decrasing forming temperature and increas-
ing effective strain rate. An exception are the results from
the martensitic stainless steel at temperatures of 800 and
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te: . . . . . . .. . .
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determined. In contrast, the value for martensitic stainless
steel is 0, oy =42.5 MPa. This deviation is representative
of the different internal pressures required in the IHTP-
process to achieve comparable strains. For ferritic stain-
less steel, almost no strain hardening is determined above
900 °C. For this reason, an extrapolation approach accord-
ing to Hockett-Sherby with saturation stress is used for the
later numerical investigations. For the martensitic stain-
less steel (Fig. 5b), an extrapolation approach according
to Ludwik is chosen, since no saturation of the flow stress
is determined at the most relevant forming temperature of
1000 °C. A visualization of the extrapolations and the cor-
responding coefficients for both materials are given in the
Appendix 1.

Thermal softening behaviour under process-related
conditions

In addition to the elasto-plastic characteristics, a softening
effect during high temperature hydroforming is known from
literature [14]: the static yield stress of a material under
mechanical load decreases with increasing holding time at
elevated temperatures. A comparable behaviour is known for
creep of steel, where commonly higher periods (e.g. days)
are investigated. To transfer this behaviour to the IHTP-
process, it is necessary to determine the static yield stresses
o3 (apparent yield stress o, at an effective strain rate of £
= 0.0 s~!) as a function of time. This time dependent values

can be considered as the lower limit for pressure-driven pneu-
moforming processes. To determine quantitative values for
the material specific static yield stresses og ), tensile speci-
mens are heated to 7 = 1000 °C, loaded linearly to differ-
ent stress levels and held isothermally at these loads. The
initial flow stress at the lowest strain rate o, (? =0.01s7h
is used as a reference for this purpose (o, =17 MPa and
oy om=42.5 MPa). Starting from these material-specific val-
ues, the mechanical load for subsequent tests is reduced in
steps of 10% util no plastic deformation is detected within a
holding time of #;, = 100 s. Figure 6a shows exemplary load
curves for 40, 60 and 80% o the initial flow stress o, (e =
0.01 s™Y). The reason for this procedure is, as stated above,
that for a longer time at elevated temperatures, the materials
continue to soften and therefore show reduced initial yield
stresses over time. To keep the influence of an effective strain
rate as low as possible, all tested load levels are ramped lin-
early within 75 = 30 s (Fig. 6a). For the tested gauge length
of 30 mm, this results in negligibly low effective strain rates.

The static yield stresses o5 as a function of the loading
time 7 are shown in Fig. 6b. For both materials, no plastic
flow was detected below 0.5-0, (€ = 0.01 s~!) within I
= 100 s. In the range from 1.0 down to 0.5'6},’0, a steady
decrease of the static yield stress og  is detected. As can
be seen in in Fig. 6b, the static yield stress decrease can
be approximated by a linear relation before saturating. The
mathematical relationship is explicitly given by the follow-
ing equations:

Ferritic stainless steel : og(t,) = —0.05 MPa/s - 7, + 12.9 MPa forz, <72 ey

Martensitic stainless steel : og\(#,) = —0.12 MPa/s - 1, + 36.7 MPa forz, <99 s )

It can be seen that the static yield stress oy, of both mate-
rials is lower than the initial yield stress o, at an effective
strain rate of £ = 0.01 s~ 1. Also, both materials soften to
about 50% of the initial yield stress 0y (? =0.01s7"), with

a holding time of ¢, = 72 s for ferritic and ¢z, = 99 s for
martensitic stainless steel. In absolute terms, the martensitic
material softens more strongly with a difference of 16.8 MPa
(42.5 MPa — 25.7 MPa) than the ferritic one with 7.4 MPa

Fig.6 Determination of static
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(17.0 MPa — 9.6 MPa). The method used here to character-
ize the softening of the materials does not take into account
the current strain(-hardening) due to the limitations of the
experimental setup. Also, the softening mechanisms at tem-
peratures other than 1000 °C are neglected, since they are
located outside the main forming zone.

Numerical investigations

To determine which process parameters have a significant
influence on the IHTP-process as well as to quantify this
influence for those that have, a numerical model is setup and
presented in “Numerical model” section. In “Strain state and
strain rate analysis of the IHTP-process” section the strain
distribution and the resulting strain rate during forming are
investigated, while in “Numerical analysis of the process
parameter influence on the formed geometry” section the
influence of the process parameters on the final geometry is
evaluated. In addition, failure criteria in the form of forming
limit curves (FLCs) are implemented in the simulation to
show possible process limits.

Definition of the analysed process parameters

Before presenting the numerical model, the process param-
eters of the investigation are defined in advance. Table 3
provides an overview for the targeted study parameters.
The reference processes serve as the basis for the investiga-
tions. From there, the individual parameters are varied to
determine the different influences. The different maximum
reference pressures for the ferrite p,,, r and the martensite
Pmax.m Tesult from the different initial yield stresses from
the material characterization (Fig. 6). For equipment rea-
sons, forming pressures higher than 4 MPa cannot be used.
Due to the pressure ramp controlled process design and
the different strengths of the materials, the duration of the
forming step is material-specific. To achieve total feeds f
at a comparable level, lower feed rates v; are used for the
higher strength martensitic stainless steel. The specified

coefficients of friction were determined in advance by
strip tensile tests under comparable process conditions. An
investigation of the influence of the tribological conditions
is planned numerically.

Numerical model

The simulation model is implemented in Abaqus/Standard
and an implicit solution algorithm is used. The tube length,
corresponding to the distance of the conductive clamps
in the real process, is set to 190 mm and the length of the
die to 150 mm. The sample is placed centrally in the die
(Fig. 7a). The temperature profile is defined analogously
to “Parameter definition for the experimental procedure
and numerical modeling” section — first a linear transition
over 20 mm and then homogeneous temperature of 1000 °C
in the middle (Figs. 4 and 7b). The Young’s moduli and
the flow curves from “Determination of elastic and plastic
material properties” section are implemented as tempera-
ture-dependent material parameters. Depending on which
holding time at maximum pressure is investigated, the cor-
responding static yield stress og q is used for the numerical
investigations (Thermal softening behaviour under process-
related conditions section). The symmetry of the tube and
the die in all three spatial directions is exploited whenever
possible, so that only one eighth of the bodies are mapped
to reduce the computation time (Fig. 7c). Exceptions are
the examinations with axial feed as well as those with dif-
ferent failure criteria of the base metal and the weld seam.

For the modeling, the die is defined as an analytically
rigid shell component and all degrees of freedom are
restricted. Heat conduction to the die and wear occurring
in the real process are thus neglected. Also heat conduc-
tion within the material and dissipation are not considered,
given the explicitly prescribed temperature distribution. It
is assumed that the deviations of the forming simulations
resulting from this are justifiable. The consideration of
potentially non-uniform heating due to an inhomogeneous
current density distribution as well as the thermal inter-
action between workpiece and tool will be carried out in

Table 3 Parameter variations to be analyzed for the experimental and numeric investigations

Maximum pressure p,,. [MPa]

Reference Ferrite 2.0 55
process Martensite 3.5 55
Parameter Ferrite 1.5/25/4.0 63/67
values Martensite 3.0/ 4.0 63/67
Forming Temperature 7y [°C]
[MPa/s]

Fixed Ferrite 1000 0.06
parameters  Martensite 1000 0.06

Die edge length a [mm]

Pressure rate p

Feed rate v; [mm/s] Time 7, at p, [s]

0 0
0 0
0.3/0.6 20740
0.1/0.2 20740

Clamp distance w, [mm]  Friction coefficient y [-]

190 0.55
190 0.44
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Fig. 7 Structure of the numeri-
cal model - a alignment of

tube and die, b temperature
profile of the specimen, and

¢ model boundaries as well as
an exemplary distribution of the
effective deformation

b) Temperature 7 in °C
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future investigations. Since this is a thermo-mechanically
coupled simulation, the element type used is S4RT, which is
a thermally coupled shell element with four nodes, reduced
integration and five points of integration across the thick-
ness. The geometry is mapped via the centre contour and
consists of quadratic elements with an in-plane edge length
of 1 mm, which is the result of a mesh convergence analy-
sis. The pressure rate is set to p = 0.06 MPa/s, analogous
to “Parameter definition for the experimental procedure and
numerical modeling” section. The contact between tube and
die is realized by a surface-to-surface algorithm and the fric-
tion is implemented by the Coulomb friction model. The
measurement of the radii ry formed in the simulations is
performed using a MATLAB script based on the work of
Pratt [22] and basically implemented by Chernov [23].

Strain state and strain rate analysis
of the IHTP-process

The numerical model is used to evaluate the strain paths as
well as the final strain state. In this way, for example, criti-
cal areas can be determined for a subsequent failure analy-
sis. Figure 8a shows the minor strain distribution of the

reference process of ferrite after forming. Figure 8b shows
the strain paths of areas A to F and the final strain state of
the whole component. It can be seen that with the selected
process parameters, a central region forms which is subject
to an almost plane strain state (see path D, E and F). Devia-
tions from this are formed exclusively near the area which is
restricted by the conductive clamps. Here, a biaxial tensile
condition is observed, especially in the freely formable corner
(area C). The areas D, E and F form the largest circumference
in a free expansion until contact with the die in area D and
show the same strain state up to that point. From then, there is
only a slight increase in the tangential major strain in area D.
As the process progresses, this also applies to area E. In area
F, there is no contact with the die until the end of the form-
ing. Due to the highest major strains, the areas C and F can be
defined as potentially critical forming zones.

The strain rate has a pronounced effect on the flow stress
of both materials (Fig. 5). To evaluate the influence on the
final geometry of the components, the effective strain rates 3
are investigated in the areas D, E and F (Fig. 9). To separate
the effects of strain rate and time dependent softening of the
static yield stress, the simulation, which is presented hereaf-
ter, does not include the time dependent thermal softening

Fig. N ical distribu-
.g 8 a umerlca d}stflbu E le: Material: Ferrite p=0.06 MPa/s Pmaxe= 2.0 MPa a=55mm
tion of the minor strain in a Xample: o
. .. T = 1000 °C vy =0.0 mm/s %n=0s
reference process with ferritic
stainless steel and b strain paths a) b) 0.4
of selected areas as well as the A mmn
final strain state of the entire =St
s 0.3 C mn
component e Sl aas
©
Bo2|E o
S,
2
0.1 Full component
strain state
0.0
-0.051 -0.009 0034  0.077 0.2 01 00 01 02
Minor strain ¢, Minor strain ¢,
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Fig.9 Distribution of the effec- R
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explicitly. It can be seen that the effective strain rates ini-
tially increase at the same rate. This occurs for the duration
of the free expansion until the specimen makes contact with
the die. Area D is first in contact, which is why the effec-
tive strain rate £ drops to zero within a short time. As the
contact development progresses, the effective strain rates
in the respective areas also drop to zero - as can be seen
in area F. At the time when the maximum pressure p,,,, is
reached, forming only takes place in the free area (area F).
Due to the continuously decreasing effective strain rate g,
the material softens, which allows for further forming at
the same internal forming pressure. This is possible, since
according to the flow behaviour at constant temperature and
various strain rates, the softening for reduced strain rates
is not sufficiently offset by a hardening due to increasing
total strains. This observation is consistent with the state
of the art [14]. The free corner forming continuous until an
approx. effective strain rate of € ~ 0~ !is reached. At this
stage of the forming process, the current yield stress equates
the static yield stress. The internal pressure p consequently
cannot provide the required stresses for further forming. In
this example (Fig. 9) this particular equilibrium is reached
after approx. 60 s after reaching the maximum pressure.
It is expected, that by accounting for the time dependent
decrease of the static yield stress og even further form-
ing can be achieved, which will be analysed in “Numerical
analysis of the process parameter influence on the formed
geometry” section.

Numerical analysis of the process parameter
influence on the formed geometry

In this section, the influences of the process parameters
maximum pressure p, ... holding time at maximum pres-
sure 7,, axial feed rate v; and tool edge length a on the

60 75 90 105
Time after increasing the pressure 7in s

120 135 150

forming of the specimens are investigated (Table 3). The
formed radii ry serve as a criterion for the evaluation and
validation of the simulation (Fig. 7). First, the influence
of the axial feed rate v; on the formed radius ry is investi-
gated. Due to the one-sided axial feed, no z-symmetry is
used for these simulations. The feed rate v starts approxi-
mately with the expansion of the tube. Using Barlow’s
formula and considering the initial yield stress o (e =
0.01 s71), this happens at pressures of p=0.71 MPa (fer-
rite) and p =1.77 MPa (martensite). This results in mate-
rial-specific times of f3 = 11.8 s (ferrite) and 3 = 29.5 s
(martensite) between start of the pressure ramp p and feed
rate v; (Fig. 2b). A feed rate of vy = 0 mm/s serves here as
a reference process.

With increasing axial feed rate, no change in the
formed radii is observed. The material-specific differ-
ences amount to less than 5%, so that an influence can
be excluded. A potential explanation is, that the friction
coefficient u between the stainless steels to the insulat-
ing layer is too large to allow a compressive material
flow in direction of the feed. For this reason, the influ-
ence of a varying friction coefficient is analyzed numer-
ically. It can be seen that the friction coefficient also
has an influence of less than 5% on the formed radius.
(Fig. 10b). When comparing the tube ends (Fig. 10c), it
can be seen that the region with a lower temperature is
too rigid to be expanded by the internal pressure. The
warmer area folds together instead of transferring the
axial stresses to the central forming zone. Even with a
friction coefficient of u=0, buckling is the favoured
deformation mode instead of axial compression of the
homogeneous forming zone in the middle of the speci-
men. Not having any significant effect on the formed
radii, the axial feed will no longer be taken into account
for the following investigations.
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Fig. 10 Numerically determined S .
influence of the a axial feed Reference. T: = 1000 °C p= 0.06 MPa/s = Os a=55mm
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The influence of the parameters maximum pressure p,,..
die edge length a and holding time at maximum pressure
1, on the formed radius ry are summarized in Fig. 11 for
both materials. With a higher maximum pressure, a smaller
radius is obtained (Fig. 11b). With ferritic stainless steel,
smaller radii are obtained overall due to the lower flow
stresses. With increasing die edge length, smaller radii are
observed for ferritic and larger radii for martensitic stain-
less steel (Fig. 11c). A larger die edge length results in a
more pronounced free expansion before the tube comes into
contact with the tool. This results in higher effective strains
£ with a simultaneously lower wall thickness s. When form-
ing the corners, the area not being in contact with the die
reduces with decreasing radius throughout the forming pro-
cess. For the same internal pressure, smaller circumferen-
tial stresses are induced. A smaller wall thickness leads to a

Fixed tube end Tube end under feed f

higher stress in the profile at the same internal pressure. As
forming progresses, the effective strain increases, resulting
in strain hardening, depending on the material behaviour.
All these effects have to be taken into account in order to
model the material specific behaviour accurately. In fer-
ritic stainless steel, these mechanisms are in equilibrium,
with a tendency toward a predominant softening effect of
decreasing wall thicknesses and the low strain hardening.
For martensitic stainless steel, on the other hand, a domi-
nant effect of strain hardening is determined, which is why
the radii increase with higher die edge length. The influ-
ence of the holding time at maximum pressure 7, is shown
in Fig. 11d. For the numerical analysis, the static yield
stress og was calculated according to the holding time
1, using Eq. (1) or (2). With both materials, longer hold-
ing times result in smaller radii. One reason for this is the

Fig. 11 a Numerical model to X
define the formed radius r, as Reference T:=1000 °C p=0.06 MPals »w=0.0mm/s a=55mm
a function of b the maximum Ll Pracy = 2.0 MPa Pmav = 3.5 MPa n=0s
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i & .
i
K O ;
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further forming with decreasing effective strain rate, which
is accompanied by lower strength (Fig. 9). The reason for
a pronounced influence in martensitic stainless steel is the
higher decrease in static yield stress og  (Fig. 6).

To determine whether the different parameter combina-
tions lead to potential component cracks, failure criteria in
the form of forming limit curves (FLCs) are implemented
in the simulation. The material-specific FLCs are taken
from studies by [24], in which the authors presented two
new experimental setups to determine FLCs for the specific
application in the IHTP. The resulting FLCs are shown in
Fig. 12. For the details of the FLC evaluation methodol-
ogy, the reader is referred to that publication. Two different
forming limits are considered in hydroforming of tubes at
elevated temperatures. One is the limit of free expansion
(without tool contact) and a second is the limit of contact-
bound forming (restricted - with partial tool contact). The
ferrite’s (Fig. 12a) limit of free expansion is established
by a tangential instability, while the martensite’s (Fig. 12b)
limit is defined by a crack of the weld seam. In the numeri-
cal investigations with the martensitic stainless steel, two
separate failure criteria are consequently used for the base
metal and the weld seam (z-symmetry only). In contrast,
the restricted FLCs represent the maximum strains of
the base material, e.g. when forming the radii during the
IHTP-process.

In order to predict the influence of the different param-
eters on the final strain distribution and the potential risk
before failure, the maximum values of the relevant process
parameters (Fig. 12), leading to highest major strains for both
materials, are analyzed numerically. In addition to the refer-
ences, these include simulations with the maximum pres-
sures pp... = 4.0 MPa, the largest die edge length a =67 mm
and the longest holding time at maximum pressure 7, =
40 s. Depending on the die edge length a, the free expan-
sion results in a major strain of about £;(a=55 mm)=0.1,
€(@a=63 mm)=0.23 and £,(a=67 mm)=0.29, at the
moment of the first contact with the die. From the numeric
it is known, that from this point only a slight increase of the

major strain is formed in the area first in contact (not sepa-
rately shown in Fig. 12). The FLCs for free expansion should
not be exceeded in this region (area D - Fig. §).

For the ferritic stainless steel (Fig. 12a), the limit of
free expansion is not exceeded at any parameter combina-
tion. At maximum pressure or maximum holding time, no
failure is determined numerically. With a die edge length
of a =67 mm, also no failure is observed, but critical areas
are close to the FLC. In the case of the martensitic stain-
less steel (Fig. 12b), the final strain states are less pro-
nounced due to the higher strain hardening. There is no risk
of base material failure with any parameter set. In return,
the risk of weld seam failure already exists, when a total
free expansion process of more than 63 mm is included.

Experimental investigations

To validate the simulation, experiments with identical
parameters are performed. The formed corner radius ry
serves as a comparative value. The results from simula-
tion and experiment are compared and the deviations are
determined. The validated simulation is used to establish
exemplary process windows for the respective materials and
semi-finished products.

Validation of the numerical model

For the validation of the numerical results, IHTP-experi-
ments are performed according to Fig. 2, using the param-
eters of Table 3. The formed radii ry as a function of the
parameters maximum pressure p,,.., die edge length a and
holding time at maximum pressure #, are shown in Fig. 13,
including the numerical results. The radii were measured
centrally (Fig. 13a) on the specimen with a VR5200 pro-
filometer (co. Keyence).

The influence of the maximum pressure p,,,, (Fig. 13b)
shows a qualitatively comparable trend for both materials
to the numerical investigations. With increasing maximum

Fig. 12 Forming limit curves ) 1 Ferrite by Martensite
[24] as well as final strain states ) o, FLC - restricted T L— T T
at upper bounds of various e '""""Inu.,,mnm. forming O ,wm«:;llll_c - eetrsted forming
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pressure (p.. g for ferrite and p, ., \ for martensite),
smaller radii ry are formed. A regressive relationship can be
seen for both materials. It can be assumed that the formed
radius is subject to saturation with increasing load, which
cannot be achieved in these investigations due to the pres-
sure limitation of 4 MPa. With a variation of the die edge
length a, the experimental results show qualitatively the
same trend as the numeric investigations (Fig. 13c). For
the ferritic stainless steel, partial failure of the specimens
occurred at @ =67 mm. With increasing die edge length,
only a small change in the formed radius is determined. In
the case of martensitic stainless steel, the specimens fail
when the die edge length is increased to =63 mm or more.
Experimental radii could therefore not be determined. With
an increasing hold time at maximum pressure ¢, decreas-
ing radii are detected experimentally, as predicted numeri-
cally. This is caused by thermal softening and the possi-
ble decrease in strain rate over time (see sections Thermal
softening behaviour under process-related conditions and
Numerical analysis of the process parameter influence on
the formed geometry ).

In some cases (e.g. for ferrite in Fig. 13d for , = 40 s)
the absolute values of both experiments and simulations
are small. Using those as a basis for percentual compari-
son would result in a poor predictive performance of the
simulations, even though the associated accuracy can
be considered high. Therefore, the percentual deviation
between experiment and simulation is calculated with both
referring to the initial tube radius r,. The mathematical
expression for this relative deviation ., is given by the
following relation:

@ Springer
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-100% 3)
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When comparing the numerical and experimental
results, average deviations of less than 10% are obtained
(Table 4). The numerical setup can therefore be consid-
ered validated. In some cases, above-average deviations are
found. This concerns investigations with a maximum pres-
sure p,.. of 15 bar for ferritic as well as 35 and 40 bar for
martensitic stainless steel. The cause for these higher than
average deviations between simulations and experiments is
assumed to be related to the applied material model. Due to
the limited strains in the tensile test and the high effective
strains that are be achieved in the IHTP-process, there is
an uncertainty in the extrapolated flow curves used in the
simulations.

Mechanical properties

The determination of the mechanical parameters in hard-
ness measurements as a function of the volume flow V or
the resulting cooling rate 7 was carried out in previous
research and published in [17]. The ferritic stainless steel
cannot be hardened and was therefore not used for these
investigations. The measurements in this section were car-
ried out consequently only on the martensitic stainless steel.
In the as-delivered condition, the material has a hardness of
approx. 150 HVS. Figure 14a shows the hardness measure-
ments in HVS as a function of the volume flow V used for
quenching. The highest determined quenching gradients of T
= 8.13 °C/s were obtained with a flow rate of V = 100 1/min.
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Table 4 Comparison of
experimental and numerically
determined radii ry as well as

Corner Radii ry
Ferritic stainless steel

Corner Radii 7y
Martensitic stainless steel

the parameter-specific deviation Experiment  Simulation Deviation  Experiment  Simulation Deviation
éRel rO,Exp [mm] rOAVNum [mm] 5Re] [%] rO,Exp [mm] rO,Num [mm] 5Re] [%]
Pmax = 1.5MPa  11.28 13.43 15.6 - - -
Pmax =2.0MPa  8.00 8.79 4.63 - - -
Pmax =2.5MPa  6.19 5.95 1.29 - - -
Pmax =3.0MPa - - - 18.47 18.29 278
Pmax =3-5MPa - - - 12.17 14.15 15.44
Pmax =4.0MPa 479 3.18 7.97 9.02 11.59 16.08
a=63 mm 7.70 7.64 0.32 crack crack -
a=67 mm 7.87 6.79 6.32% crack crack -
1,=20s 5.7 5.48 1.15 11.36 10.37 7.25
1,=40s 3.76 4.89 5.32 8.94 8.79 0.92
Average 5.32 8.49
*Partially cracked
Fig. 14 a Determined hardness a) 500 — b)
HYVS5 depending on the volume © 480 Region B Region A ¢
flow V used for cooling or the > ( \ 1
resulting cool?ng rate 7 and b E 460 PTI UL prnEES %—
Exemplary microstructure after 7 440 P' \ I i
quenching (Region A) — etched 3 \ “‘{‘hlllllllllﬂP &
with Adler [17] S 420 {}r.v‘“’ =
T 400 . . | Material: Martensite
0::{( I Material: Martensite ~ Reference process A =100 I/min
0.0 50.0 100.0 e
(343  (587) (813 [ Cross || \Region A (flat wall)
Volume flow Vin I/min Jsectioni _ '
(Resulting cooling rate 7'in °C/s) W/ EiRegion B (radius)

Such cooling conditions are not sufficient to harden boron-
manganese steels, for example 22MnB5. For the martensitic
stainless steel used in this contribution, which is considered
to be an air hardening steel, the cooling conditions are suf-
ficient. It can be seen that, that the components are hard-
ened by the quenching gradients T achieved. On average, at
least 400 HVS were measured. In micrographs (Fig. 14b), a
martensitic microstructure was found throughout. The val-
ues in the flat wall are higher than those in the radius. Due
to the air-hardening properties of the martensitic stainless
steel, it is assumed that the measured hardness difference
cannot be attributed to a different cooling rate alone (e.g.
due to inhomogeneous volume flows). At this point, two
potential hypotheses based on material mechanisms are pro-
posed. On the one hand, the higher shape changes in the radii
can cause a shift in the phase transformation points, so that

other phases besides martensite are formed. This material
behavior is known, for example, from the press hardening of
boron-manganese steels [25]. On the other hand, it is possi-
ble that a different temporal temperature profile is present in
the radii during the forming process. In the case of martensi-
tic stainless steels, this can influence carbide dissolution. For
example, if lower temperatures are present, fewer carbides
will dissolve. As a result, a greater proportion of carbon is
bound during the martensitic transformation, resulting in a
decrease in hardness [26]. At this point, however, these are
only hypotheses, which will be investigated in future work.

Process windows

Several approaches are possible when setting up pro-
cess windows. In this article, for example, one process
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window is to be set up for each material, which takes into
account the relationship between the die edge length a
and the maximum internal pressure p, ... Conversely, the
feed rate v; and the holding time at maximum pressure
1, are not taken into account. Experimental as well as
numerical data are used for this purpose. To determine
the experimental process limits, tests are conducted with
die edge lengths of =55 mm; 63 mm such as 67 mm and
increasing internal pressure p .. until specimen failure
occurs, in addition to those already carried out. For the
numerical limits, die edge lengths of a=59 and 70 mm
are added. Figure 15 shows the geometric boundary con-
ditions (Fig. 15a) and the process windows setup. The
used initial tube diameter of 50 mm serves as the lower
limit. For smaller die edge lengths, a separate die with
movable tool components would be required. The upper
limit results from the failure due to cracking of the speci-
mens. The maximum available pressure of the system of
Pmax = 4 MPa serves as the upper pressure limit. The
left limit is defined by insufficient shaping. Since this
is based on a subjective assessment, it is not considered
further and is only shown for illustrative purposes.

For the ferritic stainless steel (Fig. 15b), no failure
was observed with die edge lengths of a =55 mm. When

increasing the geometry to a =59 mm, a failure of the
specimen at p .. num = 34.6 bar is numerically is pre-
dicted. At a=63 mm, the specimen failed at p,,,, gy,
= 26.8 bar (experiment) and p ., nym = 26.3 bar. With
a=067 mm, on the other hand, the values are p,,,, gy,
= 20.0 bar and p . num = 20.6 bar. With a die edge
length of a =70 mm, the specimen fails at a pressure of
Pmax.Num = 13.1 bar. In the case of martensitic stainless
steel (Fig. 15¢), a smaller process window is obtained.
The reasons for this are, on the one hand, the higher
pressures required for forming the radii. On the other
hand, the weld seam is a weak point during free expan-
sion, which at the same time limits the die edge length
upwards. No failure is observed for a die edge length
of a =55 mm. With a =59 mm, a failure of the weld is
numerically detected at a pressure of p,, nym = 30.1 bar.
At a=63 mm, the specimen failed at p,,, gy, = 30.3 bar
and p, . num = 28.1 bar. Larger die edge lengths are no
longer investigated, since failure already occurs before
tool contact. The deviations between the experimental
and numerical failure pressure are at maximum 3.0% for
the ferritic and 7.3% for the martensitic stainless steel,
therefore the numerical results with failure criteria
results are all considered validated.

Fig. 15 Process window for the Experiment Simulation Exp. + Sim.
isothermal high temperature T =1000 °C vr=0.0 mm/s Failure-free P P ° p.
pneumoforming (IHTP) process p =0.06 MPa/s %n=0s Failur X X
— a Geometries of the process arure
as well as established process
windows for b the ferritic and ¢ a) b) 70 —=xs T. T T
the martensitic stainless steel = @ "~ X Bursting
a 65 PO | I‘ ~“~. 3
Se |52 0 TPX | -
o EC[EET® ® ® X g3
o c 56 | | | | | "===<4 5 &
3355 -2 —@ ] ] @ { O-g o
P = | Process window o
Q0 1
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Conclusion

The isothermal high temperature pneumoforming (IHTP)
process was investigated experimentally and numerically.
In this process, the temperature (here: 1000 °C) is kept
constant in order to form square profiles from ferritic
(X2CrTiNb18) and martensitic (X12Cr13) stainless steel
tubes by means of internal pressure. Subsequently, the
martensitic components can optionally be quenched and
hardened by a volume flow of the gaseous forming media
from the inside. The influences of the process parameters
axial feed rate v;, maximum internal pressure p,,,,, tool
edge length a and holding time at maximum pressure 7,
on the final geometry were investigated. Suitable material
characterization methods were developed and carried out in
order to provide the required parameters for the numerical
investigations. For the IHTP-process, taking into account
the parameters mentioned above, the following findings
are derived:

e With a higher maximum internal pressure p.., smaller
shaped radii ry are achieved with both materials numeri-
cally and experimentally. The reachable degree of
deformation is essentially dependent on the flow stress
of the material.

e With longer holding times at maximum pressure 7,
smaller radii ry are formed with both materials numeri-
cally and experimentally. This is due to the continuous
decrease of the strain rate, which leads to a lower flow
stress o,. Simultaneously, a continuous decrease of the
static yield stress o is observed at temperatures of
1000 °C with increasing holding time #,. This softening
can be determined by isothermal mechanical loading at
different levels, taking the holding time into account.
For both materials, the static yield stresses decrease by
up to 50% within 100 s.

e With an increasing die edge length a (square die), smaller
radii are formed in the ferritic stainless steel numerically

and experimentally. In the case of the martensite, larger
radii are achieved numerically (in the experiment, only
one die edge length a resulted in failure-free compo-
nents). Several mechanisms act simultaneously. Some
promote the forming (e.g. decreasing wall thickness),
others impair it (e.g. work hardening). The ferritic stain-
less steel exhibits lower work hardening, which is why
the beneficial mechanisms are predominant. For the mar-
tensitic stainless steel, the opposite is the case due to the
higher work hardening.

e Using temperature distributions such as those determined
here, the axial feed rate v; has no influence on the formed
radii ry, regardless of the material used. This is the result of
both simulations and experiments. It was found numerically
that even with a friction coefficient of u=0, axial buckling
occurs instead of compression of the central forming zone.

e The determined forming limit curves (FLCs) from [24]
are used as failure criteria. When setting up process win-
dows, taking into account the die edge length a as well
as the maximum internal pressure p,,,,, the deviations
of numerical and experimental failure parameters are
at maximum 3.0% (ferrite) and 7.3% (martensite). The
FLCs are considered suitable to model the failure criteria
in the IHTP-process, so that it would be possible to set
up process windows for any geometry.

When comparing the decrease in radius during form-
ing between numerical simulations and experiment, aver-
age deviations of 5.32% (ferrite) and 8.49% (martensite)
are obtained, hence rendering the simulations as validated.
Slight deficiencies are found in the material characterization.
On the one hand, experiments are needed that allow charac-
terization up to higher effective strains under near-process
conditions. Thus, the uncertainty by extrapolation can be
reduced. A potential approach would be the hot-tube-bulge
test [24]. Furthermore, a strain-based characterization of the
thermal softening would be useful. Again, limitations of the
hot tensile test are a hindrance.
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Appendix 1: Extrapolation coefficients

In the following, the used approaches and coefficients for
the flow curve extrapolation of the ferritic (Table 5) and
martensitic (Table 6) stainless steel are presented.

Table 5 Hockett-Sherby

. . Material T r3 Hockett-Sherby extrapolation coefficients
extrapolation coefficients for the

ferritic stainless steel in °C in 1/s Ous Oy s m n
Ferritic stainless steel 20 0.01 578.18 313.00 14.16 1.09
700 0.01 214.33 124.40 15.98 0.79
0.04 251.45 150.91 12.15 0.87
0.2 234.21 162.50 24.36 1.06
800 0.01 113.85 96.61 274.08 1.11
0.04 153.60 93.37 18.63 0.98
0.2 144.33 119.93 72.20 1.21
900 0.01 43.14 36.20 35.20 1.18
0.04 64.25 57.76 219.43 1.92
0.2 92.81 65.24 1.88 0.78
1000 0.01 19.64 16.98 19.69 1.50
0.04 35.73 31.53 10.10 1.06
0.2 46.86 36.72 7.71 0.94

I

0,(¢) = oys — (oys — Oyps) - ©

Table 6 Ludwik extrapolation

. o Material Tk £ Ludwik extrapolation coefficients
coefficients for the martensitic
stainless steel in °C in 1/s oLo C n
Martensitic stainless steel 20 0.01 301.00 1211.54 0.51
700 0.01 102.71 42.05 0.49
0.04 118.30 85.92 0.55
0.2 143.72 150.61 0.66
800 0.01 56.11 40.26 0.91
0.04 69.41 29.64 0.62
0.2 85.26 51.42 0.66
900 0.01 72.92 86.08 0.60
0.04 84.80 130.05 0.56
0.2 108.91 170.98 0.58
1000 0.01 42.54 46.81 0.57
0.04 56.60 68.40 0.51
0.2 75.55 103.12 0.56

—n
o) =01+ C-e

The flow curves resulting from hot tensile tests with vary-
ing temperature such as strain rate including the correspond-
ing extrapolations are shown in Fig. 16 (ferrite) and Fig. 17
(martensite)
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