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Abstract. Conventional diaphragm compressors are fundamentally limited by the low displaced volume and
poor fatigue life of their flat metal diaphragms. This study presents a comprehensive, numerical and
experimental investigation of the design, manufacturing, and performance of pre-formed, bistable dome-shaped
membranes to overcome these limitations. A complete process chain was modeled using the finite element
method (FE), simulating the hydroforming process, subsequent elastic springback, and the operational folding
cycle. The model was based on the characterization of the anisotropic material properties of high-strength
stainless steel foil made of 1.4310 in a spring-hard condition. To validate the simulation, prototypes were
manufactured via hydroforming and their final geometries were analyzed using an optical 3D scanning system,
showing improved results using the anisotropic material model compared the isotropic. X-ray diffraction (XRD)
analysis was applied to quantify induced martensite transformation as part of the material hardening behavior.
Subsequent, fatigue life testing was performed on the manufactured membranes to assess their durability under
cyclic loading. The results demonstrate that the hydroforming process yields a robust component with superior
performance. The optimized hydroformed diaphragm successfully endured over 5 million cycles without failure
and enabled an increase of 60% in displaced volume compared to a conventional flat membrane. This integrated
design and validation methodology provides a clear pathway for developing next-generation, high-performance
diaphragm compressors.
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1 Introduction

The global transition towards sustainable energy systems
has positioned hydrogen as a cornerstone for decarbonizing
various sectors, including transportation, industry, and
energy storage [1,2]. A critical enabling technology for the
hydrogen economy is the efficient and safe compression of
hydrogen gas, which is essential for its storage in high-
pressure vessels (e.g., 350 to 700 bar) and its distribution,
particularly for hydrogen refueling stations (HRS) [3,4].
The selection of an appropriate compressor technology
is paramount and depends heavily on the application-
specific requirements for gas purity, pressure levels, and
leakage integrity. Generally, compressors can be catego-
rized into dynamic and positive displacement types. While
dynamic compressors, such as turbo compressors, are
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suitable for high flow rates at lower pressure ratios, positive
displacement compressors, like piston, screw, and dia-
phragm compressors, are preferred for high-pressure
applications [5]. Piston and screw compressors are widely
used but often rely on oil for lubrication and sealing, which
introduces the risk of contaminating the process gas being a
critical issue for high-purity applications like fuel cells.
While non-lubricated variants exist, they may still face
challenges regarding wear and internal leakage, affecting
efficiency and maintenance requirements [6].

In this context, diaphragm compressors have carved
out a crucial niche. Their unique design, which uses a
metallic or elastomeric diaphragm to separate the process
gas from the hydraulic drive mechanism, ensures hermetic
sealing and completely oil-free, contamination-free com-
pression [7]. These characteristics are the reasons why
diaphragm compressors are the technology of choice for
compressing high-purity, toxic, reactive, or explosive gases,
with hydrogen being a primary example [8,9]. However,
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Fig. 1. Schematic of the operating principle of a single-stage diaphragm compressor [10].

despite their advantages, conventional diaphragm com-
pressors, which utilize flat metal diaphragms, are con-
strained by two major limitations: a relatively low flow rate
and, most critically, a limited fatigue life of the diaphragm
itself. A schematic of a conventional diaphragm compressor
is shown in Figure 1. Previous research has extensively
investigated the failure mechanisms of flat diaphragms,
identifying stress concentrations at the cavity center and
the clamping edge, as well as the overall cavity profile, as
the main drivers for premature fatigue failure and fracture
[11, 12]. Studies have focused on optimizing the cavity
profile to achieve a more uniform stress distribution and on
material selection to enhance durability, but the inherent
trade-off between diaphragm displacement (flow rate) and
mechanical stress remains a fundamental challenge [13, 14].

To overcome these limitations, recent research has
shifted focus from optimizing the operation of flat
diaphragms to redesigning the diaphragm itself. Previous
work initiated the concept of using pre-formed, bistable,
elastically deformable metal membranes to increase the
displaced volume per stroke. Bistable structures are a class
of deployable systems characterized by the ability to
maintain two distinct, stable geometric states without the
need for external constraints. These states typically consist
of a compact, coiled configuration for efficient transport
and storage, and a deployed, functional geometry, such as a
long supporting shell. This bistability in thin, high-
strength metallic shells is achieved by strategically
inducing a specific residual stress distribution through
the material’s thickness. Bistability was investigated in [15]
in order to produce tubes using a sequence of two plastic
bending steps (incremental die bending), which were
applied in opposite directions along two perpendicular
axes. This process creates a tailored internal stress state
that determines the two stable equilibrium shapes of the
final component. In [16], various bistable membrane
geometries (e.g., cone, dome) for diaphragm compressors
were introduced and numerically investigated, which were
then manufactured using Single Point Incremental Form-
ing (SPIF). This initial study demonstrated the potential of
pre-formed diaphragm to significantly increase the dis-
placed volume but also highlighted the impact of the
forming process on the fatigue life due to induced surface

topology and residual stresses. Subsequently, alternative
forming technologies, hydroforming and stretch forming,
were applied to manufacture pre-formed membrane from the
high-strength stainless steel 1.4310. A dome-shaped mem-
brane was produced by hydroforming with twice the volume
of a flat diaphragm. This membrane exhibited a vastly
superior fatigue life of over 5 million cycles, demonstrating
the critical link between the forming process and the final
performance of the component [17]. Central to these material
properties is the significant hardening that occurs during
forming. The strain-induced transformation from austenite
to martensite is a well-documented phenomenon in meta-
stable stainless steels like 1.4310 and 1.4404 during cold
forming. This transformation significantly alters the local
mechanical and electrochemical properties, which is why its
quantification is critical for understanding the final perfor-
mance of the formed component. [18]

The present study aims to provide a comprehensive and
systematic investigation of the relationship between the
manufacturing process, the resulting material properties,
and the operational fatigue life of pre-formed metal
membranes. A combined numerical and experimental
approach was applied to: (1) develop a validated, coupled
finite element (FE) model that simulates both the forming
process (hydroforming) and the subsequent cyclic elastic
deflection (springback), (2) experimentally manufacture
membranes and characterize their geometry and micro-
structure properties, and (3) conduct extensive fatigue life
testing to quantify the performance. By establishing a clear
process-structure-property relationship, this work seeks to
provide a robust methodology for the design and
manufacturing of high-performance, long-life membranes,
thereby addressing a key bottleneck in advancing dia-
phragm compressor technology for the hydrogen economy
and other demanding applications.

2 Approach: Pre-formed membranes for
diaphragm compressors

The fundamental limitation of conventional diaphragm
compressors is caused by the performance of the flat
diaphragm. A conventional flat membrane deflects elasti-



M. Solovev et al.: Manufacturing Rev. 13, 9 (2026) 3

Height [mm] Height [mm]
0 5 10 0 5 10 1800
70 70 1600 PN -
50 50 !
7 30 = 30 1400 | pre-formed membrane
g g = 1200 =~ flat membrane H
=~ 10 z 10 > i
E £ = 1000 i
£ -0 S 110 4 !
S 30 &~ 30 g 800 Eelastl H Eelast2
50 50 % 600 '
- . . 70 &7 . 400 :
Conventional, pressurized Pre-formed, pressurized 1
with 0 bar . with 0 bar ) 200 !
Conventional, pressurized -===-Pre-formed, pressurized 0 d
with 0.1 bar with 0.1 bar 0 2 4 6 8 10

Vitat = 2+ Velastl

a) Conventional, flat membrane

< Vprefformed = 2'(- + Velast2 )

b) Pre-formed membrane

Strain (%)

¢) Utilization of hardening
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utilization of the hardening by forming.

cally in both directions from a neutral center plane, as
shown in Figure 1. As illustrated in Figure 2a, a flat metal
membrane has a stroke volume (Vj,) that is solely
determined by its elastic deflection (2-Viyy;) when
subjected to the operating pressure differential. To
maximize this displaced volume, the pressure has to be
increased, which inevitably leads to higher mechanical
stresses and a reduced fatigue life, creating a restrictive
trade-off between performance and durability.

To overcome these limitations, a new approach in
designing the metal membrane is proposed: pre-formed,
bistable metal membranes instead of flat sheets. The pre-
formed membrane is bistable and deflects between a pre-
formed state on the one side (in forming direction) and a
resulting state on the other side (opposite to forming
direction). The basic principle is to introduce a defined
plastic deformation during a manufacturing step to create a
non-flat, three-dimensional geometry (e.g., a dome or
cone). This concept is schematically depicted in Figure 2b.

The total stroke volume of a pre-formed membrane
(Vpre-formea) in one direction contains two sub-volumes:

— The volume V,, due to the plastically pre-formed
geometry of the membrane.

— The volume V2 which is generated by the elastic
deflection of the pre-formed geometry during the
compression cycle.

Theresulting stroke volume V). formeqcan be expressed as:
(1)

assuming that both directions show identical deflection
behavior. This is a simplification, as only one direction is
actually preformed.

This approach offers an increase of the displaced volume
per stroke which is larger than the purely elastic deflection of
a flat membrane: Ve ormed > Ve The key factor that
enables and limits the displaced volume of the pre-formed
membrane is the elastic deformation characteristic of the
material. Due to the forming process (plastic deformation),
material hardening can be observed in the stress-strain curve

Vprefformed = 2‘(Vplast + Velast?)

in Figure 2c¢ which is initiated by strain hardening and

martensite formation in case of the used austenitic stainless

steel 1.4310. The material hardening causes:

— An increase in the flow stress k; to initiate plastic
deformation of the material &y pyc.formea compared to the
flow stress of the flat membrane k; 7.

— An increase in the elastic deformation potential &40
compared to &, of the flat membrane.

The hardened material (1) allows higher stress states
without plastic deformation during deflection of the pre-
formed membrane which only has to be performed in the
elastic range to not affect the fatigue life. This directly
affects Vi, which should be maximized within the
limitation of an elastic deflection. The higher elastic range
due to the hardening also influences Ve which
additionally depends on the external pressure load. The
operational cycle of the pre-formed membrane has to be
designed to occur entirely within this extended elastic
region, ensuring purely elastic deflection during operation
and thus a long fatigue life.

This leads to the central research question guiding this
study: How can the geometry and the manufacturing
process of the membrane be optimally designed to
maximize the displaced volume (V) ¢_formeq) While ensuring
the operational deflection remains purely elastic to
guarantee a sufficient service life? To address this question,
this study combines numerical simulation of the forming
and deflection processes with experimental validation
through prototype manufacturing and fatigue life testing.

3 Material characterization for pre-formed
membranes

3.1 Material selection for pre-formed membranes

The selection of a suitable material is critical for the
successful implementation of pre-formed diaphragms, as it
must balance the requirements of manufacturability
(sufficient ductility for plastic forming) with operational
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performance (high yield strength and fatigue resistance).

A review of established materials for diaphragm compres-

sors reveals a strong preference for metallic membranes,

especially for high-purity and high-pressure applications
such as hydrogen compression, where hermetic sealing and
non-contamination are paramount [7, 8|.

Conventional diaphragm compressors commonly uti-
lize high-strength spring materials in hardened condition
(spring-hard condition). A widely adopted standard is the
austenitic stainless steel 1.4310 (X10CrNil18-8; AISI 301),
which provides a favorable combination of mechanical
properties, corrosion resistance against a wide range of
media, and formability [6,19]. For more demanding
applications involving highly corrosive gases or extreme
temperatures, specialized alloys such as Hastelloy, Inconel,
or duplex steels are employed [5,6]. Some designs also
utilize copper-beryllium alloys for their superior mechani-
cal characteristics [6]. The diaphragms are often con-
structed as a three-layer “sandwich” assembly, where a
slotted middle layer acts as a signal membrane for rupture
detection, enhancing operational safety [6,20].

For this study, austenitic stainless spring steel 1.4310
was selected as the diaphragm material. The choice was
driven by several key factors:

— Hardening potential by forming: As a metastable
austenitic steel, the hardening behavior of 1.4310 is
defined by work-hardening and induced martensite
formation. Therefore, this stainless steel exhibits signifi-
cant hardening upon plastic deformation, like cold rolling
[18] and hydroforming. This property is central to the
solution approach, as the pre-forming process can be used
to substantially increase the flow stress, thereby creating
alarger elastic operating range for the finished membrane
(as illustrated in Fig. 2).

— Proven performance: This material is well-established
and has a proven track record in conventional diaphragm
compressors, providing a solid baseline for comparison
and demonstrating its fundamental suitability for the
demanding cyclic loading conditions.

— Hydrogen compatibility: While hydrogen embrittlement is
a concern for many high-strength steels, austenitic
stainless steels like 1.4310 are generally considered to
have sufficient resistance, especially in the temperature
ranges typical for diaphragm compressor operation.
Some literature also cites the use of similar grades like
316L for hydrogen-wetted components, reinforcing this
choice [6]. However, the formation of martensite has to be
taken into account for the application in hydrogen
environment.

Therefore, a cold-rolled 1.4310 foil with a thickness of
0.1 mm and a yield strength in the range of 1500-1700 MPa
was used within this work.

3.2 Characterization of mechanical properties

The mechanical properties (e.g. flow curve, anisotropy) of
the as-received 1.4310 stainless steel foil (thickness 0.1 mm,
strength grade 1500-1700 MPa) were comprehensively
characterized through uniaxial tensile tests as input for the
FE simulations.

Tensile specimens according to DIN EN ISO 6892-1
were prepared in three different orientations relative to the
rolling direction (RD): 0° (longitudinal), 45° (diagonal),
and 90° (transverse) to determine the anisotropy resulting
from the cold-rolling process. The initial specimen blanks
were cut from the foil using an abrasive waterjet cutting
process to minimize thermal effects. Subsequently, the
samples were stacked and the edges of the specimens were
milled to achieve a high-quality surface finish and remove
any potential micro-cracks or hardened zones from the
initial cutting step, ensuring that failure initiation would
occur within the gauge length.

Uniaxial tensile tests were performed according to DIN
EN ISO 6892-1. For each of the three orientations (0°, 45°,
90°), five tensile tests were conducted. The deformation
was monitored using a non-contact, optical 3D deformation
analysis system (ZEISS GOM Aramis) during testing. This
full-field measurement technique allowed for the precise
determination of true stress-true strain curves by accu-
rately capturing the local strain distribution and the onset
of necking. Besides the flow curve, the Young’s modulus,
the Poisson’s ratio and the r-values have been determined
from the tensile tests.

3.3 Flow curve fitting and extrapolation

The experimentally obtained true stress-true strain data
from the tensile tests in Figure 3a served as the basis for the
constitutive material model used in the FE simulation. Since
the plastic strains occurring during the forming process can
exceed those reliably measured in a tensile test, the
experimental flow curves required extrapolation. In case of
the used stainless steel foil, true strains below 0.1 have been
achieved within the tensile tests in the three different
directions. The flow curves presented in Figure 3a represent
the average curves of the five tensile tests in each direction.
The true strain value did not reach 0.01 in case of the tensile
samples in 0° to RD, although the sample preparation has
been optimized by milling the edges and different batches
have been analyzed. Therefore, the flow curves in 45° and 90°
to RD have been used to identify a suitable extrapolation
approach. These flow curves show a characteristic progress
which has a high slope at the beginning and a reduced slope
after aspecific strain value. A combined Swift-Voce modeling
approach was chosen to accurately describe and extrapolate
the hardening behavior of the stainless steel foil also for larger
true strain values [20]. This was achieved by fitting
established hardening models to the experimental data
using the software OriginPro. For the initial region of plastic
deformation, characterized by a high hardening, the Swift
hardening law was applied [21]:

O Swift = K'(So + 8)71 (2)
where o, is the true stress, € is the true plastic strain, Kis
the strength coefficient, nis the strain hardening exponent,
and g, is a true plastic pre-strain offset.

To describe the material behavior at higher strains,
where the hardening decreases and approaches saturation,
the Voce hardening law was used for ¢, > 0.0077 (0° and
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Fig. 3. Experimentally determined (average) (a) and extrapolated (b) flow curves of the 1.4310 stainless steel foil.
Table 1. Fitting parameters for the hybrid flow curve description.
Direction to RD Fitting parameters
K (MPa) €0 n & 0sat (MPa) A (MPa) C
0° 2269.473  0.00156  0.0569 0.00770°  2439.72" 840.792°  3.030"
45° 2129.425 0.00107 0.0573 0.00595 2800 1184.699 1.482
90° 2234.536 0.00158 0.0689 0.00770 2439.72 840.792 3.030

* Values could not be determined and were taken from the results of 90°.

90°) and &, > 0.00595 (45°) [22]:

_C-
OVoce = Osat — Ae( 9

(3)
where o, is the saturation stress, and A and C'are material
parameters that define the shape of the saturation
curve.

The parameters for both the Swift and Voce models
were determined for each material orientation (0°, 45°
and 90°) using the non-linear curve fitting capabilities
of OriginPro. A hybrid hardening law was employed to
describe the plastic flow behavior. The initial stage of
hardening was described by the Swift equation up to a
transition strain &, Beyond this point, the Voce
equation was used to model the subsequent saturation
behavior. While the Swift parameters were determined
independently for each orientation, a convergent fit for
the Voce constants (0,4, A, C) could not be achieved
in the 0° direction because of the small strain at
fracture. As an assumption, the Voce parameters
derived from the 90° orientation were also applied for
0°. The calculated fitting parameters are summarized in
Table 1.

Based on these fitted parameters, the flow curves were
extrapolated to the higher strain levels expected during the
forming simulation. The resulting flow curves, shown in
Figure 3b, clearly indicate the anisotropic behavior of the
used material, with the highest flow stress observed in the 0°
direction.

3.4 Anisotropic material properties

Anisotropic material behavior for the 1.4310 foil was
observed in both the elastic and plastic properties
determined from the tensile tests. The elastic properties
showed a clear directional dependency. The Young’s
modulus was determined to be Ey = 177.9 GPa in the
rolling direction and Eyy = 196.2 GPa in the transverse
direction. Similarly, the Poisson’s ratio was measured as v
= 0.264 and w9y = 0.385, respectively.

Based on these experimental in-plane data, a full orthotropic
elastic model was defined for the FE simulation. The engineering
constants for the principal directions were set as follows:

- Young’s moduli: E,(0°) = 177.9GPa,
E5(90°) = 196.2G Pa.
— Poisson’s ratios: vjo = 0.264, vy3 = 0.385.

Since the material properties in the through-thickness
direction cannot be directly determined from uniaxial tensile
tests on thin foils, standard assumptions were made to
complete the material card. The through-thickness Young’s
modulus was assumed to be equal to that of the rolling
direction (F3 = E}), and the corresponding Poisson’s ratio
was assumed to be v;3 = v12. The shear moduli G;», G;3, and
(3 were subsequently calculated using the full set of elastic
constants based on the theoretical relationships for ortho-
tropic materials, as shown in the following equations:

1 4 ( 1 1 > 2v19
— = =4+ = )4+ ==
G2 Eys E, B

o (@
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Table 2. Material parameter sets used in the single-element analysis.

Case Reference flow curve Hill48 approach  R-values

Al 0° flow curve (assumed from extrapolation Hill48-r R11=1.0, Ry»=1.206, R33=1.013, R;5=1.063
parameters of 90° flow curve)

A2 Hill48-stress Ry1=1.0, Ryy—0.911, Rgs—1.0, Ryy—0.8923

B1 90° flow curve Hill48-r R11=0.829, Ry»—1.0, R33—=0.839, R,»—=0.881

B2 Hill48-stress R,1=1.097, Ry»=1.0, R35=1.0971, R;5=0.9789

E,
Ga=— 5
13 2*(1+V13) ( )

E,
Goyy=—-—". 6
27 2% (1 + vo3) ©)

To incorporate the observed plastic anisotropy into the FE
simulation, the Hill48 anisotropic yield criterion was
employed. Under plane stress conditions, the Hill48 yield
function fis defined as [23]

f=G+ H)aim —2Ho,,00 + (H + F)a2 + 2Ng?

Yy Yy

— 5 (7)

where ¢ is the equivalent stress, and F, G, H, and N are
material parameters that describe the anisotropy. These
parameters can be determined from experimental data
using different methods.

There are two primary approaches for parametrization
of the Hill48 anisotropic yield criterion [23]: the stress
method, which relies on the initial yield stresses (o)
measured in different directions, and the r-value method,
which is based on the Lankford coefficients. Due to the
premature failure of the 0° tensile specimens, which led to a
high uncertainty in the ro-value and the flow curve at larger
strains, both methods were initially considered:

— The parameters of Hill48 yield function based on stress
method (Hill48-stress) are as follows:

where o, 099, 045 and o}, are the initial yield stresses in
rolling direction, transverse direction, 45° to the rolling
direction and the biaxial tension, respectively.

The experimentally determined values were oy = 1574
MPa, 0,45 = 1445 MPa, and ogy = 1438 MPa. The biaxial
yield stress o, was not measured and was assumed to be
equal to the reference yield stress for the calculation.

— The parameters of Hill48 yield function based on the r-
values (Hill48-r) are as follows:

F= dm (12)
H=4 ioro) (14)
v = (L4 2ri5) (o + 750) 15)

2(1 =+ 7“0)7"90

where 79, r45 and rgg are the r-values (strain ratios) under
uniaxial tensile test in 0°, 45° and 90° to the rolling
direction, respectively.

The rvalue was measured for all three specimen
orientations (0°, 45°, and 90°). The average r-values
determined were: 1y = 0.554, 145 = 0.862, 199 = 1.077. It
should be noted that the rvalue in 0° to the rolling
direction was not determined in accordance with the
standard. According to standard, the r-values are deter-
mined in the range of 2 to 6% elongation. For the 0°
orientation, only 1.3% elongation was achieved.

In the FEM software Abaqus, anisotropic yield
behavior is modeled based on Hill48 yield function.
Anisotropic plasticity potential of Hill48 yield function is
defined in Abaqus by the ratios of the anisotropic yield
stresses (R;). These R;;values can be calculated from either
the rvalues or the initial yield stresses using following

equations:
1(1 1 1
Ry, Ry RY
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where R, Rss, Rss and R, are specified material
parameters for using Hill48 yield function in Abaqus
FEM software.

To investigate the sensitivity of the model to the input
data, a single-element FE simulation under uniaxial
tension was performed using both parametrization
approaches. The input date are summarized in Table 2.

These parameters, along with the directionally depen-
dent Young’s modulus, Poisson’s ratios and flow curve for
0° or 90° orientation, provide a complete data set for an
anisotropic material model.

For the purpose of comparison and to highlight the
importance of considering anisotropy, a simplified isotropic
material model was also defined. For this model, all elastic
and plastic properties were based exclusively on the
experimental data from the 90° (transverse) direction.
Specifically, the isotropic model was defined with a Young’s
modulus of £ = 196.2 GPa, a Poisson’s ratio of v = 0.385,
and the plastic hardening behavior described by the 90°
flow curve. This allows for a direct, quantitative compari-
son of the predictive accuracy and demonstrates the effect
of anisotropy on the forming and springback behavior.

3.5 Characterization of phase fractions by XRD

The steel 1.4310 used in this study is a metastable
austenitic stainless steel, which is known to undergo a
strain-induced phase transformation from austenite (fcc)
to a/-martensite (bce/bet) during cold forming [24]. This
transformation significantly influences the mechanical
properties, particularly its hardening behavior, and,

therefore, also the deflection properties of the final
membrane. To quantify the extent of this transformation
and its distribution across the formed component, a phase
analysis was conducted for the initial material as well as for
various areas of the formed membranes (see 5.6). Samples
were prepared from the flange and the wall area of the dome
as well as from the dome pole to investigate the influence of
strain on transformation of martensite (Fig. 4a). The
samples had a size of approximately 30 mm x 40 mm.

The volume fractions of retained austenite and strain-
induced a/-martensite in each specimen were determined
using X-ray diffraction (XRD). The measurements were
performed using a Bruker Discover D8 diffractometer with
Cu-Karadiation (A =0.154nm) from the top side of the sheet
samples, as shown in Figure 4b. The volume fractions of
retained austenite and strain-induced a/-martensite were
quantified using the Rietveld refinement method applied to
the measured X-ray diffraction data. The results of this
analysis provide critical insight into the local material state
after forming, which is essential for understanding the
subsequent performance during cyclic loading.

4 Methods
4.1 Single-element FE simulation

As discussed in Section 3.4, the parametrization of the
Hill48 yield criterion can be based on either the Lankford
coefficients (r-values) or the initial yield stresses. Due to
the uncertainty associated with the experimentally deter-
mined ry-value, an analysis was conducted to evaluate the
influence of the parametrization method on the predicted
material behavior under a uniaxial load case.

For this purpose, a single-element FE model was
created in Abaqus, as shown in Figure 5. The model
consists of a single C3D8R solid element (a cube with 1 mm
side length). To simulate a uniaxial tension state,
displacement boundary conditions were applied. The
element was stretched in one principal direction
(x-direction in Fig. 5), while symmetry boundary con-
ditions were applied to the opposing face (Y-Z-plane) and
two corresponding faces (X-Y- and X-Z-plane).
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Fig. 5. Single-element model in Abaqus.

Four distinct anisotropic material definitions were
implemented and compared in this model, as summarized
in Table 2. These cases explore the two primary
parametrization methods (based on r-values vs. based on
initial yield stresses) and two different choices of the
reference flow curve: flow curve in rolling direction (0° flow
curve) and flow curve transverse to rolling direction
(90° flow curve). Both were extrapolated according to
Section 3.3.

4.2 Numerical simulation of membrane hydroforming
and deflection using an anisotropic material model

A three-dimensional (3D) finite element model was set up
and solved using the commercial software Abaqus/
Standard with an implicit solver to investigate the forming
process and predict the operational performance of the
membranes. The simulation was designed as a multi-step
analysis to capture the plastic deformation during forming,
the subsequent elastic springback, and the final (elastic)
deflection under operational pressure. The material behavior
of the 1.4310 steel foil was described using an anisotropic
elastic-plastic model to accurately account for the direc-
tionally dependent properties observed in the tensile tests.
The material parameters used are described in 3.4.

As depicted in Figure 6, a 3D quarter model of the
circular blank and the forming tools (die, blank holder)
was created to leverage the geometric symmetry and
reduce computational cost. Symmetry boundary condi-
tions were applied accordingly. The model represents a
membrane with an active radius of R = 70 mm. The
deformable membrane (blank) was meshed with four-node
shell elements (S4R) with an average element size of
1 mm, which was found to provide an appropriate
compromise between accuracy and computation time in
a prior mesh convergence study. Five integration points

were set over the thickness of the workpiece. The forming

tools were modeled as analytical rigid surfaces. Contact

between the membrane and the rigid tools was defined

using a standard surface-to-surface formulation with a

penalty-based algorithm. A constant friction coefficient of

©n = 0.2 was assumed.

The plastic behavior was modeled using the Hill’48
anisotropic yield criterion combined with isotropic hard-
ening. The yield potential was defined using the calculated
yield stress ratios (R;;) derived from the experimental
Lankford coefficients (r-values) as described in Section 3.4.
The isotropic hardening behavior was described by
providing the tabulated true stress vs. true plastic strain
data from the 0° tensile test as input.

The simulation was performed in a sequence of three
distinct steps:

— Forming: In this step, the sheet hydroforming was
simulated. A uniformly distributed pressure load was
applied to one side of the membrane blank (Top plane),
gradually increasing from zero to a final forming pressure
in the range of 10 to 21 bar. This step was used to
investigate the influence of the hydroforming pressure on
the plastic deformation of the foil material.

— Springback: The forming loads were removed, and the
model was allowed to reach a new equilibrium. This step
was crucial for predicting the final, sprung-back geome-
try of the membrane, which can deviate significantly
from the tool geometry. Furthermore, the true strain and
true stress state was evaluated after springback.
Therefore, the equivalent plastic strain (PEEQ in
Abaqus), the plastic strain (PE in Abaqus) and the
elastic strain (EE in Abaqus) as well as the equivalent
von Mises stress were analyzed. The equivalent plastic

strain g, is defined as:
2
gsplij dt

where ¢ is the time and &,;; is the plastic strain rate
tensor.

— Operational deflection: The deflection of the membrane
for a two-stroke cycle was simulated in the final step. As a
low-pressure actuation of the membrane was intended, a
pressure of 0.1 bar was applied. The deflection simulation
was performed in the forming tool set-up, i.e. that no
cavities restricted the folding of the membranes in both
directions in the simulation. A uniform pressure differ-
ence of 0.1 bar was applied to the sprung-back geometry
from the Base plane to simulate the first deflection in the
opposite direction with regard to the forming process.
Subsequently, this load was transferred to the opposite
Top plane of the membrane to induce the reverse
deflection which corresponds to the forming direction.
For both strokes, the equivalent plastic strain (PEEQ in
Abaqus) was monitored by using the output parameter
ACYIELD to verify if the deflection is purely elastic. The
AC YIELD parameter is zero for a PEEQ value of zero. If
the PEEQ is larger than zero, AC YIELD will show a
value of one. Furthermore, equivalent von Mises stress
was evaluated during deflection.

Ep = (20)

O ey
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Fig. 6. FE model for the hydroforming process. The 3D quarter model shows the deformable blank (elasto-plastic), the rigid die, and
the rigid blank holder. The active membrane radius is R = 70 mm.
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Fig. 7. Target membrane dome geometry.

This simulation approach provides a holistic view on
the process chain, enabling a direct correlation between
manufacturing parameters, the resulting part properties,
and the final operational performance of the diaphragm.
For a quantitative analysis of the anisotropic behavior, the
simulation results were post-processed by extracting field
output variables (stress and strain) along two orthogonal
paths, as shown in Figure 6. Path A was defined from
the center to the edge along the rolling direction (0°
corresponding to the Z-axis of the coordinate system and to
the 11-direction of the material model), while Path B was
defined along the transverse direction (90°, corresponding
to the X-axis of the coordinate system and the 22-direction
of the material model). The results were evaluated for the
Base plane as standard and compared to the values of the
Top plane for specific instances.

4.3 Experimental hydroforming of membrane
geometries

Experimental prototypes were manufactured using a sheet
hydroforming process to validate the numerical predictions
and produce membranes for subsequent analysis. The
objective of the forming tests was to produce a membrane
that matches a predefined target geometry as closely as
possible. In [16], it was shown that a dome-shaped

membrane allows the highest increase in displaced volume
while performing purely elastic deflection. A specified dome
geometry with a diameter d of 140 mm, a height 4 of 7 mm,
a radius at the tip Ry of 323.5 mm and a transition radius
between wall and flange R, of 30 mm was proposed in [17]
taking forming history into account. A schematic of this
target membrane geometry is shown in Figure 7.
The experiments were conducted on an electro-spindle
press, which provided the necessary clamping force and
process control.
The hydroforming tool set, shown in Figure 8a, consists
of an upper and a lower die. The upper die, which serves as
the forming cavity, was machined to a maximum depth of
12.5 mm (Fig. 8b). This design was chosen to allow for the
manufacturing of various dome geometries with different
final heights, as the forming process can be stopped at
intermediate pressures. To achieve the target geometry
with a final height of 7 mm, a so-called over-forming into
the deeper cavity is necessary to account for the subsequent
elastic springback.
The procedure for forming a membrane is as follows:
— A rectangular blank (200 mm x 200 mm) of the 1.4310
stainless steel foil is positioned on the lower die.

— The press closes the tool, clamping the periphery of the
blank between the upper and lower die with a precisely
controlled blank holder force of 380 kN. This high
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Fig. 8. Experimental setup for the hydroforming process: (a) the hydroforming tool set mounted in an electro-spindle press, showing
the upper and lower die, (b) technical drawing of the cross-section of the upper die, detailing the dome-shaped tool cavity used for

membrane manufacturing.

clamping force is essential to prevent material draw-in
from the flange, ensuring that the deformation occurs
primarily through biaxial stretching.

— Two integrated O-ring seals ensure a high-pressure seal
around the forming cavity, preventing leakage of the
hydraulic medium during pressurization.

— Once the tool is securely closed, a high-pressure pump is
used to inject a hydraulic fluid into the lower die below
the blank. The internal pressure is gradually increased,
forcing the stainless steel foil to form in the direction of
the upper die cavity.

This process allows for the creation of a smoothly
contoured dome with a more uniform geometry and
thickness distribution compared to conventional mechani-
cal forming methods like stretch forming [17]. Membranes
produced with this setup were subsequently used for
geometric validation and fatigue life assessment.

4.4 Evaluation of membrane properties

Following the manufacturing of the prototypes, a series of
experimental evaluations were conducted to validate the
geometry and to determine the operational performance
and fatigue life of the pre-formed membranes.

The geometry of the pre-formed membranes was
validated in comparison to the target geometry and the
FE simulation results using the optical 3D measurement
system ZEISS GOM Atos. For this purpose, a manufac-
tured membrane was mounted in a dedicated test fixture.
The full 3D surface of the membrane was scanned under
two conditions: (1) in its unloaded, sprung-back, clamped
state, and (2) under an applied internal pressure of 0.1 bar
to measure its elastic deflection. This non-contact
measurement method provided high-resolution data of
the cross-sectional profile, allowing for a direct comparison
with the simulation results and a precise quantification of
the displaced volume. For comparison between simulation

Acrylic glass plate with
membrane cavity

Pre-formed
membrane

Frequency controller

5/2-way pneumatic valve

formed diaphragms during oscillating deflection.

and experiment, the fit functions from GOM Inspect
software have been used.

The service life and failure behavior of the pre-formed
membranes were determined using a custom-built fatigue
test rig, as shown in Figure 9. This test rig was designed to
simulate the cyclic pressure loading comparable to a
diaphragm compressor.

The membrane under investigation was clamped
between two transparent acrylic glass plates, each
machined with a cavity matching the target dome
geometry. The transparency of the plates enabled visual
observation of the deflection behavior during the test. A 5/
2-way pneumatic valve, controlled by a frequency
controller, cyclically pressurized and vented the chamber
on one side of the membrane, causing it to deflect back and
forth between the two cavity walls. The actuation
frequency was set to 2 Hz, and the operating pressure
differential was maintained at 0.1 bar.

To monitor the integrity of the membrane during
fatigue testing, the system was equipped with an analog
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Fig. 10. Pressure sensor signal for failure detection during
fatigue testing. The plot shows the voltage output corresponding
to the pressure level during cyclic deflection. The three signals
before failure (left) show the characteristic progress of the bistable
deflection. The signals after failure (right) indicate a clear and
permanent drop in peak voltage, which was used as the criterion
to determine the exact moment of fracture.

pressure sensor to detect any pressure drop indicative of
a crack. Figure 10 illustrates the voltage signal from this
sensor, which served as the primary failure criterion.
For an intact membrane (3 signals on the left side), the
signal shows a characteristic repeating pattern. The
first, local maximum of the voltage indicates the
deflection of the membrane in opposite direction to
the forming process. The global peak of the signal
appears when the pressure of 0.1 bar is reached in the
cavity. Afterwards, the signal decreases and has a
second, local maximum representing the deflection in
forming direction and a smaller change of the signal due
to the elastic deflection. The characteristic curve of the
voltage signal proves that the deflection behavior of the
membrane is different in and opposite to the forming
direction. Failure was defined as the formation of the
first through-thickness crack. Despite the crack, deflec-
tion was still possible in most cases, but it caused a
pressure leakage that was immediately detected as a
significant and permanent voltage drop of the global
peak. The number of load cycles was recorded until this
event occurred. This setup allowed for a precise and
quantitative assessment of the fatigue life and a
comparison of the performance of different membrane
geometries.

5 Results and discussion
5.1 Results of single-element FE simulation

The results of the single-element simulation, which
subjected the four different anisotropic material definitions
to a uniaxial tension state, are presented in Figure 11. The

plots show the resulting effective flow curves in the 0° and
90° directions for each of the four parametrization cases
(A1, A2, B1, and B2).

The analysis reveals that the chosen parametrization
method for the Hill48 criterion significantly influences the
predicted flow behavior in different material directions. The
models based on 7-values (Al and B1) tend to either
overestimate or underestimate the flow stress in the non-
reference direction compared to the input flow curves which
were extrapolated from experimental data. For example, in A1,
the predicted flow curve for the 90° direction is significantly
higher than the experimentally derived extrapolation.

In contrast, the models based on initial yield stresses
(A2 and B2) provide a closer representation of the input
flow behavior for both principal directions.

Considering the high uncertainty of the extrapolated 0°
flow curve due to the premature failure observed in the
tensile tests, a decision was made to proceed with a model
that relies on the more robust experimental data from the
90° direction. Among the 90°-referenced models, B2
(parametrization based on yield stresses) showed the most
physically consistent behavior. Furthermore, the r-value in
0° direction was not determined according to the standard.

Therefore, the material definition from B2 was selected
for the following simulations of the membranes. This model
utilizes the 90° flow curve as its hardening behavior and
defines the anisotropy based on the initial yield stress
ratios, thus minimizing the influence of the uncertain 0°
tensile data. In addition, the material data for 90° was used
for the isotropic material model as described in Section 3.4.

5.2 Validation of FE model

The predictive capability of the finite element model was
validated by comparing the final geometry of the
simulation results and the hydroformed prototypes.
Figure 12 shows the comparison of the experimental and
simulated cross-sectional profiles along Path A and Path B
after springback for an internal pressure of 14 bar during
hydroforming. For a rigorous comparison, two simulation
models were evaluated: one using the anisotropic material
properties defined by the case B2 (labeled “Sim.”) and a
simplified model using only isotropic properties (labeled
“Sim.*”). Both material models overestimate the final
membrane height at the pole.

A quantitative analysis of the deviation between
simulation and experiment reveals significant differences
in the predictive accuracy of the two models. The analysis
was focused on the hydroformed membrane area within a
radius of £70 mm, and the deviation was calculated in the
vertical direction (i.e., along the membrane height).

The simulation using the isotropic material model
shows a considerable deviation from the experimental
results. As quantified by the analysis along the rolling
direction (Path A), the maximum absolute deviation is
2.46 mm, occurring at a radius of —21.31 mm, which
corresponds to a maximum relative deviation of 46.4%.
This model consistently overestimates the final dome
height, demonstrating that neglecting the anisotropic
material properties leads to significant predictive errors.
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Fig. 11. The plots compare the predicted effective flow curves (dotted lines) in the 0° and 90° directions for the four different
parametrization cases defined in Table 2: (a) Al, (b) A2, (c) B1, and (d) B2. The solid lines represent the original extrapolated input

flow curves from experimental data.
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Fig. 12. Validation of the FE model in comparison to the experimental geometry measurements: The cross-sectional profiles of the
membrane after hydroforming and springback are compared. The plots show the results along the rolling direction (a) and the
transverse direction (b). The anisotropic simulation (“Sim.”, black line) shows an improved prediction of the geometry in relation to the
experimental data (“Exp.”, green line) in comparison with the simplified isotropic model (“Sim.*”, orange line).

In contrast, the simulation using the anisotropic
material model provides an improved quantitative predic-
tion. A detailed analysis along Path A, shows that the
maximum absolute deviation is reduced to 0.87 mm,
occurring at a radius of —32.21 mm, with a corresponding

maximum relative deviation of 21.3%. Furthermore, a
distinct feature (indention) is visible in the membrane wall
region along Path B (Fig. 13b). In the radial range of
approximately 40 to 60 mm, the experimental cross-section
shows the indentation along Path A. However, the
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Fig. 14. Comparison of simulated and experimental membrane profiles under operational load. The plots show the deflected cross-
section of the membrane under a pressure of 0.1 bar, after the initial hydroforming and springback, (a) for Path A and (b) Path B. The
anisotropic simulation (“Sim.”, black line) shows an improved prediction of the geometry in relation to the experimental data (“Exp.”,
green line) in comparison with the simplified isotropic model (“Sim.*”, orange line).

simulation results show the indentation along the Path B,
as shown in Figure 13. This feature is observed only in one
direction and is therefore a direct manifestation of the
anisotropic material behavior. The simulation results also
show the formation of wrinkles at the tip of the membrane
along the Path B (Fig. 13a). However, the experimental
results do not show the wrinkling.

It should be noted that the experimental profile along
Path A also exhibits a slight asymmetry, with a larger
deviation from the simulation on the left side compared to
the right. This non-axisymmetric behavior of the experi-
mentally formed membrane in conjunction with the
indentation is shown in Figure 13b. The non-axial
symmetry of the experimental prototypes is related to
local variation of material properties and process con-
ditions. As the largest deviation occur along Path A,
subsequent analyses of the simulation results will focus
primarily on this path.

To complete the validation, the predicted deflection
behavior was also compared with experimental data under
anominal operational load. Figure 14 shows the membrane
profiles along Path A and Path B under an applied pressure
of 0.1 bar, acting in the same direction as the initial
hydroforming pressure. A quantitative analysis reveals a
consistent deviation, with the simulation predicting a

higher peak deflection than the experiment. For Path A,
the maximum absolute deviation is 0.79 mm (occurring at a
radius of —40.21 mm), while the deviation at the dome pole
is 0.45 mm. For Path B, the maximum absolute deviation is
smaller, at 0.44 mm (occurring at a radius of —36.26 mm),
with a deviation of 0.42 mm at the pole. Several key
features are notable. Firstly, the indentation and wrinkles
that was visible in the unloaded state along Path B (see
Fig. 13a) almost completely disappears under the 0.1 bar
pressure load. Secondly, the asymmetry observed in the
experimental profile is more pronounced along Path A than
along Path B.

In contrast, the simplified isotropic model exhibits a
much larger discrepancy. For Path A, the maximum
absolute deviation increases to 2.06 mm (a relative
deviation of 37.0%). For Path B, the maximum absolute
deviation is 1.95 mm (a relative deviation of 28.8%). This
model consistently overestimates the deflection under load.

Based on the quantitative comparison, the finite
element model incorporating the full anisotropic material
properties is considered sufficiently validated for the
purpose of this study. While the simulation accurately
predicts the fundamental anisotropic effects of springback
and deflection, the quantitative deviations, which are in
some regions greater than 10%.
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Fig. 15. Influence of forming pressure on membrane geometry. Simulated membrane profiles at maximum forming pressure (a) and
final predicted membrane profiles after unloading and springback, compared to the desired target geometry (b).

The remaining discrepancies between the simulation
and the experimental results can be attributed to several
factors inherent to the modeling and characterization of
thin metal foils:

— Material property determination: Characterizing the
mechanical properties of thin, high-strength foils is
inherently challenging. Despite analyzing multiple
material batches and optimizing the specimen prepara-
tion, the tensile tests for the 0° direction yielded only
limited plastic strain, necessitating a significant extrap-
olation of the flow curve. The chosen Hill48 yield
criterion, while capturing the primary anisotropy, is
itself based on simplified assumptions regarding the
yield surface shape, and its parametrization can be
sensitive to the input data (Hill48-r vs. Hill48-stress).
Furthermore, a simplified isotropic hardening law was
assumed for the simulation, with the plastic properties
taken from the more reliably measured 90° flow curve.
This approach neglects any potential evolution of the
yield surface shape (anisotropic hardening) during
deformation. The current model does not explicitly
account for the strain-induced martensitic transforma-
tion during hydroforming, nor for its potential influence
on the hardening behavior.

— FE model simplifications: To ensure computational
efficiency, several modeling simplifications were made
at the expense of absolute accuracy. The use of a
quarter model with axial symmetry boundary con-
ditions prevents the simulation from capturing the
slight asymmetries observed in the experimental
parts, which arise from minor process and material
variations.

— FE element formulation: The use of shell elements, while
computationally efficient, approximates the through-
thickness stress and strain gradients. A model with solid
(volume) elements could potentially capture the complex
stress state during biaxial stretching and thinning more
accurately, although at a significantly higher computa-
tional cost.

Despite these limitations, the analysis clearly demon-
strates that the anisotropic material model yields a
significant improvement in predictive accuracy compared
to the isotropic assumption. The trade-offs made to reduce
computation time, such as the use of symmetry and shell
elements, were deemed acceptable for the primary goal of
conducting a parametric study to identify optimal process
windows. Therefore, the validated anisotropic model was
used for all further numerical analyses presented in this
study.

5.3 Influence of the hydroforming pressure

A parametric study was conducted to investigate the
influence of the maximum hydroforming pressure on the
membrane’s deformation using the validated, anisotropic
FE model. The hydroforming was simulated for five
different peak pressures, ranging from 10 bar to 21 bar.

Figure 15a illustrates the predicted membrane profile
along the rolling direction (Path A) at the maximum
applied pressure during hydroforming for each case. The
results clearly show a progressive increase in the forming
depth with increasing pressure. At lower pressures, the
membrane has no or only partial contact with the die
cavity, especially in the central pole region.

A pressure of approximately 21 bar is required to
ensure that the membrane fully conforms to the cavity
geometry (black dash-dot line). At this pressure, the
simulated profile of the membrane matches the die cavity
profile, indicating a complete forming of the membrane
shape. Pressures below this threshold result in biaxial
stretching without or only partial contact with the upper
die at the transition radius between flange and wall of the
membrane.

Figure 15b shows the predicted final cross-sectional
profiles for the different forming pressures after the
unloading step. The final geometry of the membrane after
pressure release is influenced by the plastic strain state, the
elastic springback and the stiffness of the geometry. For the
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Fig. 16. Distribution of equivalent plastic strain (PEEQ) after springback for different forming pressures. The plots show the final
PEEQ along Path A, evaluated at different section points through the membrane’s thickness. (a) PEEQ at the top surface (opposite
side of the die) and (b) PEEQ at the bottom surface (side of the die), revealing localized plastic deformation in the transition radius.

membranes after springback, the reduction in dome height
decreases with increasing internal pressure during hydro-
forming. The change of the dome height is about 4.15 mm for
a pressure of 10 bar and reduces to about 2.56 mm for 16 bar.
Although higher forming pressures result in increased plastic
strains and, thus, a higher hardening of the material in
combination with a higher elastic strain from springback, the
stiffness of the membrane geometry increases at the same
time having a greater influence on the springback behavior.
Once the membrane is fully pressed against the die at
pressures of 21 bar or higher, the resulting springback is
significantly reduced and the final cross-section does not
change significantly even if the pressure is further increased.
As can be observed in the springback results for the 21 bar
case (Fig. 15b), the final profile remains very close to the die
cavity shape. This can be related to the complete contact
with the die along with the increased stiffness of the part. For
the pressures from 10 to 14 bar the already described
indentation can be seen in the radius area from 30 to 60 mm
being more pronounced for 12 and 14 bar. This geometric
feature emerges at the transition zone where the equivalent
plasticstrain (PEEQ) becomes larger than zero and isrelated
to varying elastic recovery in the different areas of the
membrane being influenced by the present stiffness due to
the geometry. This analysis demonstrates that the forming
pressure and the contact with the die are critical process
parameters that directly influence the geometry of the
membrane before and after springback.

A key objective of this investigation study is to
determine the hydroforming pressure to produce a
membrane that matches the predefined target membrane
geometry (dashed blue line in Fig. 15b), which has a final
height of 7 mm.

A detailed comparison with the target geometries in
Figure 15b shows that a forming pressure of 14 bar yields
the best result. At this pressure, the predicted final profile
of the membrane after springback is the closest to the
target dome height. Lower pressures (10 and 12 bar) result
in significant lower dome heights of about 3 and 5 mm.

Higher pressures (16 and 21 bar) lead to depths exceeding 7
mm and, thus, to dome geometries that will not deflect
elastically during operation.

Therefore, a hydroforming pressure of 14 bar was
identified to realize the target dome height of 7 mm,
although there are larger deviations in the wall area of the
membrane with a lower depth after springback compared
to the target cross-section.

The forming pressure not only determines the final
geometry but also influences the magnitude and distribution
of the plastic strain within the membrane. Figure 16 shows
the equivalent plastic strain (PEEQ) along the rolling
direction (Path A) after springback for the different
simulated hydroforming pressures at the top plane
(Fig. 16a) and the base plane (Fig. 16b). As expected, a
higher forming pressure leads to a greater overall plastic
deformation, with the maximum PEEQ at the membrane
pole increasing from 0.005 (0.5%) at 10 bar to 0.05 (5%) at 21
bar. The PEEQ decreases from the pole to the flange with a
decreasing negative slope. As already mentioned, the
complete membrane geometry is not plastically formed for
all investigated pressures. Starting from a radius of about
45 mm for 10 bar up to a radius of 63 mm for 21 bar (and
higher pressures), the value of the equivalent plastic strain
turns zero, i.e. that the membrane is only elastically
deformed in this area. Even higher pressure than 21 bar
willnot lead to PEEQ value larger than zero in this area as the
deformation is restricted by the cavity of the die. Besides the
final membrane geometry, the inhomogeneous and not
completely plastic strains as well as the inhomogeneous
hardening caused have to be taken into account for the
deflection properties.

A more detailed analysis reveals the importance of
evaluating the results at different section points through
the shell’s thickness, particularly in regions subjected to
bending. Figure 16a shows the PEEQ distribution on the
top surface of the membrane (opposite side of the die
cavity). In contrast, Figure 16b shows the PEEQ
distribution on the bottom surface (side of the die). This
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Fig. 17. Simulated membrane profiles during the second operational folding: (a) the plot shows the deflected shape of the hydroformed
membranes under a 0.1 bar reverse pressure load; (b) the membranes formed at high pressures (> 16 bar, here 21 bar) fail to achieve a

complete and stable reverse deflection.

analysis reveals an additional, localized zone of plastic
deformation in the transition radius (65-70 mm) between
wall and flange of the membrane. This phenomenon is
caused by the local bending over the small radius Ro. This
localized plastic strain on the bottom surface increase with
higher pressures.

To complete the analysis, the operational bistability of
the membranes formed at different pressures was investi-
gated by simulating the folding step with a pressure
differential of 0.1 bar. The results, shown in Figure 17,
reveal a critical limitation of using high forming pressures.

While membranes formed at lower pressures (10-16
bar) exhibit a complete deflection in both directions, those
formed at higher pressures (>16 bar) fail to fully snap
through in forming direction when a pressure of 0.1 bar is
applied. The final deflection profile for the 21 bar
membrane at the end of the second deflection step (in
forming direction) is shown in Figure 17a and Figures 17b.
The membrane does not completely deflect at the pole of
the dome leading to a buckle as the used pressure value is
too low for the resulting membrane geometry.

Furthermore, the elastic deflection was evaluated using
the ACYIELD criteria in Abaqus. For the investigated
pressures ranging from 10 to 16 bar the ACYIELD value
was zero for both the opposite and forming deflection,
indicating that no plastic strain was induced. However, for
the membrane formed at 21 bar, complete deflection was
possible in the opposite forming direction with the
ACYIELD at zero, but deflection was not possible in the
forming direction leading to an ACYIELD value of one.
This indicates that plastic deformation occurred during the
deflection process. The maximum von Mises stress during
the folding cycle increases depending on the used pressure
and the resulting geometry from 190 MPa for 10 bar to 1604
MPa for 21 bar.

In summary, the simulation results define a clear
operational process window. While membranes formed at
pressures up to 16 bar deflect purely elastically, the
membrane formed at 21 bar exhibits plastic yielding during

its operational cycle (AC YIELD = 1). In addition, for
forming pressures above 16 bar, the stiffness of the
membrane prevents a complete, stable deflection under
the operational pressure of 0.1 bar. Furthermore, the rising
stresses for larger dome depths increase the risk of plastic
deformation and potential stress-induced martensite
formation in experimental deflection tests. The Mises
stress for membranes hydroformed at 14 and 16 bar during
deflection amounts to 702 and 1,178 MPa, respectively.
Together with the experimental investigation from [17],
this reinforces the conclusion that 14 bar represents the
optimal process parameter, as it provides the best balance
between achieving the target geometry as shown in Figure 15b
and ensuring reliable bistable functionality during operation.

5.4 Analysis of strain components for a membrane
formed at 14 bar

A detailed analysis of the strain components for the chosen
forming pressure of 14 bar provides further insight into the
membrane properties. Figure 18 compares the distribution
of equivalent plastic strain (PEEQ), the plastic strain
component in the transverse direction (PE22), and the
elastic strain component in the transverse direction (EE22)
along Path A, both at peak forming pressure and after
springback for the bottom plane.

During the forming step (Fig. 18a), the elastic strain
EE22 (orange curve) is constant up to a radius of about
45 mm. Subsequently, EE22 is decreasing to zero with a
decreasing negative slope. Before the value of EE22
reaches zero at the flange, there is a constant area at the
small bending radius. The plastic strain PE22 shows the
same progress as the equivalent plastic strain but at
lower strain values. In both cases, the strain reaches zero
at a radius of about 59 mm and a local strain peak
appears at a membrane radius of about 68 mm indicating
that the membrane area within a radius of 59-66 mm is
subjected to elastic strain only. After unloading and
springback (Fig. 18b) both plastic strain remain (nearly)
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the GOM system.

unchanged and the elastic strain EE22 is almost entirely
recovered to zero up to a membrane radius of 44 mm. In
the following area the elastic strain increases. For the
radius area from 44 to 66 mm, this is related to the
changed geometry of the membrane. Although no plastic
strains are present in this section, the geometry of the
membrane is modified compared to the initial flat foil.
This indicates that the change of shape is related to a
prevented springback which is caused by the geometric
stiffness of the total membrane and indicates residual stresses
in this area. The second local peak in EE22 is again related to
the bending at the flange radius of the die. This non-
homogeneous combination of elastic and plastic strains
influences the deflection behavior of the membrane.

5.5 Displaced volume by elastic deflection

A primary objective of using a pre-formed membrane is to
achieve a large displaced volume through purely elastic
deflection during operation. To quantify this effect, the

change in the geometry between its unloaded (sprung-back)

state and its state under a nominal operational pressure of

0.1 bar was analyzed.

Figure 19 presents a comparison of the membrane
profiles in the unloaded and loaded states for both the
simulation (Fig. 19a) and the experiment (Fig. 19b). Both
datasets clearly demonstrate that the application ofa 0.1 bar
pressure causes the membrane to elastically deflect, leading
to an increase in its dome height and the overall displaced
volume.

The quantitative analysis is as follows:

— In the experimental measurement (Fig. 19b), the peak
membrane height increases from 6.41 mm in the
unloaded state to 6.76 mm under load. This corresponds
to an elastic deflection of 0.35 mm, or a 5.5% increase in
height.

— The simulation (Fig. 19a) predicts a similar behavior,
with the peak height increasing from 6.99 mm to
7.18 mm. This represents an elastic deflection of
0.19 mm, or a 2.6% increase.
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Fig. 20. X-ray diffraction spectra for the different material conditions: The figure presents the raw spectra with indexed austenite (7y)
and martensite (/) peaks. The four conditions are compared: (a) the as-received reference material, (b) the low-strain dome flange, (c)

the medium-strain dome wall, and (d) the high-strain dome pole.

Both simulation and experiment confirm the approach
from Chapter 2 using this elastic deformation for a further
increase of the displaced volume. The membrane undergoes
a purely elastic change in shape under the operational load
of 0.1 bar, which directly translates to an increased
compression volume for the diaphragm compressor. The
similar elastic deflection behavior of the simulation and
experiment is a further validation of the applied material
model to capture the operational performance.

5.6 XRD analysis of phase transformation during
hydroforming

Following the hydroforming process, several small speci-
mens were extracted from a representative membrane at
various radial positions, as documented in Figure 4a. The
locations were chosen to capture the gradient of plastic
strain from the pole to the flange area of the dome. The
orientation of each specimen relative to the initial rolling
direction of the blank was carefully tracked.

The influence of the hydroforming process on the
microstructure of the metastable 1.4310 steel was investi-
gated by quantifying the strain-induced phase transforma-
tion from austenite to a/-martensite. X-ray diffraction was
used to determine the volume fractions of the constituent
phases for four different conditions: (1) the as-received

(undeformed) blank, (2) the flange area (region with the
lowest plastic strain), (3) the wall area and (4) the pole of
the formed dome (region of highest plastic strain).

Figure 20 presents the XRD spectra for the four
analyzed conditions. The intensities of the a/-martensite
diffraction peaks (e.g., (211)) systematically increase while
the peaks of the y-austenite (e.g., (311)) decrease as the
location moves from the flange (lowest plastic strain) to the
pole (highest plastic strain). This provides direct visual
evidence of the induced phase transformation which can be
assigned to the Transformation-Induced Plasticity (TRIP)
effect. The higher peaks of the crystallographic planes
(111), (110) and (220) are caused by the texture introduced
by the cold rolling process during the manufacturing of the
initial foil.

The quantitative phase fractions, derived from the
XRD data, are summarized in Table 3. The analysis of the
martensite fractions demonstrates the effect of the induced
strains and stresses during the hydroforming process:

— The as-received foil serves as the baseline, exhibiting an
initial martensite content of 17.3%.

— At the dome flange, which undergoes the least amount of
plastic deformation, the martensite fraction increases to
20.4%.

— At the dome wall, a region of intermediate strain values,
the martensite content rises significantly to 28.0%.
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Table 3. Volume fractions of retained austenite and martensite determined by XRD.

Specimen location Condition Austenite (%) Martensite (%)
As-received foil Cold rolled 82.7 17.3
Dome flange Hydroformed 79.6 20.4
Dome wall Hydroformed 72.0 28.0
Dome pole Hydroformed 69.6 30.4

Table 4. Overview of the membrane fatigue limits after hydroforming at different pressures.

Condition Hydroformed at (bar) Fatigue limit (cycles)
Hydroformed 14 5,215,180"
Hydroformed 16 651,496

" Test stopped without failure.

— At the dome pole, the location of maximum biaxial
stretching, the most pronounced transformation occurs,
resulting in the highest martensite fraction of 30.4%.

These results provide a clear quantification of the
Transformation-Induced Plasticity (TRIP) effect of the
used 1.4310 due to the hydroforming process. This proves
that the hardening behavior of the material is influenced by
work-hardening and the transformation of martensite
which is related to the stresses and strains during forming.

5.7 Fatigue life of pre-formed membranes

The fatigue life of the manufactured membranes was
evaluated experimentally. The tests were conducted on
prototypes hydroformed at different pressures to investi-
gate the influence of the forming process on the membrane
durability. During the tests, the membrane was subjected
to a cyclic pressure differential of 0.1 bar at an actuation
frequency of 2 Hz. This pressure difference was generated
by alternating the pressure on both sides of the membrane
between 1.5 bar and 1.6 bar. The results are summarized in
Table 4.

The results demonstrate a strong dependence of the
fatigue life on the initial forming pressure and the resulting
properties of the membrane (geometry, strains, residual
stresses). The membrane formed at a pressure of 16 bar
failed after 651,496 cycles. The fracture is shown in
Figure 21.

In contrast, the membrane formed at the identified
pressure of 14 bar exhibited an improved fatigue perfor-
mance. The test for this membrane was stopped after
5,215,180 cycles without any signs of cracking or failure.
This proves that the process window identified via
simulation und experimentation results in a membrane
with exceptional durability during operational perfor-
mance.

For conventional flat metal diaphragms, the typical
operational lifetime under ideal conditions is reported to be
in the range of 3,000 to 5,000 h. This corresponds to
approximately 64.8 to 108 million cycles at a typical
operating frequency of 6 Hz, though this is often reduced by
start-stop operation or non-ideal conditions [6].

Indentation

Crack Zone

Fig. 21. Failure mode of a hydroformed membrane after fatigue
testing. The membrane was hydroformed with 16 bar. The fatigue
crack is initiated in the dome wall, a region that possesses lower
strain hardening from the forming process compared to the dome
pole. An indentation zone is visible, proving non-axisymmetric
behavior of the membrane.

5.8 Realized increase in displaced volume

To determine the displaced volume under operational load
(Tab. 4), the scanned membranes according to chapter 4.3
were used. It should be noted that the volume of the formed
membranes was determined in clamped condition and only
for deflection in forming direction under various opera-
tional pressures without a restricting cavity in the test rig,
i.e., the volume of only one deflection mode (in forming
direction) was evaluated experimentally to demonstrate
the relative increase of displaced volume. The volume of the
deflection in opposite direction to forming has not been
determined experimentally. Thus, the total displaced
volume for a complete stroke cannot be calculated. For
testing of the fatigue life, dedicated cavities were used
inside of the test rig influencing the deflection behavior of
the membrane. Therefore, the volume of the cavity is also
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Table 5. Volume of the flat and deformed dome diaphragm with outer diameter of 140 mm.

Type of diaphragm Pressure (bar)

Max. deflection (mm) Volume (cm?)

Flat 0.1
Hydroformed dome at 14 bar 0.0
0.1
1.0

Volume of cavity in test rig —

3.2 24.568
6.41 34.978
6.76 39.156
7.37 47.659
7.00 52.533

given in Table 4. As shown in Table 5, the hydroformed
membrane (formed at 14 bar) provides a displaced volume of
39.2 cm®, which represents an increase of about 60% compared
to the 24.6 cm?® of a conventional flat diaphragm of the same
diameter and under the same operational pressure.

A further increase in displaced volume can be achieved
by increasing the operational pressure. For a pressure value
of 1 bar, the volume was increased by 94%. The effects of
the increase of the pressure during operation on elastic
deflection and fatigue life have not been tested yet.
Additionally, the simulation of the deflection needs to be
performed within dedicated cavities on both side to
investigate the influence allowing to optimize the cavity
geometry with regard to maximum displaced volume and
maximum fatigue life.

6 Conclusion

This study demonstrated the significant improvement in
the performance of a diaphragm compressor using pre-
formed membranes made of spring-hard 1.4310 steel foil.
A numerical and experimental methodology for the design,
manufacturing and testing of pre-formed, bistable metal
membranes for diaphragm compressors was developed and
validated. By systematically investigating the entire
process chain from material characterization and forming
simulation to experimental prototyping and fatigue
testing, the following key conclusions can be drawn:

— A validated FE model was set up including elastic and
plastic anisotropic material properties. The model was
used to predict the membrane properties (e.g., geometry,
strain and stress state, deflection behavior). The
comparison between simulation and experiment resulted
in maximum relative deviations of 21.3% which are
related to material characterization, simplification of the
model using plane symmetry and shell elements and
assumptions of the chosen Hill48 yield criterion.

— The membranes were manufactured by hydroforming in
which the pressure is an important parameter. The
optimal pressure for the hydroforming of the membrane
was determined at 14 bar within the investigations. The
hydroforming process in connection with the chosen tool
design influences the geometry, strain and stress state of
the membrane after springback. A non-homogeneous
elastic and plastic strain distribution was observed. An
optimal die cavity needs to be designed for the final target
membrane geometry and for a more homogeneous strain
distribution. In addition, the presence and effect of
residual stresses have not been evaluated yet.

— The key factors influencing the deflection behavior of
the membrane are the final geometry and the resulting
stiffness of the membarne along with the elastic and
plastic properties of the material. The hardening
behavior plays a crucial role with regard to the
deflection of the membrane. For the 1.4310, a combined
hardening due to work-hardening and the transforma-
tion of martensite. An XRD analysis provided a
quantification of the TRIP effect, showing a systematic
increase in martensite content from 17.3% in the as-
received state to 30.4% at the dome pole with the
highest plastic strains. The effect of deflection on the
martensite content as well as the influence of martensite
on the fatigue life (under hydrogen atmosphere) needs to
be investigated.

— A dome-shaped membrane geometry was developed and
validated achieving an increase of the displaced volume of
60% at an operational pressure of 0.1 bar in comparison
to the conventional flat diaphragm. The membrane
formed at 14 bar endured over 5.2 million cycles without
failure, proving its exceptional durability. The optimal
design of the deflection cavity and the application of
higher operational pressures need to be validated.
A numerical simulation of the fatigue properties of the
membrane would accelerate to development of improved
designs.

Using pre-formed membranes in diaphragm compres-
sors help to overcome the current limitation of convention-
al systems with flat membranes, where an increase in
volume is typically associated with a drastic reduction in
service life. In summary, this work provides an initial
methodology for developing next-generation, high-perfor-
mance diaphragms
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