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Abstract.

Hydraulic components in mobile machinery are increasingly exposed to dynamic high-
pressure gradients, which can accelerate fatigue crack growth and affect component
reliability. This study investigates fluid-induced fatigue crack propagation by implementing
a newly developed test specimen within an existing fluid—structure interaction (FSI)
simulation framework. The specimen was designed to enable reproducible crack initiation,
measurable crack propagation, and efficient manufacturability for experimental validation.
FSI simulations were conducted across multiple crack lengths and pressure loading
configurations to examine the influence of pressure drop and build-up rates. The results
indicate that fluid effects, such as hydrostatic pressure and fluid-induced crack closure,
modify the effective stress intensity factor (effective SIF) and the corresponding crack
growth rates. While the observed trends are generally consistent with Paris’ law, the
influence of pressure gradients appears limited within the investigated range. Overall, the
study highlights existing gaps in understanding fluid-induced crack propagation in hydraulic
components and underscores the need for further experimental and numerical investigations,
particularly given contradictory findings in previous work.

Keywords. Fluid-structure interaction, fatigue crack propagation, fluid-induced crack
closure, pressure gradients

1. INTRODUCTION

Hydraulic systems are frequently exposed to highly dynamic load changes during operation
that result in significant and constant changes of pressure. High pressure gradients can occur
in different components of a hydraulic system such as axial piston pumps or throttle and
orifice geometries of valves. Pressure gradients of up to 1.000 kbar/s have been reported for
some of these components [1]. Previous studies have shown that drop rates of pressure in
particular have an influence on the propagation rate of fatigue cracks [2, 3]. Under such
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conditions, fatigue strength becomes a more decisive criterion. Although design strategies
exist that successfully increase the service life of critical regions, they cannot fully eliminate
fatigue-related failures. As a result, material fatigue remains a fundamental challenge.

The challenge intensifies in the context of mobile hydraulic applications and increasing
power densities, where lightweight components offer clear advantages. However, the
reduced and targeted material use required for lighter constructions also increases the
likelihood of crack failure. Therefore, a strong need exists to better understand and predict
crack growth mechanisms in hydraulic components.

The present work investigates fluid-induced fatigue crack growth using a FSI approach. A
new test specimen is developed and implemented within an existing FSI simulation
framework originally proposed by Michiels [4]. The paper focuses on the design of this test
specimen and on the presentation of simulation results obtained with the updated test
specimen. The simulation framework has so far been tested with only one specimen and has
shown limitations. These limitations motivate further investigations, particularly with regard
to the influence of pressure gradients on fatigue crack growth. The simulation results
presented in this paper serve as reference data for future comparisons, including pressure
distributions within the crack, calculated SIFs, and resulting crack propagation rates. The
updated specimen will be used for the development and validation of a new FSI approach
that addresses the limitations of the current framework. The overarching goal of this research
is to enable a reliable estimation of crack growth rates of fluid-induced fatigue cracks, which
could be used to define inspection intervals for hydraulic components or to replace critical
parts prior to failure.

2. EFFECTS ON CRACK PROPAGATION OF FLUID-FILLED CRACKS

This research focuses on fatigue crack propagation in hydraulic components under cyclic
loading. Specifically, it investigates fluid-filled cracks, where crack growth is driven by
pressurized fluid both inside and outside the crack. In fracture mechanics, several parameters
are essential to describe crack behaviour under cyclic loading. The most fundamental
loading case mode I (opening mode) is shown in Figure 2.1, where the load acts
perpendicular to the x-z-plane and drives the crack faces apart [5].
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Figure 2.1. Description of the crack mode I (opening mode) and components of the crack



The governing parameter for characterizing the stress field at the crack tip is the stress
intensity factor (SIF) K. It is described by the far-field applied stress o, the current crack
length a in x-direction and the geometric correction factor f as [5]:

K= oVrna-f (2.1)

The R-ratio defines the ratio of minimum to maximum stress 6,;, and o, in a load cycle

[6]:
R = Zmin (2.2)

Omax

The SIF range AK is the difference between the minimum and maximum SIF [6]:
AK = Kmax = Kmin (2.3)

Paris’ law from 1963 shows that a decreasing SIF range AK reduces the crack propagation.
It expresses the relationship between the crack propagation rate da/dN (N is the number of
applied cycles) and the SIF range AK together with the constants Cj, and m,, that depend on
the material, temperature, environmental medium and load as [7]:

2=, AK™ (2.4)

Typically, no load is applied to the crack faces [5]. If hydrostatic fluid pressure acts on the
crack faces it increases the crack propagation rate [3]. The penetration of fluid also
influences the contact behaviour of the crack surfaces. When a pressure drop occurs rapidly
in a fluid-filled crack, the fluid cannot completely escape and remains trapped inside the
crack. The fluid remaining in the crack indirectly connects the crack faces and prevents a
complete return to the original state. When the load is increased again, the crack remains
closed to a certain load level. As a result, the crack is not open during the entire loading
cycle. Crack closure was first discovered by Elber [8]. Figure 2.2 shows the curve of the SIF
over time with and without crack closure effect. In the following, the SIFs are denoted with
the subscript I, since the loading discussed in this paper is predominantly mode I.
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Figure 2.2. Comparison of the SIF with and without crack closure effect [9]

With crack closure effects the effective SIF range AK| o is reduced. According to Paris’ law
it can extend a component’s lifetime compared to a crack without entrapped fluid [9, 10].
The classical computation of the SIF AK; doesn’t cover shielding effects like crack closure



[11]. Therefore, the effective SIF range AK| ¢¢ covering crack closure is calculated with the
maximum applied SIF K; ,ax and the crack opening SIF K o, [9, 10]:

AKI,eff = Kl,max - KI,op (25)

Other known crack closure phenomena are plasticity induced, roughness induced, and oxide
induced crack closure. Plasticity-induced closure originates from residual deformation in the
crack wake, roughness-induced closure from mismatch of the fracture surfaces, and oxide-
induced closure from the buildup of corrosion products [5].

Investigations of fluid-induced crack closure are primarily found in related research fields,
for example on railway wheel-rail systems and submerged fatigue specimens. For
submerged specimens, it has been demonstrated that fluid-filled fatigue cracks exhibit a
reduced crack propagation rate compared to air-filled cracks. This is due to fluid-induced
crack closure and the reduced effective SIF AK . [12]

Similar mechanisms have been identified in railway tracks, where fatigue cracks propagate
mainly due to entrapped fluid. Under rolling contact, surface cracks open due to traction
forces, allowing fluid to penetrate the crack. As the wheel passes and forces the crack mouth
to close, the trapped fluid becomes pressurized, generating tensile and shear stresses on the
crack faces that accelerate crack growth in the direction of wheel motion. [13, 14, 15] In the
absence of fluid, such crack growth is largely suppressed [15].

Numerical and experimental investigations of pressurized cracks have shown partially
contradictory results. In [4], simulations of fully fluid-filled cracks indicated that neither the
pressure build-up rate nor the pressure drop rate significantly affect the stress amplitude at
the crack tip and therefore the crack propagation rate. In contrast, corresponding experiments
showed a significant influence of the pressure drop rate on the crack propagation rate.

Despite these studies, the mechanisms behind fluid penetration into fatigue cracks in
hydraulic components are not fully understood. There is a lack of systematic investigation
into how externally pressurized fluids penetrate and interact with fatigue cracks under cyclic
loading. Furthermore, how the interaction of the fluid with the mechanical structure affects
the effective SIF of fatigue cracks in hydraulic components has not been fully quantified.
Addressing these questions constitutes a critical research gap, especially for the reliable
lifetime prediction of hydraulically loaded components under cyclic loading.

3. INTRODUCTION TO FSI APPROACH OF MICHIELS

The interaction between solids and fluids is a multi-physics problem, which is addressed in
this study through a two-way fluid—structure coupling. The FSI framework is proposed by
Michiels [4] and is summarized in this chapter with a focus on its most relevant
characteristics. For a detailed description, the reader is referred to the original publication.
The FSI approach avoids fully fluid and structural simulations (e.g. through the finite
element method) and instead employs reduced-order models for both the structural and fluid
domain. Input parameters for the FSI model include the applied load, weight functions, and
flow factors. Weight functions correlate the load to the structural deformation, while flow
factors account for roughness effects in narrow crack flows. Both were determined prior in
pre-processing steps. The simulation is conducted for a fixed crack length. The resulting
outputs of the coupled FSI are the pressure field and fluid flow inside the crack and its crack



opening displacement (COD). The crack is discretized into N stripes with a constant length
Ax, shown in Figure 3.1. This model is referred to as strip model and uses the same
discretization for the fluid inside the crack.
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Figure 3.1. Discretization of the crack and the fluid into N stripes. The structural domain is
shown in grey, the fluid domain in blue and the interface between both in orange.

Fluid pressure acting on the crack faces is transferred to the structural domain, while the
resulting structural displacements are transferred back into the fluid domain, shown in the
following Figure 3.2.
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Figure 3.2. Iteration through the two-way coupled FSI with the structural domain in grey
and the fluid domain in blue during a timestep k.

At the first timestep k = 0, the initial pressure p, is given as 0 bar and transferred to the
mechanical domain. The crack height h is calculated with the given arbitrary pressure p and
the weight functions, in the following given in matrix notation as W, while § describes the
centre of a stripe.

h(X =§) = Wp®) (3.1)

The used weight functions depend only on the geometry including the crack and are
independent from the applied load. They are calculated for the examined specimen with
discrete crack lengths via finite element method in a pre-processing step. The detailed
calculation procedure of the weight functions can also be found in [4]. Assuming linear
elastic material behaviour, the total deformation is obtained by superposition of the
deformations induced by individual load contributions. The pressure force acting from the
fluid on the crack surface is decomposed into N+1 subparts. One associated with the
displacement caused by external forces, like a pressure chamber, and N corresponding to the
individual crack sections called stripes.



The resulting structural displacement Ah calculated from equation 3.1 is transferred to the
fluid domain. The fluid domain describes the fluid flow inside the crack as a planar flow,
neglecting the crack width, and is modelled using an adapted thin-film flow formulation,
which is appropriate due to the small crack opening relative to its length. The governing
equations are derived from the Navier—Stokes equations under laminar flow assumptions
and discretized along the crack using the same spatial resolution as the structural strip model.
In addition, the fluid flow is assumed to be fully developed, which is consistent with the
neglect of fluid inertia effects. To account for the influence of surface roughness on flow
resistance, flow factors are introduced. They represent the reduction in flow capacity caused
by rough crack surfaces. The use of flow factors 8 € [0,1] enables the model to capture
roughness-induced flow restriction without explicitly resolving surface topography. They
compare the average pressure flow through rough gaps relative to that through smooth gaps.
The average Reynolds equation using flow factors was introduced by Patir and Cheng in
1978 [16, 17]. The averaged volume flow per unit length q along the crack in x-direction is
given by

h3 ap
121 9x

q=-9 (3.2)

where h denotes the crack opening and n the dynamic viscosity. For a perfectly smooth
surface 0 equals 1. The pressure p of the following time step k =k + 1 is calculated by the
following equation with the density p, reference density p, and the bulk modulus K:

op _ _ (9(pD) oh) K
ot ( ox TP 6t) poh 3-3)
4. TEST SPECIMEN GEOMETRY

A test specimen geometry was proposed by Michiels in [4], which is shown in Figure 4.1. It
contains an internal pressure chamber with a notch. Under pressurization, mechanical
deformation and stress are induced. Due to the increased stress concentration at the notch
root, a crack initiates from this location and subsequently propagates. Since the crack
originates from the interior pressure chamber, it remains in contact with the pressurized
fluid, that can flow into and out of the crack. The fracture process is predominantly Mode I.
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Figure 4.1. Proposed test specimen in [4]. Test specimen contains four threaded holes, a
pressure chamber (blue), a notch (orange) and four relief holes. The ligament of the
uncracked specimen with a length of 5 mm is shown in red.



According to [4], the experimental configuration enables a stable crack growth regime
without causing catastrophic rupture of the structure, allowing the influence of fluid-induced
crack closure and fluid flow within the crack to be investigated. Furthermore, it provides a
basis for assessing the transferability between planar two-dimensional simulations and three-
dimensional test specimens. However, several limitations are associated with this specimen
design for experiments on a hydraulic test rig:

The specimen geometry is complex (threads, geometry of pressure chamber, relief
holes) and therefore requires considerable time to manufacture. For future
investigations a broader validation campaign is planned with a larger number of
specimens to investigate several load configurations (see chapter 4).
Manufacturing constraints, as a sharp notch cannot be produced with conventional
machining like milling. A residual radius remains and varies due to tool wear,
resulting in geometric inconsistencies.

Crack initiation can occur at any location along the notch shown in Figure 4.1,
which reduces reproducibility. Also, several cracks can be initiated along the notch
during testing.

The remaining ligament is short, allowing a maximum crack extension of only 5
mm. A longer ligament provides more opportunities to monitor relevant crack
growth effects and allows observations over a larger crack length.

The internal volume is comparatively large. Since the objective is not to measure
compression-induced volumetric flow, a minimal dead volume is required.

Crack breakthrough was observed only after averaged 812k load cycles,
representing an excessively high cycle count.

Therefore, a new test specimen is proposed. The following additional requirements are
defined for its geometry:

Less complex test specimen geometry to ensure efficient and reproducible
production as well as economical manufacturability.

Sufficient remaining ligament to allow measurable crack growth and data
acquisition over a range of crack lengths.

Reproducible crack initiation at a defined location within the specimen with only
one crack developing per test specimen.

Rapid crack initiation to minimize the number of load cycles required in total.
Consistent crack length through minimal geometric variation between specimens
in the region from the notch to the opposite side.

Minimal plastic deformation, as excessive plastic strain may alter the material
properties within the plastic zone and distort the fracture behaviour.

Reduced internal volume to minimize the influence of compression-induced flow.
Surfaces parallel and perpendicular to crack growth for sensor installation (strain
gauge, temperature sensor, acoustic emission sensor).

According to those defined by Michiels and the additional requirements, a new specimen
was developed (see Figure 4.2). A parameter study was conducted for the final geometric
dimensions, varying the geometric properties of the specimen to achieve a favourable stress
distribution for an assumed pressure of 400 bar.
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Figure 4.2. Updated test specimen according to the defined requirements. It contains a
pressure chamber (blue) and six through holes for connecting the specimen to an adapter
of the test stand. The ligament of the uncracked specimen with a length of 10 mm is shown
in red.

In the revised specimen design, through holes were implemented instead of threaded holes,
eliminating one manufacturing step. The threaded holes were relocated to the adapter, and
due to the more slender geometry no relief holes were required. The pressure chamber was
designed with a simplified geometry and its dead volume was reduced from 16221.3 mm?3
to 6816.35 mmS3, corresponding to a reduction of 58 %. Furthermore, the ligament thickness
was increased from 5 to 10 mm in order to extend the achievable crack length. To ensure
consistency across all manufactured test bodies, a more precise tolerance was introduced,
resulting in a ligament length with a total deviation of 0.25 mm.

A considerable amount of lifetime is spent in crack initiation [9, 18, 19]. To shorten this
phase and define a starting point for crack growth as defined above, micro-notches are
introduced in the form of five micro-drilled holes. Cracks usually propagate from
discontinuities in geometry like holes, notches or shoulders, where stress concentrations
occur. The use of micro-drilled holes for this purpose is a common practice in fracture
mechanics testing, as shown in [20, 21]. In the section view of the test specimen in Figure
4.3 the micro-notches are implemented at the center of the inner cavity. This study also
focuses on crack propagation rather than initiation, as effects such as crack closure mainly
occur during the propagation phase.
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Figure 4.3. Sectional view of the test specimen showing the five micro-drilled holes
inserted as micro-notches for a defined crack initiation.

To evaluate the stability of crack growth, a fatigue crack simulation was carried out using
the SMART simulation tool within the FEM software Ansys [22]. The initial crack geometry
was derived by the outer contour of the five micro-notches. For the crack propagation



simulation Paris’ law and the material parameters C, = 1.25 - 1079 and m, = 3.38 were
used [9]. A maximum pressure of 400 bar and an R-ratio of 0.1 were applied. Also, no FSI
inside the crack was considered for this step. Figure 4.4 shows the simulated crack front
geometries for different crack lengths.
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Figure 4.4. Approximated crack front geometries for several crack lengths

The calculated AK; values for crack lengths between 1.5 and 10 mm are presented in Figure
4.5, starting at 1.5 mm due to the micro-notches. The values of AK; remain above the
threshold for fatigue crack growth of S235 for R=0.1, AK;y, = 10.2 MPaVm [9]. For
structural steels in general, AK;c-values between 50 and 150 MPaVm are common [23].
Consequently, the results indicate that stable fatigue crack growth is expected under the
investigated loading conditions. The final steep increase in AK; is caused by the reduction
in remaining ligament length.
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Figure 4.5. Simulated AK; without considering FSI inside the crack shown for crack
lengths of 1.5 to 10 mm.
5. RESULTS OF THE FSI APPROACH

The load profile under investigation (Figure 5.1) consists of the low-pressure level pyip,, the
pressure build-up dpy,/dt , the high-pressure level p;,,¢ and the pressure drop dpg./dt.
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The partitioning of the load cycle ensures that the individual load components are clearly
separated and can therefore be investigated in a targeted manner. Furthermore, the
interactions of pressure levels, holding times and pressure gradients can be examined. The
low-pressure duration t;p includes the period at low pressure and the pressure build-up,
while the high-pressure duration typ includes the period at high pressure and the pressure
drop. From these durations, a frequency f can be derived to further describe the cyclic load:

f=—21 (5.1)

tLp + typ

Additionally, a high-to-low-pressure-duration ratio R, is introduced:

R, = -HP (5.2)

tLp

The load profile was also used in Michiels [4] and is inspired by pressure impulse tests, e.g.
described in EN ISO 6803:2017.
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Figure 5.1. Schematic pressure load profile of the test specimen with the duration

The pressure build-up gradient was varied at three levels: 5, 12.5 and 20 kbar/s. The pressure
drop gradient was varied at 5, 25 and 45 kbar/s. As this study focuses on pressure gradients,
the maximum and minimum pressures were kept constant at py,.x = 400 bar and p;, = 40
bar, respectively. The high-to-low pressure duration ratio was set to R; = 1 and the excitation
frequency to 6 Hz. The FSI simulations were performed for six discrete crack lengths a €
{1.5,3,4.5,6,7.5,9} mm. Figure 5.2 shows the pressure profile over two load pulses within
a crack of length a = 4.5 mm at different positions, for a pressure drop gradient of dpg,./dt
= 45 kbar/s and a pressure build-up gradient of dpy,,/dt = 12.5 kbar/s.

During pressure build-up, the pressure inside the crack increases with a noticeable delay
compared to the system pressure in the pressure chamber. This delay is greater at positions
deeper inside the crack. The duration of the investigated high-pressure phase is sufficient to
approach the system pressure in the entire crack volume. After the system pressure drops,
pressure peaks occur at various positions along the crack. This behaviour suggests that fluid
is being entrapped during crack closure, leading to localized pressure increases. The highest
pressure of 1440 bar is observed at the crack tip. In contrast, close to the crack mouth at x =
0.25 mm, the pressure decreased without returning to the initial low-pressure level ppin-
The pressure at the crack mouth equals the system pressure during the whole load cycle due
to the set boundary condition.
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As the system pressure remains at a low-pressure level following the pressure drop, fluid
can gradually escape the crack, resulting in decreasing pressure. A renewed pressure
increase in the pressure chamber initially causes a pressure release at the observed positions.
Close to the crack mouth (at x = 0.25 mm), the pressure drops shortly before increasing to
the system pressure again. Deeper inside the crack the pressure drops to 0 bar and remains
at this pressure level for a short period. While a low pressure inside the crack can be
explained by the rapid opening of the crack in response to the pressure increase in the
pressure chamber, the recorded value of 0 bar is still unrealistically low. This discrepancy is
likely caused by insufficient volume flow in the model. Pressure close to the crack mouth
does not drop to 0 bar, because of the resupply from the pressure chamber. The 0 bar pressure
level is again followed by a subsequent increase to the system pressure that is delayed the
deeper inside the crack. The high pressure duration is long enough to allow pressure
equalization to ppax throughout the crack. In comparison to the former specimen with a
shorter ligament of 5 mm, [4], the current simulated pressure profiles follow an equal pattern
for a similar crack length.
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Figure 5.2. Pressure profile along the crack length a = 4.5 mm at various positions over
time. The coordinate x = 0 mm corresponds to the crack mouth connected to the pressure
chamber, while x = 4.5 mm represents the crack tip. The pressure distribution results from

a load applied in two successive pulses.

Figure 5.2 displays the Mode I SIFs together with the corresponding system pressure over
time for a crack length of 4.5 mm and the described load configuration. To evaluate the
influence of the FSI, the SIF was calculated both with and without considering the fluid in
the crack. The FSI accounts for hydrostatic pressure acting on the crack faces as well as
fluid-induced crack closure effects. Without FSI, the SIF shows a strong correlation with the
system pressure and the SIF range AK; spans a wide interval. When fluid effects are
considered AK o is reduced, indicating a lower crack propagation rate according to Paris’
law (equation 2.4). Although higher peak values of the SIF are observed, the SIF does not
drop significantly, presumably due to crack closure mechanisms. Overall, the comparison
of SIF with and without FSI is in good agreement with the theoretical predictions of chapter
2, confirming that the influence of fluid on crack propagation is captured by the model.
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Figure 5.3. Comparison of the SIFs with and without considering the FSI (hydrostatic
pressure on crack faces and fluid-induced crack closure). Left axis displays the mode I
SIF, the right axis the corresponding system pressure.

According to Paris’ law and the above-mentioned material parameters, this load case leads
to a crack propagation rate of 0.729 um per 1000 cycles for the evaluated crack length and
load configuration, considering the FSI. Without the hydrostatic pressure and crack closure
effects a crack growth rate of 1.5 um per 1000 cycles was calculated, indicating a faster
crack propagation due to a higher effective SIF range AK| . at the crack tip for cracks
without FSI. Figure 5.4 compares the mean crack propagation rate as a function of pressure
drop rate and pressure build-up rate for cases with and without FSI effects averaged over the
crack lengths. Crack propagation increases slightly as the pressure drop rate rises, with even
higher growth rates predicted when FSI is neglected. In contrast, the influence of pressure
build-up rate is comparatively weak, with only minor variations in crack propagation
observed.
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Figure 5.4. Comparison of the average crack propagation rate with and without FSI as a
function of pressure drop rate and pressure rise rate. The values shown are averaged over
the crack lengths (main effects).

Figure 5.5 shows the crack propagation rates of the discretely simulated crack lengths as a
function of the pressure drop and build-up rates. These values primarily serve as a reference
for comparison in future investigations. A clear trend can be observed indicating that the

Pressure [bar]
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crack propagation rate increases with increasing crack length, corresponding with the
introduced crack propagation law by Paris (equation 2.4).
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Figure 5.5. Crack propagation rates of discretely simulated crack lengths as a function of
pressure drop and build-up rates and considering FSI effects.

6. DISCUSSION AND OUTLOOK

In this work, a new version of the test specimen was developed according to extended and
refined requirements to enable reproducible crack initiation, longer measurable crack
propagation, and efficient manufacturability for a larger test campaign. Simulations showed
that the test specimen experiences stable crack propagation without FSI under cyclic
loading. The new specimen was implemented into the existing FSI framework. A plausible
pressure profile for the first pressurization is achieved. However, during the second
pressurization an unexpected depressurization down to 0 bar is observed, motivating a
refinement of the simulation in the future. Furthermore, crack propagation rates for all
configurations of pressure build-up and drop rate have been simulated. Within the
considered interval, an increase in pressure drop rate shows a small influence on fatigue,
resulting in a slightly shorter lifetime, while the build-up rate does not have a significant
effect. The calculated values serve primarily as a reference point for future improvements.

In future work, the fluid domain should be extended to account for the crack width in a two-
dimensional formulation. Fluid flow within the crack is expected to occur not only in the
primary x-direction, but also in multiple directions within the crack plane. Introducing an
additional spatial dimension would require the definition of an associated flow factor for this
direction. As flow factors are defined along main roughness directions [17], this introduces
a strong directional dependence of the surface roughness representation and consequently,
of the volume flow. For non-isotropic roughness, this assumption is only valid if defined
main roughness directions exist and agree with the directions for which the flow factors are
defined. Otherwise, the resulting flow description becomes inaccurate. Alternatively, a
different approach for modelling surface roughness should be employed. In [24], Rom et al.
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compared the average flow model proposed by Patir and Cheng with a homogenization-
based approach using a journal and slider bearing. They showed that the homogenization
approach provides higher accuracy in predicting averaged pressure distributions while
maintaining a comparable computational cost. Furthermore, the homogenization method can
account for surface roughness of arbitrary anisotropy. In contrast to the flow factor approach,
it offers greater flexibility when applied to non-isotropic surfaces.

Further limitations arise from the simplified fluid modelling assumptions. In particular, the
assumptions of laminar, fully developed flow are insufficient to adequately represent the
strongly transient flow conditions occurring within propagating cracks. In addition, possible
cavitation effects resulting from the low pressure levels observed inside the crack after the
pressure drop should be investigated.

Pulsation experiments will be used to compare and calibrate the current approach and
following improvements. Furthermore, while the microholes have been considered in the
calculation of the weight functions, their influence on the fluid flow, whose influence on
fluid flow has not yet been considered will be addressed.
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