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Abstract

Miniaturized tests can offer significant material and time savings while still providing
representative results comparable to macro-scale tests for relevant applications. Moreover,
in challenging fields like hazardous materials research in nuclear, chemical, and similar
industries, miniaturized testing presents an even more compelling and practical solution to
counter safety, specimen preparation, and material disposal constraints. With an emphasis
on optimization to guarantee maximum stress concentration, a uniform stress distribution,
and the fact that failure always occurs within the gage, this study investigates the bending
fatigue behavior of meso-scale Krouse specimens. Initially, theoretical and finite element
analyses were performed for geometry optimization. Subsequently, the optimized geometry
was experimentally validated through constant amplitude, load-controlled bending fatigue
tests with prescribed stress ratio, R = 0. Both theoretical framework and experimental
validation confirmed the effective optimization of the specimen design for stress behavior.
Furthermore, the S-N curve generated from the experiments demonstrated consistent
patterns when compared with analytical and literature data, proving the validity of the
optimized specimen design. The scientifically validated specimen design serves as a novel
and innovative approach that could be applied in applications where small size, and
bending loads are critical.

Keywords: bending fatigue; meso-scale; Krouse-specimen; repeated loading; constant
amplitude loading

1. Introduction

The phenomenon of fatigue failure under cyclic loading has been known and studied
since the nineteenth century following the Paris railway accident. Subsequently, the fatigue
of numerous engineering structures and components, including bridges, automobiles,
aircrafts, and nuclear systems has been a major concern among researchers. The stress—
life (S-N) approach developed by Wohler with extensive investigations and laboratory
testing provided a fundamental framework for characterizing fatigue strength and cycles to
failure [1,2]. Since then, a great deal of scientific research and development has been carried
out to investigate the fatigue failure mechanism [3-5] and establish testing procedures and
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standards such as axial fatigue testing, bending fatigue testing, rotating bending fatigue test,
most popularly known as R.R Moore bending fatigue testing, cantilever bending fatigue
test, and so on [6-11]. In the current study, the cantilever bending fatigue test procedure is
applied following the ASTM standard B593-21 [9].

Miniaturization has popped up in the analytical world with vast applications in
not only material characterization, but also in manufacturing, industrial and environ-
mental research with a view to curtailing processing cost, time, and manufacturing
complexities [12,13]. But miniature specimens come with their own challenges, and the ap-
propriateness and effectiveness of the miniaturization concepts needed to be convincingly
justified. L Bergonzi et al. [14] analyzed and compared the miniature specimens compatible
with Mach3D fixtures with full size ISO 6892 standard specimens and reported comparable
but identical stress—strain behavior, with a maximum deviation of 3.7% in tensile strength,
supporting the feasibility of miniaturization. ] Dzugan et al. [15] demonstrated and proved
the excellent trends in determination of the mechanical characteristics of sheet metal be-
tween Mini-Tensile (MT), and standard-sized samples. S. Karnati et al. [16] evaluated the
economic, manufacturing, and qualitative benefits of meso-scale specimens relative to
existing ASTM E8 geometries, with comparable pre-yield stress—strain behavior, proving
the feasibility of using them in various characterizations [17].

Besides mini-tensile tests, miniaturization has also been proven to be justifiable in
fatigue testing, offering greater relevance in terms of time and cost efficiency. Although
the application in this area remains limited, a few studies are noteworthy. Notably, T.
Hirose et al. [18] investigated diametral strain-controlled fatigue tests between mini and
normative specimens, where the mini specimen showed a higher fatigue strength than that
of the normative specimen. Later, ]. Sempruch et al. [19] executed the same concept in an
ultrasonic high-cycle fatigue testing machine and found equivalent results with that of
conventional servo-hydraulic fatigue machine at reduced timeframes which saved on test
costs. While all of these works were implemented in axial and rotating bending fatigue
conditions, H. Ghadimi et al. [20] and D. Yang et al. [21] further executed this high-frequency
fatigue-test concept in a pure bending fatigue test by using a flat thin specimen instead of
a round stock. This allowed us to leverage the cost-effectiveness [22,23] and rapidness of
the fatigue test as well as study geometric sensitivity with the help of theoretical analysis,
numerical simulation, experimentation, and ML-based prediction [24-27].

As miniaturization becomes prevalent, some past investigations have argued that
size can affect fatigue strength if there is a stress gradient prominent in the specimen
due to certain unusual geometric features such as holes, notch, fillets, etc., and can be
amplified by variances in surface finish [28,29]. Intrinsically, the presence of peculiar
geometric patterns, although unavoidable in the practical world, causes unwanted stress-
concentration zones, leading to the perceived reduction in the material strength [30]. C.
Sun et al. [31] also identified some of the benefits of the notched geometry which provides
a contrarian perspective on the use of these geometric features. In their analysis, they
reasoned that the specimen having notched features exhibits higher fatigue strength due to
its smaller control volume than a normal specimen, resulting in fewer inclusions or defects
that would adversely affect fatigue behavior. However, such an effect can be specific to
aspects such as different materials exhibiting differing sensitivity to size in determining
fatigue properties [32-34]; specimen shape and design variables that could dominate fatigue
strength [35,36]; surface condition, where poor finishes from manufacturing process as well
as the test procedures significantly affect the fatigue performance [37,38].

With respect to geometry, the Krouse shape has recently appeared as a leading choice
in bending fatigue tests due to its consistency of stress distribution across the gage area
by reducing stress concentration points and thereby providing reliable data on material
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properties. Additionally, recent research has highlighted the benefits of this method for
metal characterization, especially in bending fatigue tests on flat sheets, as it allows for
the analysis of a larger volume of material compared to gage sections of uniform cross-
section. M.M Parvez et al. [39,40] used a dual gage Krouse specimen in their fatigue test of
additively manufactured material, as it provides a larger surface area to increase control
volume, which would enable higher volumes of surface and microstructural defects to be
captured, interrogated, and analyzed, thereby generating representative data. Krouse-type
fatigue differs when compared to axial fatigue testing, requiring less force to achieve the
same stress amplitudes and using less expensive testing machines as demonstrated by Z. R
Williams [41]. Researchers have also demonstrated the application of Krouse specimen in
their respective analyses at multiple size scales [42—46]. Gohil et al. [47], Berchem et al. [48]
and Haidyrah et al. [49] experimented with Krouse specimen in sheet metal and nuclear
materials, respectively, to determine bending fatigue properties with the application of the
stress-life (S5-N) approach.

All the studies described above have demonstrated the feasibility of specimen minia-
turization and the application of Krouse geometries at different scales. However, limited
attention has been given to systematic design optimization and validation of a meso-scale
Krouse geometry for bending fatigue characterization. To address this gap, this research
attempts to develop a holistic strategy for Krouse-type geometry development by further
scaling down the test specimen size into the meso-scale regime [50], while minimizing man-
ufacturing constraints and unintended stress concentrations. Meso-scale was chosen as it
can yield an optimal balance between resource efficiency and data representativeness. The
optimization process includes theoretical analysis and finite element simulation, followed
by experimental validation under constant amplitude loading at the prescribed stress ratio
of R = 0. The novelty of this work lies in integrating specimen miniaturization, achieving a
nearly uniform stress distribution across the gage section, and promoting failure within the
gage sections. The resulting approach is intended to save material, specimen-preparation
time, and testing requirements while retaining representative fatigue behavior, thereby
providing a viable basis for bending fatigue characterization where material availability,
cost, or specimen size is constrained.

2. Materials, Assumptions and Methodology
2.1. Materials

The material analyzed as an example to support the current study was 17-4 PH, which
is a stainless steel that finds broad applicability in aerospace, plastic molding dies, and
chemical processing components due to its remarkable corrosion-resistant property [51]. It
is a precipitation hardened SS comprising approximately 17% chromium and 4% nickel,
providing an outstanding combination of high strength, and hardness as well as a surface
finish that is not affected by significant oxidation effects. The chemical composition of the
steel received through Mill Test Certificate (MTC) from the vendor is listed in Table 1. The
commercially purchased steel was in the solution annealed (condition A) state, allowing for
easy machinability with a 34 HRC and grain size finer than 10.5, that would theoretically
lead to improved fatigue resistance and performance characteristics [51,52].

Table 1. Chemical composition of 17-4 PH steel.

Element C Mn P S CB Si Cu Ni Cr Mo Ta Co
Wt. % 0.04 0.52 0.022 0.0001 0.29 0.24 3.27 4.78 15.37 0.2 0.01 0.06
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2.2. Assumptions

Despite the extensive initiatives taken during the analysis to acquire consistent results;
this analysis makes some typical assumptions as described below which help to simplify
the interpretation and calculation throughout the testing and experimentation.

e  The material used in this test is homogeneous and isotropic in terms of composition
and properties.

e  The material follows Hooke’s law within the elastic range.

e In spite of polishing to achieve a high surface finish, surface defects such as scratches,
voids, oxides might exist in a minimal amount which have negligible effects that are
beyond the scope of this study.

e Theload applied in a test cycle is uniform and constant.

e  The experimental test setup has been designed and manufactured for a bending fatigue
test, and any internal shear, torsional, or axial load is considered negligible.

e  The residual stress effect in material from prior manufacturing is not considered.

e  Due to geometric variations in portions of the specimen, the calculated stress concen-
tration is assumed to be approximate.

e  The tolerance in dimensions and thickness of the specimen is within 2%.

e  Specimen is treated as a cantilever beam and follows the elastic-static theory also known
as the Euler-Bernoulli hypothesis [53] which states that plane sections of the beam remain
in plane after bending and cross section remains normal to the neutral axis.

e  The frictional effect between moving components in practical test setup is negligible.

e The test is performed at room temperature, which is assumed to remain constant
throughout the test at a frequency of 10 Hz.

2.3. Methodology
2.3.1. Preliminary Specimen Geometry

Preliminary specimen geometry, a modified version of ASTM suggested standard
for Krouse-type bending fatigue [9] was created by using SolidWorks 2023 (Dassault
Systemes-SolidWorks Corporation, Vélizy-Villacoublay, France) as indicated in Figure 1.
The overall dimensions and volume were estimated to be one-fourth of the closest com-
parable ASTM bending-type specimen, which categorizes this design into the meso-scale
specimen regime [50]. Additionally, the holes present in ASTM geometry for clamping and
loading have been avoided to eliminate undesirable stress concentration at those highly
notch-sensitive features as well as to simplify the specimen manufacturing and preparation
process. Inclusion of these features adds additional manufacturing operations and intro-
duces tolerance and surface finish complexities particularly in miniaturized designs, which
this research wishes to counter.

(a) Specimen Sketch (b) Gage

Wc=Width at fixed side
W=width at loading side
Wg=Gage width variable
Wo=Gage width fixed
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Figure 1. Preliminary specimen design; (a) Specimen sketch, (b) Gage.
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The geometric parameters shown here have been optimized through iterative re-
finement using FEA simulations. Specifically, the arc (R.) and clamping area have been
configured for providing sufficient reinforcement against reaction forces, hence alleviating
the stress concentration in the clamped section and to transfer and locate the maximum
stress concentration regions to the gage. With Wy approximated to a certain value, Wy (the
gage width) is the controlling variable for optimizing the gage region, such that changing
Wy automatically adjusts the gage length and Apex A (the loading point).

2.3.2. Theoretical Study

In the design optimization process of fatigue specimens, a theoretical study is essential
to reduce excessive empirical iterations and the need for superfluous physical prototyping.
Theoretical calculations leveraged by this study provided preliminary benchmarks to carry
the analysis forward through simulated data and supporting empirical evidence. This
also provides other researchers with the methodology to create and optimize their own
miniature Krouse-type geometries to address their own unique needs.

2.3.3. Stress and Deflection Calculation

The theoretical analysis of this study focuses on the gage section, considering it as a
cantilever beam which is fixed at one end and deflects at the other end when subjected to a
load P as shown in Figure 1b.

In this case, per ASTM, the simple beam equation can be used to calculate maximum
bending stress [9]. Additionally, several other researchers have derived the forthcoming
equations for maximum bending stress and deflection, incorporating the local section
property and bending moment of a triangular beam [44,47,48,54].

Omax = M (1)
Wg B?
6PL;
0= - (2)
E Wg B

where 0 and §, P, Ly, Wg, W, and E are maximum stress, deflection, load, gage length, gage
width, specimen thickness and modulus of elasticity of the material, respectively. These
notations are mentioned according to ASTM standard terminology relating to fatigue and
fracture testing from the “E1823-23" standard document [55].

Even though proper care has been taken in specimen design to avoid certain features,
due to the nonuniform gage section of Krouse geometry, there will still be an effect of
the geometric stress concentration factor. Moreover, regardless of 17-4 PH steel being
ductile, in fatigue testing to high cycles with the application of cyclic loading, dynamic
stress concentration exists due to notch sensitivity at filleted sections. Neuber and Kuhn
established the following relationship between this geometric stress concentration Kt, notch
sensitivity, g and fatigue stress concentration Ky [1,56,57].

Geometric stress-concentration data compiled by numerous experts are available in
the literature in the form of charts and tables for basic geometric shapes such as stepped flat
bar, grooved shafts, notched and filleted rectangular bars, etc., [58-60]. For more complex
shapes, the mathematical function as shown in Equation (4) plus a list of coefficients is
suggested in Pikey—Peterson’s stress concentration factor, and Machine Design: An Integrated
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approach [1] and is assumed to be the closest match for analyzing stress concentration in the
current Krouse design.

- a)

where K; is calculated by measuring the major (D) and minor (d) width (W, and W, in
Figure 1) in the respective fillet (r) throughout the Krouse cross-section. The coefficients A
and b are obtained through interpolation based on the data available in the literature.
Material notch sensitivity, g is defined in terms of Neuber’s constant, and notch (fillet
in this case) radius is stated in Equation (5) through the Kuhn-Hardrath formula [1,56].

o
q_1+\/§

The Neuber’s constant, \/a can be determined from the ultimate strength of the

(5)

material using the charts available in the literature [1,61]. By substituting K; and g values
into Equation (3), fatigue stress concentration Ky is determined. Finally, Equation (1) is
revised to the following form to calculate the maximum local bending stress.

6-Lg-P
Umax:KfW (6)
&

Endurance Strength Calculation

Endurance strength refers to the stress level that a material can withstand for an infinite
fatigue cycle without experiencing failure. In the context of the S-N curve, endurance limit
exhibits the knee point past which a material will experience no failure in its lifetime of
repeated load cycling. Generally, the endurance strength of the material is estimated with
respect to its ultimate strength [1]. For example, if steel’s UTS is less than 1400 MPa, the
estimated endurance strength, S/, = 0.55,,;. This estimation is based on standard fatigue-test
specimens through static testing. In actual applications, several other factors such as size
effect, type of loading, surface finish, environmental impact and, finally, reliability factor
must be considered. So, by multiplying all those factors with estimated endurance strength,
the corrected endurance strength is obtained using the following equation.

Se = Cload Csize Csurf Ctemp Creliab Sé @)

The factors in Equation (7) are calculated by using the formula in the book “Machine
design-An Integrated Approach” [1] and are described in the forthcoming sections.

Cload = loading factor. In a bending fatigue test, loading factor is always 1. So, Cjoaq = 1.

Csize is the size factor that needs to be considered for larger specimen size where
diameter exceeds 8 mm. However, in this study, as we are dealing with meso-scale flat
specimen, an approximate equivalent diameter is calculated by using the formula:

P Ags
Y TV 0.0766

8)
where Ags is the cross-sectional area of the specimen stressed above 95% of its maximum

stress compared to a rotating beam specimen. By calculating this, dequiv is found to be 2.04
which is less than 8. So, in this current study, Cgj,e = 1.
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Csurf The surface factor data is available in the literature with respect to the ultimate
strength of the material but the relationship in Equation (9) has been established by Shigley
et al. to determine specific results in actual applications [61].

Court = A(Sut)’ 9)

In the current study, surface factor is calculated as Cqy, s = 0.69, using Equation (9) by
selecting the coefficient A and exponent b from table available in Shigley and Mischke,
Mechanical Engineering Design, 5th ed., McGraw-Hill, New York, 189, p. 283 for machined
specimen [62].

Ctemp The temperature factor is 1 for this case as the test is performed at room temperature.

Finally, assuming 99% reliability on used material strength, Cycj;qp = 0.814. The cor-
rected endurance strength Se derived from Equation (7) is then used as a knee point in the
S-N curve.

Theoretical Life Cycle Calculation

To create an estimated S-N curve, theoretical life cycle is calculated by using Equation (10).
S(N) = aN? (10)

where S(N) is fatigue strength at any cycle N; a, b are the fatigue life-cycle constant, and
fatigue strength exponent, respectively, determined by the boundary conditions considering
fatigue strength, S(N) = S,, at low cycle, N1 = 10° while S(N) = S,, at high cycle, N, = 10°.
Low cycle fatigue strength for bending is estimated as a fraction of ultimate stress and
defined as S;; = 0.89 Syt [62,63]. Logarithmic form of Equation (10) is

logS(N) = loga + blogN (11)
_ Lo 5m

b= Zlog( S, ) (12)

z = logN1 — logN; (13)

Equivalent Reversible Stress

The current analysis is based on repeated loading with the prescribed stress ratio
of R = 0; however, the typical S-N curve is only applicable for completely reversible
loading (R = —1) with zero mean stress effect. Therefore, an equivalent reversible stress
must be determined due to the presence of combined mean and alternating stress effect
during this fatigue failure. Modified Goodman correction was considered in this analysis,
which is demonstrated by Equation (14), where ¢, and 0y, are alternating and mean stress
components, while S, and S;; are the endurance strength and ultimate strength respectively.

%:&0_?9 (14)
u

Figure 2 shows that the modified Goodman line is created by linking ultimate strength
at abscissa () and endurance strength at ordinate (0,) as suggested in the modified
Goodman diagram. Consequently, the extended line connecting (Syt,0) and multiple
fluctuating stress points (0;,, 0,) towards ordinate represents the equivalent reversible
stress (0ep). This is because the point where it intersects at ¢, axis has zero mean stress
(0 = 0) which meets the requirement of traditional S-N curve. Accordingly, Equations
(10) and (14) are modified, replacing S, or S(N) by 07 to calculate respective equivalent
reversible stress components and life cycles which are used in creating the S-N curve. o
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and oy, are calculated applying actual fatigue stress concentration factor K. Additionally,
the mean fatigue stress concentration factor Ky, =1 is considered in the situation of local
yielding where maximum stress exceeds the yield strength (omax > Sy) [62].

Determining Equivalent Reversible Stress (0,.,,,) from Good-man Diagram

Oq

——=Good-Man Line

—— = Equiv rev stress Line
—— = Fluctuating load line
S. = Endurance Limit

S, = Yield Strength

Sy = Ultimate Strength

0, arev)

Alternating Stress
)
<
Q
&

I
| (Syt»0)

0 9m  Mean Stress Sy Tm

ut»?

Figure 2. Determination of equivalent reversible stress using modified Goodman diagram.

3. Geometry Optimization and Design Finalization
3.1. FEA Model Setup and Boundary Conditions

The FEA model for the specimen was set up for homogeneous, isotropic, linear-elastic
material using the mechanical properties of 17-4 PH steel. The clamped end of the specimen
was fully constrained by restricting all translational and rotational degrees of freedom, repre-
senting the rigid clamping condition of the cantilever-bending fixture, and eliminating stress
concentration from the constrained section. Transverse shear exists in a limited amount, which
was considered negligible compared to the bending response across the gage.

A curvature-based blended mesh consisting of solid tetrahedral elements was em-
ployed for all geometries. The final mesh contained approximately 61,504 elements and
93,178 nodes, with a characteristic element size of 0.187735 mm. Mesh convergence was
evaluated by progressively refining the mesh and monitoring the resulting maximum
stress. The final mesh was selected when the variation in the calculated stress between
successive refinements remained below 2%, indicating adequate mesh independence for
the comparative geometry analysis.

A 15N constant load was applied for the geometry-optimization analyses. The loading
location was defined according to the position of the triangle apex associated with each
individual gage geometry so that the effective loading condition remains geometrically
consistent as the gage width was varied. Additional analyses at higher and lower load
levels were also performed to verify that the observed stress-distribution pattern and the
relative location of maximum stress were not specific to the selected 15 N load. Under these
consistent boundaries, loading, and meshing conditions, the effect of varying gage geometry
on the magnitude and location of the maximum stress could therefore be directly compared.

3.2. Geometry Optimization Using FEA

A parametric FEA study was conducted on four separate geometries of the specimen
for the optimization and to illustrate the stress propagation within the gage section by
using SOLIDWORKS 2023 software (Dassault Systémes-SolidWorks Corporation). As the
core focus is to maximize the gage region (and thereby the effective interrogation volume
of the material being tested), other geometric features like the larger width of the gage
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trapezoid have been configured and fixed by optimization through these simulations. The
gage widths 2.0 mm, 2.5 mm, 3.0 mm, and 3.5 mm were analyzed to observe uniformity
or lack thereof of the stress evolution within the gage volume. Figure 3 represents all four
geometries along with the respective demonstration of stress distribution.

Shift in the location of maximum stress
concentration with varying gage geometry
(a) Gage width = 2.0 mm oy (D) Gage width = 2.5 mm

48600002

Towards Left
(—

Across the Gage
<«

42520002

3645e402
20376402
24300402

1.8226402

12156402
6075001
0.000¢+00

— Vield strength: 4940¢ +02

(c) Gage width = 3.0 mm (d) Gage width = 3.5 mm

o Mises (Wi 2 0480
Towards narrow | e
. sorea
~__ section
——>

Towards Right
——

29056002
25606002

21946002

1828002

Figure 3. Effect of gage width on the maximum stress distribution within the gage section.

Looking at four distinct demonstrations, the 2.5 mm gage exhibits more balanced
distribution than the other three geometries. The 2.0 mm width tends to shift stress concen-
tration towards the clamping side and concentrates the maximum stress concentration to a
smaller cross section, while the 3.5 mm width shows a tendency to concentrate towards the
loading end. This will tend to initiate and propagate fatigue failure within much narrower
regions of the gage while exhibiting non-uniformity in stress distribution across the gage.

So, it can be stated that lowering or increasing the width beyond a point does not
support gage volume maximization, but it raises the risk of failure always occurring at a
narrow location, which goes against this research’s desire to maximize the gage volume.

3.3. Numerical Validation of Optimized Geometry

Both theoretical and numerical investigations suggested that geometry containing
2.5 mm gage width (Figure 3b) can be utilized as an optimized Krouse fatigue specimen for
further investigations.

The optimized geometry is expected to outperform existing ASTM fatigue specimens
in multiple ways. One of the standout advantages of this optimized geometry is that
it has significantly removed stress concentration, and notch effect by maximizing gage
volume, appropriately reinforcing the notches and hence uniformly distributing stress
concentration throughout the gage. To validate this statement, stress concentrations in
gradually varying cross-sections of the optimized geometry were determined by utilizing
relevant equations and we subsequently compared the stress concentration and notch
effects of the optimized geometry with ASTM design as presented in Figure 4. It shows that
optimized geometry completely eliminated the stress concentration of holes by removing
these features and additionally, the stress concentration in the filleted section has been
reduced by approximately 20% compared to ASTM design.

https://doi.org/10.3390/applmech7040078
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Kt = Geometric stress concentration factor; q = Notch Sensitivity, K= Fatigue stress concentration factor

Figure 4. Comparison of stress-concentration between optimized geometry and ASTM design across
gradually varying cross-sections and holes (unit = mm).

To verify the effectiveness of the selected geometry, its peak stress maps were compared
with those of other geometries assessed in this study by finite element simulations as
illustrated in Figure 5. Under identical loading and boundary conditions, even a slight
variation in geometry in the gage length and width considerably affected the maximum
stress propagation.

Width = 2.5
o m Stress across gage for Different Widths

\ 500
[ ’ Stress Variation
1 ‘ ‘ } M < Aiao
0/
y € 450} 12% |
(b) Width = 3.0 mm 3
o
/ i 0 400 | 1
{ %]
' - 2 = 2.5 mm fit
> = I ® 2.5mmdata
- c L 3.0 mm fit
(c) Width = 3.5 mm g 350 ® 3.0 mm data
3.5 mm fit

A 3.5 mm data
‘- -
> 0 0.5 1 1.5 2 2.5 3 35

Position across gage, mm

Figure 5. Variation in stress gradient across the gage in different geometries (based on FEA data).

The Von Mises stress was recorded along a consistent path extending from one end
of the gage to the other, as indicated by the arrows in Figure 5a—c. The percentage stress
variation was determined from the stress variation between two ends of this path relative
to the higher stress value in each geometry. The plot shows that optimized geometry
experienced only 1.3% variation in maximum stress, whereas other geometries exhibited
12% and 26% variation among the nodes across the gage, reflecting the effectiveness of the
gage optimization and demonstrating the 2.5 mm width as a balanced geometry.

4. Experimental Methodology
4.1. Specimen Preparation

Premised on FEA optimization results, the specimen geometry incorporating a 2.5 mm
gage width was selected as the final design, as illustrated in Figure 6. This configuration
provided the most uniform stress distribution across the gage section while maximizing the
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effective material volume in the gage for fatigue interrogation. The remaining geometric
features were retained from the preliminary design, resulting in a specimen that satisfies
both the dimensional constraints of the meso-scale test and the mechanical requirements
for reliable bending fatigue characterization. The optimized specimens were prepared
using a wire-electric discharge machine (W-EDM) from a commercially purchased 17-4 PH
stainless steel block. As the machining of miniature specimen is quite challenging in terms
of dimensional accuracy and minimizing surface roughness, initially some test cuts were
performed to acquire a suitable combination of machining parameters such as pulse, peak
current, feed and wire speed, etc., [64]. Moreover, to avoid an oxide layer along the profile,
this machining process featured an initial rough cutting pass followed by three finishing
passes as suggested by Karnati et al. [16].

(a) Drawing of Optimized geometry (mm)

(b) Machined and Polished Specimen

8.00

< > 14.50 » 072 o
Figure 6. Meso-scale optimized specimen; (a) drawing of the optimized geometry, (b) machined specimen.

Machined specimens underwent some micro and macro polishing [65,66] to remove
any subsequent oxide layers and surface imperfections while maintaining dimensional
tolerances. These manual polishing processes were performed in two sequential stages; pri-
marily, 400 and 600 grit emery paper was applied to remove the oxide buildup, detrimental
burrs, and tooling scratches. Subsequently, 800, and 1200 grit sandpaper were deployed to
ensure a smoother surface finish with minimal stress concentration points. Final specimen
dimensions, including thickness and surface roughness, were reported in Appendix A,
Table A1l. Despite the polishing process, minor surface irregularities and polishing marks
remained; therefore, the machined-surface correction factors were adopted as presented
in Table 2, and discussed in the Section: Endurance Strength Calculation. Additionally,
the potential influence of surface roughness, dimensional tolerances, wire EDM-induced
surface characteristics, and effect of residual stress on fatigue behavior were not quantified
in the current study. The authors have planned for these as scope of future studies.

Table 2. (a) Mechanical properties of 17-4 PH steel from tensile test (measured), (b) endurance
strength correction factor (calculated), (c) fatigue strength properties (calculated).

(a) Mechanical Properties of 17-4 PH Steel from Mini- Tensile Test (Measured)

Properties (Sut), MPa YS (0.2%), MPa E, GPa Strain at Break mm/mm
Value 1172 994 205 0.23
(b) Endurance Strength Correction Factors (Calculated)
Factors Cload Cload Csurf Ctemp Creliability
Value 1 1 0.69 1 0.814
(c) Fatigue Strength Properties (Calculated)

Parameters S, MPa S., MPa a, MPa b

Value 585 330.53 3287 —0.1663
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4.2. Test Setup

Figure 7 outlines the schematic presentation of a miniature fatigue test apparatus which
was developed for experimental validation of optimized geometry. The set-up comprises
some key components such as (i) a voice coil actuator, (ii) a laser displacement sensor, and
(iii) specimen mount including clamps, fixtures, and a load cell. The 3-inch diameter linear
voice coil actuator possesses the continuous stall force capacity of 133.8 N with maximum
allowable coil winding temperature of 155 °C that makes it best fit for the high-cycle fatigue
test application. The wider portion of the specimen is secured in a fixed jaw while the
loading end is clamped to a movable block which travels along the sliding guide rail and
is attached to the actuator. A 25 Ib capacity pre-calibrated load cell (FUTEK LCM 100) is
mounted right after the moving jaw for accurate measurement of the load applied on the
specimen. Prior to mounting, the load-cell calibration was justified using zero and span
potentiometer adjustments, with the zero-load output adjusted to approximately 0 VDC and
the output under a known reference load adjusted to the corresponding calibrated value of
10 VDC. The zero and span outputs were subsequently reverified before installation. The
power is supplied to the motor using a DC310S benchtop power supply.

lllustration of Repeated Motion (R=0)

Fixed Jaw

Specimen-Jaw
Assembly

Py <€—— Actuator

Moving Jaw

Original Position

Figure 7. Schematic of fatigue test apparatus.

4.3. Controls and Data Acquisition Procedure

The control of the fatigue tester follows conventional fatigue test control methods. It
uses two sensors, a pre-calibrated laser displacement sensor to measure specimen displace-
ment, and a load cell to measure the applied force. The displacement and load signals are
processed onboard a Raspberry Pi through an analog-to-digital converter (ADC) with a
sampling rate of 860 Hz. A C-based control script provides feedback control, transferring
the acquired data via USB to a Windows-based computer, and generates the command
signal used to drive the actuator.

For actuator control, the Raspberry Pi generates a square-wave command using the
pigpio library in C. This allows for hardware-timed PWM (pulsed width modulation) on
Raspberry Pi to ensure an accurate frequency of the resultant square wave. The square
wave is then fed into an H-bridge, incorporating a DRV8833 IC, which controls the forward
and reverse motion of the shaft by switching the polarity across the actuator. The applied
load and corresponding displacement data were continuously recorded using C++ 17 based
data acquisition and subsequently processed using MATLAB R2025a.

https://doi.org/10.3390/applmech7040078


https://doi.org/10.3390/applmech7040078

Appl. Mech. 2026, 7,78

13 of 23

4.4. Test Method

All tests were conducted at a frequency of 10 Hz and room temperature, using the
conventional stress-life (S-N) approach for bending fatigue characterization of the proposed
meso-scale specimen geometry. Based on preliminary evaluation of the developed test
apparatus, a frequency of 10 Hz provided stable cyclic loading and consistent signal
acquisition with minimal measurement noise and was therefore selected for all fatigue
experiments. Since the present study primarily focuses on validating the proposed meso-
scale specimen design and testing methodology, the potential influence of loading frequency
on fatigue behavior was not investigated and will be considered in future work. The
temperature of the specimen and components of the test apparatus were monitored using
an FLIR infrared thermal camera. and the maximum recorded temperature remained below
30 °C. This indicates that self-heating effects were negligible and that the measured fatigue
response was not influenced by thermal degradation.

The experiments were conducted under constant-amplitude, load-controlled condi-
tions with a prescribed stress ratio of R = 0, such that the applied load oscillated between a
prescribed maximum value, with the zero minimum stress and mean stress corresponding
to half of the maximum stress, as illustrated in Figure 8. Although the actuator was driven
by a square wave command generated through the H-bridge controller, the measured
load and displacement responses exhibited periodic cyclic waveforms rather than an ideal
square-wave profile, owing to the noise from dynamic response of the actuator-fixture-
specimen system.

Load Maximum prescribed

IR GEEGIRURCEAGIGURLE
R RO ARR R

0.0 0.5 1.0 1.5
Displacement

6

-]

(=]

(=]

L Minimum prescribed
- ' Load =0

o

025

EZi: | h\ D W ¥\ W P H F\ T (> n ’\\ ‘ H\ Load Ratio, R = Jiminunload
% 0.10 ‘ ‘ ‘ ‘ . Maximum Load
Ez::;”) L} I \L} J U \1—(]’ L J L } \;.ostress Ratio,R= 0

Time (s)

Note: Load and Stress are proportional. Therefore, Load Ratio = Stress Ratio=R =0
Figure 8. Illustration of loading method for fatigue test at stress ratio, R = 0.

As the primary objective of this study was to verify and quantify the feasibility of
proposed specimen design, and the mechanical and fatigue properties of the material were
already established (Table 2), a preliminary loading range was first estimated from the
analytical stress calculation in conjunction with the known mechanical properties of the
material. Based on this estimation, the applied load levels were selected as presented in
Appendix A, Table Al to span the relevant fatigue regime from the near ultimate-strength
region toward the endurance-strength region of the S-N curve.

5. Result and Discussion
5.1. Mechanical and Fatigue Properties of 17-4 PH Optimized Geometry

Since the specimen was miniaturized, the actual mechanical properties of 17-4 PH
were determined through a mini-tensile testing machine developed by Product Innovation
and Engineering LLC (PINE) to find the equivalence with standard data. Subsequently,
these basic properties were used for the determination of endurance strength along with
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fatigue life-cycle constant (a), fatigue strength exponent (b), surface characteristics and
endurance strength correction factors of the optimized specimen by using Equations (7)-(13)
and relevant charts and figures from the literature as summarized in Table 2.

5.2. Experimental Validation of Optimized Geometry

The applied load and measured displacement amplitudes remained stable during the
test for the majority of fatigue cycles, indicating consistent mechanical behavior within
the elastic regime as demonstrated in Figure 9. Then in the plastic regime, as the crack
initiated, a gradual increase in displacement amplitude was observed due to the reduction
in the structural stiffness [3,67]. Continued crack propagation resulted in a rapid rise
in displacement amplitude before complete failure of the specimen (Figure 9). The test
was automatically terminated when the displacement monitored and measured by the
displacement sensor exceeded the predefined threshold value.
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Figure 9. Fatigue behavior of 17-4 PH optimized specimen at different loads: (a) 50 N; 0.226mm;
(b) 55 N; 0.253 mm, (c) 57 N; 0.302 mm, and (d) 62 N; 0.370 mm.

Figure 10 shows that in all fractured specimens, crack initiation and final fracture
occurred at different locations within the gage section. This observation proves the excellent
agreement with the finite element prediction of maximum stress distribution across the gage
section as presented in Section 3.1. The experimentally observed failure locations confirmed
the effectiveness of the geometry optimization process and demonstrated that selected
specimen design provides a well-defined fatigue interrogation region. By promoting the
crack initiation and propagation within the gage section, the optimized geometry minimizes
boundary-induced effects and allows more representative characterization of the material’s
fatigue behavior. Although the statistical significance of randomness in failure location has
not yet been established and remains beyond the scope of the present study, the observed
failures occurred within the intended gage region and exhibited variation in crack-initiation
locations and propagation directions across the gage. These observations together with
uniform stress-distribution support the suitability of the proposed meso-scale specimen for
bending fatigue characterization.
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Failure Location: Left; Propagation: Zigzag Failure Location: Centre; Propagation: Straight

Failure Location: Left; Propagation: Multi-site crack

Figure 10. Representative fracture locations and crack-propagation patterns observed within the
gage region of the 17-4 PH specimens.

5.3. Experimental Results and Discussion

A total of 24 specimens were tested at different load levels, with selected conditions,
including 40, 55, 60, and 65 N, repeated to assess the repeatability of the experimental results,
as shown in Figures 11 and 12, and Appendix A, Table Al. In Figure 12, variations in fatigue
life were observed among specimens tested at the same load level. Such scatter is expected
in fatigue testing and represents specimen-to-specimen variations in microstructure and
defect population and associated crack-initiation behavior.

05 Load vs Peak Displacement

y = 0.0037x + 0.0570
0451 R2 = 0.8471

T T

0.4

0.35

0.3

0.25

0.2

Peak Displacement (mm)

015+ 8

0.1 1 ] 1 1 1
30 40 50 60 70 80 90 100 110

Load (N)

Figure 11. Load vs. peak displacement of 17-4 PH using optimized geometry.

Figures 11 and 12 present the relationships between load versus displacement and
load versus number of cycles to failure, respectively. A positive correlation was observed in
load-displacement response, such that increasing load resulted in higher peak displacement
amplitudes. In contrast, the load-cycle relationship demonstrated the expected inverse
trend characteristic of fatigue behavior, where increased load levels caused reduced fatigue
life. The fitted curve shows that linear regression relationship yielded coefficients of
determination (R?) of approximately 0.85 for both datasets, indicating good consistency
among the experimental measurements.
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110 Load vs Number of Cycles
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Figure 12. Load vs. number of cycles of 17-4 PH using optimized geometry.

To generate the Wohler S-N curve, the measured peak displacement values were first con-
verted to maximum local bending stress using the stress—displacement relationship given in
Equation (15), which was derived by combining Equations (1) and (2). Although, Equation (6)
included Ky, in relation to Ky, and g, the optimized specimen geometry exhibited stress-
concentration factors approaching unity, as summarized in Figure 4. Therefore, an additional
Ky correction factor was not applied in Equation (15). In addition, Equation (1) was derived
directly from the actual varying Krouse geometry by incorporating the local bending moment
(M), and local section property (I), thereby accounting for geometric variation in the calcula-
tion of the maximum local bending stress. Alternating stress (¢,), and mean stress (), were
then calculated from the maximum bending stress using Equation (16).

EBS
Omax = — 5 (15)
Lg
Op=0Om = U";”x (16)

Because the fatigue tests were conducted at a stress ratio of (R = 0), the calculated
maximum stresses were subsequently converted to equivalent fully reversed stresses using
Goodman criterion to account for mean stress effect, as explained in section Equivalent
Reversible Stress.

Equation (14) was rearranged to obtain Equation (17), in which S, was replaced by
Orev, and the resulting expression was used to determine equivalent fully reversed stress
(0vew), for each test. These equivalent fully reversed stresses were then treated as effective
stress amplitudes and plotted against the corresponding number of cycles to failure for
constructing the S-N curve presented in Figure 13, and reported in Appendix A, Table A1.
A run-out criterion of 10° cycles was adopted such that specimens exceeding this limit
without failure were classified as censored run outs and marked with an arrow in the plot.
The tests at this endurance limit regime were repeated to verify the observed non-failure
behavior, and some tests were extended beyond the initial limit, with the longest run out

reaching 2.27 x 100 cycles.
Oq

Orep = 4(1 — (O'm/sut)) (17)
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Figure 13. S-N Curve of 174 PH experimented on optimized geometry.

The generated S-N curve exhibits the expected fatigue behavior of metallic materials,
with fatigue strength decreasing as the number of cycles to failure increases. Although some
scatter is observed in experimental data, the coefficient of determination (R?) of 0.89 is still
comparable with other studies performed on similar Krouse specimens [41] and overall trend
remains consistent with conventional fatigue characterization and established theories.

As shown in Figure 14, the experimental results were further compared with the
literature on fatigue data studied and reported by Leybold in a technical note of NASA [57].
This standard dataset was widely used to compare the fatigue performance of additively
manufactured 17-4 PH steels in multiple studies [68-71]. However, direct quantitative
comparison may not be appropriate in this regard due to significant differences in test
methods, specimen geometry and size, and the loading mode. For example, the literature
fatigue data studied by Leybold on wrought 17-7 PH were obtained from axial fatigue tests
of conventionally sized specimens, whereas the present work employed a miniaturized
specimen subjected to cyclic bending. Nevertheless, such comparisons provide useful
qualitative insight into the performance and reliability of the proposed fatigue character-
ization approach. The comparison indicates that the literature data exhibited about 27%
higher strength than 17-4 PH tested in this study. Several factors may contribute to this
difference, including loading mode, stress gradients inherent to bending fatigue, specimen
dimensions, surface conditions, and manufacturing-related effects which are the scope
of further detailed studies. Despite these differences, both datasets exhibit similar S-N
behavior and comparable fatigue-strength degradation trends, proving the validity of the
proposed methodology.

Figure 14 also demonstrates a good agreement of this experimental dataset with that
of theoretical predictions developed in the present work. Based on the endurance limit
at 10° cycles, the theoretical model predicted a fatigue strength of about 330 MPa, while
the experimentally obtained endurance strength was roughly 400 MPa, representing a
difference of nearly 18%. This variation is expected with the reasoning that the theoretical
model assumes idealized loading and boundary conditions, whereas the experimental
set-up includes clamping effects, load-transfer mechanisms, contact interactions, and other
practical factors that influence stress concentrations within the specimen. Moreover, this
discrepancy provides a conservative basis for fatigue design. The experimentally observed
improved endurance limit manifests that the optimized specimen geometry and testing
approach yield a fatigue performance superior to the minimum capability estimated by
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the analytical model. This conservative approach is especially advantageous for real-life
engineering applications, where underprediction of fatigue strength is generally preferred
over overprediction to mitigate the risk of unexpected fatigue failure while in service.

S-N Curye Comparison with Literature and Theoretical Data

1200
(] 17-4 PH Experimental study
Experimental Fit: 8310N?2'8 R? = 0.896
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Figure 14. S-N curve comparison with experimental, theoretical, and literature data.

To summarize, the experimental results generally agree with the classic S-N curve
and standard method confirming the optimal meso-scale specimen geometry for fatigue
behavior. The concordance found between experimental measurements, numerical predic-
tions and published data demonstrates that the proposed specimen geometry is capable of
generating representative fatigue life data with substantially lower specimen sizes, material
volumes and costs. These results confirm the viability of the improved shape for bending fa-
tigue characterization and suggest the potential for future applicability to high-throughput
and high-cycle fatigue testing, and material screening.

6. Conclusions

In this study, a novel meso-scale Krouse-type fatigue specimen and test set-up were
successfully developed and validated through a systematic design and optimization strat-
egy, together with the practical experimentation. Specimen geometry was determined
through theoretical analysis and subsequently refined using finite element analysis to
maximize the effective gage region to ensure a more uniform stress distribution throughout
the fatigue interrogation volume. Optimized design successfully moved stress concentra-
tion away from the clamping and loading zones and localized fatigue damage within the
specified gage section.

The effectiveness of the proposed geometry was verified both by numerical simulations
and experimental testing. Finite element analysis justified uniform stress distribution within
the gage section, whereas experimental observations confirmed the crack initiation and
final fatigue fracture within the optimized region. The experimentally observed failure
locations were in good agreement with the numerical predictions, and thus, the geometry
optimization methods and accompanying testing methodology were validated.

Furthermore, experimentally determined load-displacement, load-life relationships,
and generated S-N curve exhibited consistent trends with conventional fatigue behavior.
Comparison with theoretical predictions and literature data further confirmed the ability of
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the proposed miniaturized specimen geometry to generate meaningful fatigue-life data. The
experimentally determined endurance strength was found to exceed theoretical prediction
by approximately 18%, confirming the suitability of the optimized meso-scale fatigue charac-
terization approach to real-life engineering applications. Additionally, from a manufacturing
and economic perspective, the elimination of features in conventional specimens, such as
holes and notches, contributed to the cost effectiveness of the design by minimizing extra
machining complexities and fabrication time. The collective validation techniques and asso-
ciated observations can adapt the optimized specimen as a practical and scientific solution
of fatigue test for application in both research laboratories and manufacturing industries,
particularly in additive manufacturing, automobile, aerospace, nuclear and medical sectors,
which require rapid and small-scale testing with high fidelity data.

7. Future Works

The feasibility and validation of the developed specimen geometry were evaluated
using a single material under a fixed loading frequency, stress ratio, and limited to a
single experimental arrangement. Therefore, the authors recommend progressing this
research by evaluating the applicability of the proposed specimen geometry across a
broader range of materials and manufacturing processes. Further investigations on the
influence of loading frequency, surface-induced effects, dimensional tolerances, clamping
mechanism, and various loading modes would further strengthen the appropriateness
of the suggested methodology. Manufacturing sensitivities, possible edge defects and
notch formation in the adjacent features of the geometry during sample preparation need
to be justified. The statistical significance for the randomness in failure location along
with the repeatability of the fatigue life at each loading condition should be established
through further investigation. Finally, comparative studies with conventional fatigue
specimens of different shapes and sizes are encouraged to comprehensively evaluate the
performance, scalability, and robustness of the proposed meso-scale specimen design
alongside establishing correlations between different fatigue characterization approaches
for its meaningful adoption and standardization.
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Appendix A. Data Tables

Table Al. 17-4 PH Stainless Steel Experimental Data of Optimized Geometry.

Specimen Load_N Disp l;cniment, Thi;i(mness, Gag;ﬁidth’ SR, Micron An?[trlietsjde, No of Cycles, N
MPa
1 40 0.19985 0.756 2.508 0.5 387.92 2.27 x 10°
2 40 0.20773 0.762 2.468 0.5 412.94 1.62 x 10°
3 43 0.21319 0.753 2.492 0.3 420.89 1.65 x 10°
4 45 0.20926 0.761 2.503 0.5 416.32 9.06 x 10°
5 47 0.24038 0.757 2.486 0.6 501.14 3.02 x 10°
6 48 0.23546 0.751 2.475 0.3 481.18 1.13 x 10°
7 50 0.22606 0.759 2.519 04 461.26 6.12 x 10°
8 52 0.23581 0.761 2.522 0.7 491.30 4.70 x 10°
9 55 0.25288 0.753 2.475 0.3 535.04 1.59 x 10°
10 55 0.25277 0.76 2472 0.3 541.97 4.30 x 10°
11 57 0.30188 0.755 2.495 0.3 703.72 3.31 x 10°
12 60 0.26333 0.755 2.497 0.3 570.11 1.77 x 10°
13 60 0.27664 0.752 2.599 0.4 610.33 1.28 x 10°
14 60 0.2779 0.753 2.523 0.9 615.81 2.08 x 10°
15 62 0.37074 0.753 2.585 0.5 996.60 2.20 x 10°
16 65 0.30415 0.752 2.535 0.3 707.69 2.02 x 10°
17 65 0.30864 0.757 2.556 0.5 732.44 9.87 x 10*
18 67 0.33111 0.756 2.502 14 821.39 1.30 x 10°
19 70 0.30313 0.752 2.594 0.3 703.89 1.32 x 10°
20 75 0.35808 0.756 2.525 0.3 942.11 8.04 x 10*
21 80 0.31172 0.756 2472 04 742.78 4.82 x 10*
22 85 0.35109 0.754 2.483 0.3 905.18 3.37 x 10*
23 90 0.41294 0.757 2.449 0.7 1242.54 2.94 x 10*
24 100 0.42854 0.759 2.539 0.3 1350.97 3.54 x 10*
Average 0.756 2511 0.47
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