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Abstract

- 0. Rantalainen’ - T. Saarinen? - A. Lehtovaara'

A large-scale fatigue testing machine based on the rotating beam method in a four-point bending configuration was designed
and built. With the device, high-strength metal specimens with a 32-mm gauge diameter and a 100-mm gauge length can be
tested at a cyclic frequency of up to 48 Hz. In this work, particular attention was paid to evaluating the spatial and temporal
uniformity of the loading within the large specimen; methods for quantitative evaluation of these effects were developed.
The developed test methodology allows for the fatigue testing of specimens with size, microstructure, and surface conditions

that are similar to actual machine parts.
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Introduction

It is well known that material fatigue involves a size effect,
i.e., the physical size of the loaded solid affects its fatigue
properties. This introduces a notable challenge in the design
against fatigue, because in most cases the available mate-
rial data are based on laboratory tests where the specimens
are considerably smaller than the actual machine compo-
nents and structures subjected to cyclic loading. Thus, in
order to account for the size effects on the fatigue proper-
ties and achieve the required reliability of the structure, the
laboratory results have to be scaled with some appropriate
means [1]. If sufficient reliability cannot be reached in the
predictions, then one is forced to use time-consuming and
expensive full-scale tests and/or use very conservative safety
margins in the design.

Based on the current understanding [1], the size effect in
fatigue can be considered to involve three categories: the sta-
tistical, geometrical, and technological size effects. The sta-
tistical size effect [2—4] relates to the fact that the probability
of the existence of a detrimental defect in a given solid piece
increases as its volume increases. The geometrical size effect
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[5-8], in turn, refers to the influence of the physical dimen-
sions of geometrical discontinuities, such as notches, on the
fatigue behavior. Even if there is no difference in the notch
shape and in the peak stress at the notch root, a smaller notch
will in general result in a higher fatigue limit than a larger
notch due to the differences in the size of the notch stress
field and in the growth mechanisms of short and long cracks.
The technological size effect arises because production pro-
cesses, such as heat treatments and machining operations,
generally result in a different material state depending on the
size of the produced component. For example, in quenching,
the resulting microstructure and its homogeneity depends on
the effective cooling rate within the solid and hence on the
size of the quenched component.

The current study is focused on developing experimen-
tal capabilities to study material fatigue with large-sized
specimens. The study is motivated by the following aspects:
Firstly, as noted by Zhu et al. in a recent review [1], the
technological size effect has received less attention in the
literature than the two other categories discussed above. The
technological size effect tends to be case-specific by nature,
and it is difficult to draw general theories with a good pre-
dictive capability. Secondly, the three categories of the size
effect are inherently linked. For example, the probability
distribution of detrimental defects in the material, which
belongs to the category of statistical size effects, may depend
on the production process, which in turn relates to the tech-
nological size effect. Similar reasoning applies to geometri-
cal features, such as notches.
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Based on the discussion above, there are several reasons
supporting the fatigue testing of large specimens in addition
to normal small-scale laboratory testing. However, the chal-
lenges in such an approach are also evident: when a fatigue
test is scaled up, such as in [9], the size and mass of the test
machine and its moving parts increase rapidly. This brings
about challenges in the test procedures and may notably
limit the maximum loading frequency due to the inertia of
the moving parts and high energy demand. On the other
hand, if the problem is approached from the application side,
i.e., if a replica or a somewhat scaled-down version of the
actual component is used in a custom-made rig, such as in
[10-13], then the obtained results tend to be case-specific
and it is challenging to draw general conclusions. Therefore,
fatigue testing with large test specimens that are comparable
in geometry to small (standardized) specimen types is not a
straightforward or small undertaking. This can at least partly
explain the fact that, to the authors’ knowledge, this type of
testing is relatively seldom reported in the open literature.
Recent accounts involve up-scaled rotating bending test set-
ups [14, 15] as well as axial loading setups based on either
hydraulic actuation [9] or structural resonance [16]. These
test setups differ from each other considerably, which indi-
cates that the best practices are not yet fully established and
there is room for further contributions in the field.

In this paper, the above-mentioned challenges are
approached with a large-scale rotating beam (bending)
fatigue machine (RBFM). The current device allows for the
cyclic testing of high-strength metal specimens with a gauge
diameter of 32 mm and a gauge length of 100 mm at a load-
ing frequency of up to 48 Hz. The developed test device
facilitates efficient SN-curve and fatigue limit measurement
using specimens that have the size, microstructure, and sur-
face conditions similar to the ones in actual machine com-
ponents. The main purpose of the current contribution is to
highlight and discuss that even in a relatively simple concept
presented here, there are critical points related to designing
the device, developing the analytical methods, and carrying
out materials testing at this size scale. In the authors’ opin-
ion, these topics have not been thoroughly discussed in the
open literature until now.

Design of the Test Device

In the following, the main design aspects of the test device
are described. The primary design goal was to facilitate
efficient fatigue testing of large-scale metallic specimens
with well-defined imposed loading, i.e., to design a “mate-
rials test” and to try to avoid the non-generalities related
to a “structural test.” Furthermore, for the determination of
the fatigue limit, a high enough test frequency (millions of
cycles per day) should be reached, while the size and cost

of the test device should be kept reasonable. The design
requirement for the specimen loading amplitude was set
to 1000 MPa, i.e., to a load level sufficient for high-cycle
fatigue studies of high-strength metals. Based on these
somewhat conflicting requirements, the classical rotating
beam (bending) method was selected, since it allows for
relatively straightforward specimen design and manufac-
turing, well-defined loading on the specimen, a high testing
frequency with low energy demand, and in general a sim-
ple structure for the device (compared, e.g., to up-scaling a
hydraulic fatigue testing machine or setting up a resonance-
based loading system). As illustrated by Fig. 1, in the rotat-
ing beam method, cyclic loading is achieved by rotating a
cylindrical specimen, which is simultaneously loaded in
static bending. The obvious drawback of this method is that
only the surface of the specimen is loaded by the maximum
stress amplitude while the specimen centerline experiences
zero loading. Even though this drawback can be overcome
in statistical analysis by using, e.g., volume-based weakest
link methods [4], some technological aspects, such as micro-
structural differences between the surface and interior, might
be overlooked. However, this drawback was deemed accept-
able since the main purpose of the test device is to study
various surface-related phenomena in large-scale specimens
and by the fact that fatigue failure commonly originates on
the surface of the component. Furthermore, four-point bend-
ing was selected to obtain a constant bending moment over
the specimen gauge length (Fig. 1) and to thus increase the
volume of the cyclically loaded material. The second obvi-
ous drawback of the rotating beam method is that the mean
load cannot be applied on the specimen. In the presented
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Fig. 1 Schematic illustration of the rotating beam test method. The
presented axial bending moment distribution shows the cases of uni-
form and non-uniform bending loads (F,, F5), the latter of which will
be considered in detail in the analysis of specimen loading
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study, this drawback was accepted due to the beneficial fea-
tures mentioned above.
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Fig.2 a Overview of the designed large-scale rotating beam fatigue
machine and (b) sideview with the main support and loading points
highlighted. The protective shields placed around the rotating parts
during operation are not shown

Table 1 Numerical values for the main dimensions of the test device

After the operating principle of the test device was agreed
on, detailed design work was carried out by following the
general principles of systematic machine design [17, 18].
In the following, the main aspects of the design are pre-
sented. Figure 2 shows the general structure of the developed
test device, while Table 1 lists the main dimensions of the
device, some of which are used later in conjunction with the
load analysis. The main principle followed in the design was
to benefit from the simplicity offered by the chosen main
concept (rotating beam method). For this reason, the two
shafts attached to the specimen are supported by subframes,
which have pivot points at their ends. Static bending loading
is generated with two manually operated hydraulic pistons
placed under the middle support points of the subframes.
The bending forces are measured with load cells placed
between the subframes and the hydraulic pistons. The rota-
tion of the shaft is facilitated with an electric motor and a
belt drive. This approach fulfills the requirements set for
the test device—i.e., the capability to measure the SN-curve
and fatigue limit—but at the same time keeps the level of
diagnostics and control requirements simple. Furthermore,
in terms of structural vibrations, the main source of excita-
tion is the rotation of the main shaft, which can be accurately
controlled by adjusting the rotating speed of the electric
motor using a frequency convertor.

The most challenging part of the design process com-
prised the main shafts and the specimen gripping. This part
of the design involved finding a compromise between several
partly conflicting criteria, as illustrated in Fig. 3. As noted
above, the main design goal was to obtain a high cyclic
loading frequency on a large specimen. This introduced an
immediate challenge in finding suitable bearings for large-
diameter shafts. The challenge was solved by selecting
the largest off-the-shelf self-aligning ball bearings, which
could sustain a high rotating speed (~3000 RPM) under
relatively low transverse loading, allow for grease lubrica-
tion (for overall simplicity), and offer an almost infinite life-
time under the desired operating conditions. The selection
of the bearing then set the maximum shaft diameter and
therefore also the upper limit for the specimen grip section
diameter. This, in turn, largely determined the maximum
specimen gauge section diameter via the requirement that

Dimension Symbol Value (mm)
Distance between the main shaft pivot points, i.e., length of the bending beam (Figs. 1 and 2) L 2146
Distance between the main shaft pivot point and the bending load application point (Figs. 1 and 2) a 662
Vertical offset between the main shaft centerline and the main shaft pivot point (Fig. 5) b 249
Distance between the main shaft bearings (Fig. 5) c 450
Specimen gauge diameter - 32
Specimen gauge length L, 100
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Design goals

Main design features

Additional factors

Dimensioning against

|Gripping method |<

fatigue and fretting damage

Large specimen

Specimen replacement
should be practical

| Shaft diameter |

High cyclic loading
frequency (RPM)

Grease lubrication |

\l Bearing type l‘_’/.”‘l Near infinite life-time |

Bearing operation at high RPM,
but relatively low loading

Fig.3 Schematic presentation of the main aspects considered in the design process of the main shaft

cylindrical shaft nut (@160 mm)

replaceable sleeve

(two parts) replaceable sleeve

Fig.4 A cross-sectional view on the specimen gripping

the probability for fatigue failure outside the gauge sec-
tion should be minimized (here the recommendations of
the ISO1143 standard [19] were followed in the applicable
parts).

The main requirements for the specimen gripping were
the following: 1) the joint between the specimen and the
shaft must transfer the bending loading without interfering
with the stress state within the specimen gauge section; 2)
the joint must withstand a large amount of loading cycles
with minimal damage to the specimen and near zero dam-
age to the test device; 3) the joint should preferably be self-
aligning, thus facilitating high RPM operation with mini-
mal adjustment between specimens; 4) the specimen should
preferably be rotationally symmetric, i.e., its manufacturing
should involve only turning and related machining opera-
tions; and 5) the specimen replacement should be practical,
i.e., accomplished by one operator within a couple of hours
and using hand-held tools.

After considering several options, including a lock
sleeve, a threaded specimen, and a specimen with a large
dowel pin, the concept based on a conical joint and a large
shaft nut shown in Fig. 4 was selected. The conical joint
meets the requirements for self-alignment and specimen

&

symmetry, but on the other hand necessitates the possi-
bility to move one of the shafts in the axial direction so
that the specimen can be replaced. Moreover, it is well
known that conical joints are vulnerable to fretting, i.e.,
contact surface damage with possibly catastrophic con-
sequences resulting from tangential frictional forces and
micrometer-scale reciprocating slip between the contact-
ing surfaces [20-22]. In order to minimize fretting, finite
element method analysis of the joint was carried out dur-
ing the design process to determine the optimal geometry
and specifications for the tightening torque of the shaft
nut. Furthermore, the replaceable sleeves shown in Fig. 4
were added to the interface. Based on the experience
gained by running the device, it can be concluded that
even though the replaceable sleeves somewhat add to the
complexity of the joint (mainly slowing down specimen
replacement), they are necessary for the long-term durabil-
ity of the device; fretting damage does gradually appear
on the specimen/sleeve interface, but it is absent on the
sleeve/shaft interface. To summarize, in the final joint the
bending moment (~ 1... 5 kNm) is transferred between the
shaft and the specimen by the shaft nut, i.e., through the
shaft/nut thread. The tightening torque (around 1500 Nm)
applied to the nut generates an axial force (~ 100 kN) that
provides the necessary normal pressure for the interfaces
and, most importantly, decreases the cyclic loading on the
thread to an acceptable level. In order to meet the require-
ment for the practical usability of the test device, the sub-
frame supporting one of the main shafts incorporates rails
that allow for axial movement of the shaft during speci-
men replacement with a hand-operated spindle. In addi-
tion, manually operated hydraulic tools were built for the
tightening and loosening of the shaft nut. With these tools,
an experienced operator is in practice able to replace the
specimen after a test and prepare for a new test in roughly
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one working day, which is, although on the lengthy side,
still acceptable for the intended purpose of the test device.

It should be noted that the device does not have a brake
on the main shaft; this was considered during the design
phase and it was concluded that for effective operation—i.e.,
rapidly stopping the two shafts with a combined weight well
over 100 kg and rotating up to 2800 RPM—the necessary
modifications would make the resulting structure notably
more complex than the current one. Instead, operator safety
is ensured by placing protective shields around the rotating
parts (not shown in Fig. 2) and setting up the device controls
so that the operator does not have to be in the immediate
vicinity of the device while it is running.

Instrumentation and Device Characteristics

As noted above, the general simplicity of the rotating beam
method allows for rather simple diagnostics and control
during operation. In the developed test setup, the follow-
ing measurement data are acquired and processed real-time
by the imc Cronos PL2 data acquisition device running
at 10 kHz: the bending forces measured by two load cells
(KAM, 100 kN) placed between the hydraulic pistons and the
subframes, shaft rotation measured with an inductive sensor
(HIGHLY), lateral acceleration measured with a piezo-elec-
tric sensor (Kistler,+ 50 g) placed on top of one of the bear-
ing housings, the temperature of the electric motor (K-type
thermocouple attached to the motor casing), and specimen
strain measured with a Kraus Messtechnik T1-PCM-IND
wireless strain gauge telemetry system. The wireless system
is based on a small inductively powered transmitter, which
is mounted to one of the shaft nuts. Both the power to the
transmitter and the pulse code-modulated (PCM) data signal
from the transmitter are transferred wirelessly by a system
consisting of an induction winding (copper wire) coiled
around the shaft nut and a pickup/powerhead unit fixed to
the machine frame. The PCM signal is fed to the rest of the
data acquisition system by a decoder unit. Two 5-mm gauge
length strain gauges are attached in the axial direction at the
center of the specimen gauge section (on opposite sides) and
connected to the transmitter in a half-bridge configuration
(bending strain measurement).

The simple operating principle allows for simple control
logic. During the test, a frequency converter drives the elec-
tric motor at a pre-set RPM and the data acquisition device
monitors the measurement channels. When one or more of
the input channels violate their pre-set limits (which were
determined based on initial test runs), the data acquisition
device cuts the control signal to the frequency converter,
which immediately cuts power to the motor, thus facilitating
fully automated over-night operation of the machine. Since
there is no brake in the system, the shaft continues rotating

for around one minute when the power is switched off at
maximum rotating speed (48 Hz). In practice, it was noticed
that the most common trigger event is the propagation of
the final fracture in the specimen and the resulting rapid
decrease in the measured bending force. Therefore, the spec-
imen will most likely fail completely before the main shaft
stops rotating. However, when the specimen fails, the tilt
angle of the subframes increases slightly (due to the compli-
ance of the loading system), which moves the two specimen
surfaces away from each other. This motion is amplified by
the offset (b) between the subframe pivot point and the main
shaft centerline, as illustrated by Fig. 5(a). Thus, the pos-
sibility for post-mortem contact damage is notably reduced.
This is an important feature of the test, since it allows for the
characterization of the fatigue failure surfaces.

The above-mentioned in-situ specimen strain measure-
ment was added to verify the specimen strain amplitude
during operation. As noted above, there exists an offset (b)
between the center axis of the main shaft and the subframe
pivot point. Due to this offset, axial loading on the main
shaft (), when present, generates an additional bending
moment with respect to the pivot point of the subframe
(Fig. 5(b)), i.e.:

Fa—M,—~Nb=0 (1

It is evident from equation (1) that this additional bend-
ing moment (Nb) will result in additional loading on the
load cell (F) superimposed on the load caused by the actual
specimen bending moment (M,). The value of the axial load
can be estimated by assuming that it is caused by the friction
between the main bearings and their housings. The devel-
opment of the frictional forces can be understood by refer-
ring to Fig. 5(a); due to the offset (b), the change in the tilt
angle of the subframes is accompanied by an axial motion
along the shaft centerline. Since the axially stiff shaft tends
to maintain its length, relative motion between the main
bearings and their housings takes place, which results in the
generation of frictional forces in the axial direction.

Using the free-body diagrams presented by Fig. 5(c), the
solution for the axial load can be found:

Ml
N=2p— 2
C
b
:>Fa:M,<1+2/4;) 3)

where u is the coefficient of friction (COF). The numerical
values of the geometrical parameters are given in Table 1.
For example, using COF=0.15 (lubricated steel-to-steel
contact) results in Fa=1.17M,, i.e., there is a 17% difter-
ence to the theoretical (frictionless) four-point-bending
solution. It is also noted that the sign of the friction effect

W
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Fig.5 Illustration of the effects
of the offset (b) between the
main shaft centerline and the

pivot point: (a) due to the offset,

subframe tilting introduces
notable axial motion along the
shaft centerline; (b) due to the
offset, the possible axial load

(N) has to be accounted for in

the relationship between the
measured bending force (F) and
specimen bending moment (M,);
and (c) free body diagrams of
the main shaft and the support-
ing subframe showing the axial
frictional forces at the bearings

is dependent on whether the bending load is increased or
decreased. When the bending load is increased, the friction
resists further bending of the main shaft, thus leading to
an overestimation of the specimen bending moment; dur-
ing unloading the opposite happens, i.e., the axial friction
maintains an additional bending moment on the specimen
despite the decrease of the applied bending force.

Measurements carried out using the wireless strain gauge
sensor showed a good correlation with the predictions
made above: the effect of axial friction is linear, its maxi-
mum value is around ~ 15%, and the effect remains constant
during a test run. Therefore, the combination of the in-situ
strain measurement and the bending force measurement was
deemed sufficiently accurate for the specimen stress-state
determination.

Spatial and Temporal Uniformity
of the Loading on the Specimen

The large specimen size requires that the uniformity of load-
ing within the specimen gauge section is evaluated. Firstly,
a gradient in the stress amplitude may develop along the
specimen length if the external loading is not symmetri-
cally applied, as illustrated by Fig. 1. Secondly, geometrical
imperfections may be introduced to large specimens during

&

their manufacture. Based on the authors’ experience of run-
ning around 70 successful tests with the device presented
here, geometrical imperfections of the specimen are com-
mon on this size scale, despite the application of state-of-
the-art manufacturing methods. Therefore, a thorough analy-
sis of the specimen loading conditions is necessary and will
be presented in the following.

In general, the stress amplitude and its longitudinal dis-
tribution within the specimen gauge section can be evalu-
ated based on the well-known statics solution for point loads
(given that the measured bending loads are scaled appro-
priately to account for the above-discussed friction effect):

aa<L_L° <x< L+L°> = [AF(%—1>+f]i @)

2 2 2 W,

= 1

F= E(F1 +F,) 5)
AF=F,-F, (6)

In equation (4), L and a are related to the geometry
of the setup, as highlighted by Figs. 1 and 2. The speci-
men properties, i.e., gauge length and section modulus,
are denoted by L, and W, respectively. In equations (5)
and (6), F; and F, denote the bending forces illustrated
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by Figs. 1 and 2. As is evident from equations (4) to (6),
the stress amplitude within the specimen gauge section is
composed of two components; a mean level that is depend-
ent on the mean bending force (equation (5)) and a longi-
tudinal linear field that depends on the difference of the
bending forces (equation (6)). It is noted that the bending
forces can be, in general, time-dependent. Therefore, one
needs to consider both the spatial variation of the stress
amplitude (given by equation (4)) and the temporal varia-
tion of the stress amplitude (given by the time histories of
the bending forces F; and F,). The determination of the
average value and variance of the stress amplitude within
the specimen gauge section thus involves evaluating equa-
tion (4) for the whole duration of the test. This can be
done partly analytically by applying the calculation rules
of variance and integrating equation (4) over the specimen
gauge length, which results in the following equations for
the average stress amplitude and its variance:

6, = mean(6(x,t)) = mean <f(t)wi> = Wimgan<1_7(t)>

0 0
@)
a : = 1 aL() : 2
var(e,(x, 1)) = <W> var(F(t)) + E(W) mean((AF (1))
0 0
(8)

As expected, the average stress amplitude depends only
on the time-average of the mean bending force (equation
(7)), whereas the variance of the stress amplitude given
by equation (8) entails both the spatial and temporal vari-
ations described above.

Fig. 6 Illustration of the effects
of specimen imperfections on
the measured bending loads
during operation: (a) the
rotationally symmetric straight
specimen results in constant
bending forces, (b) the initially
curved specimen results in a)
cyclically alternating bending
forces at the same phase, and
(c) a specimen with a center-
line offset results in cyclically
alternating bending forces at
opposite phases

b)

AM

A . 4

The above-presented approach for the calculation of the
stress amplitude variance is conservative, since equation (4)
does not take into account the rotation of the specimen. That
is, the variance given by equation (8) is in effect based on
evaluating the stress amplitude on the scale of a given speci-
men cross-section (circumference), not on the scale of an
individual material point. This fact is closely related to the
possible geometrical imperfections of the specimen and will
be discussed in detail below.

Figure 6 illustrates different kinds of specimen imper-
fections and their effect on the bending loads. Firstly, if the
specimen is straight and rotationally symmetric, then the
bending forces remain at a constant level when the main
shaft rotates (Fig. 6(a)). In this case, the evaluation of the
average stress amplitude and its variance (equations (7) and
(8)) is almost trivial. However, if there is initial curvature in
the specimen on a given plane (Fig. 6(b)), then an additional
bending moment is applied to the specimen, as it is forced
to align with the shafts. This results in the bending forces
changing cyclically in the same phase; as the specimen
rotates, the measured bending forces change depending on
whether the initial curvature acts against or along the exter-
nally applied bending. On the other hand, if the specimen
has an offset along its centerline on a given plane (Fig. 6(c)),
then a gradient in the bending moment is generated along the
specimen axis. This results in the bending forces changing
cyclically in the opposite phase. In practice, both these ide-
alized cases can take place simultaneously. Moreover, these
imperfections may not necessarily share a common plane.
However, both imperfections result in forces vibrating at the
rotation frequency of the shaft. Therefore, it can be written:

F A F1, |:2
d

v
—
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F,(t) = F, + FysinQxft + @) — FsinQxf?) )

F,(t) = F, + FosinQxft + @) + FsinQxft) (10)

where 1’71 ja fz denote the static bending forces (assumed
constant), F, denotes the amplitude of the mean bending
force resulting from the initial curvature of the specimen,
and F denotes the amplitude of the vibration caused by
the centerline offset. The phase angle (¢) accounts for the
above-discussed fact that the imperfections may not lie on
the same plane. The unknowns in equations (9) and (10)
can be solved separately by considering the average bending
force and the difference between the forces:

Fm:%@ynwm»:%@ﬁfﬁ+%m@m+@
(11)
AF(t) = Fy(f) - F,(f) = F, — F, + 2Fsinxft) (12)

As is evident in equations (11) and (12), a relatively
straightforward fitting procedure can be applied to determine
the constants of the above-presented model.

It should be noted that since the above-presented geo-
metrical imperfections are fixed with respect to the speci-
men coordinate system, also the additional loading caused
by these imperfections is fixed to the specimen, i.e., this
loading appears as the static (spatially varying) mean load
on specimen points superimposed on the cyclic loading.

Figure 7 presents an example of the data recorded dur-
ing a test run at the maximum operating speed of 48 Hz
(an example of a fractured test specimen is given in the
Appendix). The strain gauge data shown in Fig. 7(a) indicate
sinusoidal loading at a constant amplitude and frequency
at a specific point (center) on the specimen surface. This
is expected based on the basic operating principle of the
device. In contrast, the measured bending forces (Fig. 7(b)),
which should ideally be constant, fluctuate rather strongly
in this case. Figure 7(c) shows the calculated bending stress
amplitude distribution within the specimen gauge section
(equation (4)) as a function of time. As can be seen, there is
both spatial and temporal variation in the stress amplitude,
i.e., there is a gradient in the stress amplitude along the lon-
gitudinal coordinate axis and a cyclic time-dependence of
the mean stress amplitude. As discussed above, a conserva-
tive approach would entail calculating the mean and variance
for the whole gauge section throughout the test using equa-
tions (7) and (8). For the data shown in Fig. 7, this approach
leads to a relative standard deviation of 2.7%.

The bending force data can be further analyzed with the
specimen model discussed above. Figure 7(d) shows the
amplitude-frequency spectrum for both the mean bending
force and for the difference of the bending forces (equa-
tions (5) and (6)). As can be seen, the assumptions made in

equations (9) to (12) are well supported by the experimental
data; the vibrations in the load data take place almost com-
pletely at the rotating frequency of the main shaft (f) with
secondary peaks corresponding to synchronous components
(2, 3... * f). This results in the good fit of equations (11)
and (12) to the experimental data, as shown by Figs. 7(e)
and (f), respectively. The largest discrepancy between the
measurement data and the model fit is seen in the case of the
mean force (Fig. 7(e)). This discrepancy appears because the
above-mentioned synchronous secondary vibration compo-
nents were not included in the model. However, as seen in
Fig. 7(e), the discrepancy is small (around 0.05 kN, whereas
the force level is around 2.5 kN), and therefore the model
accuracy is considered to be sufficient. Finally, a comparison
of the model predictions with the experimentally measured
bending forces (Fig. 7(b)) shows a good correspondence,
that is, the assumptions made on the specimen imperfec-
tions and their effect on the measured loads (Fig. 6) are well
supported by the experimental data. This conclusion is sup-
ported by additional experimental data measured at lower
rotation speeds (not shown here), where the secondary vibra-
tion components are negligible.

Based on the above-presented analysis, the following can
be concluded for the test data shown in Fig. 7: The initial
curvature of the specimen (Fig. 6(b)) leads to an additional
bending moment imposed on the specimen on one particular
plane with a (maximum) relative value of 3.0% of the mean
bending moment (calculated based on Fig. 7(e) and utiliz-
ing equation (4)). In addition, the initial offset in the speci-
men axis (Fig. 6(c)) results in a bending moment gradient
within the specimen gauge section with a (maximum) rela-
tive value of 2.4% with respect to the mean bending moment
(calculated based on Fig. 7(f) and utilizing equation (4)).
As discussed above, these additional loads are fixed to the
specimen coordinate system, i.e., they result in mean load-
ing superimposed on the cyclic loading on individual speci-
men points. Thus, as a summary, the conservative analysis
indicates a 2.7% relative standard deviation on the imposed
cyclic loading amplitude. In contrast, the more detailed
analysis based on relatively simple assumptions indicates
that this deviation is largely explained by the geometrical
imperfections of the specimen, which results in local mean
stresses in individual specimen points. As presented above,
this effect can be taken into account in the analysis of the
test data. Furthermore, it has been observed that the ampli-
tude of the synchronous vibration components (Fig. 7(d))
in the load signals can be reduced by operating the machine
at a lower—but still sufficiently high—testing frequency of
20 Hz. This facilitates better measurement accuracy, when
required. In the experiment presented above, the specimen
stress amplitude was ~520 MPa, but similar conclusions
apply also at considerably higher load amplitudes (so far,
experiments have been carried out at 900 MPa).
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Fig. 7 Example of the specimen loading in a fatigue test run at 48 Hz: (a) surface strain in the specimen center measured by the wireless strain
gauge telemetry system, (b) bending forces measured by the load cells, (¢) bending stress amplitude distribution within the specimen gauge
section calculated directly based on the bending forces (equation (4)), (d) amplitude-frequency spectrum of the mean bending force and the dif-
ference of the bending forces, and (e) and (f) amplitude-time data of the mean bending force and difference of bending forces, respectively. The
numerical fit described by equations (9) to (12) is shown in conjunction with the corresponding bending force data
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Conclusions

In this work, a large-scale fatigue testing machine based
on the rotating beam method in a four-point bending con-
figuration was developed. With the developed device,
high-strength metal specimens with a gauge diameter of
32 mm and a gauge length of 100 mm can be tested at a
cyclic frequency of up to 48 Hz. The main motivation for
the work was to develop the capability for the measure-
ment of fatigue properties of specimens with the size,
microstructure, and surface conditions corresponding to
actual machine parts. This capability enables the miti-
gation of the challenges of using data from small-scale
laboratory specimens to predict the fatigue properties of
large-scale components and structures. This is especially
important in cases where some steps in the manufacturing
process, such as heat treatments, introduce size depend-
ency on the material fatigue properties.

This work presents a detailed account of the design
and operational aspects of the developed test device.
It is highlighted that in this kind of large-scale testing,
careful attention must be paid to the uniformity of the
applied loading in the specimen gauge section. Large
specimens are prone to geometrical imperfections, which
are challenging to remove completely during specimen
preparation. These imperfections, when present, affect
the uniformity of the loading in the specimen. Therefore,
methods were developed to quantitatively evaluate both
the spatial and temporal variations of the applied loading
in the specimen based on the time-histories of the global
bending forces.

Fig.8 a Example of a fractured
specimen, (b) and (c), example
of a fatigue failure surface. In
(c) the area of the stable fatigue
crack propagation is highlighted
by the vertical line

Appendix: Fatigue failure of the specimen

Figure 8 presents a typical example of a high-strength
quenched and tempered steel specimen tested until failure.
As can be seen, the fatigue crack nucleated at the surface
of the specimen within the gauge length and then propa-
gated ~2.5 mm before the final fracture took place practi-
cally within one loading cycle (this was verified by both the
in-situ strain gauge and bending force data).
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