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Abstract

A mechanical system’s modal parameters change when fatigue loading is
applied to the system. In order to perform an accelerated vibration-based
fatigue test these changes must be taken into account in order to main-
tain constant-stress loading. This paper presents an improved accelerated
fatigue-testing methodology based on the dynamic response of the test spec-
imen to the harmonic excitation in the near-resonant area with simultaneous
monitoring of the modal parameters. The measurements of the phase an-
gle and the stress amplitude in the fatigue zone are used for the real-time
adjustment of the excitation signal according to the changes in the speci-
men’s modal parameters. The presented methodology ensures a constant
load level throughout the fatigue process until the final failure occurs. With
the proposed testing methodology it is possible to obtain a S-N point of the
Woehler curve relatively quickly and to simultaneously monitor the changes
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of the specimen’s natural frequency and damping loss factor. The presented
methodology with real-time control is verified on an aluminium Y-shaped
specimen (10° load cycles are achieved in 21 minutes) and is applicable to
a specimen with arbitrary geometry. Besides the faster completion of the
fatigue test the methodology can be adopted for the validation of the vibra-
tional fatigue analysis.

Keywords: Accelerated fatigue testing, Vibrational fatigue, Failure
prediction, Experimental setup

1. Introduction

The changes to the modal parameters of a structure when subjected to
a fatigue load are widely known and used in various fields. In the past
two decades much research has been done in the area of global vibration-
based damage detection [1, 2, 3], which recognizes the time and location of
the fatigue failure by monitoring the changes to the modal parameters of
the structure (natural frequencies, damping loss factors and mode shapes).
Besides damage detection the change of the modal parameters can also be
utilized for a fatigue failure prediction during the service life of the structure.

An extensive review of the methods for damage prediction based on
changes to the modal parameters was made by Doebling et al. [4]. An
application of failure prediction based on modal parameters was reported by
Bedewi and Kung [5], who predicted the residual life of composite structures
by monitoring the decreasing trend in natural frequency and the increasing
trend in damping loss factor as a function of the load cycles during a fatigue
test. Similar observations of the modal parameters were made by Shang et
al. [6] for spot-welded joints, for which an empirical fatigue-damage model
based on the natural frequency change was researched by Wang et al. [7]. In
order to illustrate the feasibility of the modal approach for failure prediction
at a more fundamental level Giannoccaro et al. [8] measured changes in the
resonance and anti-resonance of notched steel specimens when subjected to a
tensile fatigue load. Similarly, for a simple aluminium alloy beam Colakoglu
and Jerina [9] observed an increase in the damping loss factors during the
fatigue process, which was also used as a damage-detection method for the
health monitoring of a reinforced concrete frame [10].

In most of the aforementioned investigations [6, 7, 10, 11] the authors per-
formed a standard fatigue test of the specimen [12, 13| using servo-hydraulic



testing machine, which was stopped after a certain number of cycles and
the frequency-response function was obtained by using impulsive excitation
with an impact hammer. Vanlanduit et al. [14] performed an uninterrupted
fatigue test with simultaneous natural-frequency tracking. In their research
the excitation, applied with an electro-dynamical shaker, was composed of
two multi-sine signals: a low-frequency fatigue load and a high-frequency
dynamic load. The failure of the tested steel beam occurred in the low-
frequency fatigue area after 2000 cycles. In the field of civil engineering the
continuous, near-real-time tracking of the modal properties of a structure
[15] was shown to be useful for the rapid evaluation of the health conditions
of a structure during and after a seismic event.

Resonant fatigue-testing machines (i.e. Amsler Vibrophore, Rumul Vi-
broforte) were used by Audenino et al. [16, 17] in their research of non-linear
internal damping in metals and its correlation to thermography. These ma-
chines excite the specimen with additional weights in the resonant area by
applying the excitation force to the weights and can work in the frequency
area up to 300 Hz.

A further development of the fatigue testing in the resonant area was
made by George et al. [18], who developed a new methodology based on
the dynamic response of the kinematically excited test specimen in the near-
resonant area. The proposed methodology can be performed with an electro-
dynamical shaker, to which the specimen needs to be fastened. The results
for a high-cycle fatigue stress of the titanium alloy Ti-6A1-4V obtained with
a vibration-based methodology are in accordance with the results obtained
with classical fatigue testing [19]. This vibration-based fatigue testing was
later enhanced [20] to perform fatigue tests with different mean stresses and
stress ratios. George et al. noticed a change in the specimen’s natural fre-
quency during the fatigue testing and therefore manually adjusted the ex-
citation frequency to keep the deviation of the actual load stress from the
desired load stress to within 5%.

In recent years the scope of accelerated vibration-based fatigue testing has
broadened as researchers have applied different types of excitation to the test
specimens. French et al. [21] performed durability testing of notched beams
by exciting the specimens in three directions with sine sweeps in the area
of the specimens’ resonance. Furthermore, the excitation for a accelerated
vibrational fatigue test can be performed by means of the electromagnetic
forces in an alternating magnetic field, as demonstrated by Kheng [22] in a
fatigue test of a cantilever spring mechanism.



This research improves on the approach of George et al. [18] by testing
at near resonance with a real-time phase-locked control loop, which improves
the control of the stress load level. With this enhancement it is possible to
monitor the instantaneous modal parameters without any interruptions to
the fatigue test. The methodology presented in paper can be conveniently
used in the vibration fatigue analysis of dynamic structures exposed to vi-
bration excitation [23, 24]. The present paper is organized as follows. In
Section 2 the theoretical background and structural dynamics of the pro-
posed Y-shaped specimen are studied. In Section 3 the experimental setup
with the corresponding shaker-control software is presented. In Section 4
the experimental results are analyzed to prove the feasibility of the proposed
method.

2. Theoretical background

When a dynamic system is excited in the resonant area a response ampli-
fication can be observed. By taking advantage of this response amplification
it is possible to achieve high stresses in the specimen by applying relatively
small excitation forces, which makes an electro-dynamic shaker suitable for
performing fatigue tests. The idea of the accelerated vibrational fatigue test
is based on the dynamic response of the specimen; therefore, it is necessary
to research the dynamic properties of the specimen before the actual fatigue
test.

2.1. Specimen’s dynamic response

The dynamic response of the specimen depends on the modal properties
of the specimen; i.e., natural frequencies, mode shapes and damping loss
factors. The natural frequencies and mode shapes are easily obtained using
the finite-element method. The damping loss factor of the particular mode
shape can only be determined experimentally; however, in the case of lightly
damped structures the value of the damping loss factors do not noticeably
change the positions of the natural frequencies [25]. For an in-resonance
fatigue test the modal properties must comply with three main guidelines

[18]:

1. the specimen’s natural frequency of interest must be well separated
from the remaining natural frequencies and be within the shaker’s fre-
quency range,



2. the specimen’s mode shape of interest must be excitable with a trans-
lational movement in the axis of the shaker,

3. the fatigue zone, where the maximum stresses in the specimen occur,
must be located on a surface that is appropriate for strain-gauge mea-
surements.

Regardless of the specimen geometry, the numerical modal analysis should
always be performed to confirm that the proposed geometry complies with
the stated guidelines. In the case of the biaxial fatigue zone stress state the
ratio of the monitored principal stress o; to the equivalent stress o, [26]
must also be determined.

In this research the Y-shaped specimen shown in Fig. 1(a) is used. The
main three beams are arranged at 120° around the main axis and have a
rectangular cross-section of 10x10 mm. The Y-shaped specimen was made
from aluminium alloy A-S8U3 [27, 28] by casting and with a surface finish
performed by milling. The fatigue zone was additionally fine-ground in order
to remove any scratches that could cause the premature start of an initial
crack. Two additional features are included in the Y-shaped design: steel
dead-weights of 52.5 g and a round hole through the main axis, which are
used to adjust the initial natural frequency and to position the fatigue zone
on a suitable surface, respectively.

(a) (b)

specimen
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P fixation

fatigue zone

fixation to the shaker

Figure 1: (a) Fixed specimen, (b) specimen’s fourth-mode shape - 0,.



By evaluating the dynamic response of the Y-shaped specimen according
to the stated guidelines, the fourth-mode shape at w; = 794 Hz! (Fig. 1(b))
was recognized as the most suitable for the near-resonance fatigue test.

The stress state in the fatigue zone, marked in Fig. 1(b), is biaxial. The
ratio of the equivalent to the principal stress is 0., /01 = 0.902, which must be
taken into account when constructing the Woehler curve, since o, represents
the proper fatigue criterion for biaxial stress states [29].

2.2. Stress measurement during the changes of the modal properties

During the accelerated fatigue test the changes to the modal parameters of
the specimen occur [6, 9], which consequently alter the specimen’s response.
In order to maintain a constant stress during the accelerated fatigue test it
is necessary to design a special control methodology, which is explained in
detail in Section 3. However, the constant stress control, further explained
in Section 3.2, requires some preliminary theoretical analysis, which follows.

The basic outline of the accelerated vibration fatigue experiment is illus-
trated in Fig. 2. The base of the Y-shaped specimen is excited with a ground
motion of:

y(t) =Y e, (1)

where Y denotes the excitation amplitude and w the excitation frequency.
The specimen’s response to harmonic excitation can be defined by the total
response displacement x{' (t) (see Fig. 2) as:

v T iw
v () =X, e, (2)

where YIT = X' e'? is a phasor, X' denotes the total response displacement
amplitude and ¢ is the phase angle.

Traditionally, the principal stress o, is measured with a strain gauge.
However, while performing the accelerated fatigue test we found that the
strain gauge suffered fatigue failure before the failure of the specimen. Fur-
thermore, the installation of the strain sensor is very sensitive to the position
on the specimen and is also very time consuming. Consequently, an alterna-
tive, indirect method for the stress measurement is proposed in this research.

'For the sake of simplicity the fourth natural frequency is denoted as w; rather than
wyq.
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Figure 2: Experimental setup outline.

The proposed indirect stress-measurement method is based on the fun-
damentals of a modal analysis, described in the following deduction. Con-
tinuous structures, such as a Y-shaped specimen, are generally described as
MDOF systems (Fig. 3); in the case of a kinematic excitation and a hysteretic
damping mechanism the equilibrium equation can be written as [30]:

MxT+iDx"+Kx"=0. (3)

y(t) ai(t) (1) /(t)
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Figure 3: Representation of a MDOF system with a kinematic excitation.

Here xT denotes the total displacement vector and M, D and K are the
mass, damping and stiffness matrices, respectively. For a general case x7T is
[31]:

x " (t) = x(t) + ey(t), (4)
where x(?) is a vector of relative response displacements and ¢ is the direction
influence vector. According to the Egs. (3) and (4) the the system’s relative
response X, of the a-th degree-of-freedom in the case of the base excitation
y(t) is deduced as [30]:

_ N A
X,=mutw’Yay,(w) =mtw’Y rXa

r=1"r




where m, denotes the a-th row in the mass matrix M and ay ,(w) the
receptance function for the a-th degree of freedom. Additionally, , Ax, rep-
resents the mass-normalized modal constant for the a-th degree-of-freedom,
w, is the r-th natural frequency and 7, is the hysteretic damping loss factor
for the r-th mode shape. Here it should be noted that since the excitation
and response are single harmonics with a known frequency w the relations
Z(t) = —w? - x(t) and §(t) = —w? - y(t) between the measured accelerations
and displacements are valid.
If a dynamic system is observed when excited near the p-th natural frequency
the the ratio X,/Y can be approximated as [30]:

X,
Y

Ax )

2 pXa

Am,Lw : + Bxa |, (6)
<w§ — w? + inpw?

where By, is a constant complex quantity, in which the contribution of the

remaining modes r # p is accounted for.

If the Y-shaped specimen is observed, a similar deduction to that in
Eq. (6) can be made for the frequency response of the measured principal
stress @ to the base excitation y(t) as:

o
— =m,, tw’ oy, (W) =m,, tw’ (

Y

PACH

2 _ 02 1 i 2
Wy — W=+ 1w,

s Bm) W

where the mass-normalized modal constant and the contribution of the re-
maining modes are denoted as ,A,, and B,,, respectively. m,, is a vector of
constant values, related to the mass matrix.

In the case of the Y-shaped specimen the total response is denoted as
x{ (t) (Fig. 2); therefore, the relative displacement amplitude X; between

excitation amplitude y(¢) and the response le is written as (Egs. (1, 2)):
R
Xi =X, -] (8)
Introducing the transmissibilities from Eqgs. (6) and (7) it follows:

/
PAal

/
og] B w2 —w?+ inpw? + BU1 9
(wpa np) - A ) ( )
Xl PXq +B/
w2 —w?+inpw? X1

where ’ denotes the multiplication of the modal constant ,A by the corre-
sponding mass-related matrix of constants m,, .
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In order to investigate the actual value of the o1 /X7 ratio for the Y-shaped
specimen and its changes during the accelerated fatigue test, a theoretical
dynamic system is introduced. This dynamic system must represent the ac-
tual dynamic response of a Y-shaped specimen during an accelerated fatigue
test; therefore, two assumptions must be made. Firstly, the observed natural
frequency w; and the damping loss factor 7, can change (wy,n, # const.)
during an accelerated fatigue test before the failure occurs [6, 9]. Secondly,
the changes to the modal constants ,A;, , B, , ,A% and BY, have a neg-
ligible influence on the system’s response before the failure occurs and can
be considered as constant compared to the changes of w; and ;. With the
latter assumption it is possible to investigate the frequency response of the
o1/ X1 ratio during the accelerated fatigue test and to conduct the w; and
identification procedure, as described in Section 2.3.

The dynamic response of the theoretical dynamic system should be simi-
lar to the response of the actual Y-shaped specimen, therefore the measured
response of the Y-shaped specimen will be adopted for the deduction of
the receptance of the theoretical system. The first natural frequency coin-
cides with the measured initial natural frequency, w; = 793.3 Hz, the initial
damping loss factor is n; = 0.00075 and the initial dynamic amplifications
are X;/Y =24.1 and 0,/Y = 97.9 MPa/um. The constant frequency differ-
ence is Aw = w — wy; = 3.7 Hz. To include the influence of the remaining,
well-separated modes, an additional natural frequency is introduced at an
arbitrary frequency value; in the present analysis ws = 1000 Hz was used.
The damping loss factor and modal constant at the second mode shape are
considered to be identical to the modal constant and the damping loss factor
at the first mode shape. The deduced expression for the ratio oy/X; in the
case of the theoretical system is as follows:

0909 1 631.10"8—1.30-10"1° i]

21 ; 2
wi—w + inwy

,0.224 +1.56-10-8 —3.20-10~11 j’.

E—)
wi—w?+inwy

01

Z(Wlﬂh) =

(10)

The Eq. (10) is graphically presented in Fig. 4, from which we can con-
clude that in the case of a phase-locked control loop:

;7(11 = const. (11)

holds throughout the whole accelerated fatigue test, although the natural
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frequency w; and the damping loss factor 7; change significantly. This ob-
servation makes possible the monitoring of the principal stress o; indirectly,
using only the measured excitation and response accelerations; however, the
ratio o1/X; must be experimentally obtained before the accelerated fatigue
test is conducted. The experimental verification of this theoretical deduction
is presented in Section 3.2.

Figure 4: Ratio o1/X1(w1,71) at the changes of wy and 7;.

2.3. Simultaneous identification of natural frequency and damping loss fac-
tor.

With the experimental setup and system control, fully explained later
in Section 3, it is possible to perform an uninterrupted accelerated fatigue
test in the near-resonance area. However, the proposed methodology only
controls the reference values of the phase angle ¢ and the principal stress
o1, and does not account for the identification of the changes of the natural
frequency w; and the damping loss factor 7, during the accelerated fatigue
test. Advanced identification methods (e.g. [32]) are not appropriate here
and therefore this section presents a simple identification procedure of w;
and damping loss factor n; in the case of the near-resonant excitation, which
is based on the linear SDOF assumption [30]. The linear damping model is
assumed for the damping loss-factor identification purposes [16, 33].

In Section 2.2 it was shown that the response of a base-excited structure
can be modeled with the modified receptance (Egs. (6) and (9)):

/
PAXa

T2 — w1+ il
Y w—w+ inw,

Is

ax,(w) = (12)

where the SDOF assumption is considered with By = 0. The receptance
is fully defined with known values of the natural frequency w,, the damping
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loss factor 77, and the modal constant ,A’ for the p-th mode shape. These
values can be easily determined from the experimentally obtained response
of the dynamic system using the circle-fitting method, described in [30].

By measuring the dynamic response of the Y-shaped specimen before the
accelerated fatigue test, the initial receptance is obtained with the circle-
fitting method. As the accelerated vibration fatigue test starts, the natural
frequency w; and the damping loss factor 7; begin to change, therefore in-
troducing two new variables into Eq. (12) that must be identified. The
identification can be made by solving the system of equations:

X
L= Jax, @)1, (13)

¢ = arg(ax, (W), (14)

where the phase angle ¢, relative response X; and excitation Y amplitude
are measured during the accelerated fatigue test (Section 3).

3. Experimental procedure

In order to properly excite the specimen in the fourth-mode shape the
specimen is fixed as shown in Fig. 1(a). The fixation adapter is attached
to the LDS V555 electro-dynamical shaker, which harmonically excites the
Y-shaped specimen in the y-axis (Fig. 2) according to Eq (1). By adjusting
the excitation amplitude Y and the frequency w the desired stress load to the
specimen can be achieved. However, adjusting the excitation amplitude and
frequency is not trivial: as already mentioned, during the accelerated fatigue
test the mechanical system of the Y-shaped specimen is changing and real-
time control is required. In the following sections we will describe how the
excitation frequency w and the first principal stress oy are controlled.

3.1. Excitation frequency control

During the accelerated fatigue test the natural frequency w; of the spec-
imen decreases as the damage is accumulated in the fatigue zone. In the
case of a constant excitation frequency the decrease of the specimen’s natu-
ral frequency leads to a significant reduction in the response amplitude X;
and the principal stress oy in the fatigue zone. Furthermore, if the excitation
frequency is far from the resonance, the response can have several harmonic
components, which complicates the fatigue-life estimation. To keep the sys-
tem in the resonant area and to prevent the drop in the response amplitude
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the excitation frequency w must be tracking the decreasing natural frequency
w; in real-time during the accelerated fatigue test.

In the case of a near-resonant single-harmonic excitation of the multi-
degree-of-freedom (MDOF) system the tracking of the natural frequency can
be performed by maintaining the constant phase shift ¢ between the exci-
tation y(t) and the response displacement z(¢) (Eqgs. (1) and (2), see also
Fig. 2 and reference [34]). The constant-phase-shift approach is illustrated
in Fig. 5, where two frequency-response-functions (FRFs) of the same Y-
shaped specimen are drawn. The response curve with the higher resonance
was measured on the intact specimen, and the response curve with the lower
resonance was measured after a certain amount of fatigue damage was accu-
mulated by the same specimen. In order to maintain a constant phase shift
(¢ = 175° is used in Fig. 5) while the natural frequency w; is decreasing it
is necessary to reduce the excitation frequency w until the reference phase
shift ¢ is reached again. Since the excitation y(¢) and response z;(t) are
harmonic the phase-shift ¢ measurement is performed in the time domain,
as shown in Fig. 2. The feedback loop, based on the phase-shift control, is
presented in Fig. 7, i.e., the left loop. In this study the phase shift ¢ = 175°
was used to avoid the unstable response at, and close to, the phase angle of
90°. Therefore, the system’s response becomes stable and easier to control.

The information about the change of the natural frequency w; and the
damping loss factor n; is important for the prediction of the fatigue failure
during the service-life [7, 9]. The natural frequency and the damping loss
factor identification as discussed in Section 2.3 were used.

3.2. Excitation amplitude control

With the indirect measurement of the principal stress oy, described in
Section 2.2, it is possible to monitor the stress loading in the fatigue zone.
However, it is necessary to define a control method to keep the stress oy
within the desired range. Despite the constant phase shift the response-
to-excitation ratio X;/Y of the specimen can still vary, mostly due to the
increase of the damping loss factor during the fatigue process [9]. The de-
crease of the ratio X;/Y consequently reduces the stress amplitude o if
the constant excitation amplitude Y is applied. As an example, the rela-
tive displacement X7 (w1, ;) during the accelerated fatigue test can be, for a
specimen with a close mode at wy = 1000 Hz, written as (6):

0.224
5 +1.56-107° —3.20- 10" i|.  (15)
Wi — W+ pwi

Xi(wi,m) =Y w?|
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Figure 5: Response of the Y-shaped specimen at the (-) initial state and (---) after a
certain number of fatigue cycles.

If the excitation amplitude Y is held constant during the accelerated fa-
tigue test, ¥ = 1 um for instance, the relative displacement reduces when
the damping loss factor increases, as shown in Fig. 6.

Based on this observation it is logical to conclude that the excitation am-
plitude Y must also be controlled in real time during the accelerated fatigue
test, to maintain the constant value of X; and consequently the constant
value of the principal stress o;. The appropriate excitation amplitude Y
is determined by measuring the difference between the reference value and
the measured value of the principal stress o;; an increase of the excitation
amplitude increases the principal stres. The corresponding control loop is
presented in the following Section 3.3.
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Figure 6: Relative displacement Z during the changes of 7; and ws.

3.3. Control loop

With defined corrections of the excitation frequency w (Sec. 3.1) and the
excitation amplitude Y (Sec. 3.2) the excitation signal is fully defined and
generated in real time with the cRIO 9074 controller. The control software
was developed in LabView in accordance with the closed feedback control
loop shown in Fig. 7. The signals from the accelerometers were acquired
with a 24-bit A/D converter, the amplitudes YlT , Y (Eq. (8)) and phase ¢
of the sine signals were determined with the LabView “Tone” module. The
values of the instantaneous frequency w; and 7; were determined according
to Egs. (13) and (14), for the calculation of the oaetua the calibration ratio
01/X1, Eq. (11) was used.

In order to keep the control loop stable, a time of 4 seconds for one control
loop was chosen along with the + 0.05° and + 0.5 MPa of acceptable offset
for the phase angle and the stress level, respectively. The values ¢actua1 and
Oactual are the averaged values for the time of one control loop.

4. Experimental results and discussion

The presented testing methodology was used to conduct an accelerated
fatigue test on six specimens: S1, S2, S3, S4, S5 and S6. First, the calibra-
tion procedure was performed on the specimens S1, S2 and S3 to confirm
the indirect stress measurement methodology, presented in Section 2.2. Sec-
ond, the accelerated fatigue test was performed on specimens S4 and S5
with excitation in the areas below and above the resonance, respectively;
the experiments on the two specimens were repeatedly interrupted to ver-
ify the accordance of the identified instantaneous natural frequency (Section
2.3). Finally, to prove the feasibility of the experimental setup and the ad-

14
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Figure 7: Control loop.

equacy of the presented approach, a continuous accelerated fatigue test was
performed on the specimen S6.

4.1. Stress measurement calibration

Before any of the accelerated fatigue tests were conducted, an experi-
mental verification of the indirect stress measurement was performed. The
experimental verification was performed in two steps: firstly, the ratio oy /X,
was measured for the three Y-shaped specimens before the accelerated fa-
tigue test and secondly, the o /X ratio was monitored during the accelerated
fatigue test of the specimen S3 to confirm the constant value o;/X; when
the modal parameters w; and n; begin to change.

Prior to the calibration process the non-uniform stress state in the fatigue
zone was analyzed. The stress state in the fatigue zone can be considered
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as uniform only over the small area at the location of the maximum prin-
cipal stress o;. This implies that a very small strain gauge should be used.
However, only a slight mis-location of the small strain gauge could cause
moderate measurement errors and issues with the repeatability; therefore, a
larger strain gauge was used for the calibration. Because of the nonuniform
stress state on the surface, covered by a larger strain gauge, it is necessary
to obtain the ratio between the maximum principal stress o; and the av-
erage principal stress o1 average (the actual value being measured). For the
calibration experiment the o/0; average Tatio was obtained for the strain
gauge with a 6-mm measuring grid, Fig. 8 (a). This was done numerically
with modal analysis of the finite-element model and experimentally with two
strain gauges with measuring grids of 6 mm and 0.6 mm, respectively. The
stress measured with the 0.6-mm strain gauge was considered as o;. The
agreement between the numerical and experimental results was within 1.5%
and the ratio of 01/07 average = 1.31 was determined.

Fig. 8(b) shows the relation between the measured principal stress o; and
the relative displacement X for the three selected Y-shaped specimens be-
fore the accelerated fatigue test was conducted, when no changes of w; and
n were present. Fig. 8(b) confirms the linear relation between the principal
stress oq and the relative displacement X, for the constant natural frequency
wy and the damping loss factor 7. The agreement between the theoretically
(Fig. 4) and experimentally (Fig. 8) obtained values for the ratio o;/X; is
very good. The trend-line slopes for the linear regression between the spec-
imens S1-S3 differ by less than 2%, therefore a good repeatability of the
indirect stress measurement is confirmed.

Fig. 9 shows the value of the o1/X; ratio during the accelerated fatigue
test of the specimen S3. In this particular experiment the principal stress
o1 and the relative displacement X; were monitored until the failure of the
strain gauge occurred after 8-10° load cycles (approx. 70% of the specimen’s
life-time). As predicted by the theoretical analysis in Section 2.2, it can
be observed in Fig. 9 that during the experiment the measured ratio o;/X;
remained constant until the strain gauge failure, although the changes in
the natural frequency w; and 7; were present. According to the presented
measurements in Figs. 8(b) and 9 the indirect stress measurement offers an
accurate monitoring of the principal stress o; during the whole accelerated
fatigue test and is not exposed to failure, as in the case of the strain gauge.
Additionally, the indirect stress measurement eliminates the measurement

16



(©

=
&
2
@

100 ‘
— eI
80t I, g
. —a&— 3
& 6o ,
=
S |
Sl: 01/X, = 4.103 MPa /pim
S2: 01/X, = 4.074 MPa /pm
07 S3: 01/X1 = 4.016 MPa /pm |
0 ‘ ‘ ‘ ‘
0 5 10 15 20 25
X1 [pm]
0.1 ; ‘ ‘ ‘
N . R e SI
0.075 1 1 e s
0.050 [ 4 R A S3
" A
0025F a Lt .,
. LI VA .
0 L AA: .‘ . N .A A .n N L] L] 4
- “ LN LN
L . i
-0.025F .
~0.050 1
—0.075 . . PO
01y 5 10 15 20 25
Xy [pm]

Figure 8: (a) Calibration setup, (b) calibration of specimens S1-S3 and (c) residuals of

linear regression.

error due to the inaccurate strain gauge positioning and greatly simplifies
the experimental setup and the specimen preparation.
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Figure 9: 01/X; ratio during the accelerated fatigue test of the specimen S3.
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4.2. Fatigue test with interruptions

The interrupted accelerated fatigue tests were conducted on the speci-
mens 54 and S5 in order to compare the actual specimen response with the
response of a linear SDOF system, as proposed in Section 2.3. The spec-
imens S4 and S5 were excited above and below resonance, respectively; in
both cases the reference stress amplitude was set to 125 MPa. The measure-
ment results are shown in Fig. 10, where f denotes the excitation frequency,
f1nam denotes the natural frequency, obtained with harmonic excitation, and
f1:ana denotes the natural frequency, obtained with random broadband ex-
citation. The broadband excitation amplitude was low (root-mean-square
value of 3.2 (m/s?)?/Hz in the frequency range from 100 Hz to 1100 Hz) in
order to prevent additional fatigue damage to the specimen by broadband
excitation.

ok
oo

14 0 2 4 10 12
x10° N x10°

Figure 10: Fatigue test of (a) the specimen S4 and (b) the specimen S5.

From the presented results we can easily observe that the accordance
between the instantaneous natural frequencies is very good in the first half
of the fatigue process; however, in the second half of the fatigue life significant
deviances occur for both specimens, S4 and S5. The interesting observation is
that in the case of the excitation below resonance the natural frequency fi,.ma
is receding from the excitation frequency and in the case of the excitation
above the resonance the natural frequency f,..q is approaching the excitation
frequency, although the phase angle ¢ remains constant in both cases of the
accelerated fatigue test. Ome possible explanation for this behavior is the
occurrence of a nonlinearity due to the crack initiation at the middle of the
specimen’s fatigue life, since the response of a nonlinear system depends on
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the type of the excitation (harmonic, broadband) and on the direction of the
resonance crossing. To detect the nonlinearity a sine sweep excitation with
a reasonably high amplitude could be used; however, a high sine amplitude
would cause considerable additional damage to the specimen in the case of
resonance crossing, which is not acceptable during the accelerated fatigue
test.

Although the identification method with a linear SDOF model does not give
exactly the same results as with the broadband excitation, the results can
still prove to be useful. When the specimen is excited above the resonance the
actual natural frequency remains within the values of the excitation frequency
w and the identified natural frequency w/, which is in the case of specimens
S4 and S5 is 3 Hz wide or less.

4.83. Fatigue test without interruptions

The final accelerated fatigue test was performed on the specimen S6 above
the resonant area a the constant phase angle ¢ = 175° and a principal stress
amplitude in the fatigue zone of o1 = 125 MPa. The aim of the accelerated
fatigue test on the specimen S6 is to verify the realization of the uninter-
rupted accelerated fatigue test by monitoring the actual principal stress oy
and the phase angle ¢ simultaneously with the real-time control of the res-
onant system near the resonance. The measurements, shown in Figs. 11, 12
and 13, confirm the adequacy of the controller software, since the controlled
quantities ¢ and o7 remained constant, although the natural frequency of
the specimen is reduced by 10 Hz and the damping loss factor increased by
almost 100% during the whole fatigue process. Even when the specimen was
harmonically excited only 3 Hz from the natural frequency, the whole exper-
iment was stable and well controlled. Additionally, the measurement of the
temperature at specimen’s fatigue zone showed that the temperature changes
due to the structural damping were negligible compared to the changes due
to the heat conduction from the shaker (approximately 5°C). However, the
temperature increase can present a problem if a material with high internal
damping is tested [17].

The final fatigue failure occurred after 1.4 -10° load cycles, which took
only 30 minutes to accomplish. The fatigue crack is shown in Fig. 14 and
occurred exactly in the critical fatigue zone, as predicted by the modal anal-
ysis.

The specimens S4, S5 and S6 were loaded with a constant stress ampli-
tude of ;=125 MPa. The fatigue failures occurred after approx. 1.2-106,
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Figure 11: Excitation frequency f and identified natural frequency f; during the acceler-
ated fatigue test of specimen S6.
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Figure 12: Hysteretic damping loss factor 7; during the accelerated fatigue test of specimen
S6.

1.1-10° and 1.4-10° load cycles, respectively. The obtained results show a
good repeatability of the fatigue process for the material ASSU3. Similar
repeatability was found for stress loads in the range 80-130 MPa.

5. Conclusions

With the presented experimental setup it is possible to perform accel-
erated fatigue tests using an electro-dynamic shaker. Since the vibrational
fatigue approach is proposed, the fatigue zone always appears at a location
that is also critical regarding the specimen’s dynamic response. Therefore,
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Figure 13: Principal stress amplitude o; and phase angle ¢ during the accelerated fatigue
test of specimen S6.

Figure 14: Fatigue crack on the specimen S6.

we can conclude that certain information about the natural frequency change
as a function of the accumulated damage will always be obtained. When cal-
culating the vibrational fatigue life of the structure, especially if excited with
a narrow-band profile, the frequency change can have a significant influence
on the actual fatigue life.

In our research a real-time control of a near-resonant harmonic excita-
tion was developed, based on monitoring the phase angle and the principal
stress in a predefined fatigue zone. This approach is applicable to dynami-
cal systems with low damping, which are known to be very unstable when
excited near their natural frequency. Besides the issues that arise due to low
damping, the presented experimental setup successfully controls the system’s
stability, even when changes to the natural frequency and the damping loss
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factor are present. Furthermore, real-time control adequately adjusts the
excitation signal to maintain the desired constant value of the stress load
during the whole accelerated fatigue test.

The presented experimental approach has several advantages. Firstly,
with the described experimental methodology it is possible to perform a fast
fatigue test with a simultaneous tracking of the changes of the modal pa-
rameters. By exciting the specimen in different mode shapes it is possible to
achieve different stress states with a single specimen geometry. Additionally,
an indirect measurement of the stress load, based only on measurements
of the excitation and response acceleration, greatly shortens the specimen
preparation time and additionally improves the reliability of the stress mea-
surement during the whole accelerated fatigue test compared to the tradi-
tional strain-gauge method. The developed experimental methodology with
certain modifications to the specimen and fixture design can be proposed for
the fatigue testing of pre-stressed specimens, different testing temperatures,
various stress states, load types (e.g., sine-sweep, random vibrations) and
notched specimens.

However, the method itself has some limitations. The first limitation re-
lates to materials with high damping, which causes a reasonable temperature
increase during fatigue testing that changes the specimen’s modal and mate-
rial’s fatigue properties. The second limitation is the assumption of a linear
dynamic system.

In its present state, the experimental setup is used for the rapid acquisi-
tion of a material’s fatigue parameters, since a high-cycle accelerated fatigue
test of 2-107 load cycles is achieved in approximately 7 hours. In future work
the experimental setup could be used for a validation of vibrational fatigue
models.
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