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ABSTRACT

A prototype of fatigue testing machine was built to determine the fatigue strength
of materials. Proposed testing prototype was displacement controlled magnetic type bend
fatigue testing machine. Designed prototype was tuned to operate at or near resonance of
the specimen in order to amplify excitation displacement. Low maintenance i.e. zero wear
of the parts was achieved, there were no moving components in the prototype machine.
Crucial components used to build were: DC power supply, solenoid, Arduino UNO,
supports and laser displacement sensor. DC source used to pass current through solenoid
producing magnetic field; mosfet and Arduino generated square waves of the magnetic
field; supports held the specimen as simple-simple supports close to the solenoid; and laser
displacement sensor recorded the displacements of the specimen. Using Euler-Bernoulli
beam theory, for a simple-simple supported beam the strain was calculated from the radius
of curvature of the bent beam. Using the built prototype, Aluminum 6061-T6 was tested at
different strains and its respective cycles to failure was recorded. The S-N curve for
Aluminum 6061-T6 obtained experimentally using prototype fatigue testing machine was

compared to ASTM results.
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1. INTRODUCTION

1.1. LITERATURE REVIEW

Structure having one of its dimensions much larger than the other two is called a
beam. The axis of the beam is defined along that longer dimension, and a cross section
normal to this axis is assumed to smoothly vary along the span or length of the beam. The
structural analysis for beams can be performed with various beam theories. One of the
simplest and most useful of these theories was Euler- Bernoulli beam theory [1]. A
fundamental assumption of this theory is that the cross section of the beam is infinitely
rigid in its own plane, i.e., no deformations occur in the plane of the cross-section.
Consequently, the in-plane displacement field can be represented simply by two rigid body
translations and one rigid body rotation. This fundamental assumption deals only with in-
plane displacements of the cross-section. Two additional assumptions deal with the out-of-
plane displacements of the section: during deformation, the cross-section is assumed to
remain plane and normal to the deformed axis of the beam.
Euler-Bernoulli equation describes the relationship between the beams deflection and the

applied load. The dynamic beam equation is the Euler-Lagrange equation:

ENE) +u(22) = F© (1)

First term in the equation (1) the potential energy due to internal forces where E is
the Youngs modulus and I is the second moment of area; the second term represents kinetic
energy where  is the mass per unit length and the third term represents the potential energy
due to the external load F(t). From Euler-Bernoulli beam theory solution for simple-simple

supported beams, the frequency of the beam and strain is determined.

Structures may not show significant (perceptible) effect at calculated (steady static)
loads, but repeated loading on the structure may have significant effect. These failures were
termed as fatigue failure. The broken part shows, usually at the surface, a spot or nucleus
at which, after many cycles of stress, a crack started and then progressed gradually during
some additional thousands of cycles, until the piece was nearly cracked through. As the
crack propagates, the cross sectional area will be too small to take one more stress cycle,

and a brittle fractures occurs [2].



Generally fatigue tests are conducted to evaluate the endurance limit of the material.
Endurance limit is defined as the cyclic stress which can run certain number of cycles
without fatigue failure and this limit varies with the purpose/usage of material. Materials
like titanium and ferrous metals have an endurance limit, S-N curve for these materials will
not go to infinity i.e. the material will never fail below endurance limit. And S-N curve for
few materials like aluminum and certain steel alloys will touch the abscissa i.e. they will
fail at low stresses for very large number of cycles (102 or more). For these materials, like
aluminum, the endurance limit will be defined as the stress that can survive 108 or 10’
cycles, usually 40 percent of material’s yield strength (10° cycles). After conducting tests
on materials, the selected endurance limit was then calculated my multiplying correcting
factors to get true endurance limit. The major factors that greatly influence the endurance

limit were size, shape, surface finish, loading, temperature etc.

The presented study experimentally researches the concept of fatigue testing a beam
using magnetic impulses to induce repeated bending stresses at near resonant frequencies
of the specimen. Mechanically driven repeated bending fatigue machines were
commercially available with 20,000 Ib. capacity and speeds up to 1750 rpm [3] and simple
oscillator form of magnetic machine using electromagnetism producing vibrations from
1200 to 600,000 cycles per minute [4]. However, electro-magnetically excited machines
generally have low testing forces than mechanically driven machines. The principle of
electromagnetism says that a current carrying conductor produces magnetic field, when
current flows through tightly coiled conducting wire a strong magnetic field is created and
the coil acts like a magnet. The polarity depends on the direction of flow of current through
the coil. There are few designs of fatigue testing machines, which use this magnetism
principle. The Rayflex machine uses AC current continuously changing the polarity, this
will help in pulling and pushing the cantilever specimen. Magnetic-type machines produce
periodical disturbing force generally used to cause forced vibrations of the system
containing the test specimen. This system is usually tuned to operate at or near resonance
of the disturbing force in to amplify excitation force. Usually magnetic type fatigue testing

machines apply low loads but work at high speeds.



Proposed design of the fatigue machine works on DC power supply, no change in
polarity of the solenoid. The principle of resonance was applied in this design, consider a
rubber mallet striking tuning fork, as the rate of strikes reaches the natural frequency of the
fork, the amplitude of vibration on the tuning fork increases. Similarly to the mallet striking
rate, a small pulse of current was flown through the solenoid and this pulse is converted to
magnetic pulse by the coil. During this small pulses, the solenoid has it polarity constant
everytime. A small permanent magnet was glued at the midsection of the specimen length
and placed near the coil end in a way that the face of the magnet towards the coil should
have same polarity. This setup initially attracted the specimen when there was no current
flow, because of the ferritic core rod used in solenoid. As the test begins, the current passing
through the solenoid generates magnetic field and the solenoid acts as a magnet with poles.
The poles of the temporary solenoid magnet depends on the direction of flow of current.
The face of the solenoid and the permanent magnet glued to specimen was arranged to have
like poles, as like poles repel, the short duration of pulse will strike the specimen away. As
the current flow stops, the ferrite rod and the magnet on specimen will be attracted.
Specimen vibrates and bends at the center inducing strain cyclically as shown in figure 1.1.
Establishing following theory to calculate the stresses, solenoid design and support design

is crucial to perform a fatigue failure test on any material.

Switch

Solenoid
Power

Supply

1

Figure 1.1 General representation of the test setup



1.2. THEORY
Euler-Lagrange equation (1) is solved in the following equations. Separating two

dependent variables spatial Y(x) and time T(t) and considering F(t) = 0

y(x,t) =Y (x) x T(¢) )
B (L2 () £
BT (552) = - () @
El @ - _ % — )2 (5)
booY(X) T(t)

Spatial term, Y(x) is the mode shape function determined from the eigenvalue & Eigen
function analysis [5], [6].

o (5 - v ©
EI (%> _ 2

oY (")
(59 = poveo ©)
Bt =0’ )

General solution to equation (8) is,

Y (x) = a, sinh(Bx) + a,cosh(fx) + a;sin(fx) + ascos(fx) (10)
The values of constants a1, a2, az and a4 are solved using boundary conditions. For Simply
Supported Beam, deflection and moment at the pinned ends are zero. Table 1.1 shows the

conditions, applies and solves equation (10).

Table 1.1 Boundary conditions for simple-simple support beam

Condition- 1 Condition- 2

At x=0 At x=L

Deflection=0 i.e. Y(x)=0 Deflection=0 i.e. Y(x)=0
Moment=0i.e. d®Y(x)/dx?=0 Moment=0i.e. d®Y(x)/dx?=0
az+ a4=0 assinh(PL) + az sin(BL)=0

az - a4=0 assinh(BL) - as sin(BL)=0

a2 = as=0 ai=0




Applying boundary conditions, the values of a; and a4 are calculated to be zero.
aisinh(BL) can be equal zero only if the a1 value is zero and az sin(BL) =0 can be satisfied
only when as not equal to zero. Hence, the solution for spatial variable is given in equation
(11) and the first mode shape is shown in the Fig.1.2 where y-axis is the displacement and
x-axis represents the length of the beam,

Y(x) = a5 sin(Bx) (12)

First Mode Shape
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Figure 1.2 First mode shape over the length of the specimen

Using the above boundary condition: 2, 3 value can be determined from,

sinh(BL) sin(BL)]a1 0 (12)
sinh(BL) sin(BL)[as ~ 0

Solving the matrix gives the following solution
sin(BL) X sinh(BL) = 0 (13)
BXL=nXm (14)
First mode (n=1) natural frequency of the specimen derived from the above equation (9)

and equation (14) is given below [7], [8],



w= ("X—")2 £ (15)

Time variable, T(t) is the modal amplitude, Here impulse force Fe, is applied for
average time interval of t. Constitutive equation for a beam with damping co efficient (c)

and time dependent forcing function F(t)is given below,

B (53) + e (5) +1(5) = F©
(16)

Now multiplying Y(x) spatial term, integrating with respect to x between 0 and L, and

applying orthogonality conditions, we get,

E1(%)fOLY(x)+ (2) ), rex )+u(at2)f Y(x) = F(t) [, Y(x)

(17)
EIT(t) (3*Y(x)\ (L 2 oT(t) 2 4 2°T(t)\ (L 2 _ L
(TR Y2 + 2 (B8) [ r? + (52) [y Y (02 = F(©) [, Y ()
(18)
‘T(t) (L d 92 L L
EI ﬂ#T t fo Y(X)Z M( T(t))f Y( )2 ( ;;gt)) fo Y(x)Z — ?fo Y(X')
(19)
Jy YCO? x i = M, (20)
M, is the modal mass and the damping ration ¢ is defined as,
% =2xwx§ (21)
] 92 L
w2 T(t) + %( D+ (522) = % [y 22)

Here F(t), a time dependent forcing function [9], is a large constant force applied on very

small time interval i.e.

2 ifo<t<e

F(t) = { (23)

0, otherwise
[T F@dt =4 (24)
The value of A is unity, if F(t) is a unit impulse with units Newton seconds. Let X(t) be

the solution for the time variable equation, consider F(t) = F¢(t) and then taking Laplace

transform [10],



L0} = J; e ) dt = == (25)
For any s greater than zero, lirré 1_;_65 =1 (26)
€

Now applying Laplace transform to equation (22) considering initial conditions as x*(0) =
x(0)=0

€S

w? X (8) + 2w s EX.(s) + s2X.(s) = " fOL sin(Bx) dx (27)
As, s - 0,
a
Xe() = oatera (28)
Let,
s fL sin(Bx)dx = —=a (29)
Ma 0 ﬁMa

As the roots for the quadratic polynomial equation ax? + bx + ¢ = 0 with a # 0 is given

by,

—b + Vb2 — 4ac
x =
2a

Similarly solving the above equation, roots solved are,

T =—wétjog (30)
Here, w,; = wm is the damped frequency and for under damped conditions, & < 1.
Now, rearranging the above equation (28) with the solution derived,

XE(S) =

a
(twé—jwg)(stw é+jwg)

(31)

Performing partial fraction decomposition to the equation, inverse Laplace transformation
is applied to the decomposed equation (31),

2
waqBMg

Combining the two solutions, the final solution is derived. The final solution gives the

X.(t) = e~ St sin(wgt) (32)

displacement of a point on beam (x) at any given time (t).



2sin(fx) _ .
opi © @3t sin(wqt) (33)

The solution derived from the governing equation was plotted using Mathcad, Fig.1.3

y(x,t) =

shows the dampening of specimen with time when a single impulse was given [11].

Dampening of the Vibration

13107 -

"
L
Bl
=
o
f=J
|

Displacement in m

—1x107° -

Time in seconds

Figure 1.3 Displacement profile of midpoint of specimen with time for single impulse

From the displacement equation, radius of curvature can be calculated and related

to strain with the mentioned equation.

o =" (34)

1

2
Extez—ZxEngi (35)

, 0%y
Strain(e) = —Z X Py (36)



Here, Z is the distance from the neutral axis of the beam and M is the bending moment.

This equation is valid only for true bending i.e. zero stresses at the neutral axis.

Solenoid, the forcing component to bend the specimen, was designed considering
electromagnetism [12]. Current passing through solenoid creates magnetic field, the
strength of the field was mainly influenced by density of turns in the coil and the current

flowing through it. The below expression shows the magnetic field strength B:

B =

(37)

HoXNXI D+L D ]
2 J(D+L)3+R2  VD2+R2

Where, ,is magnetic permeability which is a constant, N is the number of turns in coil per
meter, | is the current passing through coil, D is the distance from edge of the solenoid, L

is the length of coiled wire and R is the radius of coiled wire.
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2. EXPERIMENTAL SETUP

2.1. DESIGN

The main aim of this study was to model a cost and time effective bend fatigue
tester. An optimized specimen had to be designed to test on the built prototype machine.
Conventional fatigue testing machines use cantilever specimen, tapered to the free end
where the loads were applied. Repeated bending tests are largely used to investigate sheet
and plate materials. Specimen was designed to occur failure at the analyzed zone and avoid
failure at the grips or supports. All the theory were performed considering a flat thin
rectangular specimen, but when experimentally tested, the specimen has always failed at
the edge of the magnet as the stresses are high at the specimen center for simple supported
beam. Figure 2.1 shows the failure of the 3D printed specimen at the edge of the glued
magnet. After reviewing the krouse flat cantilever specimen design [3],[4], see in the

Fig.2.2 below for the proposed specimen design to test on the prototype.

Figure 2.1 Flat specimen failing at the edge of the glued magnet
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—
—

0.27

All Dirmensions ininches
Figure 2.2 Final specimen design and the dimensions are all in inches

As shown in the Fig.2.2 the beam has two stress concentration zones, these zones taper to
the beam center where 0.11 in diameter neodymium magnet was glued. To avoid any
surface modifications due to the glue used to stick the permanent magnet, enough tolerance
was given. Firstly, Specimen profile is machined from 0.25 in Aluminum 6061-T6 rolled
bars using Wire EDM, then the attained 0.25in specimen profile is sliced to 0.026 in thick.
To remove burrs and any surface artifacts from machining, the obtained specimens were
ground on sand papers of 120, 400 and 600 grit. Total 22 specimens were taken for testing

on the prototype.

200 ft. Thick enameled copper wire wound coil will have lower resistance and more
turns. Magnetic core rod, ferrite has higher magnetic permeability, is chosen as the core
for wound coil. Using 20guage wire 2.75 in length and 2.75 in diameter sized solenoid is
made. This solenoid has 1000turns with 363 turns/in producing 44mH inductance. 50V DC
supply is used to power the solenoid.

A small Neodymium magnet, 0.11 in diameter was glued at the center of the
specimen. This permanent magnet glued to the specimen will take the magnetic impulses
and causes displacement to the beam. Distance between the magnets greatly influences the
magneto motive force between the magnets. Specimen with magnet was supported using

the test setup close to the solenoid, placed less than 1cm between them. When the power
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source was turned on, solenoid starts creating impulses, the faces of solenoid and magnet
will have same polarity. As like poles repel, the magnet on the specimen is pushed away
from the solenoid. This repelling force greatly depends on the current passing through the
coil and distance between the magnets.

A simple-simple supported beam setup was prepared using a base plate and four

dowel pins, as shown in the Fig.2.3 below [13],

Figure 2.3 Simple-Simple supported test setup

2.2. ANALYSIS

A mosfet placed in series with the solenoid, was used as a switch. Arduino UNO,
loaded with a program to turn on and turn off at required frequency. This generated the
magnetic pulses from the solenoid. The pulses were usually set below 25 percent duty
cycle, the frequencies were usually set near the resonant frequency of the specimen. Below
Fig.2.4 shows the deflection caused due to individual impulses at non resonant frequencies.
As known, every beam deflects with high amplitude when vibrated near resonant
frequency, as shown in Fig.2.5 the displacements were amplified when the same strength
impulse were given. Fatigue tests were usually performed with a specified constant R
value, R, defined as the ratio of minimum strain/stress and maximum strain/stress.
Particularly in this testing, R value was considered to be -1 i.e. fully reversed cycle. The
magnitude of these deflections are recorded using laser displacement sensor, Keyence LK-

HO052, this sensor provided the amplitude of deflection with time.
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Figure 2.4 Deflections due to non-resonant impulses
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This way, cyclic strains as a sine wave with near resonant frequency were induced
in the specimen. Applied deformation or amplitude of deformation was constant
throughout the test. Finite element analysis had been performed on the designed specimen.
The boundary conditions at the ends were simple-simple supported as discussed in the
introduction part. Load field in the analysis was the forced displacement at the center of
the beam and value of the displacement was the value recorded from the laser displacement
sensor while testing. Figures 2.6, 2.7 and 2.8 below were results obtained from the finite
element analysis. Figure 2.6 shows the deformation of the specimen stress profile, Fig.2.7
shows the closer look at the expected failure zones on the specimen, from Fig.2.7 it was
evident that the neutral axis has zero stress when a beam was in purely bending. Figure
2.8a shows the compressive side and Figure 2.8b the tensile side when the specimen was
bent.

Figure 2.6 Deformation of a simple supported beam
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-124.91

156.13
-187.36
o

Units = N/mm*2(MPa)

Figure 2.7 Stress from finite element analysis for 1.3mm (.051”) deflection

|
Figure 2.8 a) Maximum tensile stress side b) Maximum compressive stress side

Certain strains were selected and their respective displacements were induced in
the specimen. These selected strain points were selected considering the capability of the
50V power supply in use. Initially 30V power supply was used, which comparably passes
low current through the solenoid, this resulted in lower displacements and bending stresses
induced in the specimen. Using 50V power supply increased the magnetic field strength
of the solenoid resulting in higher displacements and bending stresses on the specimen. All
the tests were performed vibrating the specimen from the maximum displacement achieved
to the minimum displacement. Table 2.1 shows the strain points selected to test. The
deflection amplitude mainly depends on current flow, distance between magnets and the
thickness of the material.



Table 2.1 Calculation of respective strain and stress for selected deflections

Deflection Stress in MPa
(mm) Strain (ksi)
200.1
1.5 9.6E-04 (29.0)
178.8
1.34 8.6E-04 (25.9)
166.8
1.25 8.0E-04 (24.2)
160.1
1.2 7.7E-04 (23.2)
146.8
1.1 7.1E-04 (21.3)
133.4
1 6.4E-04 (19.3)
119.7
0.9 5.8E-04 (17.4)
106.7
0.8 5.1E-04 (15.5)
93.4
0.7 4.5E-04 (13.5)
66.7
0.5 3.2E-04 (9.7)
59.8
0.45 2.9E-04 (8.7)
46.7
0.35 2.2E-04 (6.8)

16

In theory, after certain cycles, due to fatigue behavior, the specimen has to fail at

the highest concentration zone. Using stop watch, the total time for the specimen to fail

was recorded. Cycles to failure was calculated by multiplying the frequency of vibration

to total time of the test.



3. RESULTS AND DISCUSSION

Total 27 specimens were prepared for testing on the prototype at R= -1, but only
12 specimens have successfully completed the test (fatigue failure) with R= -1 while other
specimens have failed with different R values -0.5, -2 and -3. Figure 3.1 shows the fatigue

failure of the specimen and Table 3.1 shows the stress, cycles and the reason for test

termination at R= -1.

Figure 3.1 Fatigue failure of the specimen

Table 3.1 Fatigue test results

STRESS in
MPa (ksi) | CYCLES RESULT
200.16 (29.0) | 2.20E+05 Failure
178.81 (25.9) | 1.03E+05 Failure
166.8 (24.2) | 8.10E+05 Failure
160.13 (23.2) | 9.30E+04 Failure
151.7 (22.0) | 2.25E+05 Failure
146.8 (21.3) | 8.35E+05 Failure
133.4 (19.3) | 1.02E+06 Failure
119.7 (17.4) | 1.69E+06 Failure
106.75 (15.5) | 3.56E+06 Failure
93.41 (13.5) | 1.66E+07 No Failure
66.72 (9.7) 1.19E+06 No Failure
59.89 (8.7) 1.02E+07 No Failure
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As per ASTM STP 91-A the S-N curve was plotted with specimens that have failed with

fatigue at R=-1. S-N curve plot is made from the results obtained, see Fig.3.2,

S-N Curve
o y = -2.595In(x) + 56.04
R?=0.6129
3300 | o
cC
= [ X
o 250 9 ®
o ® .., 9.,
£ 200 O
5 @ e,
< 15.0 ¢
©
€ 10.0
g
< 5.0
0.0
0 1 2 3 N
Millions

N, Cycles to Failure
Figure 3.2 S-N curve for Aluminum 6061 T6

The probable reason low value for R2 might be the inconsistency of supporting the
specimen, preparation of the specimen and test speed. Though there were two probable
failing zones, the specimen has failed randomly at either zones, this proved that the
supports have been setup rightly as simple-simple beam and not biased on one side to
failure. The test speeds were at the near resonant frequencies of the specimen, but the test
speed was largely varied from 100 to 200Hz mainly due to the employed way of acquiring
specimens. From the regression analysis, it can be concluded that the test setup is rigid but
the specimen preparation had to be standardized. Below, the results are presented.
Product Form:

Grade designation: Aluminum 6061
Heat number: T6 Form of product: AMS 4117 1/, thick bar

Last mechanical and thermal treatment: Hot —rolled and air cooled

Properties:
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Tensile strength: 42 ksi

Yield strength: 35 ksi

Temperature: Room Temperature
Specimen Details: Unnotched and machined using wire EDM
Test Parameters

Loading: Bending

Frequency: 100Hz — 200Hz

Environment: Air
Regression analysis performed on all 12 specimen tested successfully, and equivalent stress
equation is,

o = —2.595In(N) + 56.04

Aluminum does not exhibit knee in the S-N curve, so the infinite life was taken at
5 million cycles. Endurance limit at 5 million cycles for the tested material can be
calculated from the equivalent stress equation obtained above and the value calculated was
16 ksi. Evaluating the proposed specimens design and machining and the loading type, the
following correction factors [14] were considered: Size factor, Cs varies with size and was
more significant in reversed bending. For the specimen, designed thickness and breadth
had size factor value 0.72. Surface finish factor, C¢ greatly varies with the process of
acquiring the specimen i.e. machining or polishing. Mechanical properties always depend
on the quality of surface finish of the specimen. Here, Cs was 0.87 as the specimen are just
machined using Wire EDM. Load factor, C; and temperature factor C; were equal to 1
because the load was reversed bending and test performed at room temperature.
The correction factors evaluated above are multiplied to the calculated endurance
limit from the experiments to get a modified endurance limit S,
Ste =Cs X Cp X C X C; X S X C, (38)
$1,=0.87x072x1x1x12x1.51 (39)
The modified endurance strength was calculated to be 15 ksi. Figure 3.3, from [15],[16]
shows the S-N curve for Aluminum 6061 for different R values, experimental endurance

strength of aluminum 6061 for 5 million cycles was marked on figure 3.3. The endurance
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strength obtained from the prototype machine and the ASTM standard results were close

enough.
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Figure 3.3 S-N curve for Aluminum 6061 T6

Hence, the concept of using magnetic impulses to induce bending stresses and fail

the specimen with fatigue has been successfully proved.
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4. CONCLUSION

The main objective of the current work was to model a working prototype which
fastens the fatigue testing. Designed a prototype to test the fatigue life of any material
which runs at near resonant frequency. The proposed design had no moving or touching
parts, preventing the wear and failure of the test setup. Firstly, validated mathematical
model of the Euler- Bernoulli beam to attain the strain and stress from its deflection
amplitude was obtained. Secondly, designed the components required to build the
machine prototype. Finally, a low strength material was chosen to test using the
prototype. Prototype built was low force and high cycle machine, the speed of the test
depended on the frequency of the specimen. All the prepared specimens were tested with
the prototype and noticed that a million cycles could be achieved in 1.5 hours. Almost all
the tests were performed at 100Hz to 200Hz, and this variation in frequency was mainly
due to the change in thickness and inconsistency of supports. Experimental results,
obtained with the prototype prove that the calculated endurance strength using this
machine were comparable to the ASTM results. This principle can be used to fatigue test
the variation in performance of a material of different alloys.

4.1. FUTURE WORK:

The test equipment had to be more standardized and automated. Specimen supports
had to be more rigid to increase the repeatability of the testing. Using stroboscope can help
determining the frequency of the specimen and adjust the forcing frequency to near
resonant frequency [17]. When a fatigue crack develops, the natural frequency was reduced
and the amplitude changes, constant displacement-type machines were equipped with
automatic devices to detect and correct any change in deformation. Sometimes strain
conditions imposed on the specimen were adjusted and kept under more or less close
observation which can be possible by reading the laser displacement sensor and
automatically adjust the pulse duration and frequency. More materials should be tested to
confirm the results with ASTM.
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