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Abstract

Thiswork serves to detail the desigimplementationand validationof the Ultra High Cycle Fatigue
Test rig.

The rig has been designed using a modular design methodology. The design philosophy
implemented was to keep theverall design as simple as possible so as to reduce manufacturing
costs while allowing fomodular changes so that the rig can be modified for future conceivable test
methodsin the ultra-highfrequency region

Three versions of the design were created namely the Matkahd 3. Each of theersionswasan
iterative improvement on the previous. The initial Mark 1 was a simple system with ramdig
simple strainmeasurement system. The Mark 2 consisted of the full test rig setup with both strain
gauges and laseacquisitionused for the measurement sggn. Finally the Mark 3 system was
created with only the laser used for dasequisition The final design only implemented the non
contact laser vibrometer measurement system. This was due to the fact that the operational costs
were lower with the laserilerometer, as unlike the strain gauges, it did not need to be replaced
after each test.The data was also more repeatable and reliable as the system was stable during
testing with noabruptfailures.

A 2Dfinite element method(FEM) code was developeahd validated against MSc Nastran for the
development of the horn and specimen geometries. The FEM wadased in the design process to
accurately predict the geometry such that an axial displacement natural mode is excited at the input
frequency of the syem. The horn and specimen were designed to rese@nat the power
generationoutput frequency of 2kHz.

Thefinal design was validated using comparative data for Aluminium AL2024 with currerdatsst
available from literatureThis data comparison irghted that the designed rig produces accurate
and repeatable data with a good correspondence to similar test data.

Furthermore he rig was used to obtaifatigue data for aluminium material AL7078 the region of
10° to 10’ cycles The data for A7075 was presentedgainst comparativalata asfound in the
literature surveywhichindicated that datashowed a good correspondence to standard fatigue test
data for smooth specimens

Comparison on the effect of the surface finish on the data obtainedimg the ultra-high cycle
fatigue testingsystemwere conducted and it was found thais per the literature studythis had a
negligibleeffect on the final result.
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Nomenclature

UHCF - Ultra High Cycle Fatiguei¢@cycle fatigue from 10to 10" cycles)

UHC - Ultra High Cycle

Quad4 - Quadrilateral with 4 nodes

Quad8 - Quadrilateral with 8 nodes

Tria3 - Triangular element with 3 nodes

Tria6 - Triangular element with 6 nodes

HCF - High Cycle Fatigue (megacycle fatigue fromta@(® cycles)

LCF - Low Cycle Fatigue (Generally from 1 t3 dyxles)

SN - Stress versusumber of cycles to failure

& b - Strain versus number of cycles to failure

WFF - Wing to Fuselage Fairing
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DC - Direct Current

RF - Reserve factor

DUFTS - Denel Ultrasonic Fatigueesting System

CSIR - Council for Scientific and Industrial Research

DAe - Denel Aerostructures

DAv - Denel Aviation

DAS - Data Acquisition System

ALCOA - Aluminium Company of America

MMPDS - Metallic Material Properties Development and Standartigsa(previously known
as Military Handbook 5)

PRS - Product Requirement Specification

CSIR - Council for Scieific and Industrial Research



1 INTRODUCTION

In material science, fatigue is the weakening of a material frepeatedlyappliedloads (stresses)

on an object This is the case fany material subjected to a loading which var@mtinuouslyin

time. Generally the loads appliehliring fatigue testingire much lower than the materigallowable

yield strength. During fatigue testing a crack usually occurdieWthe crack hagrown sufficiently
through the test piecehe applied load will cause the material to fathticallydue to the reduced
material sectionthrough which the load must be transferrellonitoring the rate at which the crack
grows falls under the concept of damage tolerance whereas fatigue is the time it takes for the crack
to initiate. This work will focus on fatigue of material test coupons.

1.1 Background and Motivation

In traditional fatiguethe concept of the endurance limit is well documentddr cycles exceeding

10°. The endurance limit is a stress limit line whereby if the component is designed with a maximum
stress level below this line then the component will have infinite fatigue Ties is a valid
assumptiononly for some materials where the life will exceed’tgcles Howeverin this age where

the cycles ohew machinery ardikely to exceed.C° cycles, this region of the SN (stress vs. cycles to
failure) curve needs to be better peesented and understoofl]. Figurel-1 illustrates this concept

of stardard fatiguelimits for componentsexceeding 10cycles as foundin cars (1 cycle3, gas
turbines (10 cycles, andtrains (10°cycles.

1,E+10
ASTM

1,E+08 4 Standard
fatigue limic

1,E+06

1,E+04

1,E+02

1,E+D0

Car High-speed  (as murbine
engine Erain dizks

Figurel-1: Fatigue lives ofnodern machineryas per American Standard Test Methods (ASTM)

Some materials may have infinite lives where fatigue life exs@8lcycles.This is notfeasible for
all materals, therefore it is necessary that the igacycle(cycles exceeding 0region for each
material is analysed to determine what fgtie relationship is applicabl&igurel-2 indicates jst
some of the possibilities material SN curve may havehere the steeper gradients are indicatioé
lower fatigue tolerant materialsyhile the ideafatigue materialolutionwould be a infinite fatigue
life.
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106 107 108 10° 1010 Ng
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Figurel-2: Possible material fatigue properties in gigycle region1]

Teds on conventionapowered mechanically or hydraulicafistigue testng machinery, require long
run time periods to generate results in the high cyd#CF(cycles exceeding0®) to ultra-high cycle
(cycles exceeding0’) fatigue regimeTypicalservohydraulic systersoperating at 100Hz will take
approximately 28 hours to reach 16yclesor approximatelyl15 days to reach f@ycles[2] for one
data pant. This is concerning considering thgpically the standard AST#pecificatiorrequirement
for aresearch fatigue curve requires a minimum ofd#ta points[3]. Consequently the total time
for uninterrupted testingwould approach four year®r a full data curve valid to $@ycleswithout
extrapolationwhich is consequently impractical

Henceit is necessary to have another testing method to produce resnolts more suitable time
frame. Tte use of arultrasonic fatigue testinghowsadvancedbenefitsas the timetakenfor each
specimen test to completis vastly reduceds compared to conventional fatigue testifgdjtra-sonic
fatigue testing machines operatg a frequency range of 20 kHz to 30 kHz and can produce results at
10" cycles in less than ten minutasd results at 1%cycles in approximately 14 houper data point
Thiswill reduce testingime andlower operating costswhichis more economical To develop an
UHCHUItra High Cycl&atigu testing machinas beneficiaffor future fatigue testingand material
property investigatiorin South Africa

1.2 Overall Aims and Objectives

The main aims to create afatigue testing machine capable of produwj accuraterepeatable SN
fatigue datain the region where the cycles exceed ifDan appropriatetime period.
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2 LITERATURE SURVEY

2.1 Typical Ultra High Cycle Testing Machines

The first ultrasonidatigue testing machine was constructed by Mason in 1&fce thenseveral
laboratories have been setup to specialise in ultrasonic fatigsting; these includethose of
Willertz in the US, Stanzl in Austria, Bathias in France, Ishii in Japan aadiR®&kvakiaHowever
no UHCF testing machid®s currently been setup in the southern hemisphere, let alone in Africa.

The basic system that will need to be constructed is indicatétigare2-1.

Specimen Configurations
3 point bending

converter

connector p)J::l\ J
Eﬁ——wg AD. Di&

iy 0 ) (
i compuier u

amplifier B Axial Tension and Compression (Varying |

P
AN
Axial Tension and Compression (R

- generator

specimen > b

Figure2-1: Typical ultrasonic fatiguéesting system[2]

The systenindicated inFigure2-1 hasa typical 3point bending configuratior{shown encircled)
however the underlying system is common for mbltiCRest machines The main change between
the different testing systems is thgpe of specimen andi (in@#od of contact or conneaih with

the rest of the systemSome typical contact and connectidest methods that are possibleare
indicated in the right ofFigure2-1 such as the ®oint bending as shown, axial tension with a R ratio
of -1 and the axial tension/compssion assembly for varying R ica, these can be implemented
simply by changing the encircled region.



The maincomponents required for an ultrasonic fatigue testing machine are:

2.1.1. Generator

2.1.2. Converter

2.1.3. Amplifier (forn)

2.1.4. Connector (booster)

2.1.5. Specimen

2.1.6. Control/Monitoring System

The function of each of these componenis describedriefly in the following sectionso give
backgroundasto what is required of the Denel Ultrasonic Fatigue Testing System, DUFTS.

2.1.1 Generator

Thegeneratoris required to convert theroltagefrom the main powersupplywhich in South Africa
is typically 240 Volts at a frequency of 50 i a sinusoidal 20 kHz signal that can be interpreted
by the piezoelectricconverter[2].

2.1.2 Converter

Theconverteris a piezoelectric transducer that is excited via the sinusoidal signal received from the
generator and consequently produces longitudinal dispiaents corresponding to the input signal

[2]. These longitudinal vibration displacements then induce longitudinal ultrasonic waves in the horn
and specimen.The diplacements are generated by a cylindrical stack of ceramic piezoelectric

transducersbonded together Each cylindrical stack produces a finite displacement and when they

are coupled together the overall displacement will be the summation of all the desplaats.

2.1.3 Booster

Thebooster or connectorasindicatedin Figure2-1 amplifies the displacements received from the
converter by means of cross sectional area reductions which alstodntrease the stressThe
booster is designed to allow for one da line (line across the circumference with zero
displacementlalong its length Since this line experiences no displacemiemian be connected or
clamped to the supporting rig.

2.1.4 Horn

The horn or amplifier amplifies the displacements received from the booster bgams of cross
sectional area reductions as the case of thebooster. These area changes act as displacement and
consequently stress modifier$hese area changeact to accelerate and decelerate the longitudinal
displacement wave through the stackhe wave movement through théorn andspecimen can be
defined by the analytical wave equation.



Analytical Wave Equation

The wave can be modelled using the second order differential normal wave equation given by
Bathiag4].

Where,

S(x) -Isthe area of the crossection at location X,
f - Isthe force acting on the section,

u - Is the longitudinal displacement,

r - Is the density of the material,

X - Isthe longitudinal position

t - Istime.

This equation can bsolved using either an ODE (ordinary differential equation) solver in Matlab or
it can beanalyticallysolvedusing the area functiotogether with some mathematical manipulation
as follows:

Initially the force in the longitudinal direction is assumed to be based on the axial strain/stress, thus
the following isstandard representation of axiatress

=5.9(X) =ES(X)e
f =Esp) 2
174
Where,
E -La GKS YFGSNRIfa , 2dzy3Qa Y2 RdzZ dzaz
f - Is the force acting on the section,
S - Is the stress at location x,
8 - Isthe strain at the location x.

If equation2 is substituted into equatiod the following can be obtained:

2
st a&S(x)
bt IJX—
Assuming the rmaterial is homogenous in naturthen E is constant throughout the length of the
beam, thus the equation simplifies to:

bt fS(X) KX ¢ u><—
Applying the differentiation chain ruléae following is derived

E a U
eu 15 ()U

Wu_ E euS(X) W o U
> +3( )—
w2 rS() & X px X g

\C/



Simplifying,

Wu_ E S Eplu
w? rS(x) px o o ropx?

But if it is noted that the speed of a wave on a one dimensional material is:
E
c=_|— 4
r

2

Then the above equatioBbecomes:

Wu_ ¢ HS(X) pu

= c
H?  S(x) X

UXZ

And ifa functionP(x) is definedor simplification of the above expression as

P(x) = _1 s
S(x)  px

Then equation5 becomes as per referendé]:

2 p 2
u_ ,€ MU | H°Ug

— =P —+—

pt? & WX g

The general solutio of equation5 (under boundary conditions of ultrsonic fatigue specimenss

[4]:

u(x, t) =U (X) sin(wt) 6

Substitution of equation6 into equation 5 then the following equation can be obtained by
eliminating the trigonomeiic functions.

UG | b —“Uw((x) +kU(x) =0

2

w = 2uf 7
k :V_V

c
Where

"Qis the frequency

To find a solution to equatiofd it is necessary to have a defined outanofile for each section of
horn andspecimen. An example of the analytical solution for a given horn and specimen profile is
indicated inAppendix A



The horn is designed to give the required strain in the centre of the specamérithe horn itself
should have a resonant frequency with an axial displacement mbtlee chosen input frequency of
the converter

2.1.5 Specimen

The specimenis attachedor in-contact with tie horn and is designed to resonate at the input
frequency, which in this case will be approximately 20 kHz. The design consequently gives maximum
stress at the smallest cross section of the specimen, which corresponds to the minimum
displacement. This is done to ensure that fatigue failure occurs in the specimen and not in another
part of the testing equipmentn thisdissertationthe design will be focis®d on the typical dumbbell
specimen for the loading ratio (R)-df as indicated ifrigure2-2.

2.1.6 Control and Monitoring S ystem
General System

Thecontrol and monitoring systemis a computer based system which monitors the expected load
at the centre of the specimen (location of smallest cross sectional area) together with the input
frequency. Tis datais necessaryo determine the number of cycles to induce failureaaconstant
stress anchencegenerate a point on the SN diagram for the given material specimen. The load is
maintained to ensure that even when a crack is formedhia specimen, thereby reducing the
stiffness, that the load at the centre is not alterddastically.The stiffness of the specimen controls
the rate at which the axial excitation propagates through the stack (booster, horn and specimen
combination). Accordingly any material modulus or cross sectional area changes in the stack will
cause the placement and hence the stress to increase or decreasper the analytical wave
equation described in the previous secti@rl.4 A typical stress and displacent variation across

the stack is indicated iRigure2-2.
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Figure2-2: Variation of stress and displacement in a typical st4ddk

Cycle Counting

Thelife of the specimen can be obtained via the recatdeequency (cycles per second), which can
be multiplied by the time of each test to obtain the total number of cyclesedondary method of
cycle counting will be used on the data accumetbtrom the measurement system.

Cycle counting is required in afgtigue life test which includes strefife (SN) and straitine EN)

curves. The cycles to failure are calculated based on the cyclic loads experienced by the specimen. In
a perfect coupon test the cyclic loading will remain at an ideal level of strestrain for the
duration of the test. Thus a typical cyclic input could be representéddicated inFigure2-3:

one cycle

a3
500, One reversal i one reversal

B /\ /\ /\ /\
o 2f a\4f 5\Ys6] 7\8
-250
~500
one cycle

Figure2-3: Constant cyclic loadinfp]

=]




In testing coupons the number of cycles needs to be calculated and recorded per spef€iguza.
2-3indicates a constant amplitude signal and hence a simplepamameter cycle counting method
such as level crossing, peailley and range counting can lmplementedto evaluate the total
number of cycles. These methods are however not so efficient if the amplitude is viaryimg.

One of the most popular method® use at the momentfor varying load cycles the Rainflow
counting method. This method is based on #malogy of raindrops falling down off a pagoda roof.
Rain flow counting is a two parameter cycle counting method of which there are two defined
options, namely the three point (ASTM E1049,1985) or the faimtpmethod [5]. The methods
indicated in this section will that of the three point method.

The three point method uses three consecutive points (S1,a8@,S3 shown inFigure2-4, to
determine if a load cycle is formg#8]. Thus two consecutive ranges are defined3jy
Y'Y SY "Ys
Y'Y SY Ys
If Y'Y Y'Y then one cgle exists from Sto S. If Y'Y Y'Y then no cycle is counted. Tharee
point cycle counting method requires that the signal be rearrange from highest or lowest valley,

whichever is greatest in magnitude and that the signal only consists of peaks kays{&. This
method is summarised in théigure2-4.

2
1
2 2 3
AS; »AS; A5 =AS; AS;=AS;
MNo cycle Cycle: 1 -2 Cycle: 1 -2

Figure2-4: Three point Rainflow countingb]

A tablecan then be setup comprising thmumber of cycles, the starting positthe end points, the
range and the meanThis method is initially chosen to verify how stable the peak magnitude is
maintained during testing. If it is maintained to a high accuracy a quicker method such as peak
picking will be implementedhere the peak are idatified by changes in the cungradient

Use of Strain Gauges and Laser Vibrometers

One of the conundrums within UHCF is the method to measure the cycles and strain experienced by
the specimen.The literature surveyed indicated that most UHCFtibgs machines, had a
measurement system thatonssted of either laser (optical) measurememhvicesor strain gauges



as the main measurement source. Both options have their pros and cons these are summarised in

Table2-1.

10

Table2-1: Strain gauge and laser vibrometer comparison

Strain Gauges

Lasef Optical measurement

Cost

Constant consumable cost

Large initial outlay icost but
no real consumable costs
except general maintenance

Detecton method

Measured strain directly off
gauge locationThis may result
in direct fatigue of the strain
gauge which may affect dathk
will be necessary to regularly
check thestrain gaugs(re-
calibrate)and possibly add
redundancyfor failure during
testing

Measures velocity directly usin
Doppler affect which is a nen
contact measurement method
thus vibrations will not affect

the data

Accuracy

Strain gauges can provide goq
accuracydepending on type of
gauge used and signal

conditioning

Very high accuracy, but as th¢
accuracy and resolution
increases so will the cost of th
vibrometer

For further information on both the strain gauges and the laser vibrometer ref@pfmendix B
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2.2 Applications of UHCF Testing

In the new age of high speed components in advdrezguipment it has become apparent that these
new devices will be required to operate in fatigue conditions in the-gigde region of the SN curve.
In this section a typical example of whdd#iCF test dataan be used will be discusseditalicate
the applicationsfor UHCF testing The examplandicated here is just one example that was
implementedat Denel Aerostructures, howevérere are substantially more possibilities

One of the problems encountered during work on the Airbus A400M WFF (Wingetage Fairing)
project waswhere sonic fatiguewas considered This was requed for certification due td~ederal
Aviation Requirements andbint Aviation regulations (CS 25.571 subchapter d) where the structure
needed to be considered for sonic fatigualdire due to sonic excitation. The sonic excitation is
created via the impinging air pressure on the structure generated by the giant propellers used on the
A400M. This can bgerceivedfrom the size of the propellers in tHeigure2-5 of the AirbusA400M

Atlas

Figure2-5: Image of propeller size on A400M and blade number

Consequently the pressure distribution duettoe rotational velocity of the propellers is imparted
onto the structure including all subsequent harmonics. These different pressures can be estimated
for the entire structureand hence various pressure distributions are created for each harménic
typical pressure plot for one harmonic is indicatadrigure2-6.
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Figure2-6: Typical pressure plot of one harmonic of the blade pass frequency

Typically wherdealing with sonic fatigue the number of cycles for the first blade pass frequency
(BPF) can be calculatdased on a rotating propellepeed of 10.Blz 655 rpm). Consequentlyhe
typical cycles for the first blade frequency pressure over a 3 hour fiaght0,000 flight cycles is
given by

N;=10.9Hz]x 8[blades]x 3600 [sec/hourk 3[hour/FC]x 10,000[FCk 5[SF}4.7e10

Note: 10,000 flight cycles is the typical regulated fatigue ol life estimate for aaircraft. The
typical safety factor (SF) implied for fatigue is take® and 3 hours is the typical flight time.

Accordinglythe 5" harmonic will be five timethe first harmoniovalue where N=2.6e11. As a resullt
even though the stresses in the structure are low for the impinging pressure, the effect of applying
the load over the life of the aircrafwill destroy the structure long before 10,000 flight cycles is
reached if extrapoldon of the typicalSN(stress 8. cycleskurve is utilisedThis methodology is
indicated by the solid blue line Figure2-7.

Two options exist to obtain eepresentativefatigue allowable at the required number of cycles.
Either direct extrapolatiorfrom the known data up 1 can be implementedgenerally far too
conservative) The other option isome form of gradient change of tH&Ncurveto match known
test data One of the best knowmodifications to theS\ curvehasbeen suggest by HaibadB4]. In
this Haibach suggests that the typical Basquin SN relatiogsrep by,

Y& 0€Ei OwWEO
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Canbe modifiedby replacingthe powerk with 2k1 for cycles exceeding 18s defined by Gijve
[6]. This change equivalently reduces the gradient of the SN curve pasyd@s.However to use
this form of the SN curve it is required that the material conforms te theoretical modelThus it is
necessary to acquire data points in the ullvigh cycle region of the SN curve validate this
approximation for the specific material under consideratiém application of Haibacls indicated
for aluminium inFigure2-7. Thisaluminiumcurve is based on data obtained from ESBbgineering
and Science Data Unitpr aluminium 7050.The data experimental data of ESDU only went to a
maximum cycle range of 18ycles thus initially extrapolation was implemented.
SN Curves for Aluminium for Kt=1 based on ESDU, Haibach and IQF

10°;

[ , S =——ESDU 72015 - Al2024 i
I -~ i e L .| ===ESDU 72015+Haibach - Al2024 ||
\ A ' " |—IQF kt=1,AL2025,C=630,E=0.9 |
r . ‘ : RN o IQF kt=1,AL7050,C=630,E=0.9 ||

==-nBPF 655RPM

—_
o
N
T

v
[+
=}
%]
[/}
Q
]
10’ Approximately duble
0 the allowed stress
1004 i \\\HHS i \HHH\G i HHHET i \\\HHB i \\\\ng i \\\\HI1O\ i mi12
10 10 10 10 10 10 10 10

Cycles (N)

Figure2-7: Typical SN curves for aluminiufi]

The extrapolated solid bluecurve indicates that the stress allowed for the first harmonic (blue
square more than doubles if the Haibach modificatias used instead of the standard extrdated

(red dot) SN curve. As an exampilethe approximateapplicationstress from the impinging air
pressure was 10MPa in the structure then using epafation of theHCHHigh Cycle Fatigu&§N

data from ESDU the structure would have an RF (reserterYaxf less than one (indicated by lower

red dot). However, if Haibach is implemented then the RF will easily surpass one, even for the fifth
harmonic.The other two curves are extrapolated data for AL2024 which were addeihdicate

that even if a sepate material ischosenwith better fatigue properties the componémwill still not

be acceptable duto the over conservative nature of extrapolation.

The above Haibach affect has been verified using UHCF testing data to better estimate the affect in
the ultrahigh cycle region of the SN curve and has been implemented in the certification of the
Airbus A400MThis methodology was implemented in referendésand [8] and a comparison of
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the data of Stanzl| to that of the applied Haibach method is indicated b&lowlL2024 where the p
value of 5.9 is the reduced gradient from.&@or theoriginalcurve as per ESDU

SPEAK-N Curve Obtained at 20kHz for AL2024-T351 B=-1

: O measured data (CA tests)
==== |ower bound, p=53; K=1889
HIREEEEEED upper bound, p=5.3; K=2138
: lower bound; p=10.5; K=E621
upper bound; p=10.8, K=r43

100
S0

8O-
7O+

a0

Cyclic Stress Amplitude S [MPa]

50

40

Figure28Y | I A6l OK OdNBS O2YLI NBR (2 {dFyitQ

A similar method to Haibach is that of the stepwise SN curve suggdsMiayineset al. [1]. The
stepwise SN curve is the proposition of two logarithmic curves of varying gradient which are
dependent on the number of cycles for the same material.

In this mode] two different failure modes were noted which were based on a specific location of the

SN curveThe different modes of fatigue initiation and propagation that are observed in the mega

cycle and gigaycle domains are illustrated iRigure 2-9 showing micrographic cuts of coupons

(material 42CRMo4) after fatigue tests at=R.59x10 and N=5.75x16, respectively[9]. The

different initiation modes are evidenfThe upper image oFigure2-9 shows the tyjral surface
AyOfdzzaAz2y YR ANRSIK gKAT S GSKRSS et 26sSRGUEntdydluats A Y RA (
the two different failure methodstwo different slopes are proposed for a typical Basquin SN curve.



15

Crack Initiation on Surface inclusion

Mode A¢ Normal
Fatigue

Surface inclusion Detail of the inclusion _/

42CrMo4 Varea = 20um

Smax = 760MPa

R=-1

Nf=2.59x10°

Crack Initiation on Internal inclusion \
> Mode B¢ UHCF

Internal inclusion detail of the inclusion : Al _/
42CrMo4 Varea = 20 um
Smax = 760MPa
R=-1
Nf=5.75x10°
h =900 um

Figure2-9: Crack initiation in surface inclusion and crack initiation in internal inclusjép

Figure 2-10 illustrates data for Aluminium 2024/T3 tested on conventional fatigestt machine

(INSTRON 8501})]. One hundred specimens were tested at 13 constant stress levels and the
RAALISNERAZ2Y Ay fAFS (AYSlevklsi(240 © 1820 MPd). NlBrSgraphic cutéi NI y &
using SEM (scanning electron microscopy) revealed the existence of the two initiation modes as
shown infigure 2-10. Mode A was typical initiation via slip bands beft@ while after 10° cycles

the initiation was mainly due to inclusiorj$]. Thisreinforces the notion of stepwise-I$ curve

introduced by Murakam(i10] and Nisijimg11].
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Figure2-10: SN curve of aluminium alloy 2024/T3; R=0/1]

The literature showed that the fisbyeing affect wagmainly evident in steelsas indicated by
Nisijima[11]. Marines et al. [1] indicated that inclusions are evident at initiation in AlI20B3}
however, the fish eyeing affect was not directly evide@onversely Stanl2], Mayer[13] and Chen
[14] had no mention of any fish eyeing affects with the testing of AL2024.

One of the concerns that can be readily identified is what the effetgiing at such high frequency
rates has on the obtained data. In combination with this is the concern of whether the data at
measuredhigh cyclic rates is still applicable to equivalentley for lower rates over a plonged
period of time. Thus the scond modeB ofFigure2-10 couldbe due to the method of testing and

not the material itself.

The effects of the frequency of the load application on the fatiguaperties of materials haveden
considered by Papakyriacou [15, 16Japakyriacoyl16] indicated that no statistically significant
influence of cyclic frequencynothe lifetimes wasevident when compared to standard testing
methods Laird and Charslejl7] noted that inFCC (face centred cubic) materials it was found that
the cyclic frequency had a small effect on the fatigue properties due to the small strain rate
sensitivity of the material on shear stress. Typical FCC materials are aluminium, copper, nickel, gold
and platinum.This can be verified by considey the data 6 ALZnMgCul.5 which is an aluminium
alloytypically referred to as AL7075 in the Aerospamustry. The following data comparisons were
obtained for ALZnMgCul[5%6]:
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Figure2-11. Endurance data T6 (a), T66 (b) and T64(c) at 20 kHz (dots) and 100Hz (Ei&]les)

All the anne#ed materials indicated that for the region of °1® 10° that there was no evidence of

an endurance limit. The data indicated that for a 95% confidence level the data measurement
overlapped for all three test materiafer both testing methodsvhich indicated that the frequency

had little statistical effect on the results.

Papakyriacoyl5] alsoconsidered the effect of loading frequency on the BCC yhmshtred cubic)

and HCP (hexagonal close pack) material types. Typically BCC materials are Niobium and tantalum
while typical HCP materials are titanium and zPapakyriacou noted that work done by Roth and
Willertz indicated that~-CGmaterialsare notaffected by frequeny affects if adequately cooled for

tests carried out between 60 Hz and 20 kHawever, Papakyriacoudund that for BCC Tantalum

that there was significant loading frequencyeaits due to the cold working ohantalum when the
materialwas cycled a0 kHZ15]. This effect was not evident in the Niobium which is also BCC. This

is indicated in the extracted data curvesFigure2-12.
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Figure2-12: Endurance data of (a) commercially pure Niobium annealed and (b) commercially pure
Niobium cold worked, (c) commeially pure Tantalum annealed and commercially pure Tantalum
cold worked[15]

The effect of loading frequency on the HCP Titanium material indicated that theraoxggnificant
affect, but there was an affect for commercially pure annealed TitariLbj as indicated irFigure
2-13.
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Figure2-13: Endurance data for commercial pure anneal Titanium and Titan{d]

The identifying feature from botB ¥ t | LJ 1 & NR Hhatddp@rdlinglah thaSnterialitydpe
strain rate affects may be present but cannot be isolated based on the crystalline stradttive
material The effects seem to be more plendent on the specific material properties of each
material. Overallthe effect of the frequency of testing should have little effect on the fatigue results
for the materialsheingtestedin this dissertation since both specimens types wilbheniniumwith

a FCCerystalline structurewhich has been shown to not kaffected by the frequency otesting;
however this should be validated for each material.

Both Papakyriacou and Mayer did find that FCC aluminium was not affected by the loading
frequencywhen comparing 100Hz fatigue testing to UHCF testing at 20 kHzbddhés well for the
validation tests of thislissertationwhich will be based on AL2024 and AL7075.

2.3 Typical Fatigue Failures

In the testing of the specimens typical fatigue failures are exgkcIgpical fatigue failure is defined

by the method of load application. In general for each load cycle a striation is generated and these
build incrementally until the remaining cross sectional is no longer sufficient to support the
alternating load Thetypicalfatiguefailure ofa cyclic tension specimenirdicatedin Figure2-14.

Typical fatigue failures are indicated by:
A. Initial growth from a crack or stress
concentration.
B. Striation propagation (beach marks)

C. Final failure

Figure2-14: Typical fatigue failure mechanisiii8]
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Since the testing that will be accomplished in tfissertationwill be under tensiorand compression
with an rratio of -1 the following are typical failure patterns for HCF.

Tension - Compression Reversed Bending

Figure2-15: Typical failure method achieved during standard fatigue testjig]

In the Figure2-15, the typical failure method for reversed bending is also indicated. This type of
failure method should not be preseiih any of the specimens as this would indicate that the main
mode excited at resonance is hafpure axialmode but rather a combination of other modeand
possible bending modes

The literature indicatethat fish-eyeingaffects generally occun steek andinitiate by impurities or
porosities in the materialWhen this fish eyeing affect happens it is evident that no striation growth
was seenHowever all the literature on aluminium indicated no such fisyeing affet thus this
effect is not expeted to be found during testing.

2.4 Material Data Obtained

In this dissertationtwo materials will be considered namely Aluminium AL202%1and AL7075
T7351 These materialsill be used for the validation of the UHCF test system.

2.4.1 Aluminium 2024 -T351 Fatigue Data

AL2024 isa 2000 seriesaluminium with copper as the major alloying elementThe chemical
compostion is typically:0.50%Si, 0.50%-e, 4.9%Cu, 0.90%/n, 1.8%Mg, 0.10%Cr, 0.25%Zn,
0.15%Ti and 0.15%thers.The rest of the weight percentage is aluminium.

The T351 designation implies that the material is thermally solution-treated, cold worked and
naturally agedThe Tx51 indicates that the material is cold worked afterttbat treatment into bar

form. According tospecificationAS9100B:200the aluminiumAL2024T351 meets the requiremest
for T4 This is useful as MMPXBletallic Material Properties Developmeahd Standardisatiofas

fatigue data for T4 but not T351

Testing of AL2024351 has been accomplished by Stdh2] in Austria where datavas comjied
for both random amplitude(combined using Miners rujeand constant amplitudéoadingin air as
indicated inFigure2-16 on an UHCF testing machine
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Figure2-16: Fatigue data for aluminium 2022351, Stanz[12]
A typical UHCF specimgeometrycan be considered to have the following dimensi@sstaken

from the work of Chelfil4]:

Material Properties:
ol E=73.1GPa
V=0.33
" =2780kg/nt
[
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i
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[
: 37
[
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i
|
[

ok

Figure2-17: Typical aluminium 2024 specimehen14]
The data obtainedising the geometry oFigure2-17 for AL2024as defined byChenet al. [14] is

indicated inFigure2-18.
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Figure2-18: Fatigue data for aluminium 2024Chen[14]

Design data is alsavailablein many materialhandbooks;such data is indicated below and is
typically obtained using thstandardfatigue testing methodology on machinesplementingcycling
speeds up talOOHz.Data obtained from ALCOA (Aluminium Company of America) is indicated
Figure2-19.
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Figure2-19: Data for AL202419]
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Data of AL20244 and AL2024T3is availablein MMPDS20] and is indicated ifrigure2-20 which
will be usedor comparison since this should be the same as the T351 2024 aluminium.
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Figure2-20: AL2024T4 as per MMPD$20]
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Figure2-21: AL2024T3 as per MMPDR0]
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During further investigationadditional data from that of Mayer[21] was obtained using the
following specimen desigior 20kHz testing

Re)
Qi'l
A A
F— =X gv T HFET
I L N I A I I I
- A .
Y y
=30 10 ‘10
’ 52.4 ‘

Figure2-22: Specimen size for AL2024 datdayer[21]

The specimemeometry ofFigure2-22 was used for the examination of varying load ratdsl1, 0.5
and 0.1. The following is the datxtracted for the load ratio for-1 which is applicable to this
investigation.

250 f

200 ¢
175 +

150

125

Stress Amplitude, Ac/2, (MPa)

100

90 |

8O bl

10t 10° 10® 10" 10*° 10° 10"
Number of Cycles

Figure2-23 AL2024 data for load ratio ofl, Mayer[21]

The typical properties for AL202851 bar are:

E=105x10ksi=22395Pa[20]
Ftu=62ksi= 427 MP420]
Fty=45ksE 310 MP420]

T n o wm A=a70akg/ni[30]
. Fn@eyo

The yield (Fty) and ultimate (Ftu) strengths are given as a guide to see how close theyist
stresses areAll the above curve data was combined onto a singular curve to obigime2-24.
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Figure2-24: AL2024 ombine data

The combined data indicates that the data of Mayer and Stanzl have a good correlation and indicate

a Haibach affect from 10cycles. The data of Chen however indicates a much more conservative

trend./ KSy Q& LJ LISNJ KR y 2 RA NP Gafa hanveveérliflwasindtet yhatin2 2 K ¢
these test the2024 alloy idicatedductile facture as indicated iffigure2-26./ KSy R2Say Qi SEL
define the type oftemper of AL2024 that was usedhe data of Chen corresponds to the data of

MMPDS AL202%3 forcyclesless than 5x10 However for highecycles Chen predicts much lower

stresses for the same dg range of 10to 10° cycles.The reasons for this disparity in the data of

Chen are uncleaas the investigation was not carried out in the papBut it isbelievedthat the

variation in the data may be due to the application of the dumbbell formula of Roth used by Chen

which states

'“Eib(
AT

©
S| o
)>z

A, ¢ is the displacement at the end of the specimen,
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And the geometry is defined by:

1 1

- o4

= N l

3

Figure2-25: Dunbbell formula geometry definition[14]

However the specimen type implemented by Chen is that of the continuous curved specimen
indicated inFigure2-17. Thus this formula is very penalising on the stress/strain at the centre of the
specimen.A simple compariso A f f 06S dz&ASR (2 AYyRAOFIGS K2g 0O2ya
comparison willbe done by comparinghe equation2.30aof Bathias[4] for a hyperbolic cosine
curve specimen.The maximum straimt the centre of thehyperbolic cosineurve specimen profile
as defined by Bathiaequation 2.3044] is given by

AT AT OB
- 19— 5ETE
Where,
~ 0o LT
2% 5 ¢ %

Q is thefrequency(20000HZz)
- is the density(2768kg/nT)
E- is the, 2 dzymddulas(72.395GPa)
P .. .Y,
| 0—00[ w%l
f I Q
L,, R and R, are thegeometryof the specimen seBigure2-27.

Thus inplementing the geometry of K S gp@amenFigure2-17, the following maximum strain
comparson can bawveen Bathias and Chen

Chen ¢- p p&p1
Bathiasg - p o@no

Energy dispersive microscopy of crack initiation

Figure2-26: AL2024 cleavageacture [14]
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Consequently it is evident that if this is the formula employed indakeulationsof Chen, that his
strain and hence his stress will be slightly lower thaat bf Bathias by a ratio of 19.87%

The data of ALCOA was significantly lower than all of the indicated cur¥éguire2-24 which is
believed to be due to statistal knock down values to give a higher degree of confidemekto
form a Bbasis for design

The geometry of the varioug0 kHzZUHCF test specimelis summarised iffable2-2 based on the

geometricdefinitionsindicated inFigure2-27:

Eyq (or ezponential profile)

/

Figure2-27. Geometry definition for specimen as defined by Bathid$

Table2-2: Summary of Al2024 spauien Geometry

Geometric Configuration
Dimension Stanz| Mayer Chen
[mm]

RO 15 (10mm flat zone) 20
R1 No direct 4 5
R2 geometry 14 14
L1 available 10 25"
L2 16.2 12.51

It is evident fromTable2-2 that the specimen is sized depending on the horn configuration being
used as all thespecimenswhere implemented on 20 kHz UHCF testing machibkedortunately
most paper found in the literature survey did not give any information regarding the horn geometry
and thus no comparisons could be made.

! Estimated from scaled drawing due to missing dimension in refergidje
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2.4.2 Aluminium 7075-T7351 Fatigue Data

The AL7075 to be tested in thissertationis AL7075T7351. The AL7075 is a 7000 series alloy
indicating that its major alloyingomponentis zinc.The chemical composition is typically: 0.48%
0.50%Fe, 2.0%Cu, 0.8%Mn, 2.90%Mg, 0.28%Cr, 6.0%2Zn, 0.8%Ti and 0.15%0ther. The rest

of the weight percentage is aluminiurihe T7351 indicates that the material is solution heat treated
andoverageor stabilised This material is specifically resistant to stress corrosion icrgick

In the MMPDJ20] material data for AL707%nly the T6 (solution treated and artificially aged)
temper fatigue informationwas available as indicated Figure2-28.

T T
* | TO7S-T6 ALUM KT=1.00
: Stress Ratio

-1.000
- 0.800

L]

Maximum Stress, ksi

Mote: Stresses are based [
on net section.

102 104 109 108 107 108

Fatigue Life, Cycles

Figure2-28: S/N curves for umotched 7075T6 aluminium alloy20]

Note: The conversion of MPa tksiis given by: 1 MPa = 0.14503k51

Figure2-28 indicates that thenumber of cycles normally does not exceed &gcles for normal data
acquired using hydraulic servo actuated fatigue testing machines. However whesatiatesting
machines are used the data can easily exceédayi€les.

The American Society for Mdsa(ASM publishedfatigue data on light stictural alloys[22], for a
signficant range of cycles up tand includinghe UHCF regionThe datgprovided was obtaied for
AL70B-T73, seerigure2-29, for both unnotched and notched specimens using standard fatigue
testing methods. The data indiest that the material was testedvell past 16 cycles with no
significant indication of an endurance limiigure2-29 also indicées the typical AL707%6 band
which indicaes that the differencebetween AL7075T73 and AL707%6 for smooth specimens is
almostnegligible
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Figure2-29: AL7075T73 fatigue datd22]

A typicalUHCFspecimen sizing is defined Figure2-30 as extracted from the work dflopleret al.
[23] which considered the crack growth affect within aluminium alloys

(b)

R=60
[ \‘L _--._'__,..ﬂ-""
N ......................_.,......:d_...S... S
_.r""f.-_ __‘---""H._ h
L/2

L

Figure2-30: Aluminium 7075UAtypical specimer]23]

Where

d=3mm E=10.3x1%si=71016MP§20]
S=15 " T'n o wm A=R7mekeg/m[30]
L=82mm . rn[@d o

Unfortunately Hopler did not provide any fatigue data which could be used for comparison in his
publication.
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Data obtained from ALCOApesentedbelow:
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Figure2-31: Data for AL707%24]

The typical ultimate tensile strength of the AL707B351 is given as @&i which is equivalent to
469MPa.The yield stress of Al7075 is given as 56ksi (386MPa) while the compressive yieldiis 54
(372MPa). The PoissOmatio is 0.3320] (based on T7351 or AMIQA-225).

The other name typically given to Aluminium 7075 is AlZnMgCul.5. This material indicated the
following data inFigure2-32 as completed byPapakyriacouet al. [16] for two different test setups
one at 100Hz and the other at 20 kHz
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Figure2-32: Papkriacoudata for AL7075 (AlZnMgCulT5)[16]
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The data irFigure2-32 indicates twosets of data: One testing on a servo hydraulic fatigue system at
100Hz while the other data was provided by an UHCF testing machinek&tzZ2Qverall it can be
seen that the effect of the differentyclic loading rates hasregligibleeffect on the findresultas
discussed previously

All the data for AL70780m the presented literaturdnas been combined inta singleFigure2-33.
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MMPDS 7075-T6 A ASM Fatigue Data: Light Structural Alloy

Figure2-33: AL7075 combined data

Looking at the final combination of all the AL7075 data it can be seen that holisticallyishe very
high spread of thadata. Thus the use of the estimated equatiqirend lines)as providedin the
documentationsuch as MMPD&nd ALCOAanbe misleadingsince the fatigue dathas a significant
scatterin general

The scatter of fatigue data is generally owing to the following possible sources:

f Corrosion and aggressive operatiegvironmentsl FFSOG (G KS aLISOAYSYyQa
tests perforned over long periods of timekor example humidity will play a role in a fatigue
test which is subject to long test periods if the laboratatges not have a controlled
environmentwhichis not always the case.

1 Surface quality of the specimens has possible variation

1 Machining of specimens can deteriordtiee fatigue life if the parts experienceany high
temperatures or sudden forces during manufacture.

1 Typicallyif the tests are spredover large periods of time, then thepecimenswill be from
different material batches of varying properties.
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3 PRODUCT REQUIREMENSPECIFICATI®I

The product requirement specification (PRS) for this design project can be summarised as by the
following flow chart:

Hardware
| Rig A ——
! E - J ! : 9 . 1
2 } | Lo Q2 [ Optical Sensors] |
8 Converter | | 2 :
——] - J 1 | [} 1
s [ _— c :
B ( A 9 |
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S Vi 2 i
‘ > Amplifier ! o 1_ ___________ !
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Figure3-1: PRSor Design
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3.1 Identification of a need

To date,there is no facilityin South Africacapable ofobtaining fatigue design SN data curves
exceeding 10cycles a short period of timeConsequently the need for an UHCF testing machine is
a viable desiginnovationfor advance manufacturing in South Africa

3.2 Requirements
The requirements of the UHCF test rig are defined as:

1 The rigwill be modularin desigrto allow for future development and tests

1 The setupwill be able to produceepeatableand reliableultra-high cyclefatigue test results
for all ferrous and notferrous metals

1 The systenwill be a standalone system whereby all features are capable of being created
without the need for engineeringpecificlicenced softwargackages

1 The testsystemwill be able to run continuously with minimum operator intetian.

3.3 Constraints
The constraints of the system can be defined as:

1 Operating frequency of the system will be 20,000 Hz.

T ¢KS GSad MagdeQdy shodltl belzduffidiently separated from the operating
frequencyof 20 kHzto preventresonanceeffectsof the rig.

9 The rig must be able to be operated using 240 Volt, 50Hz mains power supply

1 The system must be able to be placed in a standard room of naxisize 6 metre x 6
metres. This is the maximum allowtaboratoryspace at Denel Aerostructures (DAe).

3.4 Criteria
Thecriteria that will help to decide between the possible designs will include

9 The test rig should also be able to perform varying R fatigties without the need for
drastic changes to the setup.

9 The test rig should allow for the possibility of testing composites in the future.

1 The rig should operate in the smallest possible space to minimise the neathfge testing
facilities.

1 The mamfacturing costs should be minimised to keep additioRa&searchand Design
funding available for testing.

1 The costs of the full system including all code and hardwesedo be kept to a minimum.

Operational costs should be kept to a minimum.

1 The systenshould be aesthetically pleasing

=
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4 DESIGN

During the design three iterations of the system were created which will be referred to as:

3.1. Mark 1 ¢ Initial proof of concept tessystem

3.2. Mark 2 ¢ Rg manufactured with strain gauge and lasérometer measurement
systensimplemented
3.3. Mark 3 ¢ Final design implementing only the laser viboromeisrthe measuring device.

4.1 Mark 1 - Proof of Concept

4.1.1 Concept

The Mark 1 conceplesignconsisted ofinoversizehorn; seeFigure4-1, manufactured from Al2024
The horn wa oversized on one of the cylindrical sectipas indicated irrigure4-1, so that it could
be machined down on an iterative basis to obtain a correct resonance frequen29 &Hz The
purpose of thidesignwas

1 To allowfor comparisons to be made with the 2 dimensa2D) and 3dimensioral (3D)
finite element modeldor verification and validation

1 To ensure that the off the shelf purchased Branson power supply and converter were
sufficient to setupand maintain an axial wave in tlpecimen for a suitable timpeeriod to
obtain failure or initial crackig of thespecimen

1 To test if readable data could be obtaihusingtypical foil gauges in a Hfubridge tension
configuration

1 To validate the effect of the strain gauges on the frequency of the system and thus to
determine if the horn design needed &xcount for the addition of strain gaugestra mass
and stiffness

1 To estimate if thestressat failure could be calibrated to the analytical solution detirsy
the wave equatiorusingthe input ofthe strain gauge

4.1.2 Design

The Mark 1 was designed to bepeoof of concept design. In that it was used to verify that the
Branson power supply could be used to setup a standing wave in the spedhezaby
generating fatigue failurdf this couldbe done it would give confidendbat an UHCF machine
could be nanufacturedand be used to obtain UHCF da#d this point no rig was manufactured
and theconverter was simply run in a horizontal positioma wooden table.
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Figure4-1: Mark 1 proof of concept horn with two gauges indicated

The calibration process was accomplished using a Branson horn anal¥@@A#rough continuous
modificationand retestingof the horn and specimen combinatiohe nodification of the horn was
accomplished byemovingmaterial from the oversize end as indicatedRigure4-1. The resonant
frequencyof the horn and specimen combinatiamasobtainedby varying the frequencinput until
the applied current reduced to a minimunthe typical setup is indicated figure4-2, where the
horn and specimen are being tested in unison.

Frequencyinput
specified

Figure4-2: Branson A200A horn analyser

The specimens were sized such that the maximum dtemat the throat of the dumbbell was 3mm.
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The specimeffior the Mark 1 tesspecimerhad the following dimensions:

I

II
Dumbbell throat ——— > Rlel
|

F
|

4.82

10

M6 Steel grub
Figure4-3: Mark 1 specimen sizing

FEMModels Comparison

To better understand thesystem FEMFinite Element Methodinmodelswere constructed Initially

full 3D FEMmodelswere implemented;however, these modelsvere difficult to create andook a
considerabletime to execute Thisis problematic for irative optimiséion of the horn and
specimen. Anuch more efficient option was found to be that of t@® axisymmetric FEM model.

One of the concerns was the correlation between the 2D axisymmetric and that of the 3D FEM
model. Subsequentha studyof a simple cylinder was undertakavhereby the MatlabFEMcode
wascomparedwith the 2D axisymmetric models of MSC Nastadthe 3D modelling techniques

Thecomparison was compiled for a cylinder of radius 15mm and length of 100hentwb models
weredefined as follows:

1 The first model was that of a 2D axisymmetric model, consisting of linear triangular
(Tria3¢ see appendixXC.4for definition) elementsof height and width equivalent to
0.5mm, sed-igured-4. The total number of elements in this model wi5000.

Figure4-4: AxisymmetricTria3 elementmodel
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1 The second model wasTeaet10 ful three dimensiona{3D)model, which wadpased
on anelement side length of 2mm. Thus the total number of eleméntthe model
is 92,825

Diamet
30mm

Figure4-5: Tetl0element3D model

The following modes shapes and respective frequencies were obtained for each model between
10,000Hz and 3®M00Hzand aresummarisedn Table4-1.

In the axisymmetric FEM modeinly one mode was obtaineid this rangeat 25,2@Hz This mode
was an axial excitation modgas indicated irFigure4-6. Thenatural frequency was obtained using
the Matlab FEM codeausingfull integrationand compared tahe 2D axisymmetric FEMhodel in
Nastran. The Nastramodelhad a frequency of 25,204HEhe Matlab code compared well with the
Nastran axisymmetric FEM model, to Wwihin 2 Hz of each otheiThe main reason for thereation
of the Matlab FEM code i® allow for the specimensand hornsto be designed withoulicensing
requirements This enables the UHCFsystem to bea seltsufficient unit, oncethe Matlab code is
compiled to an executable

Figure4-6: Mode shape for axisymmetric model

The 3Dmodel indicated differentfrequencieswithin the selected rangehowever for the axial
excitation the mode shape and frequency matched the axisymmieENmModek.
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Table4-1: Tet10 freqencies (10 kHz to 35 kHz)

MSC Nastran

Mode Matlab 2D

Number | Axisymmetric 2D 3D

Axisymmetric| Tetl0

11 289

11 289

15813

25071

25071

25202 25204 25203

N[OOI~ WIN (P

31624

The seven mode shapes for the TetIDrBodel are indicatedn Table4-1, with the corresponding
axial displacement mode highlighted in red to show the direct comparison t@Ehaxisymmetric
modelling tetinique.

It can be seerthat for the same mode shapthe frequency only differs by Hzbetween the 2D and

3D methods Of course this is for a very fine axisymmetric mesh size of 0.5mm by 0.5mm.
Consequentha studywas undertaken to explore the effect fcreasing the axisymmetric mesh size

to 2mm by 2mm.The obtained frequency for thiarger element size wea25199Hz (Nastran) and
25,199Hz (Matlabjn the range of 1M00to 35,000Hz.

2mm

<

v
N fo—
2mm

Figure4-7: Mode shape and element size for 2mm square axisymmetric element

It was discovered that as the element sizas increasegda noticcable derease in the frequency of
4.4Hz occurred. This is a 0.02% error on the Tet10 rbdel ¥ NBHpwiegey thedtime saved in
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computation and complexity makes the slight error acceptableereforeit was decided that the
Matlab FEM code created wouldonly consider axisymmetric elements the calculation of the
frequenciesof the horn and specimens. Thmain reason for this is that the Tetl0 mod@D
modelling elementwould take vastly higher computation times to complete as compared to the
axisymmetric model.

The Tetl0 model is useful in defining which other #acial modes are relatively nedo the
operatingfrequency regiorof 20 kHz.This ishelpfulin eliminatingtheseunwanted modes which are
near the excitation frequency of 20 kitrough designmodifications Therefore the specimen and
horn should be initially sized using the axisymmetric 2D FEM maAéter whicha final full 3D FEM
model should be createdf available}o validate that all other nofaxial modes are sufficiently far
awayso ago not be exded at the 20 kHz frequency input.

Theaxisymmetricelement is 2D in naturghus the Matlab code started out by first considering the
modal analysis solution of typical Quad4, Quad8 and Tria3 elenmaptementing 2D plane stress
and strain,as defined analytically iPAppendix CUsing this as a basdéhe solution of the 2D
axisymmetric element is a simple manipulation of the tria3 and quad4 ceithssubtle integration
changes The axisymmetric code generation and methodology is indicatégpendixC.5andC.6

Three integration methods were implemented namely the full, reduced and area integration. These
were validated against MSC Nastran for only the TRIRBA3X as defined by Nastratdment type

for one, four and eight elements in combination. Unfortunatdlye QUAD4 element type is not
supported in Nastran for axisymmetric modelliridpus this element has not been validatedls a
result the Quad4 element is not used for the sizibigthe horns and specimen The modal
frequency comparisons showed a high degree of correldbothe fullintegrationmethodwith that

of MSC NastrariThis is indicated ifable4-2 and Table4-3 for one triangle element

Table4-2: Lumpedmass frequency comparison for one TRIA8maknt model

Solver Nastran Matlab
Integration Standard Full Reduced Area

method

Mode # 1 0 0 0 0
Mode # 2 34187 34162 0 0
Mode # 3 46439 44554 34531 55210
Mode # 4 71474 71017 66382 189700
Mode # 5 110022 107540 78473 254550
Mode # 6 140776 134884 131351 979720
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Similarly the resultene element using a coupled mass maisiidicated inTable4-3.

Table4-3: Coupled mass frequency ogparison forone TRIA3 element model

Solver Nastran Matlab

Integration Standard Full Reduced Area
method
Mode # 1 0 0 0 0
Mode # 2 64813 64323 - 0
Mode # 3 91378 87750 - 9050
Mode # 4 120162 117099 118010 29410
Mode #5 152849 154899 - 50470
Mode # 6 310705 306293 - 176820

The comparison was also completed for 4 and 8 TRIA3 element combina&m&ppendixC.7
Overall the FEM models indicated that the Full integration method provides the bestadata
compared to that of Nastran.dthce thisintegration method will be used for all indicated results

this projectand be used for the horn and specimen sizifige reduced integration method had
some complicationswith the inversion of the matricesThus some of the modes had infinite
frequencies. These frequencies are indicated with a dash in thedalue to this effectthe
reduced method was not considered for sizing of specimerand horn.The area method had good
correlation for certain modes however other had significant deviations. Therefore this method is
used only for referenceThroughoutthe designLJK | Hustifeavalidation was completed for each
horn and speitnen design to improve confidendée the Matlab FEM code.

The horn and specimen for the Mark 1 were analysed using thex®&ymmetricFEM code and a
frequency 0f19,935Havas obtained.This mode was verified using MSC Nastran to have the exact
same frequencyThe axial mode shape in the rangel®000Hzto 30,000 Hzis indicated inFigure

4-8. The frequency obtained from the FEM modetsrelated well with themanuallyresized horn
andspecimencombinationas indicated irfFigure4-2 which estimated a frequency of 19,893Hz.

Figure4-8: Mark 1 horn and specimen combination axial mode

Validation of Branson System

The Mark 1 system indicated that the Branson power supply and converter would be sufficient to
generate an ultresonic fatigue failure in a correctly designed specimen and horn sthdke
diameter of the specimencentre is smalenoughthen the crackis capable ofyrowingthrough the
entire test section of the specimen causing an abrupt faildieis is due to the fact that the crack
growth has nosignificanttime to affect the stiffness of the stack Consequently he resonant
frequency remains in th@perating range of 20,0a50Hzof the Branson power source for the
duration of the test If the frequency of the stack exceeds tbperational range then the power
source is required to give more current to the piezoelectric conveiférsmay cause dange and
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hence the Branson system automatically shuts down to savecthweverter Converselyif the
specimen diameter is large enouglhichwould allow the crack to grow slowljairough the section.
Then the crack caaffect the stiffness and hence thesonant frequency by more than 50Hz. If this
is the casehen the testwill be forced to stop due to theonverter andpower supply limitationslf
this happens itvould then require a residual strength test or tensionttés break the remaining
area ofthe specimennot affected by the crack growtiherebyrevealngthe failure surface.

Validation of Srain Gauge Data

The strain gaugeystemof the Mark 1designconsistedof homemadepower supply, seéppendix
D, and the use of a signal conditioning system received from Denel DynamicssiJingd
conditioning system was initially design to be used to measure low cycling stre3hes it
implementeda low pass filter. The low pass filter was removed and validated using Matb)
Appendix D to produce the correct udfiltered data The validation process volved passing a
mergedlow and high frequency signal through the modelled circuitry in Matlab usingldatronics
toolbox. This indicated that the full signabs passed through the camp without any filtering of
the signalif one capacitorwas removed This dataacquisitionsystem provided a lot of background
noise which masked the strain gauge data and hence the system waeffeative for the
monitoring of the systemAccordinglyfor the Mark 2 design a second strain gauge condition system
was implenented. In future studies asimple battery mayrove to bethe most costeffective option
for the system instead of the personal computer power supply.

Effects of Srain Gauges on Resonant Frequency

Duringthe initial setup a concermwaswhat effect the stain gauges would have on thresonant
frequency of the system. As a result therns werescanned before and after the strain gauges were
applied The following natural frequencies were obtained using the Branson Horn scan saftware
indicated byTable4-4.

Table4-4: Frequency Comparison

Frequency of Horn
Test Number With Strain Gauges| Without Strain Gaugs
[HZz] [HZ]
1 20071 20089
2 20076 20 086
3 20073 20 089
4 20070 20091
5 20075 20 085
6 20 068 20 087
mean 20072 20 088

During the scanning of the horn®r the resonant frequencyit was noted that there waa scatter
in the modal frequenciesbtained The presented data cfable4-4 are six consecutivetests to
obtain a statistical understanding of the error in the modal frequency measukagpical Braason
horn scan output is indicated irigure4-9 for onetest scan without and with strain gauges.
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Figure4-9: Typical horn natural frequency before gauges are applied
The results of theseestsindicated that the resonace frequency of the horwas 20088 Hzprior to

the application of the strain gaugegfter the application of the strain gauges the frequency was
only 16 Hz different at 2M72Hz.Thus the effect of the gauges had a negligible effecthe system
frequency It was noted that thehorn scans hadignificantvariability, as a resultthe mean of six
recorded values for each configuratiovere consideed to give more clarity.Another noticeable
fact was thatthe frequencies increaskwithout the strain gaugesThisindicatesthat the mass of the
strain gauge had a greatereffect on the frequencythan the additioral stiffness added by the
bonding of thestrain gauge to the surface.
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Figure4-10: Typical horn natural frequency after gauges are applied
Estimate of Cycles to Failure and Corresponding Stress

Initially it was hoped that there would be specimengo allow for a good validatiomia correlation
with existing data However, due to manufacturing difficulty only one point was available. Single
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proof of concept specimen was recorded using a stopwatch to fapprtoximately363.5secondsat
100% power outputlt was estimated that the error in reaction time of using the stop watch was
conservatively taken a8.2 seconds.The time can be used directly with the known frequency of 20
kHz to obtain a total number otyclesof test to failure Thus a total number of cycles of
7.27x106+4,000 cycleswas obtained The variation of the cyclesannotbe meaningfullyviewed in

the semilog plot of the SN curvier cycles exceeding 1&nd hence the error bars are not plotted.

Too determine thestresson the SN curvéhere are two possibilities to identifywhere this test point
should liefor the known cycles

1 Use the known cycles with an applicable SN curve from literaturebtain the
stress.

1 Use the known maximum output displacement of the converte obtain the
calculated stress using the Matlab code and the analytical wave equation.

The second method provides a better approximatiotiether the Mark 1 is providing valid data.
Thus he stress was calculated assuming a maximum input piml8s defined in the Branson
specificationfor 100% performance operationThe analytical stress at the specimen centre was
estimated to be 103MPa. The analytical solution is indicateignre4-11, which depics$ the horn
and specimergeometry in the first subplot and the displacement together with 8teess in the
subsequent subploteespectively

Cross section variation
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Figure4-11: Analytical solution for proof of concept test
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4.1.3 Results

The proof of concept test indicated that the life of the specimen would be approximately 7.0x10
cyclesfor a stress of 103 MPda his waplotted againstthe known data of sectio2.4.1in Figure
4-12.
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Figure4-12: Proof of concept comparison to known data

4.1.4 Discussion

This Mark 1 design identified a few fundamental problems that were corrected for the Mark 2
design. These problems were:

9 The throat diameter of 3mm, as indicatedkigure4-3, was problematic for manufacture as
during turning there was a high probability that the section would fail. Out of the 6
specimens specified foproduction only one specimen made it to testingven for the
specimens that did not fail there was a concern that the specimens could bfatgeed
during manufactureThis could occur during turning as tool loading may induce cracks or
damage within the specinme Consequently the diameter at the centre of the specimen was
increased for the Mark gesign

1 The step from the horn to the specimen was problematic for the computational analysis of
the wave equation as described in sect@i.4 This was due to the fact that the ODE solver
within Matlab is only sufficient for the solution of smooth continuous functions, whereas the
step creates a discontinuity. A solution svereated that implemented two ODE solvers, one
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for the horn and one for the specimen. The boundary conditions at the interface were
matched assuming the displacement and tbteain at the interface were equivalenthis
modification of the code is indicatl in AppendixG.3 however for the Mark 2 the step will

be removed.

I The testing of the specimen in the horizontal position was not ideal to the fact that as
the specimerbegan developing therack inthe centre it also experienceél some bending
under the weight of the dumbbellThisis not appropriate for a pure tensiecompression
fatigue tests. Thus all future tests for the Mark 2 will be accomplished in Yeetical
orientation.

9 The use of steel grub screws connect the horn to thespecimensignificantly affected the
frequency of thestack Due to the density and stiffness differencesf the grub screw
relative to that of the specimen. Thus it was decidedttthe connection method for the
specimen should be created from the same material as that of the specimen itself for future
designs. The grub screw also added an additional element of complexity and inconsistency
to the system. A the screw could easilgosen during testing from either side and create a
false reading or stop thtest.

The measureddata point conformed favourably with the data of Chenal. [14] thus validating that
this hardware could provide theecessangata for a UHCF test systefurther tess were however
necessary to ensure the statistical viability of the test.

The testalso showed that a suitable method of counting the cyslenore accurately than a
stopwatch was needed to improve the accuracy of the systetngether with a reliable
displacement/strain measurement syster@onsequently the Mark 2 was designed to improve on
the current starting point of the Mark 1 design.
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4.2 Mark 2 zInitial Rig Design

4.2.1 Concept

The development of the Mark 2 design was an evolution on the Mark 1 discussed previously. The
improvements implemented followed directly from the problsndentified in the Mark 1 teshg
together withfurther application improvements to meet the PRS.

4.2.2 Design
Rig
This design was the first design to be incorporated inrtoglular test ig. The design of the rig was

completed with the PRS in mindnd thedesign drawings are indicated Appendix EThe complete
rig setup is indicateth Figure4-13 below.

Top Support

Pillar

Base Support

R«  ;
T
/Ib"//f/ oot

', e Base of Test Rig
— ;

Figure4-13: Test rig construction

The rig was created from mild steel to keep costs toisimumand allow for more testing from the
remainingbudget. The top support is manufactured from Aluminium to make it light to allow for
easy sliding on the pillar$he rigwas not sprayed so as to minimise cost and thus the bare material
colour is maintainedvith corrosionresistant oil appliedNo chamfersor radii were specified on the

part to minimise manufacture, complexity, time and cost. The lack of chamfers does give the rig a
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slightly less aesthetically pleasing loolt this is offset by the savings in manufacturiggk S NA 3 Q&
foot print was design to béess that 500mm x 500mm. This allows for the rig to be placed on most
commercially available tables.

CJ20 Converter

Additional Mass
Location

Aluminium Booster

Branson 2.5 DCX
Power Supply

Figure4-14: Test rig combined with the actuating systenmd power source

The design philosophy used in the creation of the rig was to make the rig as seclassaable as
possible while allowing for possible alterations in the future for different tests. This may include

1 Changing the mean stress loading titain R ratios other thanl. This will be
achieved by loading the top support while the horn will need tarbeored on the
other side of the specimen and be bolted directly to the balee specimen can
then be loaded with a constant tension or comgseén and then the 20 kHz UHCF
load can be appliedA loading mechanism will need to be designed for this set of
testing.

1 Allowing for the combination of normal fatigue loads and UHCF. This can be
achieved byricorporating the rig into a conventional fatig testing machine to
allow for the testing of the combination of UHCF and HGHor the various Ratios
setup, the horn will need to be mirrored about the specimen and fixed to the base.
A grip will need to be created to allow the top support to be mected to one of
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the Instron Fatigue machinest DAe The vertical pillars will need to be ed to
allow for a smooth sliding action to occas per the sliding fit specifiddr the top
support

Threaded holes were created in the upper support to alfowthe addition of masses in the event

that the natural frequency of the rig is excited by the actuator. In this situation masses can be added

to the test rig to modify theA 3 Qa y I ( dzNJ f T NB |jintiSaediiFRjdren-14ako%ed S K2 f S
However since the clamping of the rig is applied to the boosters nodal line (point of zero
displacement) this should never happen, unless damage to booster has occlinesd. holes may

prove advantageous fofuture modifications of the rig or may even be used to compress the
specimen for futurecompressiveR ratio testsDuring testing the Rig was checked using the laser
vibrometer and found to experience minimal displacermen

Horn

The horn was designed by optimising a 2D axisymmetric model of element size 1mm byrienm.
Matlab code developed was used and validated against the Nastran soltitietnorn model was
found, using the Matlab codep have an operating resonantefquency of 1980 Hz (9,980 Hz
Nastran)when the dimensions of thénal horn wereimplemented. The harmoniaxialmode d the
model is indicatedn Figure4-15 and the material propertiesised are as per sectior2.4.2 for
AL7075

Figure4-15: Axial resonance mode of the AL7075 horn design

Only one horn was manufactured for testing as the power supply will allow for variation of the input
displacement whichn turn will vary the final stress experienced by tbpecimen There are 100
increments in power available on the power suppllyis effectively allow$or one hundred different
stress variations per horn design.

The 2D FEM analysis was validated against a full 3D Tetl0 element model consisting of 18,035
elementsin MSC NastranThe two methods showed good correlation with the frequencyhef 3D
FEM model being 19,978 Hz (a difference of a mere ZH®.3D model is indicated igure4-16.
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Figure4-16: 3D FEM Tet10 horn model

The nearest modes to the axial mode were identified using the 3D model in MSC Nabedirst
mode below the axianode wasobtainedat 16,424Hz which waskendingmode. The next highest
mode is a circumferencexpansion mode at 23,646Hhesemodes are indicated iRigure4-17.

™

Bending Modeg 16,424Hz ExpansiorMode ¢ 23,646z

Figure4-17: Nearest noraxial modes

Thesemodes are at least 3,500Hz away from the excitation frequency of 20,000tz provides a
safe operating frequency nge for the current horn desigrirhe reason for determining that the
frequency separation isafe is based on the considerationf the one degree of freedom
amplificationequation given by

o P
0
0 0
P o 1 o
Where
Q - is theexternal excitatiorfrequency
Q - is the resonant frequency

| - is the damping assumed to be 2%, 4% and 6%
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Using this equation it can be shown that for the various damping ratios the amplificéio
significantly reduced &,500Hz from the 2@00Hz peak. This variation is indicated-igure4-18.

Figure 4-18 indicates that for 3,500Hz either side (reertical lines) of theresonant peak of
20,000Hz The amplification is significantly less. Using the highest damping (6%&®nthek down
factor between the peak amplification anthe amplification 4 3500Hz offpeakis 2.78 (8.33/2.99)

as compared to 2% damping with a knock down of 8.03 (25.00/3T¥pjcal aluminium damping
normally lies around -2%. Thus these modes should be sufficiently separated from the operating
frequency to not be exciteduting testing.

Increasing dam;ling
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Figure4-18: Amplification affects for one degree of freedosystem

Thedisplacementamplification factor of the horn alone is calculated using the Matlab code to be
3.01 and the displacement over its length and consequent strain for a 10 micrometre input
displacement is giveby Figure4-19.
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Horn Analytical Calculation
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Figure4-19: Analytical displacement and stress variation of horn length

Measurement System

In the Mark 2 desigimplemerted a combination of strain gauges aadPolyteclaser vibrometeffor
the measurement system. The laser was implemented to validate the strain gauges and to prove
that the strain gauges can be used effectively on their own to monitor the system.

The strain gauge setup of the Mark 1 was replaced by a more sophistitai@dard TP-8000
power supply which provided less noigethe signal. This is visually apparent from the comparison
to the two power supplies respectivmitput signalsurvesin Figure4-20.
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Figure4-20: Comparison to powegenerator noise output
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The improvement irsignal to noise ratio is clearly visibleRigure4-20 which shows the output of
the two different power suppliesFigure4-20 indicates two differentscales;this was due to the
implementation of two different signal conditioning boards with different gains. @ihta was
created sing a shunt calibration system from HBgl discussed iB.2.2 Thedataindicates that for
the same resistance change on the shunt systemvibiéage change recordd is different forthe
two signal conditioningystemswith the Mark 2 data producing a more expected trend

The Topwardpower supplyfor the Mark 2 design was used in conjunction witkignal condition

board that allowed gains of approximately600. Tlis is the final power generator and signal
conditioning system used in the testisgstemas it provided the most stable data@his strain gauge
system was implemented for the Mark 2 and validated against a laser vibrometer from the CSIR
(Gouncil for Scietific and Industrial Research)

A comparison of the stressebtainedduring the Mark 2 testingjsing the laser vibrometeand the
strain gauge were correlated to indicate if there was a direct comparseerigured-21.
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Figure4-21: Comparison of strain gauges to laser

Overall here is a reasonable correlation between the stress measurements obtained wsiig s
gauges and the laser vibrometérhe data obtained for the two AL7075 tests indicated an almost
exact correlation However the AL2024 data does not conform to any norni$ie strain gauge
measurement systerhad one fundamental problenin that due to the high fatigue loadsmposed

on the gaugesthey kept failing and needed repair on a constant basis, almost once per specimen.
The failures varied from direct gauge damage to connecting wiring failing at the sbldeproved

very time consuming andhisome cases both gauges would fail duting same test if not for the

laser vibrometetthe test wouldhaveneeded to be stopped and the strain gauges replagetixed
before contnuation of the test could go ahead.
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Thelaser vibrometerdata alsoindicatedsome rather peculiar data spikes, segure4-22. Similar

data spikes were noted in the strain gauge dathere are two possibilitieas to what these spés
represent Ether these spikes are simple data logging errors or they are real displacement. $pikes
thesespikes are indeed real, thehis would mean that the strain gauges would seeehighover
stresseswhich could cause them to fail prematurgl however failure was not evident in testing
These spikes would also cause crack retardation which may improve fatigue life data. However, since
these fatigue tests are only run tidrackinitiation this will not pose a problem in the final data.
Figure4-22 represents the direct voltage measurement as received from the Laser vibronvéter

the scatter spikes indicated.hese data spikes are believe to be ghostinthe data acquisition as
some of the results indicated stress values sufficiently high enough to cause ultimate failure of the
specimen. However this never occurred indicating that those spikes are not valid. Hermeldse

for these data spikes are goted and since there are only a few per test, their average has a
negligibleeffecton the overall average maximum stress of the test.
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Multiple data spikes
Figure4-22: Laser vibrometer data foAlI7075 horn and Al202test specimen 4

Specimen Design

The design of the specimen followed the same procedure as that of the mitially the specimen

was sized using the Matlab axisymmetric FEM methods. The specimen was then verified against the
MSC Natran solutionof both 2D and 3D model$he 2D mesh of the specimen was define to have a
total of 4464 TRIA3X elements. The model and the dix&lmode within the range of 10,000Hz to
30,000Hz wa at afrequency 0f20,057HZ20,057Hz Nastragnd isindicated inFigure4-23.
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Axial Mode at 20,057Hz

Figure4-23: 2D Specimen model and applicable modelid kHzto 30 KHzange

This model was verified against a 3D FEM model using Nastththaraxial mode is indicated in
Figure4-24. The axial mode frequency in the range of,@Hz to 30000Hz wasobtained at
20,060Hzfor the 3D model This axial frequency mode compared well with the &symmetric
modelling technique further added to the confidence of the Matlab FEM collee next nearest
frequencies are bending modeat 16,869Hz and 49,359H&s for the horn the separation of the
nearest frequencies exceeds 3,000Hzs theamplificationof these modes a0,000Hzis low and
even if a crack generates thehe frequencies vary by50Hz the other modewill not be excited
due to the significant frequencseparation

Axial Mode 20,060Hz

Axial Mode 16,8681z Axial Mode 49,3581z

Figure4-24: 3D Nastran FEM model
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Specimen Stress Estimate

To estimate the stres experienced by the specimentransfer function was creatkfor both the
laser and the strain gauge measurement systefiss transfer function is used to go directly from
the voltage measuredy the strain gauges or laser vibrometer the stress at the centre of the
specimen.

Laser Vibrometer

The laser vibromter acquired data at 1 m/s/V.hlis the voltage received is directly converted to a
velocity by simple multiplication:

a_, L a
0 WW pi—Tw wi—

Note: units are in the square brackets with [m] being metres, [s] seconds and [V] volts.

Where
X- Is the input voltage read from the laser vibrometer,
V- Is the velocity at the end of the specimen which is sinusoidal in eatur

Themaximumdisplacement is then obtained using the amplitude of the velodityak indicated by
equation35in AppendixB.1

0 0

Q - s
OV ¢*QTnnnm

This gives the displacement at the end of the specimen wdacimow be related to the stress at the
centre of the specimen biyeratively solving the wave equatidhuntil the displacement at the end
matches what the laser is measuriag indicated irFigure4-25. The solution of the second order
differential wave equation is obtained using the ODEA45 solver in Mailak. ODE solver uses the
displacement amplitude input at the start of the horn as a parameter which varies the stress
calculaed in the specimenThereforethis input is varied using an iterative bracketing convergence
method untilthe displacement athe end matches the lasers displacemefihe code is indicated in
AppendixsectionG.2 The typical displacement variation over the length of the stadkdiated in
Figure4-25.
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The Matlab code ofAppendixG.3.1and G.3.2were used to create &alibration curve (transfer
function) that directly takes the dispcement at the end and outputs the resultant stress at the
specimen centre. This transfer function is indicatedFigure 4-26. This wassimilarly done for
AL7075 where the equation varied slightlgs compared tAL2024 and was define 65 @& ¢ @w

It is noted that even though the distribution of the stress along the specimen islimear, a
comparisorof end displacemento throat stresshas a direct linear rationship.
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|
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20 4|O

Figure4-26:

End displacementym]

Lasewibrometer transfer function of AL2024
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Strain Gauges

The strain gauges measure strain direfthm a location 25mm from the start of the horn. Thus the
same procedure is implemented as above however the convergence is done on the strain and not

the displacement. Thus the point at which the strain is matched is indicatéigiime4-27.
Ultra-sonic Fatigue Test Specimen
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Figure4-27: Typical displacement, strain and stress output
The strain gauges are located at 25mm from theeadfjithe horn. This measurement is indicated in
Figure4-28.

Connector pad for
connection to DAQ

Two strain gauges
forming half of the full
bridgecombination

Figure4-28: Strain gauge location on horn

=0
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Again the Matlab code dippendixG.3.1and G.3.2wasused to create a transfer function that takes
the strain at 25mm from the start of the horn and outputs the resultant stress at the specimen
centre. This trarfer function is indicated ifrigure4-29. This wasimilarlydone for AL707%vhere

the transfer function was defined as p& o YaPAgainit is noted that even though the
distribution of the stress along the specimen is dimear the point to point comparison has a direct
linear relationship.

y =-1.4388x

-200.00 '-150.00 '-100.00 | -50.00 50.00 100.00 200.00

Stress at specimen centre [MPa]

Strain at 25mm [i#]

Figure4-29: Strain gauge transfer function of AL20
The negative sign is due to the setup of the strain gauge wiring. However since this application is

based on a R ratio of-1 the effect of the maximum anchinimum stress swop has no effect on the
final result. This would need to be monitoredore closdy for other R ratioswhere tension and
compression maximum andinimumsneed to be knowrspecifically

Verification of Rig Resonance

To verify that the rig resonance and vibration was sufficiently low to ensure that it did not affect the
measurement fromthe laser viorometer, threetests were carried out to measure the vibration
during operation:

A. The first locatiorthat was assessedas the coupling ring on the booster
B. The second locatiothat was assessedas the upper frame assembly
C. The tird locationthat was assesseadas the top of the righpillar
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These three locations are indicated below with the displacement amplitudes as measured from the
laser vibrometer described afterwar@he arrows indicated the direction in which the displacement
and velocity was measured@he power settingluring thetests was set to 70% on the Branson power
generator.

Figure4-30: Position where vibration of Rig was investigated

The measuremeist at location A on the booster coupling (bushyesulted in the velocity
measurement shown irFigure 4-31 which when integrated indicatednaximum displacement
amplitude of 1.20um. If equation 35 in AppendixB.1 is implemented then the displacement
measured is calculated to B205um. This displacementis expected since the nodal line is a single
line about the circumferencef zero displacementiowever the coupling is a nebanical seal which

is spread ovean approximate longitudal length of 10mm which means it is not on the nodal line
alone.This displacement has no affect on the measurement as it is part of the stack displacement as
shown in Figure 2-2 and is expected to have a low displacemefithe plot of velocity and
displacement for the coupling is indicated Higure4-31. The green velocity data is filtered data
using a 18 order Butterworth highpass filter with the passband starting at 16,000Hz. This data is
then integrated using the cumtrapz Matlab function to olntéihe displacement with the amplitude
being compared to that of equatiodbin AppendixB.1
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Figure4-31: Booster coupling displacement

A velocity plot for location B on the top suppois shown inFigure4-32. Thisindicatesthat even

though the coupling which is in direct contact with the rig experienced displacentbnt

displacement is not transmittband amplified through the rig as the displanent measure on the
top support had a maximum value ohly 0.05um.
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Figure4-32: Top support displacement
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The pillar measurement indicated a simijalow displacement with the maximum displacement
measued, shown inFigure4-33 being only0.08um.
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Figure4-33: Rightpillar displacement
Overall it is evident that since the general displacement measured on the speciinghasrangeof

24um for 70% input power then the displacement of the support stand is only aboup@08Bhis is

a percentage error of less thdh33% Consequatly the rig vibration should haveegligibleeffect of

the final measured displacement. This correlates well with the modal analysis of the rig which
indicates the first bending mode of the top support is as approximately 8 Hz which is well below the
operating frequency o020 kHz
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Figure4-34: Hrst bending mode of top support
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4.2.3 Results

The results of the specimens testfor both AL2024 and Al7075 are indicatedFigure4-35 and
Figure4-36 respectively.
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4.2.4 Discussion

The Mark 2 was a vast improvement on the Mark 1 and the data proved it. Howbkedvlark 2 did

have a significant flaw in that the strain gauge measurement system data was monhsistent
whencompared tothe laser vibrometerOne of he main reasonsfor this wasthat wherethe strain
gauges are implementedhey are measuring a small strain on the horn as indicatdeignre4-27.

This is not the best locatiofhe better locationwould be at the higher strain location on the centre

of the specimen. This has two inherent problems: firstly the diameter is so smathghementation

of the gauge on the section is not feasible; the second is that due to the high strains the life
expectancy of the gauge will be significantly reduced in the high strain area to the brink that the
gauge may need to be replacedultiple timesduring each single tesEven in the current gauge
location the connecting wires and even the gauges themselves had continual failure.

The data obtained from the gauges did however correlate well with the laser viborometer data when
the stresses were withia manageable rangexceeding 10cycles Thus the gauges could last for a
suitable period of timeif the test where at a low enough stress lev€lverall the gauges wark
However they are unreliable and cannot be expected to worktfi@ duration of a #gle test and

even the redundancy measures of implemented more than one set of strain gauges does not rectify
this.

Consequentliythe main improvement to be made for the Mark 3 will be the use of only laser
vibrometer data for themeasurements

Another agpect noted was that the cracks that initiated on the surface of the Al26@dcimens
seemed to following the surface finish marks created during turning. This is indicafegune4-37.
Consequenthan investigation into theffect of the surface finish will provide valuable information
and wascompletedduring the Mark 3 testing.

by uzl 44 e
ﬁf#i m' LS

Figure4-37: AL2024 specimen micrographic image of surface crack
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4.3 Mark 3 z Final Design
4.3.1 Concept

The concept of the Mark 3 UHCF testing platform is to obtain data using the stable
configuration. This implies that ¢nthe laser vibrometer will be used for trecquisitionof the data
while the strain gauges will no longer be implemented.

4.3.2 Design

In the final design the strain gauge measurement system was removed and only data from the laser
vibrometer was implemented. The specimen®re also polished to improvhe surface finish from
3.2umto 1.6pumto investigate the effects of the surface finish on the overall results.

Thus the following test setup was implemented:

Laser Vibrom

Figure4-38: Mark 3 final setup

The initial rig setups run upside down as this allows for tivgpod of the laser vibrometeto be
used withoutrequiring additional mountings or mirroring. A detailed list of components excluding
the laser is indicated iAppendixE.1together with a schematic of the full component configuration
for the final Mark 3 system.



65

4.3.3 Results

The results of the specimens testfor both AL2024 and Al7075 are indicatedFigure4-39 and
Figure4-40respectively.
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4.3.4 Discussion

One of the reasons that may cause thlightshift in the data obtained may be the surface finish as
all the specimens tested had a surface finish ofi1zas obtained from machining. The effect of the
surface finish appeared to be supported with thetftlzat all the specimens for AL2024 indicated
crack initiation from the surface which is visually apparent as indicateayime4-37.

The effect of the surface fisih was verified by the additional testing of specimens itlimproved
surface finish The obtained data indicatedo significant deviatiorbetween the two different
surface finishesThusthe data indicated ifrigure4-39 and Figure4-40 includesall the data for both
surfaceN2 dz3 K yTBeicadntparison of the polisheduface roughness of 16m) and as received
from turning (surface roughness of 3ugh) is given ifFigure4-41.
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Figure4-41: AL2024 comparison of surface finish

As for AL2024 the surface finish of the specimienghe AL7075 specimensgas varied from 32m
initially to 1.6um. The results of these tests are indicatedrigure4-42. The effect of the surface
finish had a negligible effect on the overall stress for the corresponding number of cycles.
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Figure4-42: AL7075 variation due to surface finish

Overall it is evident that as per thgathias[4] the surface finish has a negligible effect on the final
resultsfor testing where the cycles exceed®1®lowever it is notable that the consistency of the
currenttests improva with a better surface finish.
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5 RESULTS

In this section thaJHCFata is presented for the AL2024 material followed by the ALTodtrial

All the data from both the Mark 2 and Mark 3 tests are presented and error bars are defined based
on possible error introductionsChe data for both materials is compared to literature for validation
purposes.

The accumulation of data was done using ppeking on the strain gauge and the laser data for the
Mark 2 and Mark 3 desigriMark 3 data only consisted of laser vibrometer dafBhis was directly
compared to the frequency maintained and recorded by the generator usin@gthason built in
tool Kits.

5.1 Test Numbering

In testing its good practice to keep a detailed test log and maintain a defined numbering convention.
Thus the number of the specimens will be as follows:

H1 SY Z
The definition of each symbol is as follows:

H1- Is the symbol indicatig the horn material typ which is always AL7075 for the Mark 2 and 3

data.
S Is the symbol indiding the specimen material type.
Y- Is the specimen material number either 1 for Aluminium 7075 or 2 for Aluminium 2024.
Z- Is the specimen group number stimg a one and incrementing per test.

5.2 Material Delivery Test Reports

Material delivery test reports werebtainedfor each of the materialreceived for manufacture of
the horns and thespecimensThese test reports are indicatedAppendix |

5.3 Cost Analysis

During procurement of théhardwareand manufacture of the rig a cost analysis was undertaken
whereby suppliers were sourced. In the esuppliers were chosen based on:

1 Capability to supply the correct required components
1 Lowest cost
1 Support and future availability

Consequently the compomts were sourced with the final costing and supplier list indicated in
Appendix J
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5.4 Defining Possible Errors

To determine the possible errors that could affect the final measurements from the system and to
determine the uncertainty in the measuremts, a total of four possiblesources of errowere
considered:
1 Errors being introduced from the voltage measurements and inherently ¢mel
displacement
1 Errors from deviations from the manufacturing drawings. This could arise as the defined
allowable blerance wast0.2mm on all lengthsincludingall the radii. The radii includ¢he
radius at the neckf the dogbonetogether with the dogbone and all other profile radii
1 Errors due tadeviationsinthe 2 dzy 3 Q& Y 2 R dzf dza ©
1 Frequency variation.

All uncertanties were calculated for the respective specinmeaterials, however, only AL70%4ll

be indicated belowThe uncertainties are typically based on the end displacement measured at the
laser vibrometer locationsince both the Mark 2 and 3 implemented thasér dataacquisition
system

5.4.1 Input Displacement and Voltage Variation

The errors introduced by the voltage measurements were assumed to be due to the
displacement being estimated from a constant frequency of 20 kHz from the velocity measured

by the laser vibrometer, see equati@b of AppendixB.1 Generally the frequency can vary at
20,00@50Hz. Thus for &elocity of 1m/s unit input, and a possle frequency fluctuation of

+50Hz.The error can equate to a displacement amplitude range of 494875(1/20,050)to

50.125 pm (1/19,950) with a mean a0 kHzwith a 50Hz fluctuation This equates to
displacement error tolerance af0.125.m. Thistolerance variationwas then run though the

analytical wave equation implemented in MatladppendixG.4 andvalidated for what affect

the input variation woulchaveon the stress. Threend displacements were choseramely:10,

20and3x s ® ¢KA& 3IFGS GKS F2f{ft26Ay3 OFNARFGAZ2Y F2NJ

Table5-1: Stress variation due to input amplitude errors

EndDisplacement 10pm 20pm 30pm
Range Lower Upper Lower Upper Lower Upper

g 9.875um | 10.125pum 19.875um 20.125um 29.875um 30.125um
Original Stress [MPa] 67.65 133.41 197.67
Stress atSpecimen | g5 4 68.95 132.59 134.23 196.38 198.38
[MPa]
Stress Range

. 1.64 2.

[MPa] 3.56 6 00
Percentage Range to 5.26% 1.23% 1.01%
original

Thus a suitable erraangeto implement would be conservativeilyt.OMPa ‘Q

T.
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5.4.2 Geometric Manufacturing Errors

The errors introduced by the maximum and minimum geometric manufacturing tolerance were
considered for threeend displacemerd as indicated inTable5-2. Al geometrc dimensions were
increase by 0.2mm and conversely were decreased by 0.2mm.

Table5-2: Stress variation due to geometric tolerance errors

End Displacement 10pm 20pum 30um
Original 67.65 133.41 197.67
(9]
§ g Dimensions increased by 0.2mm 62.36 128.06 190.45
n =
Dimensions decreased by 0.2mn 70.19 140.34 203.61
(2]
0
= Dimensions increased by 0.2mm 5.29 5.35 7.22
857
202
§ Dimensions decreased by 0.2mn 2.54 6.93 5.94
<
% c Dimensions increased by 0.2mm 7.82% 4.01% 3.65%
€2
39
S 5 Dimensions decreased by 0.2mn 3.75% 5.19% 3.01%
a

Thus an overall errorangeof £7.5MPa Q  x® is sufficient to account for possible variations in
the stress level.

543 91 O C @uus Erilors

¢ KS | 2nddyild @fithe material affects the analytically calculated stress at the specimen centre
through the solution of the second order wave equation. The ergglRidzOS R o6& (KS | 2dzy 3¢
were examined using the residualbts; an example is given ippendix HUsing the residual plpt

0KS , 2dzy3Qa Y2RdzZ dza ¢ a Oéxpefhuzbitdlaiesdr@naidingaftSrihe 2y |y
crack was generatednd the specimerseparated by tensile tesfThe uncertaintyin tK S |, 2 dzy 3 Qa
modulus was calculated to be:

Table53Y |, 2dzy3Qa Y2RdzZ dz&d SF NRAlF GA2y FTNBY NB

2dzy 3Qa a2 Rdz dza

aterial Calculated As per MMPD$20]
AL2024 . 72.395
0,
L7075 2.0% variation 71016
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Using the MMPD$20] specifications the compressive and tensile moduli differed by 200 ksi (1.4
GPa). This error also equates conservatively to an approximate error of 2% on the original tensile
moduli for both A2024 and Al7075.

If this variation of 1.4GPa was input into the analytical solution for the second order differential
equation AppendixG.4 then the errors olained forthe end displacements are given Fable5-4.

Table5-4Y { GNXaa @GFNAFGA2Yy RdzS (2 , 2dzy3Qa

Enddisplacement 10um 20um 30um
Mean Stress [MPa] 67.65 133.41 197.67
E (+1.4GPa) [MPa] 69.98 141.37 204.83
E ¢1.4GPa) [MPa] 63.04 126.46 188.62
AbsoluteE (+1.4GPa) error 2.33 7.96 7.16
AbsoluteE ¢1.4GPa) error 4.61 6.95 9.05
Range Error [%)] 10.283% 11.18% 8.20%

The total error possible is conservatively takentd6MPa Q p Br.

5.4.4 Frequency Variation Errors

The frequency is used in tHaser vibrometer data to calculate the displacement from the velocity
amplitude as discusseith section4.2.2 However, it is also used in the second order analytical
solution of the wave equation. Thus its effect on the data was examined to identify the possible
error it could introduce into the final results.

The allowable tolerance on the Branson power supply is a frequent§06fz on the 20 kHz input
frequency. Consequentiyable5-5 was generated to analyse the variability in the error fronurh0
to 30um enddisplacements at the end of the specimen

Table5-5:; Stress variation due to frequency variation

Enddisplacement 10um 20um 30um
Frequency Stress
[Hz] [MPa]
20,000 67.65 133.41 197.67
20,050 65.93 132.21 195.9
19,950 66.63 134.77 204.76
Absoluteerror for 20,050Hz 1.72 1.2 1.77
Absoluteerror for 19,950Hz 1.02 1.36 7.09
Range Error [%)] 1.03% 1.92% 4.48%

Y 2
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The possible error for frequency variation is takentd2MPa’Q  x& . It is noted that the error

for 30um doesnot seem to follow the trend of a 2MPa difference. This is believed to be due to the
non-linearity variation of the stress along the specim@unservatively this effet is included in the
error bar range

5.45 Total Error

The total error that will be implemented as the error bar is taken ascthrabinationof the all the
above errors:

1 Input amplitude variatiorg +4.0MPa

9 Geometric tolerance variatio:7.5MPa

. 2dzy3Qa Y2 RgAIQBMPadl NR I GA2Y
9 Frequency variatioq £7.2MPa

M Total Errorg £15.0MPa

The tdal error is obtained using theum of squares, square rootediven by the following
equation taken from RabinovidB3]:

This assumes that the errors are independent of one anotifighe errors were dependant then
a normal summation would be more applicable.

The error in the number of cygs can be consided to be exact as even for a couplenoissed
second equating to40,000 cyclesThe plotting of this error bawill not be evident on the log
curve in the region exceeding %l6yclesThus the horizontal uncertainty is omitted as theaerr
in the timemeasurementswvill never exceed 2 seconds.

Similarly the following errors were obtained for the AL2024 specimiémthe AL7075 homn

Input amplitude variatiorg £2.0MPa

Geometric tolerance variatiort7.5MPa

L 2dzy3Qa Y2 RJAHIHMPadl NRA | G A2y
Frequency variatiog +2.0MPa

Total Errorg +14.4MPa

= =4 =4 -4 A
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5.5 AL2024 UHCF Data

The data obtained duringalidation testing of the UHCF test rig for AL20P351 is indicated in
Figure5-1 together with the data as obtained from secti@m.1

300.00
250.00
200.00
<
o
=
» 150.00
(%]
g
n
100.00 2 AL
y = 1007.2%123
50.00 R2=08729—
0.00 & % & . % & S
o o o o o o —
+ + + + + + +
Ll ] H Cycles w L L w
— — — — — — —
X Stanzls Data <& UHCF Test Data A Mayers Data O Chens Data

Figure5-1: Comparison of AL2024351Data

The data fitis obtainedusing least squares methachplemented inMatlab as peppendixF.1 The
trend linedata fit of the data givethe following equation

® prRp °
The data fits shows an acceptabfegRor of 0.& which indicates theurvefit is goodfit.

Overall it can be seen that the Data obtairslightlylower than boththe data d Stanzl and Mayer
for cycles exceeding 2x40The upper band of the error bars show very good correlation which
suggests further investigation into the errors is required for future teststhe region lower than
2x10 cycles the data shows a great calation.

The data obtain by Mayg21] had the following Basquin equation for a load ratio ofIR=
® Ycwad B 0 p pUTO &

© podtm & Q¢ p pUd &
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The Basquin coefficiertt 1 cyclefor the data of Meyer indicates a stree§823.63MPaThisdiffers
slightly, 21.37% diffence,for the current test estimatiorof 999.63MPa

The ALCOA data is obtained from the technical specificit@rwhich indicates data all the way up

till 2x10' cycles This data isot indicatedin Figure5-1 as th of these ALCOA curyashich form a
band, are much lower than the data obtaimere and that of Stanz]12] and even Chefil4]. It is
believed this is due to the fact that the data has been statistically reduced to have a defined
confidence level Consequently the ALCOA data is not raw daigis thus not indicated

The typical micrographic image of the failed specimen is indicatE@jure5-2.

Tension
Failure

Figure5-2: Micrographic image of AL2024 Specimen-5213

The region of the crack is very uneven and thus the tenfdare region itnot in focus with the
crack start locationbeing the regiorfiocussed on.

Thedata of Chenet al. [14] indicated inFigure5-1 indicates a trend of lower stress for the same
cycles as compared to thdHCFdata. Chenet al. [14] did not state to what surface finish the
specimens hadbeen implemented howeverthe test performed by this report corroboratedith
Bathias [4] that the surface finish has neffect on the final result for cycles exceeding®1@
comparison of the materiatompositionof AL2024from Chenet al. [14] was compared to that
deliveredfrom Kaiseffor this report seeAppendix | This comparisorsiindicated infable5-6.

Table5-6: Chemical composition comparisarf AL2024

Material Zn Mn Cu Fe Si Cr Ti Mg | Others

AL2024T351 (Kaiser)| 0.23 | 0.77 | 45 | 0.11 | 0.07 | 0.02 | 0.01 | 1.3 -

AL2024 Chei4] 025 05| 40| 05| 05| 01 | 015] 15 -

It is evident that the two materials differ slightly @memicalcomposition.Whetherthis affects the
results significantly isnknownat present and will only be verified byrther testing of the same
composition

Overall the data obtained shows a good correlation wittown data from literature.Typically in
fatigue there is significant scatter and the AL2024 data is no differentddtaeobtained falls safely

in the region of known data which proves the data is acceptable and the rig is working effectively
and with future improvements this will only improve
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5.6 AL7075 UHCF Data

The data obtained during the validation of the UHCF test rig for ALT®351 is indicated iRigure
5-3together with the obtained data as per secti@.2
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g
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£ 200.00
" e o
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100.00 N F T My =1380.020052
R2=0.6529
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0.00 & i & s % & S
o o o o o o —
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| w L w w L w
— — — — — — —
Cycles
& UHCF Test Data B Papakyriacou -100Hz Machine
o Papakyriacou - 20kHz Machine + MMPDS 7075-T6

A ASM Fatigue Data: Light Structural Alloy
Figure5-3: Comparison of AL70757351Data

The other test data is that of Papakyriacfdif] which was for ALZnMgCul.5. This material differs
somewhat from tle material received from the supplier, KaigeeeAppendix ) as indicated by the
comparison of theehemical compositiofables-7:

Table5-7: Chemical composition comparisasf AlI7075

Material Si Fe Cu | Mn Mg Cr Zn Ti Zr | Others

AL7075T73 (Kaiser) | 0.10 | 0.25| 1.40 | 0.04 | 2.70 | 0.20 | 5.80 | 0.03 - 0.05

AA7075 ALZnMgCul| 0.14 | 0.27 | 1.73 | 0.07 | 2.72 | 0.02 | 7.26 | 0.06 | 0.13 -

Using Matlaband the least squaremethod as described iAppendixF.], the following is obtained:

®w oydto °

The Rratio indicates that the fit is not entirely accurate to the daHpwever fatigue data generally
has a high scatter and thus the ratidgll typically be low for fatigue curve fit¥he gradienwof the
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curve fit follows the ASM fatigue data for cycles exceeding 2xi@ corresponds well to the data of
Papakyriacowsing the 20 kHz machine.

The ALCOA data is obtained from the technicat#ipation[24] and indicates the data all the way

up and till 2x10cycles. Both of these ALCOA cur@ehkich form a bandjare much lower than the

data obtan bythis report. t is believed this is due to the fact that the data is eitheBAgr Sbasis.

Thus the ALCOA data has been statistically reduced to have a statistical confidence as required by
each basi$or design Consequently this data is not indicatesl it is not raw data

The specimens of AL7075 all indicate that the crack initiated at the surface and grew until the
stiffness reduction significantly modified the resonance frequency suclogeration was no longer
viable and testing was stopped. ThHeecimenswere subsequently loaded itensionto failure in a
universal testing machine to allow for the examination of the failure surfAdgpical failure image

is indicated forAL707%specimer3 (H1_S1 R

Crack Start

l

SurfaceCrack ;
Tension

Failure

Figure5-4: Typical failure of AL7075

The tension failure is indicated by the marked 4bear line, se€&igure5-5, which was induced from
the tension loading used to break the specimeny@ualisation

Fatigue growth Tension failure

region

Figure5-5: Failed specimen showing tension failuel1-S1-6)

Overall the AL7075 had a very gocatrelationto the known data further supporting thenotion
that the UHCF testing rig is operating within acceptable limits to obtain valid UHCF data.
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6 CONCLUSIONS AND REGMENDATIONS

It isconcluded that the design andanufactureof an UHCF testing machine has been accomplished
andthat the validationagainst known fatigue dataas been provesuccessful

The testing indicated that the strain gauges provided accurate cycle counting fphasdes of
testing. Testing did reveal that the strain gauges at lower ends of the UHCY §pébtrumwere
ineffective due to regular failure during testingnder the higher loading The strain gauge system
did continually fail during testing of the Magk system thus incurring higher costs, longer testing
times andcontinuousinterruptions. As a resultin the final Mark 3 design the use of the more
accurate and reliable laser vibrometer was implemengetely.

The obtained SN curve data indicated thatset trend can be obtained with repeatable datawas
initially assumedhat deviations of the AL2024 data from the literaturey indicate that the surface
finish plays an important role in the final fatigue life as in normal Hokeverfurther conducted
tests indicated that this was not the casthe Data of AL7075 indicated very good correlation with
data obtained on normal fatigue testing equipment in the region of &@cles which gives
confidence in the current design configuration.

It is recommended that future tests be carried out on steel and titanium to advance the knowledge
base and create a detail database of information. These tests will also allow for the measurement
system to bamproved furthetr

If possible future composite materidésting methods should be devised and tested to obtain
composite allowables for future designis.is understood that fatigue in compositesdempletely
different to that in metalsand to actually get a resonant coupon in composites will be the most
difficult task. Alspduring fatigue cracks will be initiated and retarded within the composite matrix
which will change the resonance of the tested specimen. &ffést needs to be tracked to maintain

a 20 kHz operating range the operating range will nekto be widened
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APPENDIX AANALYTICAL FORMULGANI

This appendix details the analytical formulation of the displacement, strain and stress using
the second order differential wave equatiomhe followng is a typical specimen horand
actuator arrangementvith geometry indicated

R4

L1 R3
1 1
1 1
1 I
|
| |
4 <>
|
! ¢ — L2 | L3 s x
: | L1 0 |
1 1 I 1 1
1 1 1 1 1 Y
1 1 ! 1 1 i
1 1 : : : 1 :
2 ' 1 1 2 3 "4 5
FigureA-1: General sonic fatigue specimen
Using the above geometry thadiusvariation in the x direction can be defined as:
€ Rjcosh(a;x) 0< =x<L,
% R, L, <=x<L;+L,
R(X) = [Rpcosh(aXp) Ly +L, < = <Ly +L, +Lg 8
} R; Li+L,+Lg< =X <Ly+L,+Lg+L,
f R4 Ly+L,+Ly+L, < =X<L;+L,+Lg+L,+Lg
Where
X, =X-L;-L,
a, =~ arccoshéRz § a arccoshéR:“ g
1= 2=
R, 0% TR,

The profile on the negative-axis is a mirror image of that of the right and hence the
displacements will be a mirror image. Thus if plotting the above equations for:

L1=15*10%3; Y%meters
R1=3/2*10/13; %meters
R2=10/2*1073; %meters
R3=15.5*1073; % meters
L4=20*1073; % meters
L3=40*1073; % meters
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L2 is found using the following equati¢#] which is obtained by comparing equatio@2
and23.

L, = %arctanﬁé% [b1 coth(blLl) -a; tanh(alLl)]'g 9
I y

Then the followingorofile plot can be generatefibr a mirrored geometry

f outer edge [mm]

FigureA-2: Profile plot of specimen using Matlab

Hence the cross sectional area variation is given by:

2 2
PR cosh®(a

. X) 0<=x<L,
PR’

L, < =X <L, +L,
R? cosh?(ax,) Li+L, < =x<L;+L,+L,

pRg L+l +Llg< =X <Lyj+L,+Ly+L,

PR’ Ly+L,+Lg+L, < =X <L;+L,+Lg+L, +Ls

S(xX)=1ip

——) =) =) —i——) = (D

The solution fordisplacement, stress and strain &ach section can then be done
systematically for each of the sections indicatedathiag4] .

A.l Section 1 z General Differential (0 <= x <L1)

Starting from the general equation

IJ'ZU(ZX) + P(X) HU(X) + kZU(X) =0
™ ™

10
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The variation of the area within this region is given by:
S(x) = pR? coslf(a,x)

Thus the term P(x) is given by:

1 pS(x) _ 1 M (pRZCOSh (a1X))

P = S(x) X pR cosh (asx) KX

Simplifying and using the chain rule the following is obtained:

2pR?cosh(a,x).a,.sinh(ax
P(x) = s 2( - )2 1 3nh(agx) = 2a, tanh(@x)
pRlcosh (ax)

Substitutirg the above into equatioi:

2
WU | o tanh@x) P 4 k2um) =0 11
UXZ 1 1 |JX

To solve thisfollowing function is introduceg#]:
w;(X) = cosh(a;x).U(x)
Then the first derivative of this function is:

dWl(X)
dx

wy'(X) =

= ealsl nh(a,x)U(x) + cosh(a;x) dUE(X) 2

Then the second derivative of this function is:

2
w,' () = d?w,(x) —ea cosh(alx)U(x)+alslnh(a1x) )+alsin(a1x)du(x)+cosh(alx)d U(zx)g
dx®*  é dx dx dx” g
O 2
\ w;(x):dzwilz(x) &2 cosh(a)U(x) + 2a; (@) 99 1 gosh(a,x) 3 U(zx)ﬁ'
dx 6 dx dx® g
\ wl"(x)—m—@2U(x)+2atanh(a1x)duix) ddU(zx) ucosh(a,x) 12
é o

Subtracting equation2 from equation11i A YS & pP2a K o bh

dU(x) d2U(x) ayzU(X)
dx?

[04)
w;'"'(x) = % = SaZU(x) +2atanh(@a,x) + 2a1tanh(a1x)%fx) + kZU(x)%cosh(alx)

\owyt(x) = % = [afu(x) - (k2U(x))]cosh(a1x)

d2W1(X) -

e [af - kz}J(x)cosh(alx)

WATOE



But
w;(X) = cosh(a;x).U(x)

Thus the following is obtained:

\ wyt () = d2w712(x) = [a2 - k?wi0)
dx
Thus this new differential equation has the general solution:
w,(x) = C,el’) + C el P
Where
b, = a?- k?
Substituting in the facthat:

U(X) — Wl(X)

- cosh(a;x)
Equation13becomes the general solution for section 1:

Cle(blx) + Cze(' b, x)

Y0 = cosh(ax)
This solution is as peeference[4].
A.2 Section 2 z General Differential (L 1<=Xx < L1 +L>)

Starting from the general equation

—“Z;(ZX) + P(x)—“L:E(X) +K2U(X) =0

The variation of the area within this region is given by:
S(x) = pR3
However since this section is a constant area with x then:

P(X):iuS(x)
S(X) 208 =0

83
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Since,

BS() _
X

Therefore equatiory becomes for this section:
KUX) |, 2
———=+k?U(x) =0 15
X

The general solution for secti¢hdifferential equation is:

U,(X) = C4cos(kx) + C, sin(kx) 16

»
»

A.3 Section 3 z General Differential (L1 +L2 <= x < L1 +L2+L3)

This region is similar to that of section 1. Thus if a variable greated which is merely a
shift of the xlocation such that:

X;=X-L;-L,

Then the same solution as in section 3 is obtained in termg of x

Cse(ble) + Cse(' box,)

U =
) cosh(a,x,) 7
Where >
b, = a3 - k2
And
a,= L arccoshade g
3 ¢cho~+
A.4 Section 4 z General Differential (Li+L> +Ls <= x<L:
+|_2+|_3+|_4)

Starting from the general equation

IJ'ZU(ZX) + P(X) HU(X) + kZU(X) =0
™ ™

The variation of the area within this region is given by:
S(x) = pR3
However since this section is a constant area with x then:

_ 1S

0750 o



Since,

BS() _
X

Therefore equatiory becomes for this section:
KUX) |, 2
———=+k?U(x) =0
X

The general solution, for sectiat, differential equation is:

U,(X) = C, cos(kx) + Cgsin(kx)

»
»

A5 Section 5 Z General
(L1+Lo+La+La<=x<Li+Lo+Ls+La+Ls)

Starting from the general equation

HU) , oy U O) a2 0
i i

The variation of the area within this region is given by:

S(x) = pR3

85
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Differential

However since this section is a constant area with x then the following is valid:

P(X) :i&(x):o

S(X) WX
Since,
BS(9) _
X

Therefore equatiory becomes for this section:
HUX) | | 2
———=+k?U(x) =0
X

The general solution, for section 5, differential equation is:

Us(x) = Cq cos(kx) + Cypsin(kx)

v

20

21
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A.6 General boundary conditions

The above equations are linked to each other via their respective boundary conditions
their respective section interfaceshis the followingelationships are valid for each section
interface.

A.6.1 Interface sections 1 and 2

Displacement
Ui(L,) =U,(L,)
Thus,

Cle(bll-l) + Cze(' b,L,)
cosh(aql,)

Uy(x) = =U,(Ly) =Czcos(k.,) +Cysin(k,)

Cle(bll-l) + Cze(' blLl)
cosh(ayl,)

= C3COS(|<L1)- C4S|n(k|_1):O 22

v

Strain

dU, (L) _ dU,(L,)
dx dx

(bily) _ (-bily) _ (bily) (-bily) i
L AU _ biCe® ) - bcetth )cosh(alng [cie® +c e by sinh@a,Ly) _ duy(Ly) _ CsnidLy) +Cokcos(dy
dx cosh?(ajl,) dx

\ C,e® (b, cosh(a,l,) - a;sinh(a,l,))- C,e" " (b, cosh(a,l,) +a, sinh(a,l,))
cosh?(a.L,)

+Coksin(kK;) - Cokcos(kL,) =0 23

v

A.6.2 Interface sections 2 and 3

Displacement
U (L +L,) =Us(x=L, +L,)

But for section 3 the data has been shifted usify™ X~ L1~ L2 thus when X=L*Le

thus” =9, Therefore since
U, (X) =C,coskx +C, sink®
And

Coe®9 +C el 220
cosh(a,0)

Us(x, =0) =

Thus



Ua(ly L) = Cyo0sblLy + L) + CsintlL + LD =Us(Ly + L) == 2

\ Cyeosk{L, +L,]) +C,sin@[L, +L,)) - C;- C, =0

v

Strain

dUp(Ly +Ly) _ dUs(x =L, +L,) _ dUs(x, =0)
dx dx dxy

Therefore since

Lelb o) - ke sin(ly + L) kG cosk(ly +L,)

And

dUs(0) _ [Coe®>? - Ceet P20 b, cosh(a,.0)- [Coe®>? +Coet 2, sinh (a,.0)
dx, cosh?(a,.0)

\ d%x(lo) =b,Cs - b,Cy

Consequently:

\ -kCssin(k(L, +L,)) +kC cos(k(Ly +Ly)) - bCs +b,Cq =0

v

A.6.3 Interface sections 3 and 4

Displacement
Us(X =Ly +L, +L3) =Us(x; =L3) =Uy(L, +L, +1L3)
Consequently,

C5e(bz|-3) + Cse(sza)

U,(X, =Ls) =
s =Le) == S

And

Uy, +L, +L3) =Cy COS(k[Ll +L + Ls]) + CSSin(k[Ll +L + La])

Therefore combining the two above equation the following is obtained:

C5e(b2L3) + Cee('bzl-3)

Us(x; =L3) = cosh(GyLs)

=U, (L +L; +Lg) = C7cos(k[L1 +ly + Ls]) + Cagn(k[l—l +L, +|—3])

Cse(o) + C6e(0)

87

24

25
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Cse(szs) + Cee(' bols)
cosh(a,ls)

- Cyco8(K[Ly +L, +Lg)) - Cosin(k|L, +L, +L5))=0 26

v

Strain

dUs(x =Ly +1L, +L3) _ dUs(xy =L3) _ dU,(Ly +L, +L)
dx dx dx

Thus on substitution:

dx, cosh?(als)

And

dUy(Ly +L, +Lg) _
dx

-kC,sin(k|Ly +L, + L)) +kCgcos(k[L, +L, +Ls))

Therefore combining the two above equation the following equation is formed:

dUs(Ls) (C5e(b2"3) - cee<'*’2L3’)a2 cosh(a,ls)- (cse(szz) +c6e"sz3’)a2§nh(a2L3) _dU (L +L, L)

kC, sin(k[Ly +L, +Lg]) +kCgcos(kL; +L, +Ls))
dx, cos|12(a2L3) dx 7 [1 2 3] 8 [1 2 3]
(bols) _ (-bylg) ~ (bolg) (-bolg) ;
\ (Cse - Cee 23))2C0d’1(a2|_3) (Cse TG T )azsnh(azLS)+kC7Sin(k[L1+L2 +L3])' kCBCOS(k[L1+L2+L3]):O
2
cosh“(a,l3)

\ C5e®9) (b, cosh(a,ls) - a, sinh(a,ls))- Cee "2 (b, cosh(a,l,) +a,sinh(a,ls))
cosh?(a,ls)

+KC, sin(k[L, +L, +Ls]) - kCgcos(K[L, +L, +Ls))=0 27

v

A.6.4 Interface sections 4 and 5

Displacement

Us(L, +L, +Lg +L,) =Ug(L; +L, +Lg +L,)

Consequently:

Uy(ly +Ly +Lg +Ly) =Cy cos(k[Ll +Ly +Lg + L4]) +Cq Sin(k[l-l +Ly +Lg+ L4])
And

Us(Ly +Ly +Lg +L,) =Cgcos(k|L; +L, +Lg +L,]) +Crosin(k|L, +L, +Lz +L,))
Therefore combining the twabove equation the following is obtained:

ULy +L, +Lg +L,) =Cycos(k]Ly +L, +Lg +L, )+ Casin(k]Ly +L, +Lg +L,]) = Ug(Ly +L, +Lg +L,) = Cqcos(k|L +L, +Lg +L,)) + Crosin(k[L, +L, +Lg +L,))

Cyco(K[L; +L, +Lg +Ly]) + Casin(k|Ly +L, +Lz +L,)) - Cocos(k]Ly +L, +Lg +L,)) - Crosin(klL, +L, +Lg +L,)) =0 28

[
'
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Strain

dUy(Ly Ly +La+l,) _dUs(Ly +L, +Ls+Ly)
dx dx

Therefore:

Ug(Ly +Lp +Lg +Lg) =- Coksin(]Ly +L, +Lg +L,]) + Cekcos(k[Ly +L, +Lg +L,))
And

Us(Ly +Lp +Lg +L,) =- Coksin(k[Ly +L, +Lg +L,]) + Crkcos(K[Ly +L, +Lg +L,])

Therefore combining the two above equatitre following is obtained:

Ua(Ly +Lp +Lg +Ly) = -Coksin(klLy +L, +Lg + L)) + Cgkcos(k|Ly +L, +Lg +L,)) = Ug(Ly + L, +Lg +L,) =-Coksin(klLy +L, +Lg +L,)) + Cykcos(K[L, +L, +Lg +L,])

-Coksin(K[Ly +L, +Lg +L,]) + Cokcos(K[Ly +L, +Lg +L,)) + Coksin(k[Ly +L, +Lg +L,)) - Crkcos(k]L; +L, +Lg +L,]) =0 29

[
»

A.6.5 Booster Interface

If the total length of thestackis defined to be, L, where:

L:L1+L2+L3+L4+L5

Then the input displacement is the maximum displacement allowed by the -Bataator

GKAOK A& la&dadzySR (42 06S wmn>Y G uwn (11 ¢Kdza (K
the connection of thénorn and the booster:

Displacement

Us(L) = A pu =10/mn

As a result;

Us(L) = Cocos(k[L]) + Cosin(KIL) = Ajpout 30

»
»

It can also be seen that since this point of connection is a point of leeation on the
normal cylinder which represents the boost&is is the magnitude;f.: since the general
solution for a constant cross sectional area is U(¥),m@0s(kx).

Strain

dUs(L)
dx

=10me
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% = - Coksin(k[L]) + Ckcos(k[L]) = Ajpu 3

»
|

Thus using these boundary conditions and equati@ds16, 17, 19 and21the constants can
be found by setting up a set of liner equations of the form [A]{c}={B}, where:

?Clp e 0 0
| | T T
7 Ca1 191
1 1 T 017
}C3% io 1
1C A i 7
ic; 101
] ]

{d=i i 01
~ by B :\ e
1Co BIE o
ic,i i o1
T T 1
T1Ce1 ! !
,:\Cg,:\ I/A\lnputI
A A ] ]
IC T input]
10y IL y
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Thus using these equations with a fixed geometry and implementing in Matlab, the following plots
are obtained:

Ultra-sonic Fatigue Test Specimen
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FigureA-3: Plot for 5 section specimen model fixed geometry

The above plot was obtained for the following geometric parameters:

L1=15mm
R1=1.5mm
R2=5.0mm
R3=15.5mm
R4=19.0mm
L5=64.8mm
L3=40mm
L4=20mm
L2=15.3mm

If the geometrical length of L2 is allowed to vary to get the displacement at the smallest cross
sectional area to be zero then the following is obtained:



Uhra-sonic Fatigue Test Specimen
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FigureA-4: Plot for 5 section specimen model variable geometry

The above plot was obtained for the following geometric parameters:

L1=15mm
R1=1.5mm
R2=5.0mm
R3=15.5mm
R4=19.0mm
L5=64.8mm
L3=40mm
L4=49.6mm
L2=15.2mm
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APPENDIX BMEASUREMENT DEVICES

B.1 Laser Vibrometer

Laser vibrometers have become fundamental tools in the measurement of vibratiomn vité
engineeringcommunity. Laservibrometers implement the Dopplezffect to sense the vibration of
the moving component being monitoredhe Doppleteffect determines that ifa moving object is
measured using a laséhen the phase shift is given (85]:

Q q- 32

Where

0 - is the velocity of the object
- is the wave length of the emitted laser wave

The LasebDopger vibrometerworks on the basis of ojal interference requiring two coherent
light beams with respective light intensities defined bgand b to overlap. The resulting intensity is
the sum or the single intensities plus an interference factor as defirj23jy

O O 0 ¢ OOwec 1 i 33

Equation33is used in combination with the following setup to obtain the velocity of the body.

FigureB-1: Laser vibrometer internal setuf25]

The beam from the laser, generally a helium neon laser is split via two beam splitters as indicated
above by beam splitter 1 and 2. The beam split by thedphtter becomes the reference beam and
the measurement beam is projected onto the second splif@&i.

The second beam is then yet again split and one pattisfoeam is focused onto the object atiee
other isreflected back to the system. The object needs to be cable of reflecting the laser beam or
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beam & then returned and merged with the reference beam by beam split{e6B

As the path length of the reference beam is constant over time (with the exceptiongigiide
thermal effects on the interferometer) this implies thatisr constant of equation33. Hence a
movement of the object under investigation will define thats a function of time This will then
generate a dark andight fringe pattern typical of interferometry on the detector by varying the
output intensity of the combined laser beam. One complete dark and bright cycle on the detector
corresponds to an object displacement of exactly half of the wavelength of the lightesased. In

the case of the typical helium neon laser this would corresponds to a displacement of J26Jnm

Changing the optical path length per unit of tim&nifests itself as the Doppler frequency shift of
the measurement beam. This means that the modulation frequency of the interferometer pattern
determined is directly proportional to the velocity of the object. An object movement away from
the interferomeder generates the same interference pattern (and frequency shift) as object
movement towards the interferometer. Thutis setup cannot determine the direction the object is
moving in. For this purpose, an acoustotic modulator (Bragg cell) is placedfire reference beam,
which shifts the light frequency by 40 MHz (by comparison, the typical freyuef the laser light is
4.74 x10"Hz). This generates a modulation frequency of the fringe pattern of 40 MHz when the
object is at rest. If the object themoves towards the interferometer, this modulation frequency is
reduced and if it moves away from the vibrometer, the detector receives a frequency higher than 40
MHz. This means that it is now possible not only to detect the amplitude of movement bubalso
clearly define the direction of movemef{i5].

In principle the laser Doppler Vibrometer can directly measure the displacement as well as the
velocity of the dject under investigation. In the case of displacement the system measures the
fringes of dark and light spots on the detector and interpolates to obtain a displacqd2tgnt

The displacement can also be obtained directly from the velocity of the signal. Thus for a perfect
sinusoidal velocity signal the velocity may be defined by:

0 O QEtio 34

Where

Q —i Qg0 —wéE VO 35
0 0 C

The displacement amplitude is a factor of the velocity amplitude by the operating circular frequency
., and the signal i80° out of phase with the velocity signal.
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B.2 Strain Gauges
B.2.1 Background

The strain gauge is the most common device used to measure strain. Two typical strain gauges are
available, the wire gage and the etched foil g&gfe In thisdissertationthe strain gaige used was
that of the foil variety. The typical strain gauge is defined by:

alignment marks

| Overall Pattem Length

]
kgolder tabes

r

A ‘ | ‘
Pet— active grid —im]

langth

Outer Grid Lines”  Grid Center .
s Alignment Marks Inner Grid Lines

carrier

FigureB-2: Typical metallic bonded strain gaug26] [27]

The typical gaugeonfiguration used in the measurement of the vibration will be a full bridge
configurationas indicated irFigureB-3.

Full-Bridge Configurations (BENDING) (AXIAL)

€ = €

GF(p +1) = GF[(y +1) -V, (y-1)]

FigureB-3: Full bridge configuratiorf27]

Where Vis defined as:
, w w
w —_ —_ 36
w w

Thus if — 1t i.e the bridge was balanced at the stathen thisimpliesthat the

equationsfor the three full bridge strain combinations above become:

@ o w f800 W T800Q@ p
— 7800 — — - ——
w w C w T780Q@ p ¢

In the case of the UHCF tespecimen the load will be only tension and compression. Thus the
following full bridge configuration is valid:
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o RED A (E+)
('_T_'? TENSION CELL
N~
( B| (5+)
A1 L A3
=11 J R2
Gi_j&:j Dl (E4)
. P Gl (8

FigureB-4: Tension configuratiorn5]

The resulting bridge output is:

Yoo 180® U
w q
To minimise the effect of temperature on the strain gauges a transverse gauge can be used to

maintain the ratio of resistances during expansion or cattom of the specimen due to
temperature fluctuations. A typical arrangement is defined by:

ST

Dummy Gaugs  Active Gauge
(R, il”‘l.EC'h"E':l (Rz* AR}

FigureB-5: Use of dummy gauge to eliminate temperature affed26].

The effect of the dummy gauge can be explain by the fact that any change in resigtédce to
expansion of the base material under load is only generated in the active gauge with the dummy
gaugeexperiencing a negligible effect. If the temperature rises or falls the material is assumed to
expand or contract uniformly. Thus both gauges will be affected equally. Hence thegattions

— —, seeFigureB-4, will remain the same if either bridge or both bridges aex dummy and
active gauge combination.
Using the same configuration as for temperature compensation also compensatesffad@ t 2Aa a2y Q

affect that may occuyrthus in thisdissertationthis gauge setup was implemented to minimise both
GKS t2Aaa2yQa FF¥FSOG YR (GKS GSYLISNI GdzZNBE | FFSOG 3
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B.2.2 Shunt Calibration

To verify the strain being measured, shunt calibration may be implemerited. is when a known
resistance is placed across any arm in the bridge. Thus the expected strain for the change in
resistance can be verified. A typical shunt circuit is given by:

Switch

Amplifier

:

Recording
instrument

Il

Excitation

Q

FigureB-6: Shunt resistor across H37]

The calibration formula is defined /7]

YO Y Y
OQmY Y Y Y

YOis the change from balance (zero voltage) to the new value.

Butif R=R, then from the sum of parallel resistors:

v 22
2 2
‘o 22
¢ 2 2
Simplifying:
YO Y Y
WwQw 2 2 " cY
2 2
YO 'Y 2

alxel

0Qnc2 Y
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YO Y
Qw2 cY

In this project a HBM shunt calibrator unit was used as indic&igdreB-4. The shunt calibration
unit was recalibrated prior to calibration othe 02/09/2014

FigureB-7: HBM shunt calibrabn unit























































































































































































































































































































































































































































































