Cruciform specimenrsxperimentalanalysis in ultrasonic fatigue testing
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Abstract

In this work two specialaluminiumcruciform specimens ardesigned andestedin
an ultrasonic fatigue machinéfhey were designedased on Singtnput-Multiple-Output
(SIMO) modal analysie inducein-plane biaxial stress combinations-phaseT-T and out
of-phaseGT) when at resonance at 20 kHEhe geometries/ere subjected to both numerical
analysis and experimental testitmgunderstand if theycanindeedcreatethe intended biaxial
state of stressesBoth numerical and experimentaesults showed an impact of nearby
resonant modes of nointerest on the correct functioningof the specimensespecially
regarding the T speanenwhere alargedeviation fromthe mode of interest was measured
This means thatuture work includes ralesigning 9T specimens takingnito account these
mode shapesOnly outof-phase specimendemonstratedto work properly and testsintil
failure were conductedThe firstfailure results showed to beconsistentwith literature when

out-of-phase biaxial stress is applied cyclically.
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Nomenclature
f, frequency;

R stress ratio;



L, D, RM,Rm dd, t, tt, w, P, specimen dimension designatigns
U, displacemet]
o, stress;

B, biaxial ratio;

1. Introduction

The study of material damage in dynamic systems or structures is necessary to ensure
their safety and reliability since fatigue is one of the main causes of material failGar
example on astudy of a failed crankshaftsubjected to dynamic load% it is shownhow
important it is to understandthe reasors behindfatigue failure so thatpreventive measures
can be taken in the futurewith the evolution of technology, systenad machinehave
becomemore andmore complex At the same timethere is ademandto achieve greater
performanceswith increased reliability; hencenore thorough fatigue studies are required

for higher number of cycles and different load types and combinations

Since the realisation that the fatigue limit in the classical sense is no lapgécable
34 the corresponding fatigue regime needs to be fully comprehended and characterised. This

corresponds to life beyond 1@ycles, the Very High Cycle Fatigue (VHCF) regime

Conventional fatigue testing methods usually apply the stress cycle in a low frequency
setting. Even with a machingperating at100 Hz frequency the time required to study a
certain material in the VHCF re@mwill beunfeasibleand energywisevery consumingEor
example, if onavould want to achieve @° cycles at 100 Hz, a single test would take around
4 months to complete, whereas in ultrasonic fatigue testing at 20 kHz this time could be

reduced, in principle, to less than one day, if no inietions had to be made.

Because conventional fatigue machines would takeiaf@asible amount ofime to
achieve cycles between 4@nd 10 (VHCF regime) a new type of machine was developed
capable of inducing high frequency cycles: thigasonic fatigue testing machine. Mason in
1950 was the first to build such machiseccessfullgstablishing the standard frequency of

20 kHZ. In ultrasonic testing, thexY L2 y Sy 1aQ aSi A& SEOAGSR Ay



high stressesat high frequences All the parts are desiged to have the resonanmode of
interesttuned tothe workingfrequency of theactuator(typically, a piezoelectric transducer)
The specimen is then excited at a specific resbmaode thatinduceshigher stressewvithin

a welldetermined sectiorof the specimerior the fatigue study.

The first studies with ultrasonic fatigue machines applied uniaxial
tension/compression(stress atio Y p) using a booster and horn to amplify the
displacementsntroducedby the transducerMany different materials have been testeslich
asalloysteels®, aluminium &7 and copper 8. Also,several variants of the testhere dfferent

parametersare controlledand analysed, like corrosiort® and fretting!, were conducted

With the development of ultrasonic fatigue testimgany new trends capable of
applying diferent stress combinations than the first uniaxial tension/compression were
created, likeuniaxial bending *> and biaxialbending '3, torsion >4 or even combined
multiaxial tension/compressiowith torsion 1>6 All the aforementioned ultrasonic fatigue
testsare basal onthe same principles: the specimens are designed so that tkegnate at
0KS YIOKAYSQa 2LISNI GAY WithTnkde Ifhagiey BandudeivélH JA O € f
determinedstres®s ata well-determined location of the specimeanhere the nucleation of

fatigue cracksvill occur.

In this work ultrasonic fatigue test were conductedto analyse cruciform test
specimenghat were purposely designeid induce an orthogondbiaxialstate of stress at its
centre when resonating at 20 kHz, mmstially proposed by Montalvdo and WreH. The
designs for VHCF are based on otlenciform specimenghat have been createdand
optimised by several authors for the study of fatigue for this type of comjbliexialstress
cycle in conventionaton-ultrasonicmachnes!®?L, Two cruciformgeometrieswere tested,
one with in-phase tensiortension biaxial stresses {T) and the secondith out-of-phase
tensioncompression biaxial stress@ST). A uniaxial ultrasonic fatigugestingmachinewith
a single actuatooperating at 20 kHezoupled with a booster and a hormas sedto excite
one ofthe cruciformspecimed Q NXB a 2 y I y (i -TY6RCR)St a sirigle ¢cdSdinaté (@n
anti-node) with a point loadSince the specimens are cruciform, it will be shown thabaial

state ofstressis induced at the centre of thepecimen even if only one actuator is used



2. Theoretical backgrounénd Methodology

As it was mentionedabove two types of cruciform specimenswere designed,
numerically analysednanufacturedand tested based on thalesignsfrom 21?2 and were
adapted following the guidelines frot4, so that they could beested under ultrasonic fatigue
loads in the uniaxial tensieoompression test machine developed at Instituto Superior
Técnico (University of Lisbof?) The specimens have a cruciform shape, and both induce in
plane axialaxial stress combinations, although in one design the stresses grhase
(tensiontension or TT)while in the otherone they are outof-phase(tensioncompression
or GT) This specific geometrical shape is already in use in the conventional way of applying

loads withfour actuators?4.

For the transformation from the conventioh# the ultrasonic fatigue testing the
basegeometryshapeform is kept, but the dimensions arehanged so thathe specimens
have a specific resonamode of interest around the working frequency of 20 kHz. The
dimensions are dependent on the materialabfoice and the resonamode of interest; thus,
two geometries are created for tensigension (FT) and compressietension (CT) stress
induced combinatioa The analysed and tested geometries were obtaibedeal on one of

the co-authors previous workrad experiencé’.

The two types of cruciform specimens in this study are excited in two different
resonan modes. Both specimens follow a certain geometry with special relations between
the dimensions These relations were obtained from an optimisation of the geometry
proposed by?2. The geometry follows the design in Figurevith dimensions given by

equations 1) to (6).
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Fig 1: Technical drawing of the cruciform specimen and designations of each dimension

variation1722

To achieve a working specimere. one that has the intended -phase or ouof-
phase mode shape tuned at 20 kHz, the method describéd that makes use of equations
(1) to (6) andhe application of a dimension&lining scale factor, is followedrherefore, the

specimens used in this paper have the same dimensions as the ones propésgedbte 1)

Tablel: Dimensions and estimated medrequencies of theultrasonicspecimens-’.

Original Design fron  UltrasonicDesign UltrasonicDesign

20 pfti) (GT)from 7 (T-T)from 7

i cale
1 0.4577 0.5533

factor
011 200 915 110.7
O 11 30 13.7 16.6
ol i 10 4.58 5.53
YOI I 65.2 29.8 36.1

Ya il 28.9 13.2 16.0



QQl i 57.7 26.4 31.9

o1l i 19.7 9.02 10.9
oo i 1.50 0.687 0.830
—J 70.6 70.6 70.6
) 9,151 Hz ()
Q( U 19,999 Hz 20,000 Hz

11,066 Hz ()

A representation of the modél K I LJS & Q RIS defeidviediuiirdy yAbaqus
software andshown in Figurée.

T-T C-T

(A) (B)

Fig 2: Representation of the displacementstbé resonart mode shapesof interest: (A)n-

phaseT-T; (B)out-of-phaseCGT.

The materialchosenwas the 6082T651Aluminiumalloy, a medium strength alloy
used in a diverse range of applications, including highly stressed structures that are subjected
to in-plane multiaxial lods. The materialproperties used in thefinite elementmodels are

presented in Table.

Table2: 6082T651 Aluminium alloproperties.

Density (g/cm”3) Young Modulus (MPa) t 2 A a aofficiond
2.70 70.000 0.33




In both specimens there is one displacement nadi¢he centre and stress nodex

the four extremities(i.e.,where the stresssare null). Conversely, they both have two stress

anti-nodes at the centre (i.e., where the stresses are maximum in both oothalglirections)

and displacement amnodes at the four extremities (i.e., where the displacements are

maximum).The specimens are attached to the machimemposed by horn, booster and

transducet | G 2yfeé& 2yS 27
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set is represented ifFigures3.
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Fig 3: Ultrasonic fatigue machine system components with cruciform specimen under test

17

Longitudinal displacements with a frequency of around 20825 kHz)providedby

the piezoelectric transduceare amplified by the booster and the horn and transmitted to



the cruciform specimens. The movemedransmitted by the horrexcites the specimen ia

specific resonanmode shapeof interest for the biaxial fatigustudy:.

Severalanalysesvere conductedn the finite element software First,the resonan
mode of each specimenwas studiedindividually (because the nature of operation of
ultrasonic fatigue testing machines is that they seek to reproduce free vibratitnthe
specimen vibrating at its own natural frequencyhenthe hornand boostemwere included
in the simulations to account for their influence whiefll show up due to the existence of a
connection coordinateand frequency differences in all indivial modes These analyses
helped to comprehendhow the functioning geometrycould be improved, based on the
understandng on what other behavioursmay be occurring beyond the pretendedand
predicted) deformation. The results were compared qualitatively with the experimental

analysis made afterwards.

Before performing angxperimentaltest, a frequency analysis of the component set
(booster; horn; specimenyvith each of the machined specimens was made using the
tray 4a RdzZOSNR & a2 F i g lediEistly gnkekstandlif yivaspossible t exgitéhe LJ
produced specimers under resonance at the 2BHz (+0.5 kH2 design frequencylt also
provides the frequency of work. This frequency varies between each spedested and
gives aninsight of thedeviation of the specimen frequency comparing it to the working
frequency without the specimen. Simulations on FEA show that the resomamuteQ

frequeng of the specimen$iave shown to bsensible tesmall geometrical variations.

Both FT and €T & LJS O A dyBayhi@ Behaviours werafterwardsanalysed using a
two-channel Polytec Laser Doppler Vibrometer (LDV) measuring axially (at the extremities of
the arms) and transversely (along the longitudileaigth of the arms) in pair3.he difference
in amplitude and phase between two lasers measurements in certain key points of the
cruciform specimens hefio understand if the specimeédd Y 2 R Baspridictetfihree
different measurementsvere put inplace between the extremities (horizontal and vertical
FNYQAUOLT K2NAT 2y il YediclIneernfent ohdrizogtdl Alins\ald-tie I NJY &

variation along their length

Themeasurements at the extremities help understand if each specimenimglucing

the displacement of the armas intendedand therefore the induced stress ratithe centre



For the remainingests, by measuring witlthe laservibrometertransversally along the length
of the armswe can perceivé the displacement heany discrepancielsetween the true and
predicted motion. For the measurementsto be made laser reflectoraere glued to the

& LIS OA Y S gt Blldhe addtir@menpoints of interest

TheY I (i S Msteret@damping is responsible for thgeneration of heaturing
tests 2%, this means that where the material is deforming the mastthe sense of strain
hence where thénighest stresss) the heat generated is the highest. With the use of a thermal
camera, all specimens were observed to view if the centre showed the generation of heat,
sincethat is the expected area of highest stress. To obtain the thénmmasponse on the

camera the specimen’s side on film was painted mdteck beforehand.

After analysing all machined geometries of both shapes, the specimens that showed
best agreement between the Finite Element Models and experimental resalts testedto
failure. All the experimental tests followed a similar methodoltgyhe onedescribedin 2°

with temperature control

3. Results and discussion

3.1Finite element analysi$FEA)

The twodifferent specimen® R S &-K ahg ) wéré analysed using finite element

analysi{FEA}hrough Abaqus softwaré he results of previousork 1’ were alsoconsidered

since they wereon the basisof the first desigrs subjected to testingin this work Modal
analyss simulations were conducted both the GT and T specimenslone(i.e., with free

free boundary conditionspas well as withhe specimens attached tihe booster anchornas
illustrated infigure 3 A dynamianodal analysis is algmerformedto the systenf) @assembly,
where a unit forcenarmonic excitations appliedat the resonan frequency determined in

the modal analysis. This dynamic analysis will give a better understanding of the possible

influence of modeshapes in the vicinity of the biaxial mode shapes under study

Observingall the mode shapesof each specimen individugllunder freefree
boundary conditiongfigures 4 and %or specimens T and €T respectivelythere are a few

mode shapes with similar displacements to the arm receivingltfiglacement from the horn.



Theses modes are the ones most likely to have interfee with the mode of interest but
only if they have a relative frequency proximity to the working frequency B kHzould

his influence be relevaniThese are the modes at 19,468 fér case 1T (2.7% belowthe
working frequency and at 23,547 H#or case €T (17.7% abovehe working frequency
represented in figure 4 and 5 respectivelQue tothis similariiesto the hornr@ movement
thesemodes may have someinfluenceon the deflection shape of the specimen even for a
pure harmonic excitation 20,000 Hzbecause of the stiffness and mais® contribution of
mode shapes that areot within range but that arestill close enough to have an influenoa

the target mode shapé’.

T-T

U magnitude

MAX MAX

19468
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Fig 4. Relevat resonan mode shapeclosestto the working frequencyor the TT

specimen

C-T U magnitude

MAX MAX

23537
Hz

MIN

Fig 5: Relevant resonarmode shapeclosest to the working frequency for theTC

specimen

Afterwardsa similarFEAmModal analysiss made butwith specimens attached to the
horn and booster used in the ultrasonic machine. The obtained modal shapes are a
combination of the specimen mode shapes with the horn and booster mode shapes. Thus,
the modes presented in figure 2, the maxiaf interestfor both specimensis represented in

figure 6 and 7 (Agndmode shapes digures 4 and 5 are transformexhd established with



the horn and boostein figure 6 and 7 (Bfpr the TT now at 19,442 Hz (2.7% below the
working frequency) and at 21,755 Hz fel €89% above the working frequency) respectively.

(A)
19982
Hz

MAX

Umag

(B)
19442
Hz

Fig 6: Resonance modghapes with the system components for thd Bpecimen: (A) Mode

of interest; (B)the most relevant one closest to the working frequency

(A)
19977

Hz
MAX

Umag

(8)
21755
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Fig 7. Resonance mode shapes with the system components for {fhesg2cimen: (A)

Mode of interest;(B)the most relevant one closest to the working frequency

All the represented mode shapes of figure 6 an@Y of noninterestare excited with
the longitudinal displacement of theooster andhorn, just as the resonant mode of interest.

The TT specimen shapa&lone and withthe attached horn and booster has tlibosestmode



to the working frequency of 20kHz. This means that th€ 3hape wilbe under higher

influenceby the modein figure 6.B) when excited in the mode of interest

Due to the proximity of the resonant mode of tiieT specimen presented in figure
6(B), it is important to understand housthe displacement distbuted along the specimeiif
there is indeed an influence of the nanterest mode This analysis will be important not only
to understand in what differs from the mode of interest but also how could it be measured
and determined experimentally. The figu8 shows in detail thdisplacementnagnitude(A)
and the vertical displacementsvith reduced scale (B)f a specimen obtained froma time
iteration of adynamicmodal FEA analysiwith the booster and hornn magnitude,. The
reduction of figure 8.(Bycaleis appliedfor a better comprehension of the changes in

displacementlong the specimen.

(A) 0

MIN

Fig 8: FEA Dynamic modal results: i¥placement magnitude; (Bpngitudinal

displacement with reduced scaling.

Through figure 8he specimen shows in the dynamic modal FEA to have a combination
of both modes of figure 6 (A) and (B). The horizontal arms have now a vertical node along its
length. Thus,if the displacemat is measuredlong the horizontal arrthere will be a change

in phase between opposite pointsbfNY Q& f Sy 3 i Ko



3.2 Ultrasonic testingfor assessmenb f t he speci mens’ designs

Four specimens of each phase type of specimens were tebtedfrequency analysis
was firstlyperformed on all machined specimens showed that &ll &d ¥T could be excited
within the working frequency range of the transducéfet this doesnot prove that the
excited resonah mode shapeof the cruciform specimas is the intendedone or if it is
occurring according thdesignedand determined by thd&-EA Sveraltests were conducted
using alaser doppler vibrometer to measure the displacement séveralspecimers at
different coordinates and direcinsfor afterwardscorrelate with the expected mode shape
All tests wereconductedo several specimens of each geetry andwith the same low power
setting with the exception ofa more thorough measurementmade toa T-T specimenQ
horizontal armsOnly a set of results is shovior each phase specimatue to the similarity

and consistence ahe laserresults.

The Laser measurements at the extremities are shown in Fi@gfoe each type of
specimen. It is clear that, even thoughtbaypes of cruciform specimens proved to have the
correct and expected phase, onlyTCshowed to have similar amplitudégtween both
extremities as intended All current T-T specimengested showed displacements at the
extremities which are in-phase but with a considerable shift in amplitude, being
systematically larger in theorizontalarms(Laser 2), around three times higher thianthe
vertical direction (Laser 1). The higher amplitude in the horizontal arms-of showed a

similar amplituek to both extremities of .

B laser 1
— Laser2
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(=3
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Amplitude
o
1 | |
Amplitude

-200-|
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Time i __Time
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measurement coordinategB) results for specimetype T-T; and (Q results for specimen

type GT.

After testingat the extremities, several vertical measurements wetenductedalong
the horizontal armsThese after measurements were made to verify if there is vertical
movement asndicatedbythe FEAThis movement is expected to be the reason for the higher
amplitude acquired irthe horizontal arms in the-T specimerobtained in Figure.(B) If

there wasno verticalmotion the lasers should show to be in phase avith low amplitude.

Firstly, a simple measurement with the lasers oriented as showed in Figufer both

specimensvas conducted

B laserl
[ Llaser2

=

Amplitude
L& o zszs

|
00 oo ool oo 00758 0073002 00731 0072 0073 0074 oosts
Time

(A) (B)

Fig 10: Verticald & LI  OSYSy (i Y S| & dzNB hofzgniabarnd@®) (G KS & LIS
representationof the measurement coordinate¢B) results for specimetype T-T;and (O

results for specimetype GT.

From figurel0, the amplitudeobtained when measuring transversely to the horizontal
arms for theT-T specimenss higher tharwhat is obtained for theGT specimensfor the
same testing conditions angsing the same power settinlyloreover, br the CT specimens
the amplitude measuremenshowed tobe aroundeighttimes lower than the highest value
measured at the extremities, whifer the T-T specimens ishowed to be just around 2 times
lower. Phase is also importajibeingobserved that.aser 1 is oubf-phase withLaser 2which
is clearer for specimensT. Thissuggestada T f | Ldbdditiordoé the horizontal armsi.e.,
there isa combinedtranslational andbendingmotion of the arms as illustrated earlier in

figures7(B)and8, which supportghe previousdiscussiorbased on the FEA models



It was also observed that even when therticallasermeasurementsareon the same
plane and colinear along the horizontal arthere is a difference in amplitudend phasen
some locations oboth specimen&ypes.Looking at the=EAresults the vertical movement
G NRASa |t 2y 3 initkeSinderditk of dand itSaytdlly €hanges directicat a
OSNIFAY LRAYOGDd {SOSNIf YSIad2NBYSyida 6SNB YI R
end of theoppositearm usedas a referenceThe results of theseneasuremens are shown
in figure B andwere made witha powersettingtwice as high as ithe previous experiments
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Fig 11: Vertical dsplacement measurementong the2 ¥ (1 KS  zhadSo0tal s/ & Q

(A) representatiorof the measurement coordinate§B) results for specimen typé&-T.

This experiment was only conducted with specim&T, since for specimeGT this
a ¥ | Letfaktys3rauch less pronounced, as observed from figreThe measurment

point represented in figurelO corresponds to point i figure 1. The change of phase along



0KS | NYY,asiobder8ed i thEEAwas also prove comparing he 1-1 and 14 results.

The highest amplitude was measdrat point 4.

One final lasemeasuremenivas made to the vertical arnvgith the laser horizontally
fixed (figure12).

I Llaserl
— Laser2

(A)

Fig 12:Horizontald & LJt | OSYSy & Y S| & dzNBwe&ocalarens B)F G KS alL
representation of the measurement coordinatéB) results for specimen typ&-T;and (O

results for specimen typ&T.

Results showto be consistent with both the FEA models and the intended mode
shapesF 2 NJ 0 2 ( K typesISod faséiS ghiwed to be iphase andwith a relatively low
amplitude especially when compared to the amplitude when measured in the axial direction
which isabout 10 to 1%imes greater This measumnent of amplitudemay be explained by
the displacementsaused bythe elongation of the armdueto the Poissorcoefficient of the
tested materialsinceboth signalsare in-phase. Being in phase means tlaboth points the
displacementtowards the laser is the same, meaning that them is elongating or
compresfg and not having a bending horizontal movemeértie observedmalldifference
in amplitude in figurel2.(B) may easilipe due to a slight maslignment between both laseys
or inevitablegeometrical and dimensionaeviations(e.g., concentricity or flass)of the

manufactured parts in the system (from booster, through to horn and down to the specimen)

From the Laser measurements and numerical analysigastobserved that the -T
specimers has aspecificundesired vertical movement in the transversainsg which motion
NBaSyofSa (KS a7Ff landiaieyy b verical displaceméhRofXide varticay’ 3 4 =
extremity. There are a few reasons why this may be happeasdiscussed above. The most

likely reasonis the existencef a nearby resonat mode (at approximately 19.kHz a 2.7%



difference to the operating frequengysothe end resultis an OD$%a combination of both
modal response and forced vibratiorther thana” & A a ®dde $Sh&pR, thualteringthe

& LIS O A inéhgledieflection shapeThe difference in amplitude between the vertical arm
and vertical movement is much lower experimentally than numerically estimated. This
smaller difference could be related for the nascounted geometrical deviations of the
specimens thatrifluence the frequency of all modes, which can translate in a much higher

influence of the resonant mode of nenterest.

3.3Thermographic analysis

In order to corroborate the conclusions abosed get a better understanding on why
& LIS O A Y S yTam@noftiopdrdBng &s intendedh thermographic analysis was conducted.
Thermalimaging of the T specimershows thatthe greatest amount oheat is not being
generated athe centreas intendedput near theconnecton to the horn, as showin Figure
13

Tatm = 21.0

Fig 13: Thermographic image of BT specimen under an ultrasonic fatigue test.

However, the € geometries proved to have acceptable performance. Thermal
imaging also helps to reinforce the latter statement as Figideshows a higher heat

generationat the centre of a & specimen.



Tatm = 21.0

Fig 14: Thermographic image of alCspecimen under an ultrasonic fatigue test.

3.4 Experimental testing to failure

Knowing that the &@ specimen was being excited in the resdnarode of interest
without significant influence from other mode shapea powercontrolled test was
performed until failure. In this test, high enoughconstantpower settingis applied to the
specimen with temperatureontroland with displacement measurement dte free vertical
arm. So,along thetest a constant amplitudaes measuredand interruptions are madeor
cooling the specimen dowfor maintaining the highest heat generation regibatween28
and 40 degreesThechosenpower was made empiricall. ¥ | & LIS OA YabagivéhA Ry Qi
power, a higher one was applied. For the determination of the applied staessrrelation
between the displacemenneasured and the FEA analysis must be made as well as the usage

of a stran gauge.

Throughoutthe test thenumber of cycles was counted from the wavefoacquired
by the Polytec LaserDoppler Vibrometer After more thanone million cycles(1E6)the
ALISOAYSYy afz2ai¢ Ada NBaz2yryOoS G | NRdzyR Hna
its centre (the stiffness decreased; hence the natural frequeotythe entire system
decreased as well until it reached the lower operating frequency of thehmaat 19.5 kHz).
In order to expose the fatigue crack surface for observation, the specimen was introduced to
a hydraulic machine for a tensile test until complete failure. Fig@rehows the crack before

and after applying total failure to the specimen



(B) ()

Fig 15: (A) Amplification of the crack after ultrasonic test{ibgfore facture) (B) GT
specimen after tensile testhowing fracturgpaths and(C)microscopic image of the fatigue

crack surface of the-T specimerafter fracture

Thecreated fracture showethreedifferent types of crack surface zondsvorelated
to the induceand propagation of théatigue crack with a more regular and smother surface
andthe third witha rough surface related to the rupture of the specimen madéetensile

machine.

The fatigue crack shows to have been initiated wifi®-degree angle to the induced
stressesaround 0.5 mm from the centre After fatigue crack initiation the propagation
bifurcated in twopathson both sides The former+50-degree surface is similar to the latter
onesbut with a much shinier surfacand with a more consistent directiaas it can be seen
in figure 17B) and (C) The fatigue cracKronts did not grow across the whole of the
ALISOAYSyQa f Sy 3 iifcreaRapd thickiess érid &lsodduzRoRt®0easen
frequency which made the test come to a stop (due to limitations of the machine with regards
to its operating bandwidth)The way the specimem NB { S Ay GKS (GSyaArtsS Yl
to see the surfae of two of the four zones of fatiguyeropagationfractures created The
obtained angle in the crack initiation siteeems adequate for the applied biaxial state

considering that uniaxial tension/compressispecimens have a crack surface normal to the
& LIS OA Y S ydnd thefblyaltyirétio i® —  p (for the GT specimens)Thereby

having & in-plane axiakxial with a90°-degreerelation with similar induced stress in both
directions it is a &ir assumption that the fracture angle should be in between the applied
streses The+50°-degreeangle of the fatigue cracikitiation is shown in Figurd6. This

assumption iseinforced by numericatalculationsesultsby the studes’®2°for the optimized



specimen followed in tis study wherefour of six fatigue crack initiation critems (Findley®;
BrownMiller3}; FatemiSocié?, Chu#®) predict that the fatigue crack initiationwill be +45°-
degreesto the stress axigor the outof-phase loading cas€GT specimen)considering
AlSI303tainless steetfand a typical aluminiurf?. It shouldalsobe mentioned that the study
calculationsconsider the conventional stress inducing metHodfatigue regimes below the
VHCFThefatigue crack criteriorFindley and &emi-Sociementioned showin 34 to have
better correlation to ductile materials such as theedaluminium Such resultstrengths the

obtainedexperimental results of the correct functioning of theTGpecimen.

Fig 16: Fatigue crack angle in relatitmthe arms in a @ specimen.

4. Conclusions

In this work, theadaptation ofcruciform specimesfor ultrasonic VHC&s proposed
in1”wasthoroughly tested andnalysedBoth FEA and experimental testiwgre performed,

enabling sveral conclusion® be drawn

Comparing numerical results between both geometriés was observed that
specimenl-TQ& 06 SKI @A 2 dzNJ ¢ K Bight s&fer@dorisiSdrablénflueneenfror | 1
at least one mode in the vicinitgven when excited with a pure harmonic excitation. On the

other hand,GT specimes, by havingthe other resonant modes sufficiently spacaway



from the target resonant frequencghowed the intenéd dynamic behaviour when excited
at the target frequencyThe influence from modes in the vicinity wadly possible to observe
when the numerical models included the whole system cosgal bybooster, horn and
specimen.Iln such a case, and everthk ultrasonic fatigue testing machinesedseels to
reproduce free vibration withall the partsand specimervibrating attheir own natural
frequendes there may be issues if each part doest have exactly the same resonant
frequency as what will be excited is an ODS rather than a mode shape. Accdfaghs both

forced and modal response components

Comparing now both geometries experimental results confirm some of the

assumptionsnadeon the FEA

(1) TheGT specimeris able tovibrate withthe intendedmode shapeby having the
extremities with the correct phase and approximate amplitudesrthermore,
thermal imaginghowedthat the highest heat generationwasat the centreof the
specimenfor specimen €. Whenexciting the system witla high enough power
to induce a crack after more than a million cycldee crack developed at45°
between the horizontal and vertical axes, which is consistent with the assumption

of numeric calculationsf fatigue crack initiation critesiwhenthe biaxiality ratio

is6 — p.

(2) For the FT specimenanearby(in terms of frequencylesonant modeappears to
have aconsiderable influencen the resultsmakingthe mode of intereshot being
correctly inducedAlso, this specimedid not showa higher heat generatioat the
centre and showd considerable differences in the amplitude of displacement
between the extremities. It also showecbnsiderable verticaimotion of the

horizontal arms.

All consideredthe reasonfor the incorrect functioningof specimen 1T is shown to
be related to theresonantmode shape found in the vicinity of the working frequertgving
a much higher influencen specimen T than on specimenGT, which waspredicted
numerically From this fact, any smallgeometri@l deviationsin specimen 9T will have a
greater effectin the finalresult Having thel-T specimera more complexgeomety than the

remaining system componentéts frequendes suffer a higher influencefrom dimensional



deviationsthat result frommachining. This variation on frequencguld impose a higher
influenceoverthe resonantmode of noninterest shown in figure 4nd consequentlpnthe
one in figure 6 (B)This higher influere cannot be created byaltering the differences in
frequendesof the resonant modes of the specimé free-free boundary conditionslone,
but alsoby consideringsystenQ2 @mponentsirequendes With higher difference between
the systenf2 and the specimef &equencies the contribute fromthe forced vibration
component of the responsis imposel over the modatomponent of theresponseresulting
in a complete system with a moresignificantODSthan predicted Thisleads toa more
LINBY 2dzy OSR RAALIX I OSYSy (of aliird sinceNtis@ Sovnbirfat®@of G KS U
an axialaxial with an axiabending mode shapd&hus, the 9T specimen has to changgone
where other resonant modes with similar amibdes haveo be more spaced to the resonant

mode of interest.

Finally, ecause of the intrinsic nate of the geometry of the specimen, only with the
YSI adzZNBR RA&LX | OSYSyd Ay prép&ties s difficiitksoS & | y R
calculate correctly the induced stressatthe centre of the specimen. There is a need to
introduce a straa gauge in order to measure the strain and with it obtain the induced stress

which is left for further work
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