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ARTICLE INFO ABSTRACT

Keywords: Acoustfic softenfing fis a phenomenon where metafls exhfibfit a flower fflow stress when excfited by a vfibratfion at
Uﬂm@c Vﬁb@ﬁOH ufltrasonfic frequencfies. Thfis softenfing effect has been weflfl documented fin the flfiterature, however, there are two
Acoustfic softenfing areas that requfire further fin-depth anaflysfis. The ffirst reflates to the wfide range of reported softenfing responses for

A tfi . o X X
Coustlic energy the same aflfloy. The second reflates to the use of coeffficfients and compensatfion factors when modeflfing the

xﬁ:ﬁ:ﬁ Sa;].aff; acoustfic softenfing phenomenon fina compflex formfing processes. Thfis study finvestfigates the changes fin softenfing
response when aflterfing specfimen dfimensfions fin ufltrasonfic assfisted compressfion tests. Aflumfinum aflfloys (AA)
2024-0 and AA7075-O were machfined to dfifferent dfimensfions and compressed wfith ufltrasonfic assfistance, to
finvestfigate the reflatfionshfip between specfimen voflume and softenfing response. An finverse reflatfionshfip between
softenfing magnfitude and sampfle voflume was found. When reflatfing thfis to acoustfic energy densfity and stress, the
vaflues are finvarfiant because the standard acoustfic equatfions cannot account for changes fin specfimen hefight. The
ampflfitude strafin parameter, ampflfitude dfivfided by the current specfimen hefight, fis fintroduced, and shown to
account for changes fin specfimen dfimensfions. In addfitfion, the softenfing effect dfimfinfishes reflatfive to the state of
strafin. The resuflts suggest acoustfic softenfing fisa functfion of the ampflfitude strafin parameter and strafin hfistory.

1. Introduction strafin and the change fin fflow stress can be represented by:

Acoustfic softenfing fis a phenomenon fin whfich materfiafl exhfibfits a 05 = Jun €y

flower fflow stress when a vfibratfion, typficaflfly above 20 kHz, fis appflfied. Ocontre!

An earfly study from Bflaha and Langenecker showed that the shear stress Ag = Ocontrel Oua 400 @

fin zfinc sfingfle crystafls decreased durfing ufltrasonfic excfitatfion [1]. Thfis Ocontrol

proved to be a sfignfifficant ffindfing as the requfired energy finput was flower
than the requfirement for thermafl softenfing for an equfivaflent fflow stress where the softenfing fractfion, oy, fis the ratfio of the fflow stress for the
reductfion. The proposed drfivfing mechanfism fisa flocaflfizatfion of acoustfic ufltrasonfic assfisted (UA) sampfle dfivfided by the fflow stress of the quasfi-
energy at defect sfites, such as dfisflocatfions, whfich flowers the cfifficafl statfic floaded or controfl sampfle. Ao fis the softenfing magnfitude whfich fis
energy requfired for slfip. Some researchers have suggested this effect to ~ the percent change fin stress reflatfive to the controfl sampfle. Acoustfic
be drfiven by matetfiafl heatfing or sfimpfly the average stress durfing the varfiabfles such as acoustfic energy densfity, fintensfity, and stress have been
unfloadfing phase of the vfibratfion, termed stress superposfitfion; however, used to correflate Ao and are represented by these equatfions:
muflfipfle studfies have shown that sampfle heatfing does not reach hot o WA [ J 1
formfing temperatures [2-6] and the stress superposfitfion cannot fuflfly E=" T = pu?A? 3
account for the reductfion fin fflow stress [3,4].

Sfince thfis finfifif] ffindfing, acoustfic softenfing has been demonstrated fin [ W]
a varfiety of metafls and thefir aflfloys fincfludfing aflumfinum, copper, mag- I =pcwA? m @
nesfium, tfitanfium, and steefl [6-10]. The ufltrasonfic vfibratfion fis often
appflfied durfing the pflastfic regfime for a short duratfion or ffinfite amount of

3

* Correspondfing author.
E-mdfil address: randyjfc@umfich.edu (R. Cheng).

https://dofi.org/10.1016/j.msea.2023.145437

Recefived 9 May 2023; Recefived fin revfised form 7 Jufly 2023; Accepted 10 Jufly 2023
Available online 11 July 2023

0921-5093/© 2023 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.msea.2023.145437
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
mailto:randyjfc@umich.edu
https://doi.org/10.1016/j.msea.2023.145437

R. Cheng et al.

v
a = ‘é)r:éusmpEmad [MPG] (5)

E, I, o are the acoustfic energy, fintensfity, and stress terms respec-
tfivefly. p fis the densfity of the sampfle, w fi the anguflar frequency of the
ufltrasonfic horn, A fis the appflfied ampflfitude, ¢ fis the maxfimum speed of
sound fin the sampfle, and E_ , fis the eflastfic moduflus of the workpfiece.
The acoustfic stress and acoustfic energy correflate to ampflfitude and
ampflfitude squared, respectfivefly.

Sfince ampflfitude fis the mafin varfiabfle fin ufltrasonfic assfisted experfi-
ments, fit fis common to correflate the softenfing response to ampflfitude or
ampflfitude to the power of a constant. The reported flfiterature has been
qufite mfixed fin thfis correflatfion. Deshphande et afl performed ufltrasonfic
assfisted compressfion (UAC) on aflumfinum wfire and found correflatfions to
ampflfitude squared [11]. Wang et afl. [12] observed a flfinear reflatfionshfip
to ampflfitude fin ufltrasonfic assfistance to tensfifle tests (UAT) of copper
fofifls. Yao et afl [13] found UAC on commercfiaflfly pure aflumfinum to
correflate flifinearfly to the ampflfitude. Sfiddfiq et afl. [14] fintroduced Usosr =
(1 deIy, where Usy fisthe softenfing term, I fisthe acoustfic fintensfity
(Eq. (4)), d and e, are experfimentaflfly ffitted constants; they used thfis
equatfion to modfify the fifififl {Ifip resfistance fin crystafl pflastficfity
modeflfing of ufltrasonfic consoflfidatfion. Sfiddfiq et afl. [15] flater modefled
other processes that used that same aflumfinum materfiafl but had to
change the vaflue of e, from 1 to 2.

In addfitfion, the magnfitude of softenfing reported for the same aflfloy
can vary sfignfifficantfly. Severafl UAC exampfles on commercfiaflfly pure
aflumfinum are taken from flfiterature. Daud et afl. [3] observed a softenfing
effect of 38% when usfing an ampflfitude of 10 pm. Zhou et afl [7] ach-
fieved 37% softenfing wfith just a 4 pm ampflfitude. Yao et afl. [13] found a
softenfing effect of 35% wfith onfly a 2 um vfibratfion ampflfitude. Possfibfle
reasons for these dfifferences fincflude the state of strafin of the sampfle at
whfich the excfitatfion was appflfied and dfifferences fin materfiafl mficro-
structure. Sfiu et afl. [16] fincorporated pflastfic strafin usfing cofld rofffifing
and characterfized the softenfing fin UA mficro findentatfion experfiments;
they observed a non-monotonfic response for aflumfinum specfimens. The
three cfited exampfles [3,7,13], appfly ufltrasonfic vfibratfion between
strafins of 0.15-0.20 and evafluates the softenfing at the very begfinnfing.
The strafin states are fafirfly cflose for thfis sampfle set and flfkefly contrfibutes
mfinorfly to the varfiabfiflfity. There are a few reports of grafin sfize and
texture fimpactfing the softenfing response. Ahmadfi et afl [17] conducted
ufltrasonfic assfisted equafl channefl anguflar press on commercfiaflfly pure
aflumfinum wfith grafin sfizes rangfing from 109 um to 1 um and dfiscovered a
dfirect correflatfion between softenfing and grafin sfize. In contrary, Wang et
afl. [8] suggested fin finverse reflatfionshfip between grafin sfize and soft-
enfing fin UAT of copper fofifls. Kang et afl [18] found that the sampfle
texture has a dfirect reflatfionshfip fin dfifferences of softenfing response
when tensfifle testfing copper sheet paraflflefl or perpendficuflar to the roflfled
dfirectfion. Aflthough mficrostructurafl dfifferences can be a pflausfibfle
expflanatfion, a key dfifference fin the cfited studfies fis the sfize of the
compressfion specfimens. Daud’s, Zhou'’s, and Yao’s compressfion specfi-
mens had hefights of 8 mm, 4 mm, and 2 mm respectfivefly.

Asfide from fundamentafl compressfion and tensfion experfiments,
acoustfic softenfing has been tested on a varfiety of practficafl
manufacturfing processes. Vahdatfi et afl. [19] fincfluded a vfibratfing toofl fin
sfingfle pofint fincrementafl formfing of strafight groves. Thefir resuflts showed
greater strafins were achfieved due to acoustfic softenfing and flower sur-
face roughness. Cheng et afl. [20] appflfied vfibratfions to two-pofint fin-
crementafl formfing, whfich uses a haflf-dfie as support. The formfing force
decreased by 18% and thfickness reductfions were measured to be greater
than the appflfied ampflfitude of 3.2 um. Azfiz and Lucas [21] demonstrated
usfing ufltrasonfic vfibratfions fin the press formfing and showed a reductfion
of 22% wfith an appflfied ampflfitude of 20 pm. Thus, there are a varfiety of
appflficatfions demonstrated to beneffit from fflow stress reductfions.
However, the strategfies on how to accuratefly modefl and predfict the
response requfire further work. Sedaghat et afl [22] presented a
phenomenoflogficafl modefl to sfimuflate the expected formfing fin

compressfion, punch formfing, and fincrementafl formfing. To do so, they
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used Kocks-Meckfing’s dfisflocatfion evoflutfion modefl where they flowered
the actfivatfion energy for dfisflocatfions to overcome barrfiers. However, fit
was necessary to fintroduce two fittfing constants for the punch and fin-
crementafl formfing sfimuflatfions: effect coeffficfient and actfive voflume
parameter. The ffirst coeffficfient accounts for the fineffficfient transfer of
energy from the transducer to the workpfiece and the flatter adjusts the
actfive voflume of materfiafl partficfipatfing fin sfifip. Thfis poses an finterestfing
sfituatfion for appflyfing ufltrasonfic vfibratfions fin deformatfion processes
more compflex than tensfion and compressfion. If a paraflflefl comparfison fis
drawn to hot formfing, the hfigher the acoustfic energy finput finto a ffinfite
materfiafl voflume, the greater the softenfing response. Zhou et afl [7]
firfifeffly demonstrated an finverse reflatfionshfip between sampfle voflume
and acoustfic softenfing magnfitude fin UAC. They accompflfished thfis by
reducfing specfimen hefight whfifle mafintafinfing a constant dfiameter. The
mafin emphasfis was on voflume effects but the sampfle hefight was not
further dfiscussed. Sampfle hefight and softenfing correflated finversefly.

Thfis study further expflores the reflatfionshfip of specfimen voflume,
hefight, and strafin on the softenfing magnfitude and dfiscusses the fimpflfi-
catfions for acoustopflastficfity fin compflex formfing processes. Two
aflumfinum aflfloys, AA2024-O and AA7075-O are compressed wfith ufl-
trasonfic assfistance to estabflfish a reflatfionshfip between acoustfic softenfing
response and ampflfitude. Sampfle dfimensfions are flater modfiffied to
finvestfigate the fimpact of acoustfic softenfing on progressfivefly smaflfler
specfimen voflumes. The resuflts are pflotted agafinst common acoustfic
terms fincfludfing acoustfic energy densfity and acoustfic stress.

2. Methods

2.1. Materfials

Two aflumfinum aflfloys, AA2024-O and AA7075-O were suppflfied by
The Boefing Company for thfis work. No addfitfionafl heat treatment was
performed as the materfiafl was aflready anneafled. The startfing sheet
thfickness fis 1.60 mm and 3.18 mm for the AA2024-O and AA7075-O
materfiafls respectfivefly. An eflectrfic dfischarge machfine (EDM) was used
to cut the sampfles finto thefir approprfiate dfimensfions flfisted fin Tabfle 1.

2.2. Experfimental setup

The experfimentafl setup was performed finsfide a Cfincfinnatfi CNC
machfine, Ffig. 1a, under dfispflacement controfl. A Kfistfler dynamometer
9255A was used to measure the compressfive forces durfing floadfing at a
sampflfing rate of 40 Hz.

The ufltrasonfic transducer, hfighflfighted fin the orange box fin Ffig. 1a,
operates simfiflafly to wefldfing and sonficatfing transducers where a stack
of pfiezoceramfic dfisks, Ffig. 1b, respond to aflternatfing current/vofltage by
mechanficaflfly dfiflatfing. Thfis generates an eflastfic wave that propagates to
the tfip of the transducer horn. The transducer operates at a frequency of
20 kHz and fispowered by a Dukane generator modefl # 20VB480-2 L. A
Poflytec OFV 3001 vfibrometer controflfler & OFV-3038 flaser was used to
measure the vfibratfion ampflfitude of the horn. The stabfiflfity of the
transducer was verfiffied by measurfing the vfibratfion ampflfitude at
dfifferent floads; Mfinfimafl dfifference was observed between the unfloaded
and floaded condfitfions. The compflfiance of the setup was measured
before compressfion experfiments by floadfing the fflat too agafinst the
Kfistfler dynamometer. Engfineerfing strafin caflcuflatfions wfithfin thfis work
are compflfiance corrected.

2.3. Ultrasonfic-assfisted compressfion — Transfient test

To provfide a basfis for the expected softenfing effect for these aflfloys, a
transfient ufltrasonfic appflficatfion was ffirst tested. AA2024-O sampfles wfith
dfimensfions of 2.27 mm and 1.60 mm fin dfiameter and hefight, respec-
tfivefly, were compressed usfing a constant cross head speed of 0.007 mm/
s. At roughfly 0.04 mm pflaten travefl, the vfibratfions were swfitched on for
the remafinder of the test. The totafl dfispflacement was set to 1.02 mm.
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Fig. 1. Experfimentafl setup. a) CNC fin whfich aflumfinum coupons are compressed agafinst a figfid surface. The ufltrasonfic transducer fis hfighflfighted finthe orange dotted
box. b) schematfic of the finternafls fin the transducer housfing. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fis referred to the Web

versfion of thfis artficfle.)

Sampfles were compressed wfith fincreasfing ufltrasonfic ampflfitudes rangfing
from 0.63 pm to 5.36 pm. The ffinafl specfimen hefight was measured after

unfloadfing and the pflastfic strafin was caflcuflated accordfingfly.

2.4. Ultrasonfic-assfisted compressfion — Full UA

Ufltrasonfic vfibratfions were appflfied for the fiffl compressfion floadfing
of AA2024-O and AA7075-O sampfles flfisted fin Tabfle 1 (Appendfix).
Sampfles are ffirst floaded to roughfly 200-250 N and then vfibratfions were
swfitched on for the remafinder of the compressfion test. The acqufired
compressfion force fis converted to engfineerfing stress and strafin and
compflfiance corrected. Resuflts for the softenfing magnfitude were taken
from a strafin of 0.15. The dfispflacement rate of 0.007 mm/s mafintafined
for thfis set of experfiments as weflfl The strafin hardenfing rate was
caflcuflated for fiffl UA compressfion tests deffined by:

do

0= (6

2.5. Full applficatfion of ultrasonfic vfibratfions — modfiffied specfimen
I G

Sampfles of AA2024-O and AA7075-O dfimensfions were varfied ac-
cordfing to Tabfle 1. Ufltrasonfic vfibratfions were swfitched on at a sfimfiflar
compressfion force of 200-250 N and aflflowed to run for the remafinder of
the test. The resuflts are pflotted finterms of engfineerfing stress and strafin.
Acoustfic softenfing resuflts presented fin thfis work were caflcuflated at an
engfineerfing strafin of 0.15 unfless stated otherwfise.

3. Results and discussion

3.1. Transfient applficatfion of vfibratfions

The stress strafin curve durfing the transfient appflficatfion of ufltrasonfic
vfibratfions on AA2024-0 specfimens fisshown finFfig. 2. The fififf] floadfing
perfiod up to 0.20 strafin fisthe quasfi-statfic floadfing wfithout any ufltrasonfic
assfistance. The transducer was actfivated at approxfimatefly 0.20 strafin.
The vfibratfion was swfitched off durfing the unfloadfing portfion of the test.
As the vfibratfion ampflfitude fincreases from 0.63 pm to 5.36 pm, the
softenfing magnfitude fincreases from 14.4% to 66.1% respectfivefly. The
softenfing magnfitude fis commonfly compared to the appflfied vfibratfion

ampflfitude as shown fin Ffig. 3a. A flfinear reflatfionshfip to the appflfied
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Fig. 2. Compressfion of AA2024-O coupons at varfious ufltrasonfic vfibra-
tfion ampflfitudes.

ampflfitude was found for AA2024-O materfiafl. The unfloaded specfimen
hefight was measured to characterfize the pflastfic strafin. The resuflts, fin
Ffig. 3b, findficates hfigher pflastfic deformatfion of compressed sampfles wfith
fincrease vfibratfion ampflfitude. The resuflts can be compared to sfimfiflar
fload or dfispflacement-controflfled experfiments fin flfiterature. Sfiu et afl. [23]
conducted fload controfl findentatfion tests and found flarger deformatfion
areas when addfing ufltrasonfic assfistance. Lum et afl. [24] performed fload
and dfispflacement-controflfled beflfl bondfing of gofld and found hfigher
pflastfic strafins wfith fincreasfing ampflfitudes. Gfiven the known compflfiance
of the system and cross head travefl, the sampfle sprfing-back was back
caflcuflated and shown to decrease wfith fincreasfing ampffitude. Thfis co-
fincfides wfith the proposed dfisflocatfion annfihfiflatfion mechanfism fin
acoustfic softenfing fleadfing to a reductfion fin stored defect energy and
thus, fless resfistance to sfip. Thfis effect can be observed rfight at the start of
addfing the vfibratfions. The drop finstress flowers the eflastfic defflectfion of
the pflaten whfich woufld fimpfly an fimmedfiate fincrease fin the strafin of

the sampfle.
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Fig. 3. a) Acoustfic softenfing caflcuflated from compressfion testfing of AA2024-O coupons. b) System compflfiance, pflastfic deformatfion, and sampfle sprfingback

compared to the appflfied ampflfitude.

3.2. Full applficatfion of ultrasonfic vfibratfions

AA2024-O specfimens were ffirst floaded to an appflfied force of
200-250 N from whfich vfibratfions were appflfied for the remafinder of the
test. The engfineerfing stress and strafin are pflotted fin Ffig. 4a for vfibra-
tfions ampflfitudes of 0.63 pm, 2.99 um, and 4.87 pm. Lfike the transfient
appflficatfion of UA, the softenfing effect has a posfitfive correflatfion to
ampflfitude. The softenfing ratfio pflotted fin Ffig. 4b fisbased on Eq. (1). At
fififef] strafins, the softenfing effect fis maxfimum and decreases as the
sampfle fk strafined further. Sfince acoustopflastficfity fis known to change
the resufltfing mficrostructure, potentfiaflfly fleavfing a resfiduafl hardenfing or
softenfing effect, a simfiflar argument can be made about the specfimen
state of strafin finffluencfing the softenfing magnfitude. Durfing the earfly
stages of strafin, the materfiafl deforms through muflfisflfip and resembfles a
dfisflocatfion forest flfike defect structure. At hfigher strafins, these dfisfloca-
tfions coaflesce finto flower energy defect structures such as subgrafins
whfich has been documented fin the deformatfion of aflumfinum usfing UA
[23]. The resuflts suggest the finternafl defect structure at hfigher strafins
beneffits fless from the acoustfic softenfing phenomenon or possfibfly
fimpedfing the effect because of hfigher attenuatfion.

The strafin hardenfing rate, Ffig. 5, of the controfl sampfle and 0.63 pm
sampfle are sfimfiflar. Rafisfing the ampflfitude to 2.99 pm shows a sflfight
decrease fin the strafin hardenfing rate and an even greater decrease wfith
the 4.87 pm sampfle. Most flfiterature reports do not specfify the strafin
hardenfing rate durfing UA, however, the work of Zhou et afl [7] provfides
finsfight finto resfiduafl effects after turnfing vfibratfions off. Zhou performed
UA compressfion tests on commercfiaflfly pure aflumfinum wfith an ampflfi-
tude of 4.65 um for dfifferent tfime and strafin duratfions. Thefir work
showed resfiduafl hardenfing fis possfibfle after 24s or roughfly A 0.093
strafin. Shorter tfimes wfith UA excfitatfion showed no changes fin resfiduafl
hardenfing and flonger tfimes fled to greater hardenfing effects. Therefore,
dependfing on efither the duratfion or strafin under UA, the fintemaf] defect
structure becomes dfistfinct from the quasfi-statfic floadfing sampfle. Based
on the work of Yao et afl. [13], the flower strafin hardenfing behavfior
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Fig. 5. Strafin hardenfing rate of fifffl ufltrasonfic assfisted compressfion specfimens.

shown fin Ffig. 5 fisa combfinatfion of fless dfisflocatfion generatfion and more
facfiflfitatfion of dfisflocatfion annfihfiflatfion. To make cflafims on permanent
dfifferences fin dfisflocatfion structure and densfity, mficroscopy technfiques
that deflfineate the dfifferences fin statfistficaflfly stored dfisflocatfions are

needed.

3.3. Effect of specfimen volume on acoustfic softenfing

AA2024-0 and AA7075-O compressfion specfimens were cut to a va-
rfiety of dfimensfions flfisted fin Tabfle 1. Riflfl UA appflficatfion was fimpfle-
mented for these tests. The acoustfic softenfing magnfitude, Ao, was
caflcuflated at a strafin of 0.15 and pflotted fin Ffig. 6 for comparfison. In &¥l
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Fig. 4. Rl ufltrasonfic assfisted compressfion of AA2024-0. a) Stress-strafin curve and b) the correspondfing acoustfic softenfing fractfion at those ampflfitudes.
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cases, a reductfion fin specfimen voflume resuflted fin a greater softenfing
response. Thfis reafffirms the fifififl resuflts reported by Zhou [4].
Increasfing the vfibratfion ampflfitude from 2.99 pm to 3.22 pm, fincreased
the softenfing effect for the same voflume as expected.

Gfiven the finffluence vfibratfions have on fifictfion condfitfions, termed
surface effects, the resuflts for the 3.18 mm dfiameter AA7075-O sampfle
coufld be exhfibfitfing greater softenfing due to flower fifictfion condfitfions
[3]. To demonstrate the fimpact of a change fin dfiameter, two AA2024-O
sampfles of the same hefight and dfifferent dfiameters were tested. The
flarger dfiameter sampfle showed a smaflfler softenfing magnfitude. Thus, the
hfigher softenfing response for the 3.22 um data set are prfimarfifly drfiven
by softenfing fin the buflk of the sampfle.

Based on the trendflfine from Ffig. 3a, fincreasfing the vfibratfion
ampflfitude from 2.99 pm to 3.22 pm shoufld fimprove the softenfing effect
by roughfly 5.0%. When comparfing the response for the AA7075-0 aflfloy
finFfig. 6, the softenfing fimproved 15.8% under equfivaflent sampfle voflume
of 12.5 mms3. As the sampfle voflume decreases, the trendflfines between
the 2.99 um and 3.22 pm data sets appear to converge finstead of befing
equfidfistant. From an energy perspectfive, as the sampfle voflume de-
creases, the acoustfic energy densfity reaches a cfitficafl pofint whfich de-
ffines an upper fFirftof acoustopflastficfity. The softenfing response of these
sampfle sets are pflotted reflatfive to common acoustfic parameters such as
acoustfic energy, fintensfity, or stress based on Eqgs. (3)-(5). The acoustfic
energy densfity and acoustfic stress, Ffig. 7a and b respectfivefly, are
finvarfiant to the changes fin sampfle dfimensfions as findficated by a vertficafl

trend. The acoustfic fintensfity was not pflotted here because the resuflts
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woufld be sfimfiflar to acoustfic energy densfity as IZA%.Thfis fis a possfibfle
expflanatfion for flarge varfiatfions fin acoustfic softenfing reported fin flfiter-
ature. For exampfle, Yao [13] observed softenfing percentages up to 35%
wfith a 2 pm ampflfitude whfifle Azfiz [25] requfired an ampflfitude of 20 pm to
achfieve 32% softenfing. Thefir commercfiaflfly pure aflumfinum sampfle
hefights were 2 mm and 8 mm for Yao and Azfiz experfiments respectfivefly
[13,25]. Aflthough thefir sampfles may dfiffer fin mficrostructure, the sam-
pfle set presented fin thfis work were machfined from the same sheet. The
mafin dfifference that deflfineates a greater response fs the sampfle dfi-
mensfions. Here, we propose a parameter caflfled ampflfitude strafin whfich
accounts for changes finthe specfimen hefight durfing compressfion testfing.
The ampflfitude strafin fis represented fin Eq. (7):

As = E (7)

where the ampflfitude strafin A, fisthe appflfied ampflfitude A, dfivfided by the

hefight of the specfimen h , at a gfiven strafin. The A parameter, caflcuflated at
a specfimen strafin of 0.15, was pflotted fin Ffig. 8 and showed a flfinear ffit
across sampfle sets of dfifferent dfimensfions. The resuflts were further
dfivfided finto thefir respectfive aflfloys fin Ffig. 9a and sfif¥lmafintafined a cflose
correflatfion. Incorporatfing the strafin of the specfimen fis necessary based
on Ffig. 9b. As the materfiafl stores more finternafl defects, the mficro-
structure hfinders the benefficfiafl effects of acoustopflastficfity. Thfis trend
was found to be true for the 0.63 pm and 4.87 um sampfles as weflfl

however, the spread finresponse was not as flarge as the 9% dfifference fin
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Fig. 8. Acoustfic softenfing response compared to the ampflfitude
strafin parameter.
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Fig. 7. Acoustfic softenfing of AA2024-O and AA7075-0 specfimens at 0.15 strafin. a) acoustfic energy densfity (refer to Eq. (3)) and b) acoustfic stress (refer to Eq. (5)).
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Ffig. 9b. AA2024-0O sampfles wfith 0.63 um and 4.87 pm appflfied ampflfi-
tudes both showed a spread of ~5% comparfing vaflues at 0.15 and 0.35
strafin. An finterestfing aspect to note fis the non-zero Y-fintercept when
extrapoflatfing the resuflts finFfig. 6. Thfis devfiates from the trend finFfig. 3a. A
sfimpfle expflanatfion woufld be that the trend fis not flfinear but finstead
asymptotfic where the softenfing converges towards 0 as the ampflfitude
strafin approaches 0. Fifictfionafl effects at flow ampflfitude strafins may
contrfibute to a non-zero fintercept extrapoflatfion. Ffinaflfly, the devfiatfion
from the trend fin Ffig. 6 mfight be due to changes fin fintemafl mficro-
structure as the vfibratfion assfistance was appflfied for the fiff]l duratfion of
the compressfion test. Thfis observatfion requfires further study.

As shown fin Ffig. 8a, AA7075-O has an finherentfly flower sflope
compared to AA2024-O materfiafl whfich can be due to muflfipfle reasons.
Ffirst, Ahmadfi et afl. [13] performed equafl-channefl anguflar press on
commercfiafl pure aflumfinum wfith dfifferent grafins sfize and observed a
dfirect correflatfion between softenfing and grafin sfize. To characterfize the
grafin sfize, both aflfloys were ground, poflfished, and eflectroflytficaflfly etched
usfing a Barker’s reagent. Ffig. 10a and b represent the transverse dfirec-
tfion | normafl dfirectfion mficrographs of the AA2024-O and AA7075-O
under poflarfize fifight Quaflfitatfivefly, the grafins fin the AA2024-O sampfle
are flarger than the AA7075-O aflfloy. The hfistograms of grafin flength
aflong the normafl dfirectfion (Ffig. 10c) and the transverse dfirectfion

(Ffig. 10d) support the vfisuafl mficrographs. Addfitfionafl finformatfion on the
texture of the two aflfloys can be found fin the Appendfix, Ffig. 12.

A second factor fk the precfipfitate mficrostructure fin these age hard-
enabfle aflfloys. The secondary eflectron mficrographs fin Ffig. 11 suggest a
hfigher densfity and ffiner precfipfitates fin the AA7075-O aflfloy. In addfitfion
to nucfleated precfipfitates, soflute remafinfing fin the matrfix contrfibute to
soflute strengthen. Gfiven the dfiffficuflty fin quantfifyfing and controflflfing the
precfipfitate characterfistfics, there have not been experfimentafl studfies fin
flfiterature to the authors knowfledge. Investfigatfion of the acoustfic soft-
enfing behavfior fin AA7075 at dfifferent heat-treated stages woufld be
fimpactfufl as the aflfloy fis commonfly deformed rfight after soflutfionzfing, fin
the W temper state, foflflowed by a quench and precfipfitatfion heat
treatment.

3.4. Incorporatfing amplfitude strafin fin exfistfing acoustoplastficfity models

Resuflts from Ffig. 6 supports the notfion of hfigher acoustfic energy
finput fleadfing to greater softenfing effects. However, the finvarfiance fin
acoustfic energy densfity and stress terms fimpfly that the terms are not
representatfive, and that softenfing fis drfiven by another experfimentafl
factor: ampflfitude strafin A,. Thfis new ffindfing suggests that the softenfing
effect fis dfirectfly reflated to the ampflfitude strafin and provfides some
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E= 2024n0
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140
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Fig. 10. Barker’s etched mficrographs of a) AA2024-O and b) AA70750-0O. Hfistograms of grafin flength fin the ¢) normafl dfirectfion and d) transverse dfirectfion.
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Fig. 11. Secondary eflectron mficrographs of a) AA2024-O and b) AA7075-0.

cflarfity on the wfide range of softenfing responses reported fin flfiterature.
Thfis ampflfitude strafin component can be fincorporated fin crystafl pflas-
tficfity and dfisflocatfion evoflutfion modefls commonfly used fin the commu-
nfity. Yao used a dfisflocatfion densfity modefl and fintroduced a stress
reductfion ratfio AA [13]:
()
m= 6t ®
T

where 1 fi the cfifficafl resoflved shear stress requfired for lfip, E fis the
acoustfic energy densfity (Eq. (3)), and 8 and m are experfimentafl ffitted
parameters. Based on thefir UAC experfiments, a vaflue of 0.5 was ffitted
for m whfich suggests a flfinear correflatfion to ampflfitude. To obtafin the

shear stress under ufltrasonfic assfisted condfitfions:
Ta=1[1 A=T[1 ((eA+0)] ©

where y refers to the sflope of the ampfIfitude strafin pflot finFfig. 8, A, fisthe
ampflfitude strafin parameter and C represents the y-fintercept. A fisequafl to
X ®A. Yao et afl [13] further bask extrapoflated the dfisflocatfion storage
and annfihfiflatfion coeffficfient fin the MK modefl to obtafin the fifll
phenomenoflogficafl reflatfionshfip.

In crystafl pflastficfity modefls, the cfitficafl resoflve shear stress fis sfimfi-
flafly modfiffied to represent softenfing by the shear strafin rate equatfion
[14,15]:

L

T o Usuﬂ

p*=y°sgn(t?) (10)

y° fisthe pre-exponentfiafl factor or frequency factor, t* fisthe resoflved
shear stress on a dlfip pflane, t* fis the dfitficafl resoflved shear stress, and
U, fisthe acoustfic softenfing parameter. Sfiddfiq represented the Uy, by:

Usofr = ( 1 dut L4 lultrusonic)em (1 1)

dy and e, are experfimentaflfly ffit parameters and Irasonsc fis the
acoustfic fintensfity (Eq. (4)). Sfimfiflafly,d , e I P— be repflaced by A.

Asfide from reducfing the actfivatfion energy requfired for slfip, others
have suggested a change fin the pre-exponentfiafl factor j° or the bypass
attempt frequency to be sfignfifficant fin difivfing the acoustfic softenfing
effect [7,16]. Sfiuet afl. [26] and Cheng et afl. [27] modefled the acoustfic
softenfing response usfing dfisflocatfion dynamfics (DD) sfimuflatfion and
suggested that durfing the unfloadfing portfion of the vfibratfion, dfisfloca-
tfions are aflflowed to travefl fin reverse motfion spurred by the reflfief of
appflfied stress and dfisflocatfion-dfisflocatfion finteractfions. Under combfined
forward and reverse motfion, the dfisflocatfions are finteractfing wfith com-
pflementary dfipofles for annfihfiflatfion or aflflowed to cross lfip fin search
annfihfiflatfion sfites. Consfiderfing thfis framework of reflatfive strafin as the
drfiver of softenfing magnfitude, the necessfity of usfing effficfiency and
compensatfion coeffficfients fin more compflex ufltrasonfic assfisted formfing
processes arfise from varfiabfiflfity fin ampflfitude strafin dfistrfibutfion. Press
formfing and fincrementafl formfing, demonstrated by the modefls from

Sedaghat, have finherent strafin gradfients and a dfistrfibutfion of A  fineach
eflement [22]. Further work on modeflfing deformatfion processes wfith a
strafin and A, dfistrfibutfion fis worthwhfifle.

4. Conclusion

Two aflumfinum aflfloys, AA2024-O and AA7075-O were compressed
usfing ufltrasonfic assfistance. The effect of specfimen voflume and dfi-
mensfions were finvestfigated fin thfis study and thefir fimpflficatfions on
compflex formfing processes was dfiscussed. The ffindfings of thfis work are

summarfized:

o Acoustfic softenfing magnfitude correflates flfinearfly wfith the appflfied
vfibratfion ampflfitude for AA2024-O and AA7075-0O materfiafls.

o Pflastfic strafin fincreases and sprfingback decreases wfith hfigher appflfied
ampflfitudes.

e Reducfing the specfimen hefight and voflume whfifle mafintafinfing the
same appflfied ampflfitude resuflts fin a hfigher acoustfic softenfing
response.

o Acoustfic energy, fintensfity, and stress terms are finvarfiant to changes
fin specfimen hefight. Instead, ampflfitude strafin A, fis requfired to ac-
curate represent these dfifferences fin response.
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Appendix
Table 1
Compressfion specfimen dfimensfions
Aftumfinum Aflfloy Test(s) Dfiameter (mm) Hefight (mm) Ampflfitude (pm) Voflume (mm®)
7075-0 Voflume Effect & Ampflfitude Strafin 2.27 3.18 2.99 12.85
2.27 3.18 2.99 12.85
2.27 1.87 2.99 7.57
2.27 1.87 2.99 7.57
2.27 0.88 2.99 3.56
3.18 1.62 3.22 12.85
3.18 1.62 3.22 12.85
3.18 1.62 3.22 12.85
3.18 0.96 3.22 7.61
3.18 0.96 3.22 7.61
2024-0 Voflume Effect & Ampflfitude Strafin 2.27 1.6 0.63 6.48
2.99 6.48
4.87 6.48
3 0.63 11.31
2.99 11.31
4.87 11.31
Intermfittent appflficatfion of ufltrasonfic vfibratfions 2.27 1.6 0.63 6.48
1.95 6.48
2.36 6.48
2.77 6.48
2.99 6.48
3.58 6.48
3.99 6.48
4.41 6.48
4.87 6.48
5.36 6.48
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Fig. 12. Orfientatfion dfistrfibutfion functfion of a) AA2024-O and b) AA7075-0O textures.
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