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Mechanical Properties of
Ultrasonically Irradiated Metals

The mechanical properucs of metals are largely controlled e structeral imperizc.
tions such as inlerstitialy, vacuncies, dislozations, prain houndaries. and second-phase
particles,

The microplustic delormation which results from the variaton of dislacation STruchure
of tnaterials exposed o ultrasonge treatment also Gas un effeet on mechanicul properticy.

Kademin® and Poloskii ¥ among others, investigated ‘he infleeace of ulirasonic
preireatment on the mechanica! properiies of metals. Blaha and Langencckar?® revealed
the unusual effect of decreasing Tesistance to plasiic deformation as o rest of
simultaneous application of static and vltrzsonic Inads, This effcet was further ‘nvesi.
gated by Severdenko and coworkers in Ming S -5

3.0 THE EFFECT OF ULTRASONEC PRETREATMENT

The variation of strucrture causad By cveiic steessing at low aad ultrasonc Treguency
will modify the mechanical properties af metals. I fact, work complered ip to daze
demonsteated that cyclic boading would aither increawc or decrease the strensth of
materials, The actual change depends on the matal’s imtia) material condition and cyelic
treatment repime.

Below we will discuss the maior trends in the variation of meclianical properries of
snnealed and predeformed metals of differen lattice types following ulirasonic treal.
TR

The mechanical properifes werc menerally evaluated by tensile and hurdnoss lesring.
Conceptually the latter methad offers an advantags since it allows resistance Lo plastic
deformation to be measuered in nlicroscopic regions and e speeimens i he repeatedly
used,

The application, of an ultrason)c stress amplilede bigher thaw some coitical leve] Tor
gach metal will hatden 1the as-znneaied materizl, This fmeobecys increases in Yield poaint,
tensile sirenprh, and hardness and a decroase i dugtilioy.

RKuolemin® invesiigated the effoct of 20-kEHz vibrations on the mechanizal propertics of
face-centered cubie (190C) memls. The vibrations were fed 1o the specireen using a
waveplide svstem iPustrated in Figure 2.3, The specimens were either round in section,
12t in diameter, with a narrowing in the mideone, o 12 mm srjuars; they were all
hail a wave lomg,
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Diffusion in an Ultrasonic Field

Early work?® '* indicated that it was possible 10 inerease 1he pengtretion of nitrogen
{~N), chromium (Cr), nickel (i), and carbon () 1o sieel exposed to combined high-
frequency vibrating and chemical heal treatment using indection Reating.
The discovery of this effect ravid the way for g whale serics of cudies dealing with
the influence of mechanical vibrations ga diffusien-related processes in sobid meisls, !
Mos studies focused on the relution hervesn ultrasunic vivrating and heat rreatment,
| It wis generally found chat heat treatment efficiency was imgroved. sometimes dramati-
: cally. However, all these programs suffered o major [imitation thar the argnstic paTanie-
| ters could not be controfled because ol the inadequate ulirusonic lechnology.
: The cxperimental arcangement that was almst exclusively used for leeding wibrations
to the specimen s illustrated in Figure 412, The vibralions were generated by masne-
tostrictive or piczoceramic transducer 1 and transmiteed W specimen 4 vin waveygride-
radiator system 2, 3 and a laver of liguid. The vibration intensity, cavitition, and
radiator-specimen spacing could hardly be comtralled i Lhis svstem, Thus, the resuits of
these tests are only of general historical intercst,
| However, the advent of the expericmental arrangzmment depicled in Figure 4.1F
ensurcd real progress,
| Specimen 4, which way of refatjvely sorall 51zE, i.¢., much smaller than the waveleneth,
was gripped between two wavepuides 3 of one-quarter wavelength. In this mnelthod, the
displacentent amplitude could be estimated at the waveetide end.
’ A further Improvement of the method involved the use of 2 half-wave specimen e
‘ Furt 3, Figure 2.3) which was fixed to the boosier, As already noted, a clear advamiaps of
this method, in addition to the possibility of coentroiling acouslic paramciers, s 1he
varlability of achievable strain in a single spocimen. Thic subsianiially recduces che
' number of tests necessary for revealing the relation between ultrasonic efiiciency and
| SLriin,
The research completed o dale in the field of acoustically enbanced diffusion in solid
oetals can be broadly classified into two catepories: (1) direct wsts to measure difusion
i coefficients and (2} experiments to evaluate the ultrasound effect on heat freatment
rprocesses ncluding chemical heat treatment.
| This chaprer will closely scrutinize the first line of vesearch, The onvervigw will inglude
the diffusion of C in Ni and iron (Fe}, Cr in Fo and Fe base alboys, '™ ¥ warigys
admixtures such as antimony {5}, gallinm fGa), indium (Tn), aluminum (ALY and Lithium
{Li} in permanium (Ge),"™ > and zinc (20} and Al in copper ()" and Zn in Fe 12
The above experimental studics were pecformed on metals of different lattice types,
forming both substitutional and interstitial solutiong, ard can be used to formulate the
theoretical approach o the understanding of the effect of ulirasound on diffusion.
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Phase Transformations
in Ultrasonically Irradiated Metals

The preceding chapters dealt with Uhye effect of ultrasound on the structure of metals
' and diffusion in merals, Thess stedies indicated 1hat ultraseund coygld also influence
! phase transitions in solids, Ayrentson, Kulemin, and this author discussed some 1rends
. in kinetics of phase transiormations in merals cxpared o ulrrasoued, althouph the
! mechanistm of this effects has nod been finally clatified.

| S.1 THE EFFECT OF GLTRASOUND ON POLYMORPHOUS
; TRANSFORMATIONS

The cffect of ulirasouad on diffusion processes also alters the linetics of phase
I iransformations contrelled by diffusion. Several repurts are currently available on the
| effect of ultrasonie vibration on polymorphous transfarmations in materials,
Ayzentson and Spivak! investizated the eflect ol vltrasound on polymorphous trans-
! formataon of Uin and [ound that the provess was enhanced,
Kapustin® studied the influence of ultrasound on pelvmorphons ransformation in
. mercury iodide. He revealed that the application ol altrasonnd improved both the rate
| and the extent of transformation. ]
It should be noted that the lack of telinble conuwol of acousric parameters and the
i uncertainty involved in measuring the sample wnperature in vitraconic Lests campraund
I the interpretation of resuits. The above eftects may well be dus 1o an increase in
temperalure during ulirasonic icradiacion.
| The ultragound cfacr an robvinorphols o~y transfovmation i iron iy of vast pracueal
: interasl.
Kulemin and Nekrasova® selected D07% carbon (CF7% chromium (Cr3-2% nickel
| (NI} steel for their teses. In this stecl, the transformation does not invalve anv concentos-
ton changes. It occurs at s slow vate, 18 cawsed by disordered displacernents of the
| atems over the interface, and i controlled by boundary seb-diffusion. The extent of
transformation was cvaluated us a variation of natural resonance frequency f, of
specimen during ransformation with due regard ta the fact that the later changes the
clastic constants, and hence the vibration propapation velocity,
The tests wers made by two methods. In the first, the sample was heated to a
temperaiure af 900°C and held at this temperaiure for 10 min. The sample was then
| quickly taken t0 a tin mel held at termperature below the w-o transformation
| temperatere and placed in an ultrasonie field which exerted 3 constant strajn amplitude,
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Ultrasonic Degassing of the Melt

The interaction gf high-intensity ultrasound with liquid reduces :he wmount af
| bigrid-containad gus, leading 1o degassing. This efiect can be used for degassing e
: melts. :
i The initial work on i demassing dates back to the garly 19305, A wholc range uf
| degassing methods using both picza-clectyic and MALNSTAATICLvE transducers wis deve]-
oped at that time,” 2 [ the 194d)s, Esmarch? proposed 2 mel degassing metited in which
| the elastic vibrations were excited by superimposing a permanen: magnatic field aon the
alternating field of 1he induction farnace. This process was valled  efecrrodynarmio
| exciranon and used for dezassing aleminem alloys with 5-7g; muEnesiug (Me) A mel
' 810 kg in weight was vibrated for 30-60 min at & temparatuee of F0°C. The vibration
frequency excited in the motal was 10 K, The low provcss cfficicncy was due o the
inadeguate vibration Intensity.

I the lare 19508, Soviet fescarchers Degan extensive imvestigations of ultrasonic
degassing of 2fuminmm and Mg basc allovs, using the direct lransmission of vikrations 1o
ihe melt through a rod-1ype resonator -8 Alang with applied Izscurch, the mechanism
of ultrasonic degassing of liquid was elso exarmined hy sevzral authors, Based on the
earlicr work, the ultrasonic degassing process can now he recammended for large-scale
applicalions.

1.1 DEGASSING KINETICS

It is well known that ultrasonic vibration of liquids leads to their degassing because af
the variation of the solubility of dissolved gas with PICSSUre. An ncrease in pressure
raises the solubility and suppresses the evolution of pas. A decreuse of prassurs and

' the square reat of pressyre.?

| Thus it is clear that an witrasenie method chat allows alternating pressure to be
apisd to the entire liquid bath will have an important cftzct on gas solubility und gas

| evolution kinetjgs 18-2

; Kapusting® ™= carrivd our 2 somprzhensive serivs of tests 1o study the mechanizm

I and kinctics of ultrasonic depassing,

: Experimental study'™ revealed thar the bubhles growe at a faster rate in the presence

| uf ultrasonic vibration than in irs absence, with the mass transfer Tate bewng dependene
on acoustic pressure amplityde {Figures 1.1, 1.2},

. When the sound frequency and Acoustic pressure amplitude are constant, the <iflu-

‘ sion flow is penerally controlled by the catio of astual Ry and resonant £ bubble radii
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Solidification of Metals
in an Ultrasonic Field

Chernov! was the first o propose that che cuality of meral can be improved by
lmposing vikration on the solidification lrocess, The vibraling of solicifving melt refings
the metal macrostruciore, improvieg the metal properties.

Low-frequency vibrations generally modify only the macrosiruccure, producing little if
any effect an micrastructure, although it is largely a benchcial lactar, vibration can plso
produce undesirable offects such as increasid segregation and pinholes.

Ultrasonic irradialion involves the propagation of elastic waves throgh the melr, A
a resele, the stuclore changes are cnhasced and virivgated [ as-cast materiol, In
addition to the macrostouctiuce variation, the microprain i refined and Lhe scoarepation is
leiler controlled.

Sokolov™ ™ was the first to use ultrasonic irradistion of low-metiing melts. However,
the technical difficultics with the feeding of vibrativns to the melts and the Juck of
ulrrasonic oseillaters in the Lilohertz range delayed effective resenrch alang this line.

From the 19305 on, Teumin,*~" Pogodin-Aleksecy 947 Palotskii, '~ Egkin 151513
Eskin and Fridlyander," Dobatkin and Eskin,'" Abramav apd Teumin,'® Abramow,'¥-2:
and Abramov et al ¥ curried aut a broad ranee of rescarch and development
programs and busie ultrasonic equipment for matallurgical applications.

The effects of wltrasound on as-cast material strucrice can e sumumarized as follows:

i}

The redyetion of mean grain size

The contro] of columnar suructure and formation of equiaxed prains

The varigtion of phase distribution i1 werms of relatve amounts, structure refine-
ment, and mutual gecmatry

Better material homogeneity and seareration contool

More uniform distribution of nanmetallic inclusions

Wk

IJ'!:P-

The ahove effects, however, do not exhanst the scope af stiuclare changes that can
occur during solidification in an ultragsonic ficld, In fact, the cojumnar structure will
sometmes persist but the thickness of columnar crvstais will be redyced 2 77 7 On the
other hand, Popodin-Aleksecv® observed the coarsening of excess phase crystals in
‘ eutertic alloys when the intznsity of ultrasound was incraased abave 3 certain lavel.

' Thus the available experimental evidenee suggests that there are many mporcan,
i changes in the micro- and macro-structure of as-cast metals, which can be achicved by

the use of ultrasonics, The combination of these structure changes can be defined as
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| Ultrasound in Metalworking
| Processes

1 bis already been demonstrated thiae 1he ITarsmissun of Ligh-brtensicy oliyasound
| e a solid metal increases the densily of strugiure imperfeciiong such as dislocauens sl
’ vacangies. This modifics the properiics of the workpices ard oo has an efen on he
I matalworking process,

: AL the solid-solid intesface. ultrisonic vibrations change the surfice condition ansl
reduce the friction of boundary Jubrication.

| These physical mechanisms Fave Lhe way for using olrasound iz M Lalworking

! BFracesses. Currently ulirasound has Froven ios offeeinoness in procesies such e Wb
#hd tuhe drawing, extrosion, [oeging, and rolling.

| The use of ultrasound in metabworking processes cedunes Lhe COCTOV reguircent.

[ incTeases the process rAte, improves tooding lives, Uperades workpices surlzoe greliny,
ard cxtends metalworking technology 10 nateriaic hat broak up wnder comvention

| motalworking conditions,

In the 19305, Blaha and Langonecker! wera the il 1o Glvestizzte the clloct of

: tlrasoaje vibrutions on mechsnical properries of mztals. They demonstrated thur the

| superimpasition of alternating stresses on the worspices preatly chansed the fow
conditions, The foree necessa v for defarming the workpivre i siznifoantiy redused (see

i Figure 3,18 in Part 30,

| This preblem was studied exlensively in the USSR, la Minsk, Prof. Jeverduniko and
his cellecagues Dr, Klubovich and Dr. Stepanenks cacrice vut a wide ranee of resedrch

| Ino Lthe polentials of using ultcasonsd in varions metalworking processes. =

L1 ULTRASONIC SYSTEMS USED N METALWORKING

The ultrazonic asscmbly used for metalworking consisis of a4 Fowesr supply 2nd
vibratory system, The latter is & siructurs) part of the mesalworking machine, 1n maden
praclics, the power supplics and metalworking mackines ure narmally ol siapdard
desizn, although some machines have beon modified lor fitting the vibirszore svstoms.

The wibrators system, generally consists of one or two Lransducses for CONYETHNE

| electrical oscillutions e alastic vibrations, a bouster, and a horn which is camnbined wilk

the worli tool 1o provide an inteyral picce of equipment. In this arranuemenn, the

Lltrasonic load s represented by the workpiece,

i The metalworking ulirasonicz assenhly should e able w miest 3 sunhor of Hoousts
and structural regquirements, These requirements have been [oromciaed inoa ponerzal

! 09
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FICURF 212, Ticer of ultrasound an mechanical properties of as-aged grade 116 Al alloy: (1) controd. (2
irradiated.

2.3 AGING AND TEMPERING

Aring belongs among the heat treatment processes whose kinetics arc contrulled by
diffusion.

Biront! prowided an overview of studies dealing with the aging kinetics in alloys
placed in funids vibrated ar sonic and ulrasonic frequencics. In Biront’s studics, the
intensity of irradiation varizd from 1.4 to 6.7 W cm” %, and widely different maturials
such as durslumin, iead (Phi-basc alloys, Ni-base alloys, and steels were vsed. In most
cascs, irradiation led te higher aging rates which were inercased by a factor ranging from
7 10 several hundred. Sometimes irradiation was found 1o substantially change the aging
effect, for cxample, material hardncss, as compared with conventional aging.

The ambiguity of the data scems to be due to the method of irradiation througn 4
layer of liquid. In this instance 3t is extremely difficult to evaluate the true alternating
srress amplitudes that arise directly in the speeimen and comgpare. the test results. The
incrosse in apging rate could be due to radiation heating.

All these limitations can be avoided if one uses the test arrangement illustrated in
Figure 6.1 of Part 3.

A similar method of feeding ultrasound co the specimen was used by Popgedina-
Alekseeva? who wsed alumminum alioy grades Vo5, AKG, AR4-1, and D14, The alloys
were aped at temperatures which produced the maximal effects in the absence of
ultrasound. As an example, Figure 2,12 shows the mechanical properties of alloy grade
D16 aped with the use of ultrasonics at a terperature of 178°C, I is obwicus that
uttrasonic irradiation improved the overall performance of meterial, Interestingly enough,
the process time was drastically reduced as welk.

Similar results were obtaincd for other alloys, For example, study of aging behavior in
the alioy arade D16 and hinory Al-Co models revealed’ that the strength of maierials
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gty Chapter 12

UMrosonies alsa has beon used with r:homica) ctehing to machine
materizls Lo coniralled shopes.  'he anplication of Lultraseund itcponses
Lhe eloehing yate by a largn factor which depends wpon the matorial
iv bo machined and Lhe chemeal belng usaed,

Cther methnds inelode (1) revolring a wurkpicee And ullrasanically
cnergizing a conventional drill bit 1o arill materials olhorwise diffiouit
lo mgchine, (23 energiving £ lathe tec] Lo obtaio mproved zurfaces
and pecuce chatter in matarisls that heve a tendency to chatter nowr- |
mally, and (3) energleing reamers to incroasse feed p
surlace finish, Theve are ropopis
the influence of ulirasonic BOCET Y,

Ultrasonic votary Jdrills with converntions! diamend tips arc com-
mereislly available., These unjts are capable of drilling holes in per- |
amic materisls as waell us in meotals. A commereially wvatlable rotary-
lype llrasonic drill j= shown in Fig. 18.7. Sewvoral typical specimens
machined with tho ratary deill are shown in Fig. 1¢.B. The hil i=
waler-caoled It no slurey s reguired. THhls couipment iy primurily
of walue for machining cevamic-type muterials but shaws promize for
tnproved mochining ol cerdwin metals az well, The cffeclivaness of |
the imposed wltrasonic forces ju improving the machining offecliva- '
ness is a function of the rotio of maximim vibvalory tip velocity to i
the periphera] velovily of the toal relative to the work surface. The !
elfectivencss is diminished as rhis vauo decreszes bolow unity.  [n- )
vredsing the ratio ahove unity ehould be beneficial if the cutting |
adges of the tool rempin in good conditiun. Al wvory high pulios,

heating is » factor and ewpsfyl comllng is requived io prevant clamage .
to the teood, !

ites dncd linprove
of impreoverd grinding effects unde

[.B. Metal Forming

A plaie of sofi-anneuled rapper os thick ns 1048 in. can he peduced
te o thin [of] hy fercing it between a flal ti of an ulirasonically vi-
= byating teol and an anvil whon the spacing belwoen 1he anwil and i
r the tool is fixed. The force nefesszavy Lo maintain o continucus feed
rate can be opplicd ewsily by hand.  This exainple illaetrates the pe-
duction {u drawing foree that can be aceomplizhed with 1he aplalioa- :
tion ol ultrazonie energy to drawing dics and other forming opuera- !
X lions. —_——— —— i
1. The drawing fepue necessorl for some fovming procosses con be
]{1 recduced Ly mare chan 0% by using ultrusounid, Langeneckep [71]
}é clafms thal drawlng forces can be reduced by 80% nt deawing spesds :
- of 100 fifmin. Two faclora bolicved to improve fovwubitity af metals !
,r\r\f‘ wilhh the appliestion of ultrasonic POCrOY ara (L) the softoning effect
o1 1he cryslals (vohame effect) ond ¢¥) the roducton o Frictivnal
lorces bebween the workpiees aned the tool. Tha notcniial advantapes
are the increase in metol Formability and the benafivlal i nfluence of
ullrasonic cnargy in Lorming difficult-1o-form matepials such B8 case- i
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