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FOREVJOF.D 

'11Iis summary report on the c!evelopnent o::- an ul traconical1y augmented dif­
fusion bonc!inr: process for flt:idic co:1trol as~ t;;~'lbly fabrication 11as prepared by 
Aeroprojc('ts Incorpor2.ted, v:est Chezter, Pennsylvania, u.nder Army Contract. No. 
D.W.21--73-C-Oi'L3. The \·:ork uas car1;ied out under the sponsor::;;hip of the Dc­
part~ent of the P.rmy, Picatiimy .1\rsc!;:J.l, Dover, Neu .Jer~e'J, ~lith H~. Dave 
Sa'Tip~r of I'icatinny Arser1al serving as Contracting Officer's Representative. 

The findlnr,s of this report are. not to be construed as an official 
Department of the Army position, 
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I. INTRODUCTTO:J A}ID BACKGROiJND 

The objective of this investigation has been to analyze metl:ods of apply­
ing ultrasonic energy to a representative la.":!inated fluidic control device 
durinc solid state diffusion bonding ;~ssellibly and to examine the effects of 
the ultrasonic pctivation on diffusion bonding p~rameters lind bonding behavior.· 

This investigation has teen undertaken ~s a means of determining the 
effectiv~ness of ultrasonics in elLninat::.ng problems that }wve been Pssoci­
ated with the manuf&cture ar.d "Performance of these control device:::. Precise 
maintenance of chC!nnc"l d:ilnendolls and configur .. tion,_ especially ln the nozzle· 
and cusp area, is vital. Fbid-tight bonds beh-1een channel lay··~rs and betwc~n 
channel layr,re and covers are essentia.l to prevent false switc!!ing or detad:ed 
now. Ther!.! may be over 100 individual channel layers (and p~rhap:; as many as 
300 bonds) in a single "monolithic" fluidic a.sf:€:!?1bly; leakage or failure on 
even one bond pla:·,e can be disastrous. FUrthermore, not all metals are suita­
ble, AluminUJll, with its ]llany advantages, has a tenacious oy.ide coating <rhi.ch 
i.nh:!.bits bonding. Other mP.tal3 also require long bonding time cycles, higr. 
temperatures, and special a~~osphnre control. 

To date, a variety of solid-state difi'ur;ion bonding techniq-..tes have been 
evolved. These can be divided in~o three classes (1)-ll- ou the basis of the 
pressure-ti]ll9 relationships involved. 

1. Yield-Stres3-Contrclled Bo~ding 

Processes su~h as hot presS'.'.re 1-1elding and roll bonding utilize VOl":/ 
hign presrures or t~,1peratures for ve;:y .•hort t:I.Jne periods. The yield stress 
of the material mu3t be exceeded so that grocs plastic defo~1ation can occur. 
There is usnally a deforn,a-rion threshold (which may be as high es 50-60 per­
cent ( 2)), which must te exceeded to 11chievc satisfactol"'J t:ond strength. Such 
deformation makes this proc9ss unsuitable for the dimcnsicnal precieio~ r~­
quired. 

2. DiffUsion-Controlled Bonding 

With isostatic gas press•.1ra h~:1·.ii.ng or die pressure bonding, the 
pressure is held below the :rield stress. but is kept h:!.~>,h enou~h to pl'Oduce 
loca). plu~tic d&fonnat.ion of asperities 0:1 the r,on:acting surfaces, proc1'..1ci:1g 
largf.l areas of loc::ll contact and per:nitting di!'fusion to proceed across the 
ir.t~rface. Bonding t!.nes rnay range 'to a .l'..lll\ber of hours, depending on the 
111ate!'ial. Defonnation rna,;• be in the order of a few mils or a fraction of & 
percent, 

* l~abers in parentheses desienate refaronces cited on p4ge 19-, 
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). Cr!>eo..:r.ontroi~0d Bondir:fJ 

This proce::5 involve:'; low pressuros (which r.lDY be ~pplied by vacuum 
or a dead uei[',ltL), hic:h t.c;nper;,~.t.:.res. and l.on;; times (to mor~ th~n 2h l:ours); 
creep at e-.~ interface create:; t.i1c contact necessary to C>st.ablish a bond. The 
najor di~adva:1taeos of thi~ process a:re thp time and costs .l.nvolved. 

It is believ(!d thr1t r.he ap?lication of ultrasonic energ,y t-1ill offer 
tHo avenues to facilit~t'J ~olid-st<!te difi\:[;iOn bondi~<r;. It r.as been repe~t.edly 
dmon~tratcd 12:at ultr?:;onics can t::-a::sic:ntly reduc,~ tlle y.i.eld stren~_:th of the 
rna terial so tl:a t t.'1e ll:.>pc:rities or 1cc;;.l co!":. tact islar:d::: a:-e i-: ~c mC:O, sur!.:.c("; 
oxide or othP.r barri.::r filins are bl·c;.:en up or disper:>cd, and int:inatc inter­
facial contact ~s rr;.ore rce.dily achieved, It has also been shomt that ultra­
sonics can accelerate the diffusion of ator1s across t!~c interface. Foth of 
these effects have boen Hell docurtc.•tc-d i., the resea::-cl1 li tcrature ( J, 4). 
Substantial exp"ri:nentaJ. c·1idcnce frc:-1 the related arc~s of ultrasonic hot 
pressing and ultrasonic cold Hcldir.g ;is available to corroborate both of these 
phenomena, 

Hot pressing and sinterir.g of silver povrder, calciun fl'.lor:i.de, and 
alu.";)ina und~r ultrasonic influeP.cc ( 5) hc.s dt111onstrated the effectiveness of 
ultrasonic· systems in tram;mit ting \'ib!·atory en.:!rg;{ ir:to clevated-tr·:r·t:Grature, 
elevated-pressure fields, 'The ;~.echa:-.ism of action is bei.ieved to b.:; 1:i1e • 

phenomena d~lineated &bove ph~s the l:.pro·ring of particle-to-particle contact • 

In ultrasonic cold t-7eldir.g ( 6), the material,~ to b<? joined are 
elanped together urrler r.:oderale clar:?:!ng forces, and vibrator:r e.r.~t·cy is 
transmitted thro11e;h tb;m for ;> brief intE:rV«l, g~r;r;:rall; lcs~ th!lr ·1 second. 
Tne rapld stress rP.verslll.:; ;.ot•d microdieplt~cerwnts at 'the interfac~ d~.sr.1.pt 11nu 
disperse Sl.irface filr.1:; :::ucr• ::~s orides a:-~d ;~dsorbed lRy~rs. ?.o~h lncre<•:>ed 
p'..asticity and di.ffusion LD·.re been r~pes tedly observed in connec1.ion with 
ultrasonic welding at amiJient, te:;pera~urcs. 

The plllsticity observ::)d dun r·~ ultrasonic weldin~?; can not ordintirily 
be_ induced_ at th~ measured weld-zone tU"lp~raturcs. RhH.cs (7) nalntcoins that 
two factors are involv<!d in this erl:a::ced plastic flow: . (a) an overall red,;c­
tion in the yield strencth cd the en~ir-:! vol\U1le of metal S\lbje~teci t.o vib:-a­
tion, and {b) a localized softening of'thP. netal within the weld rrup;Let. This 
transient fluidl ty of the metal also accounts for the virtual eli:nination of 
the weld interface that has b~en observ~d in l'lany ultra:;or.ic welds. Rhines 
contends that j_nduced vibrati,...n 10\o::..rs · ... r.c l,orce ·reouircd to move the dis­
locations w:!.thin a 11etal clJ·s ':<:1 ar~"! that r.ew d!slocat:i.or.s are eenerated t-rith­
in the cr~:stals so 'that thP. ciisloc.ttion dcusi t;f is increased. Diffusior.al 
phenom"'na are sonetimes pr(!CC!'It it: r.cmal ultrn:::octc t-7elc!.s ·and have bee:-~ ob­
served nnd i-:!cntiflo/.1 by r.licrQs~ruct-.!ral c:1anges such as intcmedia+.e nhas!!:J 
at the ir.terfac::~, deple~.ion :H:d/or c~:-ici'w.ent of: solute concentrAtions. in 
loc:llizerl areas, recrystal.lhation a:-~d grain growth, 6U~grain fo.nnation, et-c. 
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Although ultrasonic 'Helding is a self-S'.lfficient joining process, 
ultrasonic enerr;y delivered to nateria.ls as in •reld~.r:;; may be used to assist 
convcntior.al diffusion bonding techt·,iques •. In work conducted at Bell labora­
tories ( 8) a standard ultrasonic spot-type ''elder viith an input po-.. rer of 
300 watts to the rr.o.g~~tostricti ·.•e tl·ansducer has been used to assist diffusion 
bonding of gold-plated Kovar parts. The reported effect viaS to reduce te.."ll­
pera.tures to be lou t!-.ose nor.1ally required to produce sound bonds l·d tilout 
ultrasonics. -:::ar1ier '1-rork at Aeroprojects ( 9) de.r;onstrated that ~t·Jrnal 
heating during ultraso:1ic welding of some structural alUI"!irrur.l alloys :ilnproved 
bond quality, although the result was not tJ1en interpreted on the 'basis of 
diffusion • 

A cursory investigation was con~.1cted in ultrasonically assisted 
diffUsion bonJing (butt-joining) of Type 304 stainless steel tubes of approxi­
mately 1/2-inch dianetcr, O.OuO-i:J.ch •,:all thickness, and 2.5 inches long. The 
parts were installt::d bctHeen the tip and anvil of a standard ultrasonic. welder 
(in a vacmun) a:-.:1 the e:~ds to be joined were induc'tion heated. Despite ct::rtain 
expodmental difficulties, tensile te:> ts of bonded samples sho<Ied correspondir:g 
strength was achieved in approxiMately one-third the usu61 bonding time with 
the introduction of relatively low ultrasonic power levels • 

In another study (10), the diffusion bonding of small sheet coupons 
or 0.010-inch-thick 'beryllium was markedly en."lanced b-.r the ap?'!.ication of 
ultrasonic energ:r in a she<:.r ( torsiot~al) node. Metallographic examination of 
diffusion bonded s:a:-:lpl-;)S indicated that the ultrasonic process penrli 'Lted re­
ductio~s in bondin~ ~~pera~re a~ 18ast from 7700-82)°C to 675°C (12-18 per­
cent) and reductions in bonding tiJ!le fror:: 2-3 hou:Ls to !.5 mir.utes (87-92 per­
cent). In the course of this study; it was discovt::!"ed that the ti.'lle and te-n­
perature reduction benefits could be cer·i.verl with only a brief inter-;al ( 25 
seconds) of ultrasonic power appi.ied at the beginn.i.:1g of tJ:.e bonding cycle. 

The present work was undertaken to e8tablish the feasibili~J of ap­
plying ultrasonic po;;e1• to the bonding of a fluidic control packnge of s!lickP.d 
titanium laminations. Vibratory 110des that should eP.hance dif!.'asion bondin:;­
were examined and r.ethods of introd"C.cing the vibratory energy to the stack ~ 
were evaluated in an effort to evolve a practicable ultrasonicall,y assisted 
diffusion bondi!'!g concept. A diffusion bonding array ir:corporating t."le s~ 
lectcd vibra'.:.ory node concept was desig!'led and fabricated for evaluation to 
establish tentative diffusion bonding/ultrasonic parameters fo!" the titanium 
assembly. An er.>lora~ory t::xaninaticn of the bor.ding response of a stb.ck of 
alumi.rum laminatior s was undertaken. 
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II. . CHOIC3. OF D'::.:JIG!I CO~ 

During the initial pha~es of the pror,ra.'11, a literat•Jre review of titanium 
and al'.t'llinUJ~ diff'usion bonding \·las ut:dnrtal-:en, and ncthods and syste:ns design 
for Introducing ultrasor.ic energy to: tnc stacked lwninations \-:ere studied. 

'Three equipnent configurations 11ere initidly coM"ld~red: ( 1) axial vi­
bration of th'J ul trasonlc couplin~ n•:rr.ber oriented p8rp~ndlculnr to the pltlr.& 
of t.hc la!lun.:>lions (:ir:p-Lr1se."1ent ':!oclc:)J (2) orient.aLion of t.be ultraconic wave 
~ide to produce displace:nent in :,he plene of. the. int.(;rftlces. (shear m~dc), and 
(.3) unidirectional flexure of the stacked larunabons produc1ng sht:ann~ dis­
placcncnts nt the interfDces (flexural mode), 

The selection of the third approach for initial ctu:lies was based on the 
follow:ng rational9: 

In terms of conventional diffusion bonds bet\-H:cn 3i:nilar metal$, Gerken 
and 0\.rczarski ( 11) hc..ve sugbested a bonding mechanism irwolving three stages. 
The first stagq, the initial contact of the surfaces, iuclud~s sufficient in­
stantaneous dcfomatio:-~ of the surf<!ces to establ:i~h Mechanical contact. i. 
second stace ir.volves t:ilne-dep£mdent defornation (creep) o1 the interfaces. 
In the final st~ge, ther:! is a dif:f'usion-co:-Jtrolled cli-nination of the original 
interface. In situations where the contact pr~ssure 13 below the yield strength 
of the mat~rials at ti:e bonding te."1perature, t..l'Je surface deformaHon is not in­
stantaneous, a!'ld the time-dependent ir.e<.:har:i&1 r.rust op~rate if bonding is to 
occ'.ll'. Thi::; l-:a3 tile condition th~t h~<d :o be r.et in the caso und':r considera­
tion, wh0re eesentially r.o gross def.)r."la~ion of tile stack co•1ld be tol-:ratc.>d. 
The role of the ul tra.::or.ic enel'?Y ·u.rder these conditions would involve frcg­
mentation of the S'lrface barrier fil'Tls, mutual accomr.odat;ion of the faying 
surfaces, and na~>cent r:tetal contact, l.:;uding to tile difi'.lsion-control),.ed oond 
formalion (which may also be accelerated O,y ~1e applicatior. of ultrasonic 
energy) • 

This }roposed role for ultrasonic energy is identical to its role in 
ultrasonic welding at room temperature, w~1erc t.lle local upset.:.ing and weld 
formotion arr:~ effected by the break\:.p and dispersion of i,he oxide and other 
barrier films by the high-frequency, low-a!'lplltude :~tress roversals at til'=< 
interface. In order to obt.-in this b21-ricr fiL11 breakup, the necr:ssary shear­
ing dlsplacenents ~t the interface ~re achieved l~ clamping the workpiecas 
with & re.~onating ultrat;onic ::;yster.. U.at ''drives" the workpieces relative to 
each other at the area of contact. Th~ nor.mal interfDci~l force on the work­
pieces must be sufficient to mechanically. couple the vi bra tor; cnorr.:r into the 
weld cot!pon effectively. This re:::ults ir. thickness deformations of the weld 
area of 5 to £:0 perc~:.t, U:J:n<itahly high 1'o1• the diffusion bondinc &pplic::. tion 
under consideration, If th~ ultraso~ic sonotrode could be coupled to the work­
piece by othr~r than frictional means (i.e., by posi Uvu ncchanlcJJl drive), 
then the cl8.111ping fore"' could be red•lced, and the 8fllount of thlcknes.3 defor­
~ation would be dccre~sed • 
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With rccard to the three confif0Ura ~ions being con~ider~Jd: t.he first hro-­
direct :ilnpint;('Jllcnt and direct ~he~~ (the ultrasonic ~reldinG mode)--invol·te 
pressure coupling to the ultrasonic: s:cstcm such that the clr.mpi:;g fore~ ar:d 
BMount of ul t.rasonic po•rer delivered e:rc in':.crdependent. This ro:.eans that a 
certain level of claJTJping force is requh·ed to achieve the levE;l of ultrasonic 
power neGded to effect- the desired bond, A hic;her or lo;rer cla-:ping force 
level results in ar.: ir:pedance mismatch and ':.};erefore a less- t.iJan-s<d:.isfe~ctory 

bond. This interjependence of cla.r1pine; force and ul trason.ic power. level im­
plies the necessity of deforming the fluidic stack \-:orJ.:piecc in order to de­
liver sufficient ultrasonic en'3rgy to eff,~ct the bond, As precluding \-IOrk­
piece deformation was an ir:':portant objective of ':.he pro~rant, t.tese two cor.S.igu­
rat.:i.ons were rej<'cted for initial ::;tudies. In addition, the direct ir:~pin(;c:nent 
app~oach "1-rould provide shear displa::e.:nent. vf the interface only during J•ielding 
of ~le faying surfaces, si~ce the vib~atory displacements are nornal to the 
interface. 

Tile tMrd configuratio'l, the flexural vibration of the fluidic stack, 
however, could probably be effected \ritho·.lt pr,:;sS'J.re ccupling of the ultra:­
sonic system, thus allo,ring the pressure to be independently adjustable • 
.Additionally, it appeareJ !!lore straightfor\-rard to obtain a u_nifor:1 distribu­
.tion of normal force ~r.~ vibratorJ er.er6f over the fluidic-device-size pi~ces 
using this approach tharl using the o"thers. 

'i'his was a novel approach, and ·little background infor:llation existed on · 
. equivalent designs a"ld pe~·fomance. Nontheless_, the e.pparent acr1an:.ages of 
this approach in developing a ''defo:nnationless" diffusion l.>Onding :r.P.thod o1~ t­
weighed the possible advantages of t-he alternatP. approaches for ':.he rea::)r.s 
delineated above, arrl this approach was chosen for initial experi!::entation • 
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III. F'IBXU!i'AL-B.;:tJl F.qTJTF:TI·:;n' 'l'E~~TT!rG AEO t:VALUATIO~I 

A flexural-beam test syste:n 'i'Uts designed and fabricated. The apparatus 
consisted of a flexun.lly resonant (at, 15 k}-!z). beam, attach~ at each en~ to 
15-kiiz transducers :hrouf)1 <~ppropriatc ·,rave Qndes, Prccau~lons '1-1ere taKen to 
ensure that a progrcGsivc->7avc pe;ttern, rather tiw.n a star,cl.ng-Ha'rs patt:rn, 
was ctcveluped in the •rorkpicce: one of the b~o tram:duccrs was ul trv.~:;om.cally 
driven, and the other i\wctioned as a receiver by being attached through a 
tr<wsformer to a resistive load. 

In a pl'Ogrcssive-'1-rave cyRton, the in~ident wave pasf:e:o t}-l..rough the \·IOrk: 
piece anC. in tv t:w dir.dpati vc lood ll:: t.'I no reflected co;1:nonent. The peak VJ.­

bratory ct~rna.':lic stress is tb1.:<s achieved a1ong the entire leneth of the uork­
picce as the ~::r1e progress.:::;, effecting unifor:n vlb!'ntor-; titrain; In a 
standing-wave system, the strain distribution in thP rrorkplc,;;o is the resul­
tant of an incident and a reflected •:ave and is not unifor.n o-ver the entire 
length. 

Pressure on the stack was ~djustable U3ing compression springs between 
the cover and throu~;-bolts. 

During preliminary performnnct! test~, thi~ system was observ&d to over­
...fleat rapldls i:-~ the r€r;lon of the thro·.1gh-bolts, indicating that the system 

was limited ir. its ability to '!..ransmit power. 

In e.n attei'Ipt to n:in1Jnize the }-.eating, the over-teaJ~ :ength oras !'lodifj.ed, 
and an improved method o~ cla~p~ne the wrrkpiece (12minations) between the 
beams was devisee: the th·.:::..::;h-bolts we~·e c:!iscarde::d i:-. fa'.·or of cradle asse.'1-
blies which supported '3acl, be:u~. :1t ncJal poin .s. Each l'Je<tr.>. ~"Upport consisted 
of a ch::~nnel-shaped r.~e.-·llber· with four hardened ~P.t-f:crm·:a ~s shown in Figure 1, 
The set-scre<rs ol3.,.e !>Ointod, ar.d engar.ed t.he neutral a:-:is cf thP. bea."ll, o:hich 
cor.tair.ed ccrresJ;onding cC'unter::;1.1.nJ.: depressions.· The sp.J.cing of the screr:s 
corresponded to the nodal positions o:' the bearn at 15:..klrz flexural mode, The 
two beams could thus be clamped toget'1er by applying force through the cradle 
supports without changir.g the '~'eson.:;::ce characterist.ics of thG beams. The ex­
perimental appa::-atus shor:n in F'igures 1 and 2 includes the two transducer­
coupling s,y~tcms. 

f;valua' ·on of th'3 apparatus was perfonned usir.g four 1 x 1 x 0.005-inch 
sheet::~ of a· .Jinirnn stacked toget'!'.or and r.lamped betwe'3n the beams. It was . 
ant:!.cipatcd that inspection of the fa.:ring S"Urfaces of the la'Tlinetions would 
provide ir.dlcations of the effects of the vibratory displacements, 

Inspection of the surfaces at low power input levels (to 50 watts) failed 
to reved interface ef~3::ts. At higher poHer levels (to 300 watts), somo evi­
dence of surfc.ce abrasion w::~s no Led. FiVJre 3 shows surfac·~s typical of these 
later r:me. 1'h"l black :;·cs~duo is ~ppr.rently Altp) t:,e:JoratE:~J by the ~r:ufi'ing 
of the ~JrfRces, and the d1srog1str; of the coupons due to some 8liFpage is 
11pparent. The r:lrunpine pre:-;..-ure was increased but the S'llpport points shewed 
signs of d6forma~ion at the high~r cla~p lo&ds. 
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Figure 1 
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TRANSDUCERS AND C·1UPLI!1G ASSF;-ra::.IF..S A';'TAC£0 

7 

; 

•' , 
-. ,. .... - ,, 

\ ., 
I 

A Pi S24!:PWt 

~-~· 

\ -. -. 

us $ 4f ~ 

~-

.__.. 



' '· 

I 
t' 

I 
.I 

', 

''U" Ch(ltmel 

Spoci:n~n 

L======== 

ChnJ'in!; 
}'Ol'CC 

Transducers 

Figure 2 

.Jo'Il·:XUI :AL Ri :AH MID 
C!-lJ; :N-.L A:-;.ca:BI,Y 

8 

,· 

·-ruJ 



I 
i. 
I 

~ , 
./' 

:-

... l 
-/"~ .. 

·l/ ·. . 
~~ .. · 

., 
I 

"-··:~-~ _;:''~ ' 
• J .. , 

. i .J. .~ 
:Y'-..c , • •' 
~ ( ' ' I , , . , 
''/ .. . . ..... . 

., 

I ~··' 

Figure 3 

T!PICAL SUR.FAC::.J OF TEST SHEETS OF 
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It· therefore an'O.;w•ed that ade;auate vibrator'r ·displo.ccn..:nts crru.ld be ob- · 
tainr.d 1-dthin the st~ck of la..'7linations, i:..1t that ~lJ:..;t:ll:tiully 1dghcr clampir.t; 
forces (pressures) w=re req-:rired. J.. ;"10l."c rug[;ed fl~X\U'<tl-bea;"Tt apparatus lms 
fab .. icat.cd, involving a b·~a'l of l&rgcr cr-oss S!::cti.on nnLl h<:!avicr support cha:1-
nels to en<tbl e testing at hir;her clar:1plt:g p~essures (up to ap;roxima t.ely JOCJO 
psi). · 

Suhsequf'nt observations of thE: ·r;:od:i.fied _r;q-llip!•!cnt indica-:..cod that !:'ldddin& 
was roduced as expected t.7 ~he applica tlo:1 of hi~;h(,r chmpinr_; forces without 
rncusurable deform.;tion of the stack. 7r.e fieX'.lr<Jl rc·sponse of the beam, boll­
ever, had changed, and indications of vibratory effect: on the lamination ~r­
facE•S were observed only in the region of the beam supports. 
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IV. Fr.EXURAL-R!~l::O SQUirHEJlT TI::':TING AllD EVIILUATJDN 

A review was IT'acl~ of tho problcmn encountered in the development of the 
nexural-bearn difiusJ.on bondinG :>jstem and the cla~ping force sensitivity 
probl€'.r.s observed in the operatio:1.3l model, &.s describr.d above, As it ap­
}>9ared do·J.bti'ul t.hat the develo~v~nt problems could be solved in the contrac­
tual tin!'! t'(l!11ainin~~ one of the alternate n;1proache::; previously co:isider8rl 
involvi::;; a fle:r.ur:Jl •,redr,e-rc';)d/conplet· (shear mode) ultrasonic system \Ta:: 
chosen for d:-Nd•)p:ndnt. Flexural ;.rcde0- rct;cl/ -::out-lcr ultrasonic syste.'7ls a:.·e 
standaNJ co!".ponents ·,,~cd in ultrasonic spot-+:?e ,wlders, and t.he aci:;ptation 
of such a systeJTI for diffusion bonding work was straigl!iforward, and is de3-
cribed in section V of this report. 

Coni'irmation of the efficacy of this approach was obtain~ b;r conduc1rln.g 
room tenperature bench tests with 0.005-inch-thic1: alumirnun laminations using 
a standard wedge-reed type ultrasonic welding system. These tests were simi­
lar to those used to evaluate the flexural-beam apparatus. \~1ere the fler.Jral­
beam experiments demonstrated non-uniform interfacial ( scttffing) effects, the 
flexural l~edee-reed system produced mproved interfacial uniformity and ad­
hesion. Thirty plies of 0.005-inch-thick al.umimun were lightly "bor:ded" c.t 
room ter.'peratnre at a clru:~plng pres:.,;·urA of approximately 1000 psi Hith a.n 
ultrasor~c pulse duration of 0,6 second, T,ypical stack samples (l-i~cl1 square 
coupons) are shol-Tn in Figure 4. Actual test samples have been forwarded to 
the Project Officer for examination, 
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STACKS (30 PLIF.S, 1 INCH SQUARE) OF 0.00)-INCH 
Alln.UNUH lAJUll.'.'l'IOl!S SHOUI!lG ADHESION OBT.\Ilrt.D 

WI'lH FT..E.XURAL '~-•'EDGE-REED ULTRASOIUC SYS'lUI 
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V. FlliXURAL \:!EDGE-RSED AND DIF'FUSIO;~ BJ1\1DING c:_HAHBER DESIGN. 

A difi'usion bondii1g chamber designed and constrt.."i~d for a previo'l's ultra­
_sonic diffusion bonding investip;ction ( 10) Has available for use llhen the 
present progr&;'Tl was undertaken. It ;,1as anticipated that this chamber, wHh 
onzy lldnor Modifications, _cO"Jld be used ir. this investigation. Initial de.;.. 
signs of the ultrasonic flcn!!"al- beam syst~ Her~ scaled to enSUre that the 
ultrasonic apparatus could be accorr.nodated '<Ji tllin this chamber. The perfonn­
ance difficalLies experienced with the first prototype as described in Section 
III of this report necessitated modi~ications which enlarged system components 
.andmad~ acconw.odation within the existing chamber marginal. 

When ~ontinued testing of the flexural-beam apparat~s led to the ccnclu­
sion to adop~ the wedge-reed (shear) ultrasonic system g~ometry, a. larger dif­
fusion bonding chamber was mandatory. A new chamber design was undertaken, 
and the wedge-reed ~Jstern and chamber- were fabricated and assembled. 

Details of the final array are shown in Figures 5 and 6. · The wedge-reed 
systan consists of a bar of circular cross section (reed), which contf!.ins. a 
nodal flange.to -wh~'!h a solid ultrc.sonic wave guide (wedge) is attached. ':r.le 
ultra5onic· transducer drives the wedge in longitudinal vibr.atior.. · These vibra­
tions are induced into the reed as flexural vibrations. One end of the reed is 
ri~idzy supported by a ml,lss. The free end of the reed thus :undergoes essen­
tially. lateral vibrations in a plane parallel to the stacked laninations. 
Pressure is Dpplied to the workpieces by a spring-loaded centra-resonant .,nvil 
mass 0:1 a movable wayslide. Details of the anvil system are shown in figure 5. 

Modifi.::atlons to· the standard wedge-reed ultrasonic welding s;ster; were 
required in order to use the ~JJtem in elevated temperature and vacuum con­
ditions. The transd'.lcer, mounted to the wedge by a force-insensitive rncunting 
sleeve, is sealed with 0-rings to a heavy baseplate. ·The reeq is rifle-drilled 
to allow for· tho passage of cooling water to provide a controlled ar.fbier.t tem­
perature for the ultrasonic system. This was done in o:rder to er.sure the in.:. 
tegri ty of. the. silver-brazed wedge-reed joint and to pnYent changir.g c~ t."le . 
acaustic properties of the reed due to temperature changes. The size of th~ 
diffusion bonding chamuer, which was dictated by the d.imens.:ons o: available 
bell jars, necc_ssitated shortening of the ultrasonic reed. After being short­
ened, the reed was acousticalzy trimmed. A thermocouple is att.ached to the 
surface of the reed in the vicinity of the wedge-reed joint to mor..itor reed 
temperature during operation. . 

The tips of the reed ·and anvil stern are screw-attached and ·are replace­
able. An inductio:1 heating coil surrounds the workpJ,ece and tips to provide 
the'requisite heating for the bonding .studies. ·· · 

'!he entire apparatus is· er,closed in a glass b~ll jar as shown in Figure 6. 
The overall equipment array is shown in Figure 7. 
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The d~fusion tondir.g appnrc1t\l~ allous cxper:L'":lents to o·~ co 1ducted in a 
vacuum (lo- to lo-5 torr) at. :;ul()r:tc:d te:npu:ratur~::s and tonGing pressures \o!ith 
ultrasonic pmrer in!"Its rnn~lnr: l'l'o:~ 0 to 2000 watts. VacuuM readu-..:t is pro­
vided by thcrrr.ocouple and disclwn~u G<!U('.cs, and bo!':ding ta1pe!'ature is re- · 
corded by a r.rultipoint strip-chiii'L rec.;,rder. J\lth<T..lg.'fJ. a direct bor.:lir.L pres­
sure readout is r!ot pro·ride~l, crd lbration of the springs •n t.'I suitatle tem­
perature compensaTion provide nduquutc control of the a'l'.ount of pressure ap­
plied to the workpiece. 

17 

.0 



.· 

' . ~--· 

,I' .. , 
/ 

-~ .. -~ 

'.< 
.. ' 

,-..... / .' 

. \ .... 
I, ,, ;,· 

~- ...- < 

,_ : 
,,. y 

/, 

• < • . ' .. 
.. ..;. 

/ ....... ·" {,...;: ---
·"' . ,; ··-· 

i < 
. ' 

' 

' 

/ 
:·' /, 

/ I 

VI. CONCLi.TSI01:S H:D FECO!'HBNDA TIO!l'S 

i 

./ .-
, .... r •/ .. 

/'-. 

On the ba~is of the positive results of the bench tests perfom.ed '1-ri th the 
ul trason::Lc flexural •redr,-o:-reed/ coupler i.·ocd i r,o: systf;"ll on the stacks of 0. 00)-

•inch-thick alunim: .. "l, it ca:-~ be cor.ch:d!!d tll<' this F:Jaipment array r~"preser:ts 
a cC\mpl;;;te and f\:nt:'tional ber.ch r.odel of an ul'.rasor.ic difi'usivn oor.dir:g systen. 
This syste.'1 is capable ot s-J.bjC;cli!1g sirl'.'.la~ed a,,d,\J~ ac:Ual :;..:-Ttnated fluidic 
control d•.:!·.r::..·.~.'> to va!)•ing <mounts of clmr.p::..ng pres~re, '..lltrauonic pO,·Ier, nnrt 
heat ir1 a cor:tr-olleci. atno'Ophcre or ·:ac-.:~u.'ll. 

It is strongly reco!r.l!ended that the \-JOrk of this program be extended to 
confinn tl:e ir.i t:ial results and to provide comprehensive data on ultrasonic 
diffusion t:>'1ding parar:~cters for laminated titarium fluidic control devices. 

Specii'ic areas that require further stud.y include the follOl-ling: 

a. 

b. 

c. 

Determination of bondir.g tine and t~-nperature dependen~e on ultra­
sor:ic energy inpo.1t level and dur<:.tion. 

Determination of pressures required unc!er conditions of good contact · 
and impression • 

Establishment of mini~~~ diffusion bonding paramoters for the ultra­
sor!ically ~ssisted difi'usiou bonding of selected laminated fluidic 
control devices, 
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