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Disclaimers 

The findings in this report are not to be construed as an official Depart­
ment of the Army position unless so designated by other authorized 
documents. 

When Government drawings, specifications, or other data are used for 
any purpose other than in connection with a definitely related Government 
procurement operation, the United States Government thereby incurs no 
responsibility nor any obligation whatsoever; and the fact that the Govern­
ment may have formulated, furnished, or in any way supplied the said 
drawings, specifications, or other data is not to be regarded by impli­
cation or otherwise as in any manner licensing the holder or any other 
person or corporation, or conveying any rights or permission, to manu­
facture, use, or sell any patented invention that may in any way be 
related thereto. 

Trade names cited in this report do not constitute an official endorse­
ment or approval of the use of such commercial hardware or software. 
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SUMMARY 

Fatipe teatin! apparatue tor eimultaneoue application of high-frequency, 
low-frequency, and etatic loading wae deeigned and constructed. The 
equipment provided tor the introduction ot high-.frequen~y vibratory 
energy at 15,000 cycles per eecond at one end of a e~ ~en and static 
loading and low-trequenoy vibration at 2000 cyclee per minute at the 
oppoaite end. Specimen~ with a necked-down teet eection were deeigned 
tor resonance at the high frequency, and the epecimen holding arrange­
ment insured etteotive delivery ot the high-frequency energy into the 
specimen. 

The feasibility of the apparatue ae a fatigue teet inetrument ~ae demon­
strated in limited teste on integral epecimene of 4340 eteel, 2014-T6 
aluminum alloy, and 6Al-4V titanium alloy, and on joint epecimens of 
4340 steel involving fueion-welded, riveted, adheeive-bonded, and 
bra1ed jointe. With conetant low-frequency and etatic loade, the epeci­
mene generally demorustrated eh orter elapsed time to failure ae the high­
trequenoy power input was increased. The titanium alla,r, however, ap­
peared to be ineeneitive to the high-frequency vibration at the power 
levels ueed, poeeibly becauee of its internal hyetereeie charaoterietiee. 

The equipment provides a meane for laboratory testing of materiale and 
joint deeigne for knowledge at materials behavior ULder conditione en­
countered in rocket-propelled vehiclee. It wse recommended that oompre­
heneive fatigue testing be carried out with this apparatue and that 
methodology be evolved for evaluation and uee of the teet data. 
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FCREWORD 

'.rhis report covers the work accomplished in Phase I 
of an extended program at development of equi~nt 
and techniques for high-frequency vibratory testing. 
The report was prepared by Aeroprojects Incorporated, 
West Chester, Pennsrlvania, under Army Contract No . 
DA 44-177-AMC-257(T). Dr. Robert L. Echols, Chief, 
Physical Sciences Laboratories Division, U. S. A~ 
Aviation Materiel Laboratories, Fort Eustis, Vi~inia, 
served as Project otfioer. 
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lNTR<DUCTION 

The objectives or this work were to: 

1. Establish the present state or the technology in high-frequency 
fat:i.gue testing and material properties. 

2. Provide a canpound fatigue loading apparatus capable or sinml­
tantj ously applying high-frequency loading, normal-frequency 
loading, and statio loading. 

3. Provide instrumentation to study high-fr~quency, statio, and 
low-frequency loading. 

4. Establish the feasibility or the system for teeting materiale 
and aseambled joints. 

5. Analyze the reeul te and evaluate tl1e effectivenel'te of the equip­
m~nt foro fatigue testing. 

Conventional fatigue teete are carried out at low frequencies ranging 
from a few hundred to a few thousand cycles per minute. These frequencies 
adequately simulate the vibration encountered wit!~ most land-operated 
equipment, such as machinery or automotive apparatu~. In jet and rocket 
engtnes, the c<l'Jlbuetion proceee emi te high-inteMi ty acoustic wave! at 
both sonic and ul traaonic frequencit!e. For exuple, a 5000-pound-th::"U.et 
jet engine can have a sound spectrum rAnging from )) cycles per second 
to well over lO,OCO cycles per eecond (reference 9). Theee eound waves ... 
penetrate all parts of the vehicle, whi.ch may be carrying l!llbetantial 
statio loada, and act to produce widely varying cyclic amplitudes through­
out the structure. The vibratory amplitude 1111.y be increased dr~etically 
d,e to resonance of. discrete parte of the structure. Performance of the 
m.aterials and structures is theroby iufluenoed, and in scme inetanoee 
fatigue failure can occur. 

Substantial work .4 ~ ' currently being done in !Ionic fati~e teet facilities 
(reference 1) to eimulate service loading condiUone. High noise levele 
are generated usually by jet enginee, sirens, or loud epeakere, operating 
either at a diecrote frequency or over a broad frecru!noy epectrum which, 
in a few inet~nces, covers the range up to lO,GOO cycles per second, but 
rarely higher. Sin~e the generated eound ie nearly always airborne, it 
is exceedingly difficult to control the stress impoeed on, or the etrain 
induced in, the specimen or structure. Such control can beet be achieved 
by direct C'toupling of the specimen to a controllable source of vibratory 
energy, &8 in conver.tional fatigue measurements. 
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At the outset ot this investigation, the available literature, both 
domestic and foreign, was reviewed. Reported efforts along this line 
11ppear not to have ~en carried beyond the laboratory stage, and invee­
tigatore have recognized the ditficul tiee in tr.t.nemi tting significant 
uounte of high-frequency vibratory energy into test epecimeM. More­
over, the available li t.erature xhibi ted no indications that high­
frequency fatigue loading had been combil'~d with etatio and/or low­
frequency loading. 

The equipment evolved in the present work goee well beyond the appa­
ratus utili1ed by previaue investigatorsr It provides for the sinul­
taneous application of three discrete types of loading. It includes 
a mounting method for the high-frequency energy erurce eo that lossee 
to the eupport structure are negligible, and significant and controlla­
ble liT! aunts ot energy can be tre.nemi tted into the epecime:1. 

The high-frequency system consisted of an ultrasonic transducer-coupling 
system operating Rt A nominal frequency of 15,000 cycles per second. 
Low-frequency loading wae applied with a mechanical device comprising 
counterrotating eccentrically loaded disks. Static biasing loads were 
applied via pneumatic cylinders connected to a high-·preseure nitrogen 
cylinder. 

A sophisticated specimen configuration, compatible with both mounting 
and joint requirements, providing respoMe and performance character­
istics suitable for fatigue evaluation, and de~igned to be resonant at 
the high frequency, was developed. 

To demonstrate the feasibility of the system, a limited number of speci­
mens were cyclically loaded to failure. The resulte were encouraging; 
sensitivity to high-frequency input was ~hown in eteel specimens and 
relative insensitivity in titanium alloy specimens. The pot.ential find­
ings concerning internal hyeteresis oharacteristice of a material or a 
joint by this procedure suggest that the system may be a valuable tool 
for the comparative evaluation of structural configurations. 
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STATE-CF-THE-ART LITERATURE REVIEW 

ON HICJH-FREQUENCY FATIGUE TESTING 

Review of the literature (presented in detail in Appendix I) indicates 
sporadic interest for a number of yeare h\ high-frequency vibratory test­
ing of materials ae a means of accelerating conventional fatigue testing. 
Limited experim&ntal work hae been carried out in the United States, 
England, France, Germany, Japan, and Rueeia. 

Most of the effort to date in tbie direction has been on a laboratory 
seale, oriented to developing high-frequency equipment, obtaining pre­
liminary data for eelected materials, attempting canparieons of high­
frequency w1 th low-frequency teet reeul ts, or merely evaluating the 
behavior of materials. 

Various types of syetems have been used to gener1te the high-frequency 
vibration. Some of the earlier devicee were pneumatic resonance, elec­
tromagnetic, or electrodynamic vibrators, which were restricted ae to 
the maximum freqnency obtainable (generally below about 4000 cycles per 
second, although e011ewhat higher in some instances). Most of the more 
recent work has utilized tran8ducer-coupling eyeteme incorporating mag­
netoetrictive, piesoelectric, or electroetrictive transducers, and gen­
erally operating at frequencies in the range of 15,000 to 25,000 cycles 
per second. 

The use of frequencies ab~ve about 5000 cyclee per second ""rae first sug­
gested in 1932 (:reference 4), but it wae not unt:n 1950 ( rdference 7) 
that practical apparatue for this purpose wae evolved. The arrangement 
then described by Maeon, consisting of a traMducer driving through a 
shaped coupler (to amplify the vibratory displacement) into a dumbbell­
shaped specimen, became the general design used by most eubeeqnent in­
veetigatore. Mason tleed hie array, not. to determille fatigue life, but 
~ather to examine the behavior of metallic materials during streseing 
to failure. ot.hers ueed equipment of this type for determining the 
fatigue life of materiale. 

The advantages of high-frequency fatigue ae a replacement for conven­
tional (low-frequency) teste have been variouely reported to include 
the greatly increased speed of testing, the possibility of extending 
such teste beyond the preeent limit of about 109 cycles, the eeoncmy 
and ease of operation, the absence of moving parte, and t..he abeenoe 
of noise. 

However, correlation of the high-frequency with the ~.ow-frequency re­
eul te :ts recognised to be a problem. In eo:ne ine ·~ancee fatigue life 
(in number of cycles) was significantly axtended at high frequencies; 
in others the fatigue lil!1it at a given numbCJr of cycles wae increased. 
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One investigator (reference 3) fonnd no signiticant diffe1-ence in re-
1111 ta at 6o cycles per second and 1.t 17, Soo cycles per second, although 
T!le recogni8ed that the high-frequency vibratory ampli tudee acbie\ted in 
the apecimene with bil!!l equipment array were small. 

It i1 sign:U'icant that all of the reported work involved cyclic etress­
iq of 1he epecimene only in axial teneion-oanpreesion. In no instance 
was the high-frequency excitation euperimpoeed on a static load to pro­
duce CJTClic stress in teneion-teneion, nor wae high-frequency superim­
posed on low-frequency stressing. .Apparently no high-frequency l!lyetem 
bas been used to evaluate fatigue in bending, torsion, or other modee. 
Except t~r limited experimentation with simulated turbine bladee, the 
technique hae not been applied to actual components or aesembliel!l, but 
only to uterials. Thue there remain broad areas tor further experimen­
tation in the field. 
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SPECIMEN DESIGN AND FABRICATION 

The teet specimen requirements were dictated by consideration of material 
properties in conjunction with anticipated et~tic an~ low-frequency load 
levels. In addition, the specimen and i te eupporte were required to 
respond appropriately to the high frequency, with an elastic standing 
wave in the specimen locale being evaluated. Appendix II preeente an 
4nalyeie or the relationship between critical dimensions or the specimen 
to concentrate the high-frequency cyclic stress at the center of the 
specimen. For convenience, this relatio'lship was evolved for cylindri­
cal specimens; its pertinence to a flat-sheet configuration is evid~nt. 

This anal~ is indicates that the teet section of the specimen should have 
a length equal to one half-wavelength at the frequency or operation 
(15,000 cycles per second) in the material onmprieing the specimen, and 
that the overall ler~th of the specimen, dua to prac ~ ical considerations, 
should be equal to t:h ree half -wavelengths. 

Three specimen materials were selected for evaluation or the fatigue ap­
paratus: AIS! 4.340 steel, 2014-T6 aluminum alloy, and 6Al-4V titanium 
alloy. Pertinent properties of these materiols are presented in Section 
A of Table I. 

Coneideration wa! given to the requiremente for statio, low-frequency, 
and high-frequency loading of specimens of the above design, which would 
provide guidance for deeign of the fatigue apparatus. 

Section B or Table I shows the statio force required to stress a specimen 
of each material to its yield point. Altbcmgh euch a magnitude of static 
stress was not contemplated for this work, theee data provided a reaeona­
ble load factor for machine design that would permit testing larger speo­
m~ne or specimens made of higher strength materials. The requirements 
for a static force-application system to apply such loads are also de­
lineated. 

The design conditione for the law-frequency loading eystem are summarized 
in Section C of Table I. These oondi tions were based on the r.~e of cc.un­
terrotating weights capable of cyclically loading the specimen to one-half 
their yield etref16th. A rotational speed of 2000 rpm, providing low­
frequency stressing at about 2000 oyclee ~r minute, was selected. The 
radius arm and eccentric maee were ealoulat!d to provide the required 
loading at this rotational epeed. 

The conditione for high-frequency loading in Section E of Table I are 
baeed on information previottely obtained in our laboratory (reference 6) 
for the steel and titanium alloy. Comparable information wae not availa­
ble for the aluminum alloy, but the requiremente for this material are 
eubstantially lees etringent. The data were computed for an operating 
frequency of 15,000 cyclee per eeoonfJ. 



TABLE I 

M! TERIALS DJ. TA FOR FA TIOOE TEST 

6Al-4V 
4340 Steel, .11D11111• Titamum 

Propertz and Unit Nonul.ized .lll~ ll1~ 

J.. ~sical U1. timate Strength, pei 125,000 67_,()00 143,000 
Properties Yield Strength, psi 1C3,000 !0,000 . 136,900 

Young's Modulus, psi 30.8 X 106 10.2 l: 10'6 16.5 % 106 
Sound Velocity, m/sec 5,200 .5,000 5,080 
Density, gm/cc 7.85 2 ~ 80 4-43 

B. ~tatic Foree to Yield, lb 6,030 3,515 8,020 
Piston O&s Pressure, psi 200 200 200 
Cylinder Diameter, in. 5.50 4.13 6.33 

c. Lew- Stress, psi ~1,;1)0 :t)O,O<X> :t68,450 
~ 7requerJD"Y Force, l.b 3,015 1,708 4,010 

Rot.ation Rate, rpm 2,000 2,000 2,000 
Radius Arm, in. 3.28 1.86 4.36 
Eccentric Mass, 1b 8.1 8.1 8.1 

D. Hilh- ~atigue Strain, in. / in. 0.1 x lo-3 - 1.45 x lo-3 
Frequency Fatigue Stres~, psi* :t21,56o - :t23,925 

Max. Vibratory Displacement, in. 1.52 x lo-3 - 3.08 x lo-3 
Power I.oR~ for Center ;v2, watts 222 - 209 
Estimated Input Power, watts 850 - 1,000 

E. Specimen Total Length, 3 A/2, in. 20.5 19.7 20.0 
Dimensions Teet Section Length, in. 2.0 (min.) 2.0 (min.) 2.0 (min.) 

Width, in. 0.9375 0.9375 0.9375 
Thickness, in. 0.0625 0.0625 0~0625 

* Streaa calculated on buia of static Young 1s modulus. 
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Since the loading condi tion.s delineated in Table I appeared to provide a 
reasonable basis for design of the fatigue teat fltqtlipment, this work pro­
ceeded ~n the basis of the considerations presented above; i.e., accord­
ing to t'1e geanetry shown in rigure 1 and havill« th! dimens~LOM in Sec­
tion E of Table I. The specimen width outside the teet are~ was made 
approximately 2 inches to preclude failure outside the critical locale 
of the specimen. 

JOINT SPEClMENS 

In addition to evaluating response of certain metallic materiale to com­
plex loading, tha investigation required d~monstration of the technique 
with several types of "joints in certain materials. Fusion-welded, 
riveted, adhesive-bonded, and brasod junctions of 4.340 eteel were 
studied. 

The req'.li.remente of the various typel!l of joints imposed further reetric­
tione on l!lpeoimen deeign. In orde1• not to make unreasonable demande on 
the fatigue equipment, it wal!l deairable to minimize the epecimen croee 
l!lection in the teet region. '!'hie pre~ented no eer1.oue difficultiee with 
the welded, adhesive-bonded, or brazed joints, but the riveted type re­
quired conaideration of rivet diameter, "t"ivet epaci~, and edge dietance. 
Baaed on the use of 1/8-inch rivete, a pattern coneieting of five rivete 
in two l!ltaggered rowe wal!l selected, and acceptable dimeneione according 
to AN specifications (reference 8) were eetabliehed ae shown in Figure 2. 
The width of the test eention was thus indicated to be 1.5/16 ineh. 

With the exception of the metallurgical joint!! which were bntt-welded, 
all of the jeint specimen. were of the l!lingle-lap type, although it wae 
recognised that joint eccentricity could indace ancillary modee of high­
frequency vibration and l!lignificantly affect the performance of l!luch a 
junction in a rel!lccant etanding-wave l!lyl!ltem. 

The welded l!lpecimens oon.sil!lted of two half-eectione joined by heli-arc 
butt welding to achieve a configuratit'ln l!limilar to that of the integral 
speci..meM. These half-sections were preheated to apprarlmately .3.50•F 
elver approrlmatel;r l-inch lengths from the endl!l to be welded. Welding 
wa1 carried out by uein« an cmreld 6.5 welding rod, with a 100-ampere 
current, and under an argon blanket of 18 cubic feet par hour. 'l'he 
preheated l!lpecime!U!I were spaced approximatel;r 1/16 inch apal"t w.nd 
welded froa both l!lidel!l to give 100-peroent weld penetration. 

The riveted jointl!l were fabrict.ted to AN e~eificat!one with G. l!liD«le 
overlap of 9/16 inch, al!l indica ted in IPigure 2. These j ointl!l inc orpo­
rated 1/8-inoh Monel braser-head rivetl!l iru~erted in No. )) drilled 
holes (0.128.5-inch diameter). 

7 
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Figure 2. Typical Riveted Joint Pattern for 
F'atigue Tel!lt Specim~n. (All dimeneionl!l ehown 
are in inc he e • ) 

The adheeive-bonded epecim~nl!l were made of two l!lectione, with a cingle 
overlap of 1/2 inch. The overlap areae were cleaned with nitric acid 
and bonded with EPON-8 epoxy restn. The eectione W6re aeeembled in a 
fixture which ineured an epoxy thickness after bonding of 0.001 inch. 
The joints were cured for 1 hour at 150 ~. 

The brazed epecimene were likewiee fabricated from two eections, with a 
single overlap of 1/ 2 inch. Handy and Harman No. 56o eilver eolder leaf 
braze was ueed, and the joint was fluxed with Han~ and Harman B-1 flux. 
The canponente were overlapped by 1/ 2 'inch, w~.th the braze leaf at the 
int~rface, and then were clamped in a fixture which maintained dimen­
l!lional control and were heated with an s.cetylene torch to the melting 
point of the braze material. 

SPECIMEN END REINFORCmENT 

Special coneideration wal!l given to design of the junction between the 
specimen and th6 machine specimAn-holding jaws. Thil!l lo~ale waa oriti­
cs.l, !!Iince slip or lack of axial contact of the epeo :i ... :nen in the joint 
would reduce eff loion'y or even prevent transmission of high-frequency 
vibratory energy. 
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To p-ovide the necess1.17 tinl contact, the end attacb':lent &.reas ot the 
specitMDS in9orporated doublers 0,032 inch thick tor insertion into pre ... 
cisel.7 uch1Ded clev1s-tJP8 end ti ttings on the testing dlachine (des­
cribed later). 

The doubler pads for the steel and alU!IiDllll allor speciJilens wore met&­
lul'liaallr bonded to the specillena as indicated in Figure )A. Howe"W~r, 
ettorts to brase or solder the doublers to the titanium allor specimens 
were uuuccess.t'ul. Adhesive bondiug ot the attachments was unsatisfac­
tory because available adhesives would not develop the shear strength 
zwce1sarr tor the static and dynamic loading of th~ SJ>f'Cimens. The 
arrangement eventually evolved is shown in rigure JB. It eonsieted of a 
mechanical ke;r design w11h five riTete to carry the te"Mion load acrc .. e 
the doubler-specimen interface. Because o! the reduction in erose­
sectional area and the notching created by the rectangular keyways in 
these speci~~ena, it became neuessarr to reduc0 the specimen croes­
sectiow area below that indicated in Table I. The reduction was ac­
COilplished by grinding the tl•t surfaces ot the titanium specimens 
while they were bowed. 
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Solder Joints 

A. Metallurgical BQnding to Steel and 
Aluminum Alloy SpecimeM. 

B. Riveting to Titanium Alloy Specimens. 

J 

) 

0 0 

0 

0 

0 
0 0 

Figure J. Geometry of Doubler Attacmnents to Test Specimens. 
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:rATICJOE LOADING APPARATUS 

Apparatue for eanplex loading of the speoimetu~~ wae designed, aeeembled, 
and inatruaented to obtain information on the behavior of the tel!lt epe­
ciMU under the required nomplex loading oonditioM. The complete 
equipaent array with associated instrumentation ie illustrated in 
Figure 4, and the machine design is ehown eohematioally in P'igure 5. 

MACHINE P'RAMEWOR! 

The fruework fur thtt machine was of tri~ar del!lign, incorporatin« a 
lower main plate whioh etupported the statio and low-frequency l!lyeteme 
and an upper main plate whioh supported the high-fl'eqnency eyetem. The 
two plates were separated by thrtte precisely machined compression tubee, 
and the astembly was held together by threaded tension rode having a 
di&JIIter of 3/4 inch and extend!~ thron1h the compresl!lion tubee. The 
epecimeM were installed in the area bfttween the main pJ.atee, as i1!t 
evident in P'iguree 4 and 5. 

STATIC LOADING SIS~ 

Monnted throagh the lower baseplate were two pneumatic cylinders, the 
piston rode of which were ccnneoted, below the plate, to the eupport 
tor thd lower epecimen-holding fixture, thus providing a me~ne for etat­
ically loadin« the specimen in tension. Pneumatic, rather than hydrau­
lic, a,ylindera were choeen for the force application syatem, sino~ thft 
latter would act as daehpote urrler the cyoli~ loading. The cylinders 
had bores or 3.250 inches, which provided a pilton area for the two 
cylinder~ of 16.58 !quare inches. Theae cylinders were operable at 
pre11uree up tn 750 pei. 

Bottled gae was uaed as the presturising medium to provide preeeuree 
high enov.gh to dev.lop the desired levels of statio force whilll! oper­
atiDC on the relatively eull-bore pietOilli. The use of compressed air 
!rom the plant piping aysttm would have neoeesi tated oylindere of much 
larcer diueter to develop the deaired foroe levels. Nitrogen was 
ahoeen at the p:reseurisiq gas to preclude the rneration of exploei ve 
mixture by reaction ot other gases (euch as air with th,, lubricant. A 
prtlllll"e recuJ.ator en the ni tr01en bottle ineured that the presnre wae 
u.int.ained coiU!Itant throughcnt a teat. 

The atatio load applied b:r tb11e o;rl1.mftre was L.'D.pented by th(! wei«ht 
ot tbe lov-trequeJ101 c;ralio 17Btl• located below the lower •ain plate. 
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Figure 4. Fatigue Test Apparatus and Associated Instrumentation. 

A. J.nfrared Radiometer. 
B. Strip-Chart Recorder for Static and Low-Frequency Loading 

and for Temperature Indication. 
c. Fatigue Apparatus. 
D. Electric Timer. 
E. Frequency Converter. 
F. Strip-Chart Recorder for High-Frequency Displacement. 
G. Frequency Counter. 
H. Radiometer Control Panel. 
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LCM-FREQUENCY SYSTEM 

The low-frequency system, shown in Figure 6, was of conventional design, 
comprising three counterrotating weighted disks to apply a cyclic revers­
ing load, aligned with the specimen axis, to the support for the lower 
specimen-holding jaw. The disks had a radius of 5. 25 inches and included 
means for attaching interchangeable copper weights to provide the desired 
loading of the system. Weights up to 166o grams w13re used. A "rrutcracker" 
linkage installed just above the rotating disks and below the lower base­
plate maintained alignment of the low-frequency system. 

The disks were driven by a 5-horsepower motor rotating at 1735 rpm through 
a single-ratio reduction gearbox with opposed output shafts, producing 
speeds of approximately 2000 rpm. 

To provide automatic shut-off of the motor on test specimen failure! a 
switch was installed so that it would be triggered by the drop of the 
counterrotating assembly upon specim~n failure. 

During initial operation, the low-frequenc;r cyclic motor woold not accel­
erate above 1180 rpn. Stroboscopic and vi'oratory examinat ion revealed 
high-amplitude oscillation of the motor and driving gearbox assembly witt 
reference to the main frame of ths equiJX!)ent at this rotative speed. The 
motor and gearbox assembly were therefore detached from the main frame 
and supported fran the floor to eliminate coopllng between the frame and 
the motor gearbox assembly. The machine then immediately achieved normal 
rotative speed of 2000 rpm, but heating of the rotating-mass bearing 
supports was observed. 

In an effort to eliminate such heating, the design of the bearings and 
support structure was revised to include pressure-lubricated needle 
beE :-ings instead of the Oili te sleeve beari~ s. Forced oil circulation 
was used to insure that excess heat woold be carried out of the rotet i ng­
mass bearing support assembly. 

During one of the early te'3t runs, failure occurred in a spacer' disk in 
thi :; assembly. 'Ille failure was traced to tile galling of a brCilze thrust 
washer on the shaft carrying the rotating weight disks; bronze chips had 
worked into one of the needle bearings on this shaft, causing it to skew 
and eventually to fail. The middle bea1·ing inuer racos, which were 
originall y integral with the rotating shaft, were then machined to allow 
inserti~~ of a hardened steel sleeve. Due to the marginal shaft size, 
the hardened st~el inner race~ were maintained at minimum thickness. 
Initial operation with this arrangement resulted in fracture and crack­
ing of the hardened steel races. 

The complete system of counterrotating weight disks, supports and bear·­
ings was therefore redesigned to incorporate larger bearings having a 
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Figure 7. High-Frequency Vibra­
tory System Mounted on Upper Main 
'Plate. 

. .,......... 
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Figure 6. L<M-Frequency 
System Mounted Below Lower 
Main Plate. 
(Pressure lubrication pump 
at lower left.) 



rating or approximately five times that of the initial bearings. The 
bronse thruet waehere were removed, and needle-bea1•ing thrul!lt washers 
were inetalled. With these changes, the low-freq,Jency systom operated 
satisfactorily. 

HIGH-P'REQUENC! SYSTEM 

The high-frequency system (Figure 7) consisted of a magnet.oetrictive 
nickel-stack transducer-coupling eyatem operating at a nominal frequency 
of 15,000 cycles per ee~~nd. The assembly wae attached to the ~pper main 
plate through a force-insensitive mount (described in Appendix III), 
which insured frequency stability under the applied loade and negligible 
lo•e of high-·frequency energy to the support eyetem. 

The transducer was driven by the 6oO-watt electron-tube frequency con­
verter as shown in Figure 4. 

SPECIMEN MOUNTING 

As previously noted, mounting the specimens w~e critical for effective 
energy tranmieeion frcm the high-frequency eyetem, because the clamped 
end of the specimen nmet excursion as an integral part of the clemptng 
jaw and not exhibit the slightest degree of independent motion. The 
amplitude of high-frequency vibration 'kae small, w1 thin the range of 
0.0004-0.004 inch, and even microscopic differential motion wou.ld be un­
acceptable. Meticulous design of the mounting arrangement wae therefore 
mandatory. 

The grip ends of the eyeteme were designed to allow interchqeabUity of 
specimerus and at the 6ame time to ineure the neoessary rigid coDDaction. 
Ae shown in P'igure 8, precision keyhole slots were provided in the ends 
of the specimen holders ; these rectangular slots te:rminated in cylindri­
cal hole a, which wt~re carefully rea~Ued. The doubler-reinforced ends of 
the ape eimene were inserted in ths l!llote, which had chamfered grip faces 1 
and were secured w1 th clamping ·~Jol tl!l to prevent spreading of the j awe. 
Cylindrical piM we~ then prees-fi ttt d into the cylindrical holes to 
establish oanpreefSive l oading and uniform contact b~~ttween the ends of 
the Bpecimen and the clamping jan. A mounted epe men 11!1 l!lhown in 
1igure 9. 

't'his arrangement met +.he requirement., for traMmisl!lion of high-frequency 
vibratory energy. 
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A. Upper Jaw Mounting 

B-. Lower Jaw Mounting. 

Figur.e 9. Specimens Mounted in Clamping Jaws. 
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TEMPERATURE AND A'IMOSPHERE CONTRoJL 

The design of this machine permits specimen evaluation in controlled 
temperature s.nd/or controlled atmosphere environments. A clam-shell 
type resistance heater or refrigeration coils can be mounted around 
the specimen to achieve the desired temperature and to house a special 
atmosphere. The epecimen can read:i.ly be enclosed in a tubular trans­
par~nt container, whic}, cruld be purged of air and lightly pressurized 
with any desired gas. 

20 
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INSTRUMENTATION AND DETERMINATION CF VARIABLES 

Instrumentation wae provided on the fatigue teet equipment for meaeuring 
the variablee of applied etatic load, etatic and low-frequency etreee in 
the epecimen, high-frequency electrical power input to the high-frequency 
eystem, high-frequency displacement amplitude of the epecimen, epecimen 
temperature, and number of cyclee to failure. 

STATIC LOAD 

Static load was determined from the nitrogen preeeure gage reading multi­
plied by the area over which the pressure wae applied (piston area in 
the cylinders at 16.58 square inches) plus the weight of the low- frequency 
loading aseembly. The pressure gages were calibrated with a tensiometer. 
The load was recorded on a strip-chart device which was calibrated ag&inst 
a etandard strain gage previously calibrated on a universal tene ~ le test­
ing machine. 

STATIC AND LON-FREQUENCY STRESSES 

The static stress in the specimen was readily determined by dividing the 
static load as obtained above by the cross-sectional area of the specimen 
in the center of thb teet eecti~n. TQis croes-eectional area wae de­
tennined by direct mer.~urement of each specimen. 

For determination of the low-frequency etresees, a wire etrain gage was 
bonded to each specimen, with ite output being fed to the same channel 
of the stri p-chart recorder that recorded the static load. At the out­
eat of each test, the etatic load indicated on the strip-chart record 
wae calibrated (by chart lines) agaimtt the calculated stat:tc strese. 
When low-frequency cyclic loading w·as then superimposed on the etatic 
loading, thie calibration was ueed to determine the magnitude at the 
cyclic etreee as indicated by the sinusoidal pen deflections on the 
chart. The strain gagee used did not respond to ultrasonic frequenciee, 
eo that euperimpoeed high-frequency vibration wae not reflected on the 
chart readinge. 

The etrip-chart record also providee a mettne for determining eynamic 
creep of the epeoimen during teet. The creep ie repreeented by the die­
placement of the centerline of the oecillatory force recording line from 
the etatic force line. 

The etatic and low-frequency etraine are derived frc:lf1 the recorded etrees 
values, ueing the valuee of Young 1e modulue given in Table I. 
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HIGH-FREQUENCY PCliER __ , ______________ __ 
High-frequency power input to the transducer of the high-frequency 
eyeteDl wae determined fran a VAW m~ter inetalled in the line between 
the frequency converter and the traneducer. The output fran this VAW 
mater was connected to one channel of the strip-chart recorder to in­
dicate ~ deviation in the prwer level. 

HIGH-F~UENCY DISPLACEMENT AMPLI'IUDE 

Determination of the high-frequency cyclic stress at the center of the 
epecimftn was ccnsidered. Measurement of the stress ~ ~ in this locale 
is not amenable to measurement with strain gages, whiC'E' are too low in 
frequency response. Optical methods for measuring local d.is:'llacement 
are used extensively in our laboratory, but this specimen necessarily 
involved a double obeervation, including determin&tion of phase relation­
ehip between displacements at opposite ende of the specimen. The possi­
bility of mounting sensing crystals a~d obtaining accelerations was con­
sidered and abandoned, because extensive eY-perimentation under essen­
tially similar conditions has shown conclusively that the retention of 
the crystals is difficult under high-frequency vibration. 

Thus it was evident that the problem of ascertaining local cyclic elon­
gations within the gage portion of the specimen was totally unfeasible 
w1.thin the financial limitations of the contract. It was therefore con­
cluded that the only reliable measurements could be made at the jaws, and 
I!Jilch meal!lurements did not discriminate phase. The average of the upper 
~nd l~er displacement measurements, which provided a relative indication 
(neglecting phase differencee) of peak-to-peak displacements within the 
test specimen, was re~orded for the teste da~cribed later. 

Any high-frequency displacement value can be used to determine the high­
frequency strain E in a specimen fran the equa~.:.icn 

where f 

c 

2nf .,. 
t. - ~ c 

is the frequency in cycles per second. 
is the velo~i ty cf sound in the specimen m&terial in 
centimeters per second. 
is the peak-to-peak displacement per unit length of the 
specimen. 

(1) 

For measurement of displacements at the end pointe, barium titanate 
crystal elements wre installed just behind the uppe:- and lower speci­
men clamping jaws. The voltage outputs from these elements were fed 
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through high band-pase filters into sep..u-ate ~hannelf' of a st.rip-chart 
recorder. The filters were provided to elim~.nate response of the cryE~t.::ls 
to l ow-frequency vibratiou, so that their output was not influenced by t.he 
other type of londing. 

The output volts5e of the cryetale wae calibrated by means of a fiber 
optice 19eneing ·mit. With thie device, light is <-onducted to within a 
few thoueandths of an inch of a vibrating surface by hal.f of the fibers 
comprieing th~ fiber optice bundle. The remaining half ()f th~ fibers 
conduct the reflect .3d light to a eolid-etate photosensitive cell. The 
electrical eignal : rotr. thie ~ell is proportional to the prC'be-to-eurface 
eepa:ratic-n and pravidee an accurate measurement of the vibratory· ampli­
tude. ~he instrJment had been calibrated for dynamic response by the 
manuf&cturer, end t hi e calibration was confinned by compari eon with 
microecopic observation of dieplacemente obtained with a 15-kc ul tra ­
eljnio eystem. 

Typical calibrati on curves of dieplacement ae a function of cryetal out­
put, obtained on upper and l~er clamping jawe, are pre~ented in Figure 10. 

No straightforw.!l.rd meane was available for determining the high-frequency 
etreee in the !pecimen. It co·.1ld not be calculated from the strain ar.d 
Yonng 1 e modulue, einoe the modulue of a material changes under the influ­
ence of ul traeonic vibration, and avr.ilable literature provides no pre­
ciee information on the magnitude of the ch~e. Theoretically it should 
be poseible to derive an expreesioh for high-frequency stress as a func­
tion o! high-frequency etrain and the vibratory energy dissipated in the 
epecimen. However, rigoroue derivation and verification of such an ex­
preeeion were berond the ecope of thie program. 

It ehould be noted that the epecimen midpoi nt is, by design, a displac~­
ment node and a etreee antinode, eo that under true etanding wave con­
ditione, no dieplacement should be detectable at. the midpoint. Ha.vever, 
ae the acouetic transmiaeion departs from true etanding-wave conditions, 
the midpoint will exhibit high-frequency dieplacement proportional to 
the frdction of total energy that ie tranemitted through the epecimen. 
It thus appeaJ·e that a ueeful method for determining high-frequency 
etrdn ( anLi perhape high-frequency energy transmieeicn and high--frequency 
etreee) may be developed fran analyeie of the relationehips exil!:ting 
among dieplaoemente obeerved at the midpoint and at the two end pointe. 

SPEC JMEN TEMPERA TORE -
The temperaturee achieved in the specimen during fatigue t~sting were 
determined by meane of an infrared radianeter located adjacent to the 
teet uchine ( eee Figure 4) and dir..,cted to monitor a emall target area 
near the center of the epecimen. Thie area of tha specimen was coated 
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with a flat black pa~nt to provide the neceeeary high-emissivity surface. 
Simultaneous meaeuremente made using the radiometer and a thermoeonple 
inaicated that euch painted surfaces had an emieeivity of o.B, which ie 
within the reported acceptable range of 0 . 79 to 0. 84. The 011tpnt of the 
radiometer wae a voltage proportional to the temperature of the target 
surface. The unit wae calibrated agaiMt data obtained from a Chromel­
Alumel thermocouple embedded behind the view eurf'aoe of' an Aluminum 
plate coated with the eame black paint. 

NUMBER CF CYCLES TO FAJLURE 

An electric timer with a sweep-second hand wa~ used to measure the total 
tiffie to failure. The timer was actuated at the instant of eimultaneoue 
application of low-frequency and high-frequency vibration to the speci­
men and was stopped at the instant of' specimen failure. (An eleotronio 
timl!l~ could be incorporated into the teet array to provide automatic 
starting and stopping.) 

The number of ~~yclic loads per second for each teet run was determined 
by meane of a l~requency counter. Meaeurements indicdted that the 
traneducer-coupling system operated at a frequency of' 14, Boo cycles 
per eecond with a tolerance of' leee than ± 100 eyolee per eeoond. 

The low--f'requer..cy cyclic rate wae determined by the running epeed of the 
driving motor, which operated at constant speed regardlese of load varia­
tion because of' the relatively emall loads on the higher capacity motor. 
The coMtancy of rotational speed ana the number of' low-frequency eyclee 
to failure were confirmed fran the sinueoidal variatioM on the etrip­
chart etress reo·ord. 



DEMONS'l'RATION CF FEASIBn.rl'Y 

Tha suoceseful development at a compound loading apparatus ( eimul taneous 
high-frequency, low-frequency, and static loading) coapled with a sophis­
ticated specimen configuration and necessary instrumentation brought the 
program to the point ot feaeibili ty demonstration. 

This demonatration consisted first in subjecting various materials to the 
loading enviromnent and then subjecting the various types of joints to 
the loading enviromnent. 

MATERIAL PERF CRMANCE 

The materials tested were AISI 4340 steel, 2014-T6 aluminum alloy, and 
6Al-4V t.tt..nium alloy. Each matt!rial was fabricated into integral speci­
mens in the configuration and to the dimeneione described earlier 
(F"i&ure 1 and Table I-E) • Table II shows tite loading inpnt range used 
on these s~oimeM. 

Stat1.c and low-frequency forces werG held eesential.l~r constant, while 
high-frequency forces wel~ varied. Thie procedure permitted determina­
tion ot' the ttt't'eot ot' the high-frequency vibration at several energy 
levels on the fatigue li(e at the specimens. 

ll'or the integral epeoimGns, the selected statio loads were equivalent to 
approxir11ately three-fourths (Jf the yield strength of eaoh material. The 
magnitude ot' the superimposed low-frequency stress was then selected from 
Goodman diagrame, where available, to provide fatigue failure in the vi­
cinity ot' 104 oyolee (approximately 5 minutee at 2000 cycles per minute). 
Where Goodman diagrame were not available, the low·-frequeney streee 
valu~' were selected by preliminary exper~mentation. 

After naaeurements (made by dial caliper to ± .0001 inch) of the cross­
sectional dimeneione ot' the necked-down teet eection, the specimen wae 
installed in the testing machine, and the weights on the rotating disks 
were adjusted to provide the desired low-frequency cyclic etreee. The 
eelected etatic load was applied first for strip-chart calibration, ae 
shown on the typioal chart record in Figure 11. Thie wae followed by 
actuation ot' the low-frequency motor, the high-frequency power at the 
selected level, and the timer. On failure ot' the cpeoimen, w1 th •uto­
m~tic shut-oft' ot the motor, the high-frequency power and the timer were 
manually te:nninated1 and the time to failure was reaordod. 

Beoauee ot the lack ot' a etrai1httorward method of determining high­
frequency atre1s in the specimen, as discussed previouely, the ett'eote 
ot the high-frequency vibration 1uperimposed on the low-frequency and 
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Table II 

LOADlliG CONDITIONS FOR lliTEGRAL SPEC lliENS 

Average* 
Low-Frequency 

Average* 
Hi~h-Frequency Static Static Low-Frequency 

Cylinder Tensile Fre- Moment Cyclic Fre- Power 
Pressure Stress quency Arm Weight Stress quency Range 

Material (psi) Cesi) (c~) (in.) ( s;rmns) Cesi) (cps) (watts) 

Steel JJO 79,200 1920 5.25 Boo 28, 300 1u,8oo 0 - 350 
1'\) 

--.] 

Aluminum 250 h6,hoo 1920 5.25 632 54, 000 lh,8oo 0 - 350 

Titanium 170 106,6oo 1920 5.25 632 f> 3,900 14,800 0 - 350 

* The average is based on data as presented in Table III. 
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Material: 4340 Steel. 
Test Cross-Section Area: 0.0628 square inch. 
Static Load: 498o pounds. 
Strip-Chart Speed: 10 mro/ sec. 
Dynamic Creep: Indicated by deviation of 
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static stresses were plotted in te:rn18 of total time to failure ae a func­
tion of input power to the ul traeonic eyetem. Table III 811Dm1arizee the 
data obtained, including the antual static and low-frequency streeeee 
(based on measured epeoimen croee-eectional areas), the recorded dis­
placement amplitude of high-frequency excitation, and the total time to 
failure. Figure 12 provides plote of the failure time ae a !Unction of 
hi~h-frequency power input. 

Stl,el Sp&cimene 

The l!lpecimeM of annealed 4340 steel were subjected to a nominal static 
l!ltress of 80,000 psi and a superimposed low-frequency streel! of' ± J:),OOO 
psi at a frequency of 1920 cycles per minute, which, according to an 
available Goodm~ diagram,

4
ehould provide a specimen life within the 

range of' 1 x 104 to 2 x 10 cyclee. For the apecimenl!l tel!lted without 
superimpol!led high-frequency lpading (zero t'.l tral!lonic power), failure 
actually·occurred at 1.4 x 104 cycles of low-f'~quency excitation. 
'!bus the equipment and the material functioned as predicted. 

As shown in Figure 12-A, high-frequency excitation shortened the life of 
the specimen, with the elapsed time to failure becoming shorter e.s the 
ultrasonic power was increased. At the maximum power level of 35g watts, 
the specimen failed in 78 eecon~ or after approximately 1.2 x 10 high­
frequency cycles. 

During these teste, eubl!ltantial heatir.:.g of' the specimen ooourre ·i . as 
reveL-ed in Figure 13. In the control specimen (zero ultraeonic power), 
the temperature rose slowly and reached a maximum of about 40°C during 
the 7 minntes 20 seconds of' teet. As the ul tra.; onic power wal!l inoreaeed, 
the temperature rose increasingly rapidly and reached a maximum in the 
range of 6o-70°C just before failure occurred. A t.ypical fracture in 
the steel ie ehown ae Specimen B in Figure 14. 

Alumi uwn Alloy Specimens 

The 20l4-T6 aluruinum alloy specimens W\Jre I!Jllbj ected to a nominal static 
•trees of 47,000 psi and a superimposed low-frequency stress of ± 6o,ooo 
psi at 1920 cycles per minute, which, according to the Goodman diagram, 
should provide a life of about 104 cycles. In the control test (sero 
ultrae~c power), specimen failure occurred after 470 seconds, at 
1.5 x 10 cycles of low-f7.-equency excitation. 

The etf'eot at high-frequency stressing i.s plotted in Figure 12-B, which 
•hOW8 the decrease in specimen life as a function of the high-frequency 
power level. The data for theee teste may be distorted by the fact that 
the epeoimeu upol!led to the highest ul traso:Uc power levels failed, not 
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Table III 

TEST DATA FOR INTEGRAL SPECIMEllS 

Static Low-Fre~encz Hish-Fre9;!:!enoz Elapeed Cycles-to-Young's Test Peak Peak Power Peak-to-Peak Time to Failure of Modulus Area Stress Strain Stress Strain Input Displacement Failure Low-Frequenc: 
Materia:. ~106 f!il ~:a.2) ~f!i) (j;!:in. / in.) <es:.) (j;!:in./in.) (watts) (j;!:in·) (sec) Excitation 

4~ )0.8 0.06)) 78,000 25.30 32,200 525 0 - 440 14,080 
Steel 0.0628 79,500 2580 )), Boo 500 150 54 435 13,920 

0.0638 78 tooo 2530 29,180 470 200 55 360 11,520 
0.0615 81,000 2630 29,200 475 ?80 118 243 7,776 
0.0625 79,500 2580 20,000 325 350 90 78 2,496 

201.4·- 7'6 10.2 o.o6oo 46,000 4500 66,000 3230 ') - 470 15,040 
A.lWII) mt11111 0.0610 46,):)0 4530 42,l00 2215 ~5 lBo 465 14, aso 

~ .lll.qr· 0.0592 46,200 4520 67,700 3315 110 318 120* 3,840 
0.0596 47,400 4620 51,100 2500 175 6oo 105* 3,36o 
0.0612 46,200 4.520 43,000 2ll0 350 673 23* 136 

6.U-4V 16.6 0.0392 105,800 6Loo 58,800 1785 0 - 840 26,Beo 
Titanium 0.0373 106,800 6470 76,200 2310 100 258 210 6, 720 
All err 0.0395 106,000 64.30 42,400 1270 150 461 750 24,000 

0.0)73 106,800 5470 70,000 2115 175 400 1290 41,2&1 
0.0385 107,500 6520 71,900 2160 350 498 750 24,000 

* J.i"a:Ued at donb1er. 

0 



•J-, 
CD 
•0 . .g 
Gil 

:~ 
t:. 
0 

o+) 

D') boo 
~ 
o+) 

1111· 
3: 

·~ 300 
0 

'E! 
~ 
0 
Q) 

~ 

200 

100 

-

A. 4340 Steel 

2000 

B. 20l1&-T6 Alumimm. llloz 

C. 6Al-4V Titanium Alloy 

Figure 12. Effect of High-Frequency Vibration on 
Fatigue Lite of Integru Specimens. 

31 

2000 



u 
0 

f .a 
at ,.. 
8. s 
~ 
c 
CD s 

oM 
0 

8. 
Cl) 

-=· .,.;I 

·~ 
'0 
0 

I 
.,..; 
:ll:S 

~ 
..,;:1• 

·• J.o 

!. 
,! 
~ 
Q 

' :! 

A. Temperature Rise 
as a Function of 

o w Applied Ultrasonic 

10 
8 0 1 

Duration of Test - minutes 

12 

10 

2 3 4 s 
Duration of Test - minutee 

Figure 1). Effect at High-Frequency Streeeing on 
Specimen Temperature and Rate 0 40 Temperature Rise 
for 4.340 Steel. 

)2 

Power. 

B. Rate of Temperature 
Rise as a Function 
of Applied Ultra­
sonic Power. 



.. 

A B c D E 

Figure lh. Typical Fatigue Failures of Specimens 
tinder Combined Static, Low-Frequency, and High­
Frequency Loading. 

A. Riveted Steel Specimen . 

B. Integral Steel Specimen. 

c. Integral Titanium Alley Specimen. 

D. Integral Aluminum Alley Specimen. 

E. Butt-Welded Steel Specimen. 
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at the specimen midsection as expected, but in the area imme diately ad· 
jacent to the doubler attachment, where the material had been exposed 
to a temperature of approximately 550°F during soldering of the doublers. 
Here the croes-eectional area was more than twice as great as that in 
the specimen mtdeection, and the failure suggests that high-frequency 
t:~tressirg of this material is critical i n such hr:!nt--affected zones. 

A typical midsection failure in this aluminum alloy is· represented by 
Specimen D in Figure 14. 

Temperature meas~rements in these aluminum alloy specimens faile d to 
reveal any significant heating during fatigue stressing, even at the 
highest 11ltrasonic power level. Apparently any temperature rise that 
m.tcy" have vccurred was promptly diss i pat ed because of the high t hermal 
ctnductivity of the aluminum. 

Titanium Alloy Specimens 

The specimens of 6Al-4V titar ·u.m alloy were subjected to a nominal s tatic 
stress of 106,000 psi and altJrnating low-frequency stresses r anging fran 
± 42,000 to ± 76,000 psi at 1920 cycles per minu te over a nominal cross­
sectional area of 0.38 square inch. No Goodman di agram was available for 
this material. 

The application of high-frequency alternatil6 stresses over the power 
range of 0 to 350 watts did no~ generate any definable relationship to 
specimen life, as evidenced by the scatter of points on the pl ot of 
Figure 12-C. Moreover, no perceptible change in temperature was ob­
served under any of the combined loading condi tiona. Thus, in contras t 
to the steel and aluminum alloy, th e titanium alloy appeared to be re l a­
tively ir.1pervious to high-f dquency vibratory effects within the range 
of high -frequency power apJ,Jlied. Doubtless, higher powe r levels will 
produce a clearly evident effect. 

A possible explanation may be found in the acoustic hysteres i s of these 
mate1·ials. In previous investigations in our laboratory ( reference 6) , 
the comparative hysteresis properties of several materials had been de­
termined by acoustic calorimetric ~Jchniques. The results of that work, 
reproduced in Figure 15, indicate the power l oss ae a function of high­
frequency strain to be substantially greater for steel than for titanium 
alloy. The peak straim achieved during the fatigue teet were functions 
of the combined static, low-frequency, and high-frequency loading, and 
it is to be expected that those straine would involve power loss values 
for steel gree.tly exceeding those for the titanium. This difference in 
power dissipation may partially explain the fatigue behavior of the 
titanium allqy under the superimposed hibh-frequency stresses. 
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More comprehensive testing over a broader range of conditione, including 
S\lbeta.ntially higher. ultrasonic pa~er levels, would be neeeeeary to eon­
firm the observed trend. 

JOINT PERFORMANCE 

The second portion of tb! demonstration was concerned w1 t.h eubjeoting 
various joint speeimene of 4340 eteel to the combined loading apparatus 
environment. Table IV shows the loading input range ueed on the varioue 
joints. 

Table IV 

LOADING CONDITIONS FOR JOINT SPECIMENS OF 4340 STEEL 

Static L ow-ll're ~encz: Hi~h-l"re~enoz: 

Cylinder Moment Power 
Type of Preeeure Frequency Arm Weight Frequency Range 
Joint Cesi) ~c~~ ~in.) (irame) (cee) (watte) 

Welded 26o 1920 5.25 l659 14,800 98 - 350 
Riveted 150 1920 5.25 6)2 14,800 0 - 350 
Adhesive-

Bonded 66.6 1920 
'· 25 39 14_800 0 - 350 

Brased 200 1920 5.25 1380 14,800 0 - 350 

Exo«pt for the butt-welded joints, all of the joints w~re of the eingle­
overlap type, in which axial lo~ding involved an eccentricity which un­
doubtedlr influenced the indicated fatigue life. l"urthermore, w1 th euch 
an overlap joint, where failure occurred tn shear in the joint, tt wae 
not possible to determine the cross-sectional area over which the forces 
Aot.ed. Consequently, no accurate determination could be made or the 
static or low-frequency streeses acting on the joints or the strains in­
dnatd in the specimens. In these oases the loads on the epeoimene were 
recorded in pound~. 

The fatigue test data for these joint~ are eummarised in Table v, and 
the total times to failure are plotted ae a function cf high-frequency 
pcwer input in Figure 16. 
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Table V 

TEST DATA FOR JOINT SPECIMENS OF 43Ll0 STEEL 

Low- Hi~h-Fre3uency Elapeed Teet Static Frequency Power Peak-to-Peak Time to 
Type of 

Area Strees/ ~treee/ Input Di "'plaeement Failure 
Joint (in. 2) Load(a) Load(a) (watte) (~in.) (eec) 

Fueion 0.06o3 71,700 pei 63,600 pei 98 348 17.5 
Welded 0.0603 71,700 50,300 175 445 12 

0.0624 69,200 60,500 350 (b) 9 

Riveted 2490 lb 1780 lb 0 7 
2490 2010 175 (b) 10 
2h90 1832 350 470 5 

Adhe81ve- 1110 lb 1600 lb 0 68 
Bonded 1110 137.5 200 475 48 

1110 1560 350 (b) 4 

Bra11ed 3320 lb 40.50 lb 0 4.5 
4150 2930 150 37.5(o) 13 
4150 2760 350 .54.5(o) 9 

(a) Streee in pei for welded butt joint epecimene; load in pounde for 
lapped joint epectmene. 

(b) Indeterminate. 

(o) Dieplaeement of 'lpper jaw only. 
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Welded Specimens 

Under the conditione used, :....,e butt-welded specimens were subjected to 
static etreesee of 70 ,000 ps i and l ow-frequency alternating stresses 
of ± 50,000 pei at 1920 cycles per minut~ over a nominal erose-sectional 
area of 0.06 square inch. Applied high-frequency power ranged from 98 to 
350 watte. 

Ae shown in Figure 16-A, theee specimens demonstrated a decrease in 
fatigue life with increasing ultrasonic power. No percepti bl e change ~ 
specimen temperature was observed during any of the testa. In al l CRf s, 
failure occurred just above the weld area, along the boundaries of the 
heat-affected zone resulting from the fusion-welding temperatures. A 
typical failure is shown as Specimen E i n Figure 14. 

Riveted Specimens 

These specimens were subjected to a constant stati c load of 2490 pounds 
~~d an alternating load of approximately ± 2000 pounds at 1920 cycles 
per minute. High-frequency al terns.ting stress was varied over a range 
reprel"ented by input powers ranging from 0 to 350 watts. 

The reeul ting data (Figure 16-B) from theee limited teets do not show 
the well-defined trend observed with the other types of joints. The 
specimen streeeed at low high-frequency power (150 watte) showed a 
longer fatigue life than the specimen etreeeed at zero ultrasonic power. 
More ext~n8ive testing would be neceeeary to establish fthether there is 
actually an ul t rasonic effe~t. 

Specimen failure was cha1•acterized by tearout of t.he parent metal rather 
than by rivet ehear, as ehown by Specimen A in FigJ.re 14. This apparently 
resulted from bending of the ende of tile specimen hill-eecti one due to 
the eccentricity of loading created by the lap geometry. Thie eccentric­
ity caused the rivet heade to bear against the parent metal, producing 
areas of stress concentration which accelerated failure. 

Adhesive-Bonded SpecirmM 

Theee lap-type epecimene were eub,1ected to a constant static load of 
1110 pounds and alternating loade within the range of ± 1)00 to ± 16c0 
pounds at 1920 cycles per minute. High-f"I"equency electrical power was 
varied from 0 to 350 watte. 

Figure 16-C ehows a decrease in specimen life as the high-frequency power 
wae increased. The maximum power of 350 wattf, produced failure in 4 
seconds (7.1 x 104 cycles of high-frequency excitation), whereas the non­
ultrasonically stressed ~ ")6Cimen required 68 seconds to failure (13 x 104 
low-frequency cycles). In eVf)ry caee, failu:r9 waR in ehear t.hrrugh the 
epoxy bond. 

40 

------------- ----- I 



Brazed Specimens 

The lap-type brazed epecimene were eubjected to constant static load!':! of 
3320 and 4150 pounds, to low-frequency alternating loads within the range 
of ± 2700 to ± 4000 pounde, and to high-frequency power input levels 
ranging from 0 to 350 watts. 

The results of these te!':lte (Figure 14-D) likewise showed decreasing 
specimen life with incrt1aeing ultrasonic power. Failure invariably oc­
curred in shear through the braze bond. 
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EVALUATION CF EQUIR-IENT AND CONCLUSIONS 

The contractor succeeded in developing a compound loading apparatus that 
provides for: 

1. Interchangeability of teat !pecimens. 

2. Adju~table controlled loading of the specimens simultaneously 
with the following: 

a. High-frequency fatigue loading at a ncminal frequency of 
15,000 cyc l es per second. 

b. Superimposed normal fatigue loading at a frequency of 
2000 cycles per minute. 

c. Superimposed steady-state static loading. 

The equipment performed satisfactorily in tests of varying time duration 
up to a maximum of nearly 1/ 2 hour. The high-frequency vibratory energy 
trall8mission ~ystem incorporated in the apparatus excited the specimen 
te~t section to a maximum vibratory amplitude, at 350 watts electrical 
power input to the transducer, of 0.0008 inch. ThusJgood impedance 
matching w~~ obtained through the transducer-coupling system to the 
holding j \We and into the test specimen. 

The fea~ibility of the apparatus as a fatigue test instrument was clearly 
shown, as specimen life in several instances was significantly altered by 
varyin~ the input level of high-frequency vibration. Units that did not 
experience the alteration in life either poseeseed sufficiently different 
int~rnal characteristics or experienced loading variation due to clamping 
arrangemen te. 

In addition, there is evidence tha Jj the apparatus wil l allow comparative 
evaluation of various materials as well as various structures in their 
reeponee to compound fatigue loading environments. This woo.ld allo-w 
meaningful analog teet program analysis of proposed configurations. 
Evaluation of a ccrnplete joint or structure response could be accom­
plished in eub~cale unite. 

Thue, the equipment is adequately suited to laboratory testing of ma­
terials and various joint designs for knowledge of materials behavior 
under condi tioM encountered in rocket-propelled vehicles. The data 
obtained on the several materials and joints used in this program con­
clusively affirm that specimen life m~ be significantly reduced by the 
superposition of high-frequency vibration on static and low-frequency 
vibration for many specimen types. The data also indicate that for eome 
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materiale and specimen typee (e.g., integral titan:tum with mechanically 
connected end fittings), the specimen requires a substantially higher 
level or high-frequency vibratory power. 

It is thus apparent that .further use of the equiJ:xnent developed may in­
clude determination of those materials and joint ty·pes possessing the 
beet life (and poel!lbly endurance) chare.cteril!tics under the compound 
vibration condi tioM existing in rocket-propelled .flight. This may 
include determination of S-N type curves, assuming that a rigorous 
method is estdbliehed for determination of high-frequency etrese. I n 
such a case, the ordinate of the curve would be the total stress: 

St • Set + Slf + Sbf ' ( 2) 

where 8et is the static etrees, 

su is the low-f:requency stress, 

Sbf is the high-frequency etrese. 

An altet~te approach would be the empirical development of e. Goodman­
type diagram of essentially three dimensions, on which a third orthogonal 
axis would be added to include the effect of high-frequency stress as 
mea~ured by input power to the high-frequency excitation eyster.t. 

Preliminary calculations of energy density levels devel~ped in the spe­
cimen indicate strongly that thA high-frequency vibration provides a 
greater energy input than the low-frequency vibration. The poesibili ty 
of the energy density level 1e bei~ a controlling parameter can be easily 
detennined on the apparatus. 
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RECOMMENDATIONS 

In view of the successful demonstration of the capabilities of the com­
plex fatigue loading apparatus, it is recommended: 

1. That this investigation be extended to encompaes large numbe:M! of 
specimen8 of selected materials, in order to eetablish the criti­
cal parameters controlling the performance of the materials when 
subjected to complex fatigue loading. The reeulting data should 
be correlated with available Goodman diagrams and low-frequency 
fatigue data. 

2. That similar effort be expended ln evaluating joint deeign, uti­
lizing subscale analog testing and covering a wide range of struc­
tural configurations. 

3. That the work be extended to include evaluation of materials and 
joints at various temperatures and under various atmoepheric con­
ditions. 

4. That the instrumentation be further developed to allow precise 
determination of high-frequency stress and possible interactions 
of loading input. 
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APPENDIX I 

CHRONOLOGICAL LITERA'roRE REVIEW ON HIGH-FREQUENCY FATIGUE TESTING 

1925 

Jenkin, C. F., "High-Frequency Fatigue Teste", Proceedirfs of the 
Royal Society, London, Volume 109A, 1925, pp. 119-rJ. 

1. 

Wire l!lpeoimena of copper, Amco iron, and mild ~teel were vibr ated by 
means of alternating electrical pawer. Each specimen was supported at 
the nodee in brae~ trunnione and placed betweeu the poles of an electro­
magnet, which produced a nearly uniform horizontal fie l d normal to the 
teet pieoe. Alternating current flowing along the specimen caused i t 
to vibrate in the magnetic field, at the natural frt3quency of the test 
pieoe. The teets were run until the specimen fracture d or 10? cycle s 
had been completed. The low-frequency tests at 5o cps lasted 55 hours 
or leee. Those at 500 cps lasted for 5- 1/ 2 hours or less, and the 
1000-cps tests required 2-3/ 4 hm;.ra or lass. The highest frequanay 
(2000 ope) req1.1ired no more than 83 minutes . The A:nnco iron and s teel 
eamplee failed suddenly, but the copper Ramples failed more grsdually. 
The first eign of failure wae a reduction in vibratory amplitude. 

To teet theee metals at higher frequenciee, the equipment was al tared 
to produce toreional vibration. None of the copper rods or tubes were 
fractured, even during a teet which continued to 6o million cycles at 
a frequency of 4000 ope. 

1929 

2. Jenkin, C. F., and G. D. Le1.mann, "High Frequency Fatigue", Pro­
ceedings of the Royal ~ ~ciety, London1 Volume 125A, 192~ 

pp. 83-119. 

The effec~ of the frequency of alternating stress on the fatigue limits 
or various metals wae investigated, wi t h ~ir preasure supplying the vi­
bratory power. The specimens were vil ;·atGd by two blowe:re, each of which 
con!ieted or an adjustable resonating ~hamber into which air wae admitted 
by a throttle ir:. the back. '!'he front was clossd by one face of the spe­
cimen, which was arranged eo that its vibrations to and fro alternately 
releQeed the air pressure or allowed it to mount up in the chamber. 

T~ ute were made on copper, steel, aluminum, and Armco iron bars at fre­
qu<nciee ranging from 50 to 20,000 cps. St rains were calculated on the 
~~!Umption that the epecimens vtbrs.ted freely snd that the only measure­
ment required waa the amplit ude of vibration at the center of the bar. 
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Inox-eaeee in fatigue J.imi t up to f:IJ percent were recorded, but the observed 
fatigue limit did not increaee indefinitely. When a maximum value was 
reached in eane teets) the limit at the highest frequenciee actually fell. 

1932 

3. Gaines, N., "A Magnetostriction Oscillator Produeing Intense Audible 
Sound and Some Eff'ecta Obtained", Phyeic~, Volume 3, 1932, 
pp. 209-229. 

In using a nickel-tube magnetoetrictive transduce r operating at 8900 cpe 
f'or etudying various ultraeonic ef'fecte, Gaines found that the nickul 
tubee were all eventually broken near the middle, due to fat i gue of t he 
metal. Measurements indicated that the amplitude of' tube vibrati on wee 
0.01 mm in water and 0.03 mm in air, the latter correeponding to a et1~ss 
of 11,500 pei. Breakage occurred within 15 to 90 mi nutee (i.e . , within 
8- to 48-mi llion cycles ) . The author suggeeted thie device as a m~ans 
for quickly fatiguing magnetoetrictivu material s in eval uation of their 
phyeical properties. 

4. 

1950 

Maeon, W. P., Piezoelectric Cry8tals and Their A~lication to Ultra­
sonics, D. Van Nostrand Company, Inc., New ork, New York, 
t95o, PP· 162-164. 

Maeon deecribed an apparatus ueeful for f'~tigue teeting of' m~ tale, con­
sieting of' a piezoelectric crystal moenic glued to an exponentially 
tapered coupler to which was ecrew-att~ohed a metal ~pecimdn wit~ ~ 

narrowed central eection. With the total length of coupler and ep6ci­
men equal to an integral number of half-wavelengths, no appreciable 
strain was developed at the glued joint, whi~h was located at H vibra­
tory antinode. With a diameter reduction from 3 inches at the crystal 
to 0.05 inch in the necked-down eeetion of the specimen, located at a 
vibratory node, the strain wae amplified by a factor of 40. Such a 
device was reported to permit investigation of' the fatigue properties 
of metal at a hi gh rate of etrain and velr.city. 

1951 -
5. Drew, D. A., "Meaeul'ing Stre!lees in Aircraft Turbinee", Engineeri~, 

December 14, 1951, pp . 761-76: • 

.L'he oaufJe of' turbine bu~ket failures on ai rcraft gas turbines was inveet1-
gated oo. the teet-bed and J.n flight. The high-frequl!ncy inveetJ.gatione 
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were Clonducted in the laboraty""Y on mod!!il c~~t. uluminDJ'Il buakett'. A mag­
natostrictive nickel-stack transducer and an exponential steel coupler 
were used to deliver th'! ultrasonic energy to the teet epeaimeM at 
1,3.2 lee. For maximum tra!U!f'er of energy to the bucket, it was neces­
sary to match the motional impedance of the load with that of the etack 
and ampler aesembly. Wire-"Wou.nd strain gages were attt.ched to the 
buckets to measure the etr-eeeee. No resulte were presen~d. 

6. 

1953 
f. 

Neppiras, E. A., "Some Applications of High-Power Ultrasonics in 
the Metal Industries", Metal T-reatMent and Drop Forging, 
Volume 20, 1953, pp • .391-398. 

Among other applicatione, the uee of ultraeonice for accelerated fatigue 
testing is deecribed. Preferably a magnetostrictive traneducor is 
coupled through a step-up exponential mechanical transformer to a longi­
tudinally resonant specimen, the joint b:ting located at a displ~:;:,ment 
antinode. For frequencies above about 100 kc, c~tal transducers were 
recommended. Such devices could sl.so be used for accelel~ated life tests 
to determine metal behavior under periodic forces, such as hammer blo~m 
or frictional forces. 

7. Mason, w. P., "Internal Friction and Fatigue in Me tale at Lar~e 
Strain Amplitudes", Journal of the Acruetical Socie~ of 

America, ~olume 28, 1956, pp. 12o7-1218o 

Apparatus for producing high straiM in metale ooMisted of a barium 
titanate cylinder, a halt-wave exponential horn with diameter reduced 
from 3 inches to 0.25 inch, and a second half-wave exponential horn, 
ecrew-at ~,aahed to the first and including tho teet specimen, with diam­
eter reduced from 0.25 inoh to 0 .06o inch . Thie arrangement !'rovided 
a etep-up in strain by a ratio of 50rl. Further etep-up "t-o 250rl was 
achieved by 01-.tting a smaller radius in the horn. r~eaeuremente of the 
impressed vol t!ge and a pickup voltage on the bArium titanate made it 
poeeible to calibrate the device for determination of internal friction, 
change in elastic conetant, and etrain i n the eample. Such mea~uremente 
we.re made on lead and aluminum during stressing to fractu~, and the re­
sults w~re analy1ed in terme or the dislocation-vacancy mechaniems in 
the specimens. 

8. Lomas, T. w., J. 0. Ward, J. R. Rttt, and E. W. Col back, "The 
Int'l~ence of !Prequency of Vibration on the Enduranoe Limit of 
Ferrrus AlloY'S at Speeds up to 150,000 Cycles }Xtr Millute Using 
a Pneumatic Reeonmoe System", Proceedings of the International 



Confsrence on Fatigue of Metals, London, September 14, 1956, 
and New York, Nt"YVember 30, 19Sb, IMtitution of Mechanical 
Engineere, London, England, pp. 375-385. 

A pneumatic resonance syetem wae designed to compare the fatigue proper­
ties of wrc:nght and cast turbine blades for airplane engiDes. Thia 
machine, which operated at frequencies as high as 2500 c:ps, consumed up 
to 200 cubic feet at compressed air per minute at a supply- pressure of 
about 90 p!!i. The specimen to be tested was ueed as a reed to actu.Bte a 
resonant column at air in a tnbe. Two methods were U!led for measu.ri.q 
stre1er mea~ru.ring strain directly with strain gages and calculatin& 
stress, and me~suring the vibration amplitude with a telemicroscope and 
oalcu.lat1Dg the stress. Curves were plotted to show the ef~~ct of fre­
quency on the endurance limit fo:o.o four ty-pes of steel at 10 cycles. 

9. Vidal, G., and F. Girard, "5'Ur un rumvttau dispoeitif de .-a.ptttn~ des 
materiaux par un effort al teru.tif sinusoidal A 87 000 c/s", 
Comptes Rendus, Aoademie des Sciences, Volume 243, 1956, 
PP• 1276-1278. 

This fatigue testing device walt driven by a barium titanate cy-linder 
with a natural longitudinal frequsncy- of 8 7 ko . Resonant cy-lindrical 
speoimens were attached to the upper face of the barium titanate cylin­
der by- maans of a central flange. Cy-lindrical specimens, 3 mm in di~­
eter, of !lumimtm alloy, titanium alloy-, and glal!U!J were fractured w1.th 
this device. Specimens of magll!l!lium alloy- and steel that were necked 
down on either eidd of the flange and specimens of glass that were 
lengthened on the upper end by a half-wave truncated acm.e were also 
fractured. The fractures appeared the sa.me lls those obtained at low 
frequency. None o! the specimen! showed noticeable heating during the 
te•t~. 

10. ·vidal, a., F. Gi~ard, and P. Lanusse, "Sur un diepositif de ra.pture 
del metau.x par un effort altarnatif BiDU!Oidal a haute fre­
quence", Com~tes rendue, Academia d.! a Sciences, Volumo 242, 
1~56, PP• 98 -988u 

A device was developed for exertiq a periodic axial .t'oroe em a ql:ln­
dric&l. 1pe:im6n at frequencies in the order of 5000-BooO Cpl!l. A speci­
men wa• -.ttaohed at one etnd to a dyuamometer, which operated throu«h 
trxteD.Icmeters, and at the other end to a laminat-ed stack of nickel-iron 
P"~lOY"• The Qntire assembly wal!l resonant at itl!J fundamental r~quena;r. 
A •agnetio circuit, suitably- &mplified, induced an al ternatiDg emf which 
eni ted the alsttmbly to resouanoe vibration w1 th a considerable inareaoe 
in load. With this apparatus, axial alternating forces &l!J high &1!1 ± 2.30 
kg were induced in the speciwtns . Steel cy-linders of 4 mm2 crol!s section 
nre iraotured at a frequency- o~ 6000 aps, and Duralumin specim6UB of 
10 mm croa1 section were frac tured Qt a .t'requeney- of 5380 cps. The 
fractures were similar to those obtained at low freqaency. No noticeable 
heating of the specimens was obser ved. 
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11. Wade, A. R., and P. Grootenhuil!!l , "Very High-SJ:~ee d Fatigue Testing" , 
Proceedings of the International Conference on Fatigue of Metals, 
London, September 14, 1956, and New York, November 30, 1956, 
Institution of Mechanical Engineers, London, England, pp. 361-369. 

Fatigue tests were conducted on aluminum alloy bars with a variable­
frequency torsional vibrator giving sinusoidal excitation of adequate 
power. The l!!lpecimens were 1/8 inch square and ranged in length from 
2.58 to 8.35 inches. The maximum amplitude, measured by a microscope, 
occurred at the ends of each specimene The maximum i nput power was 
1000 watts, and the operati ng frequenc i es used were 24, 370, 85o, 155o, 
and 3835 cps. Curves were plotted to show the relationship between 
stresl!!l and the number of cycles to fail ure, stress 11nd the rmmber of 
hours to failure, speed and the number of hours to failure, and apeed 
and fatigue strength. Cracks formed in most specimons at or near the 
center, and .~-"~ variation in stress at the fracture was less than 2 per-
cent of the ;, :·dmum strel!!ls at the center. · 

1957 -
12. Broaens, P. J., R. W. Reid, and T. P. Rona, "Magnetostri ctive Drive 

Techniquee for Fatigue Tes ting of Metal s Above 10 Kilocycles", 
WADC Technical Report 57-438: Massachusetts Institute of 

Technology, Cambridge, Massachusetts, Contract AF 33(616)-3233, 
December 1957. 

A magnetostricti ve exciter was constructed that oper~tted at about 12 kc 
with approximately 1 kva of electrical input power . This exciter was 
intended to serve as a source for alternati ng stre s s in typical turbine 
blades in order to investigate fatigue failure i n the blades. It soon 
became apparent that the exciter could not satisfy the requirements of 
interulive epecimen t3sting an d correlat ion of re sul t s . A l ight modu­
lation technique for determi ning the amplitude of vibr ation was developed 
euooessfully. The report covered detect i on and calibration methods, the 
analytical and experimental approach to the impedance matching problem 
between source and l oad, and the use of existing equipment to trace 
fatigue development by f requency and damping measurements. It also 
evaluated other methods of excitation. 

1958 

13. Atawani, J., and H. Mi yamoto, "Fatigue Tests of Metals at Ultrasonic 
Frequenct'' 1 Transactions, Japan Society of Mechanical Engineer~ 
Volume 2 , 1958, PP• 480-483. 
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"A te 'ting equipment and measurements are reported of the f'atigne of 
metals under supersonic f'requenc;y. This equipment has an advantagg over 
ca.aventional fatigue machines in that stress alternations up to 10 re­
versals can be made within an hour ·or so. At the resonant condition, 
metal samplee are subjected to al. ternati.ng stresses above the f'atigne 
limit b;y means of' a magnetostriction transducer through an exponential 
brass horn. B;y this method the fatigue properties of' various metals 
were investigated. To avoid temperature rise of' the samples, water 
cooling was necessary. Under insufficient cooling, it was not possible 
to obtain large motions and high strains, presumabl;y due to the increase 
of' internal damping in the samples. Even marks in the most strained 
part of' the samples, such as might be made b;y a very light scratch with 
a knife edge, had a considerable ef'f'ect on the fatigue limito" (Author 
abstract) 

1.4. Mason, w. P., "Internal Friction, Plastic Strain and Fatigne in 
Metals and Semiconductors", Mono~raph No. 3326, Bell Telephone 
System Technical Publications, 1 5Bo 

"B.r using a barium titanate driver attached to a tapered brass horn, 
containing a specimen of metal, it is possible to stress the specimen 
to fatigue failure. The internal friction and plastic strain of the 
specimen can be measured .fran the ratio of the driving voltage to the 
pickup voltage fran the titanate and from the resonant f'requenc;y. It 
is f'mnd that there are two amplitude ranges f'or which the internal 
friction and plastic strain vary with stress. The f'inal phase tor 
metals results in a ver;y rapid rise in internal friction and plastic 
strain, and ends in fatigue failure. The ef'f'ect of' a static stress is 
to increase the stiffness of' metals f'or small alternating stress ampli­
tudes and to lower the value of' the alternating stress required to pro­
duce fatigue failure. Germanium is not subject to f'atigua failure in 
the manner of a metal but suffers brittle f'ractureo A theory based on 
the action of' Frank-Read dislocation loops is shown tc agree with the 
measured results. Fatigne stresses can be increased b;y metallurgical 
treatments which reduce the lengths of the Frank-Read sources." 
(Author abstract) 

15. Stephenson, N., "A Review of' the Literature on the Effect of 
Frequeno;y on the Fatigue Properties of' Metals and Allo;ys", 
Memorandum No. M. 320, National Gas Turbine Establishment, 
Ministry of' Suppl;y, England, June 1958. 

A DUmber of' the references cited indicated that fatigue limits increased 
u frequencies at which fatigue testing was conducted increased. Meet 
ot the literature reported work at low frequencies, 150 to· .30,000 opm, 
although ISCIII8 work at frequencies ranging from ~,000 to 1,000,000 cpm 
was reported. When materials susceptible to corrosion fatigue were 
tested in dry air, investigators f'ound that f'atigne limits were 
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appreciably gre•ter than the corresponding valt..vs for teete in ordinary 
air. In two papere it wae reported that dan ping capacity and dynamic 
mochlue were dependent on frequency at stresaee above the dynamic pro­
portional limit . Another etudy on the effect of frequency (6000 and 
20,000 apm) on deformation characterietice shown by polished surfaces of 
pnre aluminum indicated that marked disturbance was produced near grain 
boandaries and that a .fine network etructure was present within the 
graine. The striations that .formed at the higher frequency frequently 
resulted in a granular eurtaoe film that gave a sl ightly etained appear­
ance to the surface . 

1959 

16. Girard, F., and Go Vidal, "Micromachine de fatigue en traction­
compression a 92,000 alternances par eecond", Revue de 
Metallurgie, Volume 56, 1959, pp. 25-39 

A fatigue testing machine operating at 87,500 ope corulieted o.f a ba-rium 
titanate cylinder to which a cyli ndrical epecimen wal'! attached at a 
central .flange o.f tht> epecimon, coneti tuti ng a nodal point . The maximum 
etrese obtainable at 1-micron IU!Ipli tude wae 36 kg/ mm2 . This device wae 
effective in .fracturing aluminum alloy, t i tanium alloy, and glaee cylin­
ders, but not cylinderi!l o.f half-hard eteel, braes, or magneeium alloy. 
The differences in breaking oapabili tiee were attributed to difference a 
in damping capacity or the varioue metaleo The fatigue craoke reeembled 
those obtained in low-frequency fatigueo 

A Bimilar device o~rating at 92,000 ape ·,;·ae ueed to test cylindrical­
toroidAl specimene o Duralumin epeaimene were fractured at 2- 3 billion 
cycles at a strees ~evel of 14 kg/ mm2. At 109 oyolee the breaking 
eti"es! was 16 kg/ mm , while in ordinary low-frequency te~te the maximum 
etress at the eame uwnber or eyalee wae eta~d to be 12 kg/ mm2. Such a 
.fatigue test for light alloye permitted shortening the teet time for 
3 x 109 ayclee from the usual 100 daye-3 yeare to 8 houreo 

17. Neppirae, E. A. , "Metal Fat igue at Hi gh F1-equencyrr, Proaeedi:ee of 
tha Physical Society, London, Volume 70B, 1959, pp. 303- 01. 

A magnetoetrictive traneducer •nd three exponentiall y tapered couplere 
were need to inveet~ gate metal fatigue at high frequenciel!lo A l!!ingle­
nange mount:!..ng eystem ineured that teste were performed under l!ero 
static load conditi one. The ~nput power for the tests wae approxi­
mately 1 kilowatt. Two types of' braee eamples were used: a strai ght 
rod, and " eymmetrically tapered workpiece, 3/16 inch in diameter in the 
aente::o and 3/8 inch at the ends. For cooling, a 1/16-inch hole was 
bored axially in the specimen and coupler to pennit continuous water 
now. In all samples, frst-ture occurred as a lateral crack near the 
point of maximum !!I train. :Fatigue limits were caloula ted both by mea!l8 
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ot S-N curves and by measuring the .flow rate and temperature rise or the 
cooling water (to obtain the r~te of ene~gy loss). High-frequency test­
ing pennitted a normal .fatigue run of 10 reversals in about 1.5 hours, 
compared to several weeks on conventional machines. 

18. Neppirae, E. A., "Techniques and Equipment for Fatigue Testing at 
Very High Frequencies", Procee dings of the American Society .for 
Testing Materials, Volume 59, 1959, pp. 691-709. 

Resonant ul tr!.eonic vibrators used in high-frequency fatigue teeting con­
sisting of a transducer, velocity transformer (coupler), and teet speci­
men were described. The extensional, torsional, and .flexural modAs o.f 
operating t.he couventional types of electranechanical traneducer (piezo­
magnetic, piezoe~ectric, and electrodynamic) were explained, and a etudy 
was made ot the design of resonant velocity transformere and test ~~Speci­
mene. Practico.l eysteme had been operated at frequencies above the 
audible limit, 18,000 to 22,000 cps. The advantages of ultrasonic 
teeters were listed ae: ease of operation; ec onomy; variety or appli­
cations; and speedy, silent operation. Fatigue limit e of metal! at 
high .frequency were report~d to be &~ldom 1dentical t o thoe~ meaeured 
at low frequency, with discrepancies ae high ao 40 percent for braasee. 
Techniques for prevanting overheating at high frequencies were described. 

196o 

19. Bualaev, Yu. F., "Structural Changes and St:t"t!ngth of Steel Under 
High-F-r&quenoy Cyclic Loading", Metallovedenie i Termicheskara 
Obrabotka Metallov, Apr~.l 196o, Number 4, PPo 41-45. 

A resonance-type syetem was develo~d for investig&ting the fatigue 
strength, temperature effects from damping, and phyeioch~cal processes 
under •tref!eee at 17 to 20 kc at a mL""rl:mum input powar ot 3 kva; the 
re•onant length of the amplitude converter was 160 millimeters. The 
specimens were rode, 5 millimetere i n diameter, of steel, copper, brat's, 
aluminum alloy, and oast iron. High-frequency loading cau~ed coneius1"a-· 
ble heating of unhardened steel at the etrese antinode from mioroplastic 
internal friction. An increase in .frequency .from 17. 25 to 20 kc did not 
affect the .fatigue limit of eteel eir,ni.ficantly. Microatructural changes 
were observed in the metals. Fatigutl curves were constructed .for iron 
and et~el to approximately 107 cycles. The most efficient couplers used 
were those with an exponential or catenoidal shape . 

20. Neppirae, E. A., "Very High Energy Ultraeonioe 11 , British Jr,o.rnal ot 
Applied Physics, Volume 11, 196o, pp. 143-150. 

U1 trasonic .fatigue testing was included in a general survey- ot very­
high-energy ul truonice. The dincussion dealt with fatigue testiq 



te('.bniques rather than specific testa. The propertit!s of piezomagnetic 
and pio!loeleotric tr&nfldllcer materials we re outlined, and wave equJtions 
for conical, exponential, catenoidal, and double-quarter-wave cylin:irical 
couplers were preeented. Typical specimens were of symmetrically tapered 
and dumbbell ehapes. Tht: use of S-N curves to plot stress data was des­
cribed and illustrated for alloy specimens at 18 kc to approximately 108 
cycles. Endurance limite at high frequencies were somewhat higher than 
those for low rrequencies; no eatisfactory explanation was presen~sd. 

1961 

21. Atawani, J., ''Fatigue Teete of Metale at ill traaonic Frequency. 
2nd Repoz t: For Materials Having High Endurance Limits", 
Bulletin of the Japan Society of Mechanical Engineers, 
Volum~ 4, 1961, pp. 466-470. 

A fatigue tester wae ueed to produce f~ndamental vibration in a dumbbell­
ehaped epecimen, which was designed to induce highest streae in the con­
tracted midportion. Analysie of vibrat~on of the specimen at resonance 
condition wae developed, and the results were confirmed by experiments 
with bearing steel epecimena at a ~reqnency of 10.3 kc . S-N curves 
showed a fatigue limit at about 10 strese rev9rsals at hO kg/ mm2, a 
higher number of stre!s reverealsJ and e. lowd.r value of stress than was 
expected for thie material. The alope of the curve was steep. With 
an untapered copper specimen, the breaking stress at 108 reversals was 
about 8 kg/mm2, practically the value expe~ted from ordinar-y measure­
ment. 

22. Van Leauwen, H. P., and M. C. Mut3uoglu, "Requirems:lts !or an Axial 
Fatigue Machine Capable of Fast Cyclic Heating and Loading", 
AGARDograph 66 (amanded edition), Advisory Group for Aero­
nautical Research and Development, Paris, France, September 
1961. 

Among other fatig11e testing devicee, the 11agnetostr:tction fatigue machine 
built by Neppiras in England was deeGribed briefly. Ite ealient featuree 
were a laminated dumbbell-type magnetoetrictive transducer and a reeonant 
taper8d coupler. The specimen, whic~ watS approxi mately reeonant at the 
transduce~ frequency, wae tapered from a diameter at the center of 3/16 
inch to 3/ 8 inch at the en de. The specit..ens had a hole 1/16 inch in 
di~ter lengthwiee through the middJ e to provide for water cooling. 
The machine h~d a loading capacity of 300 kg and was operated at ~peeJe 
aa high ae 10 cpm. Distribution curves were conetn1cted to show parti­
cle motion and stress in the mechanical tranemieeion line. 
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1962 

23. Orootenhuis, P., and P. Benham, "Vibration and Fatigue", Diecoveg, 
Volume 23, May 1962, pp. 36-43. 

Both the slow, higb-etrese reversals that can cause metal failure after 
only a few hundred cycles and the lligh-epeed, low-etrees vibrations that 
may continue for millione of cycles before ultimate fracture were die­
cueeed. Work previously reported for both low- and high-frequency 
f8.tigue teeting wae reviewed. The failure8 at high strese were found 
to be moet common when a component wae eubjected to a starting-and­
etopping cycle. In aircraft particularly, the t~nd toward higher 
epeede hae eubjacted componente to vibratione at higher frequenciee, eo 
that componente have more often been vibrated at their reeonant fre­
quenciee and therefore at higher streeses. Long-endurance fatigue is 
usually associated with a einusoidal cycle and frequ,ncies of eever&l 
thouoand cyclee per minute. With high-frequency fatigue, stressing is 
applied continuously at very high !peed for a very great number of 
cycles and results in a ehorter time lapse before failure. 

24. VanHouten, J. J., "High Intensity Sonic Testing--A Tool for the 
Stru.ctural Analyst" 1 Symposium on Shock, Vibrstion and Asso-
ciated Environmente, Part II, Washington, D. c., October 1-4, 
1962, pp. 181-1efr. 

The teeting machine described made use of four electropneumatic trans­
ducers and exponential couplers, 6 feet long, with a frequency range 
from hO to 3000 cps, and power output up to 2000 acoustical watte. 
Acoustical power was calculated by measuring sound pressure across the 
tube and converting theee meaeurements to intensity in watts per a quare 
centime te1·. 

1963 

25. Clifton, T. E., B. S. Hockenhull, and A. R. Sollars, "Thn Develop­
ment ar.d Evaluation of an Ultraeonic Fatigue Unit", Note 
No. 141, The College of Aeronautice, Cranfield, Englana;­
Rarch 1963. 

A fatigue teet unit operating at 20 kc consisted of a magnetoetrictive 
transducer and a half-wave velocity t1•ansfonner with an ampl ification 
ratio of 6.25 to 1; the traneformer was supported by a nodal flange, and 
dumbbell-type specimene were scrow-atta.Jhed to i te emaller end. Tempera­
tun meaeurements at the highest l!ltress level indicated that the tempera­
ture ros8 by lese than 1•c over a period of 300 eeconde. The addition of 
a cycle counter pennittad accurate meae~u.rement of the number of cyclee to 
failt· -~ I r inH.~.ll t e•+.11 ,.;ith alt: -- ~ '1\.,!": ::.. : : .:.]e, ~..he J."eBu.~. te proved toLe 
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highly eeMitive to t.l1e eurface .finieh on the epecimene, and aubeequent 
epecimerus were electrolytically poliehed before tests. 'rn c011parieon 
with r6sulte obtained with a 200-cpe rotating-bend machin&, the higher 
frequency showed subetantia].ly higher !trees levele throughout th6 S-N 
curve. Because of thie frequency effect, it wae concluded that .,pr ~lica­
tiou of the equipment to accelerated evaluation teste may not be simple. 

1964 

26. Brown, B., "High Intensity Ultraeonics 11 , Industrial Electronice, 
March 1964, pp. 113-116. 

Various high-power applications of ultrasonics were reviewed. Dieous­
eion was presented of the acceleration

8
or fatigue testing, eepecially 

when epecimeM must be subjected to 10 stress rev'3reals, by operating 
e,t ul trasorJ.c frequencies. Baeic equipment coneieted of a 20-kc mag­
netoetrictive transducer and a velocity transformer attached to the 
specimen under teet. Large-amplitude vibration cruld thus be trans­
mitted to the specimen eve~ with the transducer operating under low 
stress. A maximum power of 60 watts was supplied to the transducer. 

21. Skipnichenko, A. L., "The Use of Ultrasonic Vibration in Fatigue 
Teste", Zavodekaya Laboratoriy~1 Volume 30, 1964, pp. 598-599 • . 

A method was presented for determining the effect of a cyclic load on 
the mechanical properties of metale. syclic loading was accomplished 
at an alternating et~es of 17.5 kg/ mm , ueing a 20.2-kc magnetostric­
tive transducer and a tapered vel~ity transformer screw-attached to a 
resonant annealed copper specimen. Since thfl central portion of es.ch 
specimen became extremely hot during the teets, it wae externally cooled 
by ranning water. With inc1·eased duration of the teet, yield and ul ti­
mate tensile etrength and hardness increased, while elongation decreased. 
The final failure took place after 110-125 seconds. 

28. Thiruvengadam, A., "High Frequency Fatigue of Metals &nd Their Cavi­
tation Damage Resistance" 1 Technical Report 233-6, Hydronautica, 
Incorporated, Lau~vl, Maryland, navy Contract nonr-3755 (00) . 
FBM, December 19b4. 

High-frequency fatigue teete were carried out on aluminum, bronze, Monel, 
and stainless steel by using a 14. 2-ko magn.eto!ltrictive apparaturt to 
drive notched specimens in rl!eonanoe. Analysis of the results indicated 
that the high frequency diJ not significantly change the plastic energy­
required to fracture the metals in fatigue. Strain energy was corre­
lated with cavitation d&mage resistance. High-frequency fatigue was 
significantly accelerated in a corrosive environment. 
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1965 -
~?. B~ala~v, Yu. F., "High Tempera1nre Failure of Y•tals Under the 

Action of Ultrasonic Vibrations", Fizika Metallov i Metallo­
vedenie, Volume 19, 196.5, pp. 73S-74o. 

Magnetoetrictive apparatus operating at 24-26 kc was used to fatigue 
several materials rl thout cooling, to determiil£l the effect of internal 
friction heating on microstructure and fatigue fracture. Failure in 
aluminum and iron was accompanied by necking, presumed to be assisted 
by recovery, recryetallizatton, substructure formation, grain-boundary 
migrAtion, and he!.ling of microporee at cavities. Copper, steel, and 
high-nickel alloys did not neck down, but failed from the generation 
and propagatio"\ of cracks, chiefly along gr~in boundaries. Temperatures 
at failure were within the range of .300-1400 .. C. 

):>. Fox~ A., "A Compari~on of Ul traeonic and Convention11.l Axial Fatigue 
Teets on Aluminum Alloy Rod", Materials Research and Standards, 
February 196.5, pp. 6o-6). 

Results obtained fran conventional (6o cps) and ultrasonic (17 • .5 kc) 
axial-load fatigue teete on dumbbell-shaped rode of aluminum alloy were 
compared. In the ul traeonic test, longitudinal vibrations were induced 

· :1,n the teet specimen by meane of a barium titanate traneduc.,r and an 
expoMntially tapered coupler. The ultrasonic method used required a 
specimen of relatively emall diameter (0.125 inch necked down to 0.0.52 
inch) beoauee of the power limi tatione and the small amplitude of vibra­
tion. The epe"'imen ueed for the conventional teet was 0.438 inch in 
diBJieter necked down to 0.100 inch, ud alignment of the specimen was 
very critical. A fatigue str~ngth of approximately t 14,000 psi at 108 
stress reversals was obtained in 'both te~ts. The accuracy of the ultra­
eonic data was estimated at ± 12 percent because of the small specimen 
erose section. It was suggested that a more powerful transducer capable 
of vibrating a larger maes at greater amplitude be used for more acourate 
determinations • 

.31. Honeycutt, C. R.,~ and J. C. Sawyer, "Determination of Elevated­
Temperature Fatigue Data on Refractory Alla,re in Ultra-High 
Vacuum", TRW Equipment Group, TRW, Inc., Cleveland, Ohio, 
W.SA Contract NAS 3-6010: CR 5420.3, First Quarterly Report, 
July-september 1964; CR .542ao, Second Quarterly Report, 
October~December 1964; CR Sh3B9, Third Quarterly Report, 
January-March 1965 J CR 54h58, Fourtb Quarterly Report, 
April-June 196.5; CR 54775, !Pitth Quarterly Report., July­
September 1965 J CR 54916, Sixth Quarterly Report, October 
1965-Jannar,y 1966. 
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Refraotor;y metal alloys were ~robjected to high-frequency .fatigue at 
temperaturee up to 3000 O:li" in ultrahigh vacuum, using a 20-kc holl ow 
cylindrical transducer of lead titanate zirconate attached to stepped 
titanium couplers. The specimens were dumbbell·~ehaped, both smooth 
and notoh,d. Sucoesef'.ll teet!J were made with n(')tohed specimens, but 
su.f.fioient streee could not be induced in smooth specimens of TZC •nd 
TZM molybdenum alloy to cause failure, even at 7.3 x loll cycl~e (503 
hours). 
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APPENUIX II 

DEt ION OF SAMPLE CONFIGURATION 

Coru~ider a sample configuration of t he gll li.l? r al type as shown in the 
sketch below: 

A B C D E 

..\ schematic design of the overall sample to be tested is of the general 
configuration as shown between A and E. The sample i e rigidly connected 
to a dri v1ng coupler .from the transducer at A. This point is acoustically 
established as an antinode in the longitudinal vibration pattern of the 
system, and for the purpose o.f this analyeie we will disregard any acous­
tic impedance mismatching occurring at the interfaces A or E;. The section 
BD is the actual teet section of the specimen, and it is desired to maxi­
mize thJ vibratory atrees ln this region. Unwanted fltrees concentration 
will be minimized by appropriate design. 

Let 5 x represent the longitudinal vibration amplitude occurring at any 
point along the teet specimen. A general expression .for the variation o.f 
5 x with respect to position and time is given by 

!J X '"' 50 COB kx sin (J)t, 

where ~0 • maximum longitudinal vibration amplitude, 

k • 2 n/A • '-"/ c 

~ • w~t.velengtb 

o • velocity or sound 

c.) • 2nf 
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f • vibrational frequency 

x • longitudinal coordinate 

t • time. 

Since we are interested only in the maximum values of l x with reepect 
to time, we c~n omit the time-dependent term and write 

(4) 

The &train corresponding to thie displacement is given by 

~lx) • -k So ein kx. (5) 

At point B in the figures aeeuming the '>rigin to lie at point A, the 
quantities are given by 

(6) 

(7) 

Considering these quantities in the reduced section BD, it is convenient 
to take s.n origin at the center, c, and define values of x to the left 
of C ae positive. 

If we eet the position of maximum strain in the reduced section to be at 
this origin, then the following expreeeions hold: 

'f./ / 
v • 'J: sin k x 1 

:>o ' 
( 8) 

r:a;. k 5' coe k x' 
\1x 0 

(9) 

where too prim~d quanti tiee indicate the eecond coordinate !yetem, and 
at poei ticm B, 

(10) 

(11) 
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One of the boundary conditione at plane B is that the JJartiolfJ dieplaoe­
mente be equal in both sections. Thue, 

r 

~B • ';B , (12) 

which, when combined with Equations (6) and (10), givee 

coe k .t1 
bB • ~o e~.n k .t.2 • (13) 

This expression gives the amplification of particle displacement occur­
ring in the teet section. 

The second boundary condition at plane B is that the forces exerted by 
the two sections be equal and opposite in sign. Thns, 

-F .. F B B 
I 

Force is related to strain by the general expression 

F'•AE_tl 
(JX , 

(14) 

(15) 

where A ie the cross-b~otional area and E is the modulus of elaetioity. 

Utili1ing Equations (7) and (11) and assuming E to remain constant 
throughout the teet piece at any specified operating f requency, then 
the following equation ie obtained: 

dl2 
• cot k L1 oot k £ 2 (16) 

d22 

Equation (16) therefore gives the relationship between the di:11eneione of 
the teet shape to provide maximum vibrato~ etrees in the teet region or 
t..'le epeoimen. 

61 



APPEND IX III 

FORC~-mSENSITIVE MOUNT:nm SYSTm 

Etfeative tr1Jl8mieeion or high-frequency vibratory energy into e. eyetem 
under load, ae in the canplex fatigue-loading eyetem herein deecribed, 
invari~bly demande the use of .foroe-ineeneitiv~ mounting syeu,me. Such 
eyeteme hav! been developed in our laboratory (reference 2) Bnd have 
been routinely used in a variety of ultraeonic system~ . 

The application of force through a conventional transduoer-noupling 
~etem has two adveree effects on the efficiency o.f the sy~tem : (1) 
t.he syetem re!onant .fre~ency may ehi.ft to such an extent J~hat matching 
or tracking of the frequency with the .frequency converter may be diffi­
cult or impractical, and (2) eubetantial amou~ts of energJ may ~e l ost 
to the mounting eystem eo that little is delivered to th~ work area . 

'l'he damping phenomenon ie readily comprehended from an examination of 
known acouetic transmieeion principlee . I.f a rod ie a~oustically ex­
cited in the longitudinal mode at a resonant frequeno~r and if no acous­
tic energy ie tranemi tted out o.f the rod, a standing-.wave pattern is 
eet up in the rod; under th&ee Jondi tione the rod ce.n be eupported &t 
nodtl pointe (pointe o.f no longitudinal particle motion) with no appre­
citble lose of energy. However, ae soon ae the roi ts coupled into a 
~edium which will allow transmission of acouetic ~nergy through the rod 
without canplete reflection at the radiating face, the energy ie d8-
livered to the medium in traveling or progressive waves, and there are 
no nodal pointe aseociated with the delivered energy• In the oaee of 
complete tranemleelon, the particle wave pattern becomes a traveling 
wave with maximum particle displacements ocourring all along the rod. 
In any caee invo) '"ing the delivery o.f vibratory energy, mounting the 
tranemieeion rod at a eo-called nodal point reeulte in lose of aoouetic 
energy to the supporting membere. 

When statio .force ie applied to euoh a eye tern, particle motion ie re­
strained ~nd even further loee of energy oocure. In oonnect.ion with 
ultrasonic impact drilling, for example, the traneducere have been noted 
to "Ptallr. when loade o.f more than a few pounde a~ applied (reference 5). 
Obviously euob an arrangement ie ineffective for euch operatione ae 
machining, forging, drawing, extrueion, and the like, where forcee o.f 
high magnitude are eeeential. 

The .t'orce-ineenei tive mounting eyeteme which we have developed make it 
poeeible to mount a transmieeion eyetem rigidly without loee o.f aoouetio 
snergy to ths supporting structure and withr·-t changing the reeonant 
frequency at the eyetem. The foroe-inseneit1ve mount ie, in eeeenoe, 
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a member surrouLding and metallurgically attached to the transmitting 
coupler, which i.'J an int.egral ~mber or half wavelengths long. Ona end 
of the 11leeve is affixed to the coupler while the other end is free, 
providi·lg a couple into air, ar:3 shown in Fig~ 17. 

The high impedance of this sleeve into air re~ults in negligible ene:~y 
tran!mission, prac t ically complete wave reflection, and a t~1e standing­
wave pattern in the sleeve, so that there is an absoluto nodal point one 
quarter-•:avelength !"rom the end where a rigid mounting flange can be 
affixed without lose of energy, even when high loads are applied. 

This arrangement has the furth<!r advantage of pr~viding a mesne for her­
metically sealing the transducer-conpling system through the walls of any 
type of chamber, so that energy can be effectively transmitted into high­
pressure, high-tempernture, corrosive, or inert atmospheres. 

Such systems are routinely used in ultrasonic welding equipment in which 
several hundred pounds of force are applied. They have been used in 
powder compaction systems which have involved loads of more than 100 
tone. Evaluation of one such system indicated a frequency deviation of 
no more than 2 percent under loads up to 80 tons. 
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Figure 17. F'oree-Inaensi tive Mounting Devin('. 
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