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SUMMARY
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Considerations are made of the sultability of acoustic transformers
gpplied to fatigue testing at 20 kHy. A suitable system has been constructed
which allows the use of plain cylindrical specimens. The results of fatigue
tests on an aluminium alloy are given and discussed in relation to

structure
and enviromment.
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Introduction

A number of papers have appeared recently (1,2,3,4,5,6,7) indicating
an interest in fatigue tests conducted at high frequencies (10% Hz).
This is principally associated with two factors, (a) the accelerated
evaluation of fatigue properties and (b) the effect of frequency on
fatigue properties together with data collectlon at particular frequencies.

Some papers (4,5,6) have given details of techniques for high
frequency testing, mainly based on electrostrictive and magnetostrictive
resonant devices, and results have been obtained indicating frequency
effects in a number of materials (1,6,7).

In general, the systems described use specimens of relatively complex
shape and this paper describes the development of an existing system to use
plain cylindrical specimens together with improved stress level measurement.

Previous work

The system previously described (5) consists basically of a half wave
length magnetostrictive transducer to one end of which is attached a
regonant, stepped amplitude transformer. The other end is fitted with a
crystal transducer for the feedback gignal. The specimen, of dumb-bell
shape, is attached to the free, high amplitude end of the transformer.
A schematic diagram of the system is shown in Fig. 1. The design of the
gspecimens used is based on some stress amplification in the specimen itself,
in order to avoid overloading the transducer-transformer system.

Neppiras(h>has discussed specimen shapes of this form, usually
symmetrically tapered or dumb-bell shaped with a cylindricael central region.
In the latter type, stress concentrations above those calculated from an
area ratio arise st the discontinuity unless very careful preparative
technigues are adopted. In all these types, an advantage is that the
highly stressed volume is kept small so that a marked temperature rise is
avoided with high damping mabterials and satigfactory strain levels can be
attained. Tn the case of symmetrically tapered dumb-bell specimens the
nominal peak stress level in the specimen is derived from measurements of
the longitudinal displacement amplitude as a function of distance along the
gpecimen. The slope of this curve at the displacement node then gives the
maximum strain and from this and a dynamic Young' & modulus, the stress level
ig deduced. The measurements may be maede either directly with a travelling
microscope or by a photographic technigque (7). In either casge the process
may be inaccurate and too lengthy %o complete in the real lifetime of the
specimen, particularly at higher stress levels.

Many of thesge difficultieg could in principle be overcome by the use
£ a plain cylindrical specimen and efforts have been made to accomplish
g
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Deeign considerations

The simplest plain cylindrical specimen is a half wavelength stub
of the material to be tested, having displacement antinodes at cach end
and hence, if the strain distribution is sinusoidal, a peak strain at the
central displacement node. Since there is no amplification in the
specimen itself, it ie clear that the maximum strain in a simple stepped
transformer will be at least the same as that in the specimen. In such
a case, the material from which the transformer is made is clearly important.
It is worthwhile considering this Turther.

Suppose the wavelength in the transformer and gpecimen materisl are
Ay and Ay respectively. Assuming tensile strains only, let x = 0 at the
displacement node of the transducer, and x = ll/4 at the high amplitude
end. Then at any point x; in the high amplitude stub the displacement
€1 is given by

bo= & sin(anxy/2y)

where gmax ig the maximum displacement.

The strain €5 isg gilven by

ag gﬂgm X
€, = §§l = *"Xzﬁ“ cos (2nxy/Ay).

The maximum strain € pax Occurs at x; = 0 and is thereflore
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vhere B, is the dyramic Young's modulus for the transformer ma
ra is V¥, then

the frequency, fixed by the transducer~iransformer system
b4 P

C . . .
A = v where 2 1s the velocity of the stress wave propagation and

B B
= on =1 V=t =1 yhere ® = 21V
max max ¢y max cg ’

U1
vwhere ¢y refers to the transformer material.
Similarly, for a simple half wavelength cylindrical specimen,
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If the endurance limit stress is 0U/E = €f, i.e. ¢, = mel,
o . 2 P - )
For the specimen to bresk, 05 .. > B0,

i.e. cefls < W gmax (2)

Similarly, for nc failure of the transformer, c;60, > §m

("

i.e. Cle’pul > Cgefﬁg . (3)

for failure of the specimen without failure of the transformer. Thus,

the quantity cleﬂl is a measure of the merit of the guitability of material
for transformer use. Some typical values of ¢l for a number of materials
are given in Table I, It will be seen that titanium alloys are likely to
be best although aluminium alloys have faily good values. The other
property of interest in the transformer material is the internal friction
which should be low at the required freguency. In this respect the
aluminium alloys are good, probably followed by titanium alloys.

A Turther design requirement in the transformer ig the magnification
ratio M, which ig the ratio of the amplitudes at the high and low amplitude
ends. This is chosen to give a suitable end amplitude in the specimen to
provide the elternating stress levels required. At the same time, it is
desirable that the flexural compliance of the gyetem be low in order to
mininize the possibility of the generation of transverse nodes.

The geometrical factore concerned with the design of high amplitude
resonant transformers have been discussed extensively by Eisner 8,2 )who
derives a non-dimensional parameter ¢ called the figure of merit using more
general arguments. Examination of the parameter ¢ leads to similar
conclusions to the above, regarding the materials suitable Ffor transformers.

Eisner(g)has derived transformer shapes and has made comparisons of
geveral types. Figure 2, due to Eisner, indicates three major types. The
Fourier type which is based on a fourth-order Fourier cosine series represents
a compromise between the required high Tigure of merit attainable and high
flexural compliance associated with the exponential form and the low figure
of merit with a low flexural compliance in the case of a simple stepped shape
and therefore appears suitable for this work.

Zrperimental Work

A magnetostrictively driven system was already available and it was
decided to construct a two-stage svstem based on this. The two stages chosen
were a simple 10:1 magnification stepped transformer followed by either 5:1
or 10:1 magnification Fourler transformers. This would give end amplitudes
of up to 0.2 mm at the end of the system.

The stepped transformer was brass, and aluminium alloys (L65 and RR58)
were chosen for the Fourier transformer. Design parameters for these,



depended on an accurate value of the wavelength in the alloys at the
resonant frequency of the system belng known. This was measured directly
by cutting a plain cylindrical sample from the alloy to be used and
measuring its resonant frequency when attached to the transducer-stepped
transformer system. It was possible to measure the resonant. length to
within 0.1% and thus to find the wavelength to within 0.0l mm.

A suitable profile was constructed from the data and the transformer
was cut on a profiling lathe. The finishing was by hand polishing with
600 grade emery paper. Threaded studs were adopted for attachment both
to the stepped transformer and the specimen. The transformer system is
shown diagrammatically in Figure 3 and the assembled equipment in Figure k,

Specimens of several materials were prepared in the form of plain
cylindrical rods of length 1/2 appropriaté to the material. The amplitude
at the free and fixed ends of the gpecimen were measured during resgonance
and it was found that the amplitudes were within 3% of each other in all
cases and within 2% for the aluminium alloys. Measurements of the double
amplitude were made with a travelling microscope fitted with a micrometer
eyepiece and by plotting the amplitude as a function of distance along the
specimen, the distribution of amplitude along the specimen was chown to
be sinusvidal. The sbress level in any specimen is detemined for a single
amplitude measurement a. Thus, if a is the measured double amplitude, then:

ey

O— ~_2_£E§M£E_%~£Ea
mex — % T2 TN Tl

vhere U is the specimen length. a is easily measured to within about
-4 - .

* 10 % em. giving an accuracy cf % l% at the lowest stress levels. The

dynamic modulus used to convert the strain level to a stress level was

determined for the material by resonance at the test frequency.

Since failure of the specimen is indicated by a fall in amplitude of
the crystal output as the crack propagated, the counter system was arranged
to cut-off with a fall of about 5% in emplitude. The feedback crystal
oubput was monitored and always showed harmonics at some point immediately
before the amplitude started to fall, indicating the presence of a crack.
However, this indication is not sufficlently sensitive to gay at what point
in the life of the specimen the crack was present.

Tor the aluminium alloys tested the rise in temperature of the specimen
wag usvally only a few degrees centigrade. In these caseg therefore, no
cooling (which would in any case alter the envirommental condition) was
used. For a copper specimen tested the rise in temperature during the test
was about T70°C.

A number of fatigue tests have been carried out using this system.
In most casges, failure of the specimen ocecurred within 0.5 cm, of the
displacement nodal plane in which region the stress level is within aboub
1% of the maximum volue. A fe

c
w failures occurred well away from the nodal



plane but this was associated with one of two features, either (a) a
lack of surface preparation, for example in the case of tests made on an

extruded material, or (b) end failures close to the drilled and tapped
hole in the specimen.

In the first case, surface preparation by electrolytic polisghing (
was found to give a more consistent behaviour and as in previous experiments
this preparation, using Lenoir's solution, was sdopted as a standard for

all the tests on Aluminium alloys. In the few cases where such specimens
Tailed well avay from the nodal plane, failure was assoclated with a
polishing pit. In the second case, the end failures were probably
associated with the operation of transverse modes to produce large bending
stresses at this point. Careful preparation of the specimen ends to

ensure their flatness and adjustment of the phase shift control has
alleviated but not prevented this kind of failure.

Fatigue teste have been made principally on an Al-Cu-Mg alloy, RRSS,
which is an age-hardening alloy of congiderable interest in the aercnautical
Tield. Table II gives the composition and heat treatment of the alloy.

Results and Discussion

The apparatus satisfactorily fatigues plain cylindrical specimens of
materials where the damping is sufficiently low to prevent any large
temperature rises. The end amplitude of the specimens varies only slightly
during the tests on some aluminium alloys in the aged condition. In the
case of other metals tested, such as copper, the temperature rise and the
small amplitudes possible are limiting factors in the fatigue test.

The fatigue results in the form of stress/log cycles to Tailure curves
are given Tfor RR53, both for dumb-bell specimens and the plain cylindrical
specimens in Figs. S aud 6.

The results from the two specimen goemetries are rather different
althcugh both show a frequency effect in that S - log N curve is displaced
at the higher frequency to a larger number of cycles to failure for a
given stress level. - The strain level measurements in the dumb-bell
specimen case are however relatively crude and the stress level less certain
becauge of the complex shape. These features are considered to account
for the obsesrved differences.

When the results of figure 6 are plotted on the basis of real time to
failure against frequency asg in figure 7 then the effect 1s clearly seen
to vary with stress level. It will be seen that at the lowest stress level
the time to failure in the high frequency case exceeds that for the low
frequency test. Thig may have no significaince other than that the fatigue
1limit hag been reised at high frequency although it has been observed 10)
that the increase in number of cycles to failure is never so large as to
give an extension of real time to failure. Wade and Grootenhuis(l)have
noted that the time to failure in a series of tests on an aluminium alloy

A
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RR56 are about the same over a range of freguencies from 850 to 3800 Hz.
Thig is apparently a similar effect to that in the present series of tests.
It may be concluded therefore that a real frequency effect exists and

that for this material the fatigue limit ig raised.

The fractures exhibit characteristic fatigue markings. Figure 8
shows a crack in a high frequency fatigued specimen with associated
persistent slip markings. There is little in the fracture surface to

characterise the high frequency failures which are mainly flat transverse

failures with a small shear lip at the initiation point. In the propagation

region, a few areas are viegible showing ripples associated with Stage II
cracking. In such areas, as for example in figure 9 - the spacing is small
averaging C.3 um and they are rather irregular in comparison to low frequenc
ripples noted by Forsyth 11y, However, at this spacing, if the ripples
correspond to the stress cycles, then the whole Stage II propagation would
occupy only a small fraction of the total 1life, that is about 1 or 2 secs.
in real time. The most notable features of the Stage I regions, i.e. in
the shear zcnes leading from the initiation point, are tear dimples and
predominance of cleavage. Further fractogravhic studies are now being made
using scanning electron microscopy and replication techniques.

A few preliminary high frequency tests in the presence of small amounts
of water on the specimens show that there is a strong effect, the life
decreasing sharply in the presence of water. An extensive programme of
enviromental testing is currently being undertaken.

At present it appears that the frequency effect in aluminium &lloys is
asgoclated with inhibition of the initiation stage of the fatigue failure
process. It is probable that enviromment has a strong effect here although
recent experiments by Horden(l2}suggest that for aluminium there is little
change in crack nucleation rate in vacuo as compared to air.

It is likely slso that the plastic strain ampliiude is lower at higher
frequencies and indeed Thompson and Wadsworth have suggested that this will
cause a frequency effect at least in the case of materials which are not
prone to atmospheric corrosion{®?), :

So far as fatigue in metallurgically metastable materials is concerned,
recent work(lé)has discussed evidence that quite small irradiations with
ultrasonic energy can produce relatively large changes in diffusivity and t
insofar as it affects the fatipue process will also contribute to the freque
effect.

In the case of the age hardening aluminium alloys therefore it would be
expected that the differences in substructure found subsequent to fatigue
night vary with frequency. Evidence of this ig being sought using thin
foil electron microscopy.

It seems likely therefore, that although the high frequency fatigue
test is an accelerated test, at least at stress levels significantly above
the fatigue limit, the possibility of establishing a simple correlation with
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low frequency data is unlikely. However, the evaluation potential of

guch a test is such that it would be worthwhile to examine the poss

of whether the order of fatigue strength of a material at low and high
g8

frequencies is the same. So far there is no evidence that this is not so.
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Properties of acoustic transformer materials
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Material C €, (velocity x limiting fatigue strain)
cm/ sec.

S s s 2 S ot W ——— £ ] - S T S A B o G758 R o e - . g o

Copper L70
Mild Steel 600
Ti alloy (Hylite 50) 2500
Al alloy L65 1130
Al alloy RRS8 1260
TABIE IT

Hiduninium R.R.58 =~ Extruded rod form.
Compogition Cu 2.5 Mg 1.5 Te 1.0 Ni l.2 Ti 0.1 Bal Al.
Density: 2.75 g.ml™*

Heat Treatment Solution treatment 23 hours 530°C

B e L

10 sec. air cool - water quench

Aged 10 hours at 190°C.
Typical tensile properties.
2

Tensile strength 27 tonf in

Elongation 12%

Internal
Friction

s o sy

High
High
Moderate
Low

Low
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Degign data for typical Fourier tran5¢ormer

T o 2t B, . et S o WD RS . 0 B S MRS R, O Bl i S S A

Calculated from data by Elcner( ) For material RRS8 (See Table IX)
A= 12.% cm at 20.1 kHz Magnification.ratio 5:1

Length (from low amplitude end) (in) Diameter (in)
0 1.000
1.254 1.000
1.570 0.999
1.725 0.996
1.880 0.992
2.040 0.983
2,195 0.970
2.352 0.951
2.508 0.926
2.665 . 0.894
2.822 ~ 0.855
2.980 0.811
3,135 0.76k
3,292 0.716
3445 0.667
3.605 0.620
3.763 0.575
3.920 0.535
L,076 0.497
L, 2%3 0.464
L .389 0.437
4,546 0.410
L.70% 0.387
i 860 0.367
5.017 0.351
5.174 0.237
5.3%0 0.325
5.487 0.315
5,644 0.307
5.800 0.302
5.957 0.298
6.11k 0.295



CRYSTAL MAGNE TOSTRICTIVE STEPPED ACOUSTIC
ACCELEROMETER TRANSDUCER TRANSFORMER SPECIMEN

FIG.1 SCHEMATIC ARRANGEMENT OF ORIGINAL SYSTEM.
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FIG 2. FLEXURAL COMPLIANCE AND FIGURE OF MERIT FOR THREE
Y TYPES OF TRANSFORMER. AFTER EISNEF?(.g)
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FiG. 3.  SCHEMATIC ARRANGEMENT OF LATER SYSTEMS.




FIG. 4 HIGH FREQUENCY FATIGUE SYSTEM
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FIG. 5. COMPARATIVE FATIGUE DATA ON RRS8. IN OPTIMUM AGED CONDITION FOR
DUMBELL SPECIMENS.




* u .
.
28
180 H :
24 o\< 80 Mz
Nz @
% 20 e\m
’..—.
g
) @ 20 kHz
2 o Ry
g 12 o \@ "‘x <
XXy
)] @ ° .\ %\x X
% e @ \\_x
g [* el X
| @joe | @ Tl |
1 \"“*o
4 .
o° io* o 10® o’ o 10

NQ OF CYCLES TO FAILURE.

FIG 6. COMPARATIVE FATIGUE DATA ON RR.S58. IN OPTIMUM AGED CONDITION FOR PLAIN

CYLINDRICAL _ SPECIMENS.

0%
%9 TS,
"
/ /
—
G315l
o0 TS!
e ———
———
10° rsi e —
OJ24 [—
T~ T ——x10 TSL

012\?.51@.
v
g
[
w

T~
& X1 TSL
7
0 10? ~X12 Tk
E Sx3TSL
}.—
0 S s
0° ou io* 10

FREQUENCY Hg

FIG. 7. TIME TO FAILURE FOR TWO FREQUENCIES.







