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Summary

The effects of ultrasonic vibrations on the mechanics of deep
drawing have been examined using a mechaﬁical analogue based
on thg wedge drawing test. An apparatus'was designed which
permifted the simultaneous deformation of two wedge shaped
coupons constituting a test piece of biaxial symmetry.
Vibrations were applied to the wedge dies so as to simulate a
radial mode oscillationhof the die in the equivalént axi-
symmetric process. During tests on aluminium sheet it was
found that by increasing the vibration amplitude, the effective
friction force between the blank holder plate and upper test
piece surface could be reduced to zero. This was accompanied
by a decrease in the punch load which exceeded -the magnitude of
the frictidn force reduction, Indirect measurement of the
friction force associated with the die profile radius, indicated
. that this was also reduced by the application of vibrations.
The experimental curves relating punch load reduction to
vibration amplitude consistently revealed two distinct regions;
an enhanced effect at low amplitudes- giving way to a linear
reduction in punch load with increasing'amplitude; The initial
non-linear effectlwas accurately accounted for by the measured
reduction in friction forces and it was proposed that the
linear effect was due to oscillatory force superposition.
Analysis of the oscillatory motion of the wedge test piece
led " to the derivation of mathematical models describing the
mechanisms of friction reduction at the blank holder and die
radius. The magnitude of these effects was found to be
critically dependent upon the ratio of the oscillatory velocity
.amplitude to the mean drawing velocity. Models were also

proposed describing the mechanics of force superposition



during radial drawing-in and plastic bending and unbending
around the,die radius. Good agreemeht was found between the
theoretically derived sum of these component effects and the
measured reduction in punch load.

| The combined effect of vibrations on each phase of the
drawing process led  to an increase in the'limitingldraw
ratio and it was concluded that similar effects would be

achieved in the axisymmetric process.
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Nomenclature

Oscillatory paramcters,

€ - strain amplitude

- stress amplitude

£, " displacement amplitude
Eﬁ - di5p1acemeﬁt amplitude of testpiece at any radius, T,
during wedge drawing.
%m - velocity amplitude
E - oscillatory force amplitude
- - oscillatory shear stress
Note: |

(i) the subscripts ‘mo' and 'ml‘' signify the amplitudinal
values of the above parameters at the input and'loaded
ends of the acoustic system respectively.

(ii)subscripts rm; o and ¢ denote radial, circumferential
and torsional amplitudes respectively.

[iiij instantaneous values of the above parameters arec

signified by the same symbols but with the subscript 'm'

omitted.

w - angular frequency given by w = 2sf where £ is the
frequency.

C - velocity of compression waves in a given material

C. - wave velocity in an annular ring.

E - Young's modulus (assumed to be the same under
oscillatory and non-oscillatory conditions).

v - Poisson's ratio,

p - density. ?

A - wavelength of longitudinal waves in a particular
material at a given frcquency.

Ay - wavelength of transverse (or bending) waves,

k - wave number, defined as k =© = 20
. = X



(]

zt——l

o

H

AF
%3

Aob

AT

|

complex mechanical impedance, Z,= R, + iX,
resistive load impedance .

reactive load impedance .

/=T

specific wave impedance defined by w = p.cC,
acoustic impedance of 2 waveguide defined by:

W, = p.C.s

wave propagation constant in system with losses.

end diameter ratio of acoustic horn .

=

-1

1

taper factor of conical horn, given by o = N

taper constant of exponential horn, b.= %.lnN

horn length; also unsupported length of partly drawn
test piece.

radius at wide end of horn.

radius at narrow end of horn,

VA

P
velocity amplitude; Vp/Em

blank holder friction force under oscillatory
conditions.

impulse associated with a complete cycle of the
friction force acting on an element in contact with
the die radius.

total impulse due to a complete cycle of the friction
force integrated over the contact arc ¢.

reduction in blank holder friction force.

reduction in die radius friction forée under

oscillatory conditions .

bending stress increment under oscillatory conditions,
reduction in bending stress.

strip tension decrement associated with reduction in
bending stress. '



AP - reduction in punch load under oscillatory conditions.

AT - strip tension decrement duc to reduction in unbending

- stress at die radius exit plane.

AT - strip tension decrement due to reduction in radial

drawing in stress at the die exit plane.

Non-oscillatory parameters .,

g -
12 %20 93

principal stresses in descending order of
algebraic magnitude -

effective stress producing yielding .in the
annealed condition

sﬁrcss increment producing pléstic bending at
radius b,

stress increment producing plastic unbending
at radius c.

effective stfess to produce yielding, equal

to the yield stress in uniaxial tension .

principal strains

effective strain given by;

e = J/% %(51'52)2*(52 mE

2z 2

)

+(g

)

-e

3 1 73
correction factor applied to Tresca Yield
Criterion .

blank or strip thickness; also time in cyclic
functions .

radial distance from punch axis -

éxial distance . ;

ini%tial rim radius .

current rim radius.

instantaneous radius of an element initially.

at radius R, in the undrawn blank .



Qc .- radius of central surface of blank during plastic

bending .
Q, - radius of ncutral surface .
AN - displacement of neutral surface during plastic

bending under tension -

$ - die contact angle; also phase angle associated with
wave motion.

) - angular displacement of an element over the die

radius; defined in Fig. 3.6 .

W - bending work per unit width-
U - coefficient of friction -
£ - stress increment due to friction around the die

radius; also frequency

F - friction force associated with blank holder load.

H - blank holder load .

p - punch load

T - strip tension -

M - bending moment -

I - second moment of area.

V; - mean velocity of element at radius r during wedge.
drawing .

Vp - - mean punch velocity.

Note:

Subscripts t, r and 6 denote normal, rédial and circumferen-
tial values of stress and strain. |

Subscripts a, b and ¢ denote the values of stress strain and
thickness at particular stages of drawing defined by the

radial distance from the punch axisj a, b and c.



1. Introduction

It has been known-for some time that when vibrations are
"applied to a metal forming operation certain effects ﬁay be
produced which cause the pfocess forces to deviate from thosec
normally associated with the non-oscillatory deformation
conditions. The exact nature of these effects and the
circumstances under which they occur are not fully understood.
'However, considerable attention has been paid to the study of
specific cold forming operations in which either the work piece
or some part of the tooling is vibrated and this has led to
a better understanding of the basic principles involved.

- Oscillatory forming may be classified into two main groups
according to the operating frequency, namely: :
(1) ldw frequency - covering frequencies up to about SOO'Hz.
(ii) high frequency - lying within the range 10-50 KHz.
The latter is broadly described as ultrasonic, although this
term is not strictly accurate at the low end of the range.
Its wider use stems largely from the extended range in which
practical systems normally operate. |

The distinction between hfgh and low frequency ﬁperation‘
is not ﬁecessarily relﬁted to the“effects produced in each
instance but to fundamental differences in the design criteria
.of the respective technological systems. At the low frequencies,
it is appropriate to vibrate the tools bodily? using for example
an eccentric drive or electro-hydraulic mechanismtl).hvﬁowever,
in order to achieve practical amplitudes at ultrasonic
-frequencies, the prime consideration is to maintain a resonant
condition in the work tools. It is therefore necessary to |
consider the entire forming process with this objective in:
mind and to eﬁploy established acoustic principles in the deéign

of the vibrational system.
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Research into'ﬁltrasonic working'processes has-been
mainly concerned with tube and wire drawing and to a lesser
extent, with extrusion, forging, deep drawing and rolling.
Such processes are characterised by a reduction in the forming
forces and in some cases an improvement in the surface finish
of the workpiece, compared with conventional metal working
techniques. The reduction in process forces has been
attributed to two effects, namely:

(i) acoustic force  superposition - in which an oscillatory
force component is superimposed onto the direct deformation
force,

(ii) reduction in interfacial friction. The relative
importance of these two effects varies according to the
characteristics of the particular working operation and the
vibrational mode induced in the mechanical system.

Direct absorption of ultrasonic energy at lattice
imperfections was initially thought to be a substantial factor
in accounting for the observed force reduction. It is now |
‘generally accepted, however, that the only effect produced by
attenuation of the vibrations, is heating which occurs at high
acoustic intensities. This, together with superposition
phenomena are collectively described as 'volume effects', as
distinct from the surface effect associated with the influence
of vibrations on interfacial friction forces.

The current research programme is concerned with the
process of ultrasonic deep-drawing, without ironing. It is hoped,
by adapting a simulative test, to apply vibrations in such a
way as to reproduce the phenomena observed in similar
oscillatory processes. Particular attention will be paid to
the measurement of friction forces during drawing, with the

primary objective of evaluating the effect of tool vibration



on interfacial friction during plastic deformation.



2. Critical Review of Published Research Into Oscillatory

Metal Forming

2.1. Introduction

The effects of applying both high and low frequency
vibrations to a ﬁlastiéally deforming metal have.beén widely
studied under many and varied circumstancestz). The published
results of this work provide a considerable fund of information
' from which to review the current status of the technique and
assess the relevance of the mechanisms proposed in explanation
of the practical observations. However, it is not intended to
carry out an exhaustive review of the literature but rather to
concentrate on those papers which, by virtue of their
fundamental approach or scientific originality, contribute
significantly to an understanding of the mechanics of |
osciliatory metal working. |

Over the past 5 or 6 years‘studies in both pure and
applied research have provided general support for the
concept of volume and surface effects. The results of
mechanical tests performed under oscillatory conditions have
been confirmed in technological deformation processes, leading
to a clearer understanding of the significance of the dyﬁamic
force superposition mechanisﬁ.

Although the friction characteristics of vibrated surfaces
have been widely studied under conditions of elastic loading
it has not yet been conclusively demonstrated that the
observed reduction in friction force is relevant in conditions
of bulk plaétic deformation. .

itlis proposed in the following section, to consider the
evidence supporting each of these basic phenomena and to

illustrate the results of fundamental research by examples of



the application of these theories to technological deformation
processes.

2.2. The Volume Effect

2.2,1 Tensile Testing with the Applicétion of Low Intensity

Vibrations

Tﬁe effect of ultrasonic energy on the physical properties
of metals was first demonstrated by Blaha and Langenecker in
1955(3). Their early experiments were concerned with the |
application of uitrasound to single crystals of Al, Cd and In

(4)

-during tensile testing Details of this work are as
follows: Specimens held in a 5pe¢ially adapted testing machine
ﬁere'immersed in CC14, contained in a glass vessel, resting on
.the head of an acoustic resonator which was tuned to 800 kHz.
Energy was transmitted through the fluid, to the specimen and
the effect on the deformation load of both continuous and
intermittently applied vibrations examined. During inter-
mittent tests the deformation stress decreased abruptly on
activating the testpiece. The leﬁel of stress remained
.constant whilst the material continued to deform plastically

and on switching off the ultrasonic generator it ‘returned to

a level slightly lower than that observed at the start of the

oscillatory intervél. This phenomenon is illustrated for the
case of a pure zinc crystal in Fig. 2.1. Repeated bursts of
ultrasound produced a series of yield values, the envelope of
which showed a gradually decreasing stress level.

‘Most of the tests were carried out at the maximum power
output of the resonator viz. 25 watts. On reducing the powef
by’SO%, the reduction in deformation stress was observed to
_be proportionately decreased. Similar results were obtained

on Pb and Cd crystals tusted at the same frequency and on all
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three materials irradiated over a range of frequencies between
15 and 10,000 Hz. The latter series of tests was carried out
using an adapted electro-dynamic loud speaker.

During all of the tests the temperature of tﬁe trans-
mitting fluid was measured. Precautions were taken to ensure
that the radiating head was adequately water cooled to maintain.
a constant temperature. |

It was suggested by the authors that there was a
similarity between the stress strain curves obtained during
continuous irradiation and corresponding curves obtained by
straining at successively higher temperatures under non-
oscillatory conditions. This is illustrated in Fig. 2.2
where curves a, b and ¢ represent the strain hardening
relationship for zinc tested at 19°C, 58°C and 93°C
respectively. The superimposed curve,‘d, illustrates the
effect of continuously applied ultrasonic vibrations at a
teﬁperature of 19°C. Bléha and Langenecker-then carried out
some approximate calculations of the thermal energy required
to 'raise' the specimen temperature from 19 to 5800, causing
the stress reduction from curve (a) to curve (b), and also the
acoustic energy to produce an equivalent reduction in shear
stress, represented by curve (d). The shear stress amplitude
in the testpiece was calculated making allowances for
reflection of sound waves at the various interfaces, e.g. .
resonator head/container and transmission fluid/specimen} The
calculated value of stress was found to be significantly less
than the observed reduction in shear stress. Furthermore, the
acoustic cnergy, on the basis of thesc calculations, was
several orders of magnitude less than the corresponding thermal

-energy required to effect a similar reduction in shear stress.



In order to explain these obServations, they proposed that
the movement of oscillatory stress waves thfough the crystal
‘lattice activated dislocations whiéh during §train hardening
in the earlier part of the tensile tést had become blocked.

The acoustic damping effect was therefofe related to the

energy absorbed in lifting the dislocations over the potential
energy barriers associated with obstacles in the lattice.

Sincé this effect is very much greater than thét due to élastic
" hysteresis they arguedlthat the acoustic energy was absorbed
essentially at dislocation sites and was therefore more
effective than thermal activation, which raises the ehergy.lével
of the entire lattice.

Alfhough this hypothesié seems feasible, &oubt 1s cast on
‘the accuracy of the acoustic stress estimates -due to the
authors' failure to take account of resonance causing stress
concentrations at certain.posit;ons along the testpiece. In
the presence of a standing wave, deformation would be expected
to occur locally at stress antinodes when the amplitude was
_sufficiently high to activaté dislocation movement. No
attempt was apparently made to examine the strain distribution
during this series of experiments.

In 1957 Nevill and Brotzen(s) reported the results of
- their experiments which attempted to verify the claims of
Blaha and Langenecker. They conducted a series of oscillatory
tests on low carbon steel wire at frequencies between 50 and
80 kHz, using a specially designed tensile testing rig ﬁhich
incorporated an acoustic concentrator and driving crystal in
the lower head. The system was operated in ‘the standing wave
-régime by varying the frequency of the electrical supply to
the driving crystal. Resonance was detected in the wire

specimen by measuring the magnetic flux change associated with



the inverse magneto-strictive cffect (6), which was
proportional to the oscillatory stress amplitude. This
technique was used to obtain an érbitrary measure of the
antinodal stress amplitude during testing, which together
with the frequency, were the only oscillatory parameters
monitored. Vibrations were applied both continuously and
intermittentlf over a large total strain and at temperatures
between 30 and 500°C. (This was controlled by passing a
direct current through the testpiece,)

Their results were in general agreement with those of
Blaha and Langenecker and indicated a stepwise réduction in
static stress during the oscillatory testing interval. More
-importantly however, they were able to relate the magnitude of
the observed stress reduction to the oscillatory stress
amplituﬂé. Tests over the frequency range 15-80 kHz indicated
a linear relationship between the decrease in static yield
stress and the oscillatory stress amplitude. Their results are
shown for frequencies of 28 and 35 kHz in Fig. 2.3. .This effect
was also found to be independent of temperature in the range
30-500°C and was not affected by the level of permanent strain
attained during the tensile test. It should be noted fhat
these results indicated only a qualitative relationship between
the measured yield stress reduction and oscillatory amplitude
since no attempt was made to calibrate the acoustic stresé
measuring instrument, |

The authors proposed thét the observed résults could be
~explained by considering a macfoscopic superposition of steady
and alternating stresses. In essence this implies that when
.the specimen is subjected to a longitudinal elastic waﬁe, with

an associated stress amplitude, o_, yielding will occur when



the direct stress rises to a value ¢! which satisfies the
relationship:

cm+c'='6 ---------------------------- 2.1
where & is the current yield stress in uniéxial tension
under non-oscillatory conditions.

This simple definition offered a qualitative explanation
.of the observed effects but did not consider the interaction
between cyclic stress waves and the lattice imperfections
which determine the mechanical characteristics of metals.
Several possible mechanisms were considered by which dislocations
might absorb energy and break free from the obstacles pinniﬁg
them. However, none of these were compatiBle with the test
conditions described and each was discarded by the authors;

Later work by Pohlman and Lehfeldt(7) proﬁided 4uantitative
confirmation of the macroscopic superposition effect. They
conducted a series of ultrasonically activated tensile tests on
pufe polycrystalline copper ;t a frequency_of 20 kHz. The
ultrasonic power was provided by a magneto-strictive transducer,

This was coupled to one end of the testpiece which was of an

appropriate length for resonance to occur at the operating
frequency of the transducer. Care was taken to attach the
transducer and testpiece to the testing machine at planes of
zero motional amplitude, in order to minimise acoustic power
losses. The displacement amplitude was measured, at a Cross
section of the testpiece coincident with a motional antinode,
by means of a non-contacting electrodynamic pick-up. The
ma xXimum stress‘amplitudé in the testpiece was then determined
from the familiar expression:

o = KE.&p it ==---== (2.2)
where k and E are the wave number and Young's modulus.of'the
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test piece material and En the motional amplitude.

They found that the observed.reduétion in yield stress
ﬁas proportional to the oscillatory stress amplitude and
showed god& quantitative agreement with thelapplied acoustic
stréss calculated from equation 2.2.

More recently, Winsper and Sansometg) studied the effects
of low frequency vibrations on the yield stress in simple
tension, of Duralumin and plain carbon steel. The tests were
performed on a modified Haigh fatigue testing machine at a
frequency of 100 Hz. This permitted the simultaneous
- measurement of direct and alternating stresses using a
conventional Kelvin Hughes recorder with a series amplifiér. |
They found that the yield stress was reduced abruptly on
applying vibrations to the deforming téstpiece and that. the.
reduction in static stress was accurately accounted for by the

measured alternating stress amplitude.

2.2.2 Tensile Tests at High Acoustic Intensities

In some of his later experiments Langenecker(g) examined
the effects of much higher acoustic intensities on the stress
strain curves obtained from tensile tests on high purity
aluminium singlé crystals. Using high gain acoustic con-
. centrators coupléd efficiently to single crystal testpieces of
only 0-080 in. diameter he was able to produce sound intensities
of up to 650 watts/in2 during plastic defofmation. The effeéts
of irradiation at these levels are shown in Fig. 2.4a, which
illustrates the shear stress vs. elongation relationship at
increasing levels of acoustic power, compared with the
corresponding results of non-oscillatory tests carried out at
18°C. Attention was drawn once more to the similarity between

the results obtained with continuous irradiation and the effects

-




Aston University

Hlustration removed for copyright restrictions

g, .4 Conuorlison or the effects of temperzture snéd ulire-

goiiec irradictlion o the stress strain choracteristies of

o)

sluziniva single crystols. (After Lanzencclker 2

o, &
£ e
e,
-
|

3
2 o
-
5
w
=
5
L,
a2l

0 1 1 | 1
] it e =3

Intenaity [wottsin®)

FifGe 2.5 aeougtlic stress vs. ultrascnic intensity for

licor stress in each cose is

indicated DY Vo .
!

“12e0p~
. gool-
(]
5
2
L]
o dogw=
E
-

1 1 1 1 1 Ll

25 =50 ] -50 ] 10

{a] Distonce olong eyt piece =+ v v o osin, {b:l
e, 2.6 weanersture vrofile of gtandard itensile sannles ot

sover—l incicuehis of tinme after the beginning of ulirasonilc
irrcdiatioa. (o) Profile st 35 wabis inoput.
80 watis input.

®

ct ck

(b) Profile =



- 11 -

of increasing temperature, illustrated by the family of
~curves in Fig. 2.4b. As the intensity was increaéed the
reduction in shear stress increased until at 325 watts/inz

it approached 100%. Similar results ﬁere obtained on harder
metals (10) notably W, Fe and Be. The reduction of the
apparent yield stress to almost zero in each case could not be
explained from consideration of the superimposed acoustic
stress amplitude.. This was demonstrated by the graphs shown
.ih'Fig. 2.5 where acoustic stress ampiitudc is plotted against
intensity for each material, using the relationship:

_ . JTLE
m = WE /T

where o is thé stress amplitude in the téstpiece, é the
travelling wave velocity amplitude, w the specific wave
impedance, ¢ the wave velocity, E Young's modulus and i‘the
sound intensity. The critical resolved shear stress T which

. corresponds to the yield point, is indicated on each graph.
2

Langenecker observed that for intensities up to 540 watts/in®,

the maximum level applied.in his experiments, the acoustic
_stress .associated with travelling waves was less than

1450 1bf/iﬁ2.and only in the case of the softer materials was
this sufficient to produce shear stress components of sufficient
- magnitude to activate pinned dislocation. Langenecker there-
fore proposed that some other mechanism mus t operate.to account
for the observed softening effects in the 'hard' materials.

He conducted a serieQ of experiments to determine whether or
not standing waves were established in a steel-testpiece
irradiated at 20 kHz. Using infrared I'auilicnnetry(9J he
determined the temperature profile along the testpiece at
several increments of time after the start of testing. The

results are shown in Fig. 2.6a and b representing power inputs

s . —

—— 3 e -
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"of 35 and 80 watts respectively. These measurements

indicated a sharp rise in temperature at the mid-length of

the testpiece, which.was considered therefore to be coincident
with a stress antinode. Attempts to measure the stress
amplitude in this region usinglthe inverse magnetostfictive
effect falled to reveal a stress concentration in the test-
piece. Recourse was therefore made to approximate calculations

based on the acoustic power absorption. This was determined

from the heat conversion rate in the region of peak temperature

indicated in Fig. 2.6. From these calculations the stress
amplitude was found to be of the correct order but still a

factor of 3 below the critical shear stress for the steel
specimen under test.
Langenecker reviewed the possible mechanisms by which

metals could absorb energy from sound waves(ll)

in an attempt
~ to explain the softening effect at high acoustic intensities.
These inclu&ed thermoelastic energy conversion effects due to
the motion of dislocations and energy transformation due to
inelastic scattering. The.mechanisms of absorption associated
with dislocation motion are resonance, relaxation and
hysteresis but the contribution of these effects was conﬁidered
to be minimal under the test conditions employed.
Thermoelastic energy conversion effects were tﬁought to
be negligible at frequencies of 20 kHz and only become
significant in the megacycle range. The final mechanism,
inelastic scattering, would be expected to produce more pro-
nounced effects in polycrystalline testpieces than in single
crystals, This however, was not observed in Langenecker's

‘experiments where both single crystals and polycrystalline

materials were tested.
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..In the light 6f these considerations Langeneckér
proposed that the enhanced éoftening effect at high
intensitiés could be explained by the action of sound waves
"on dislocations if the concept of localised heating atoﬁnd
dislocations was introduced. He suggested that the heated
areas would result in weakened regions, which would pefmit
dislocation movement at much lower resolved shear stresses.
The yield criterion under oscillatory conditions would then
be expressed by the equation:

o, = T e L e L e DL L EL L LD (2.4)
where ' represents the apparent static shear stress at which
flow. is initiated at ah elevated temperature. |

Other workers have produced experimental evidence of 100%
reduction in apparent yield stress under similar test | |

(12)

conditions. Oelschlagel and Weiss conducted tensile tests

'bﬁ aluminium singie crystals with applied ultrasound at a
frequency of 20 kHz and observed a reduction in yield strength
of almost 100%. However, no attempt was made to measure the
- power input or oscillatory stress amplitude.

 More recently, Lester andehymarktls) examined the plastic
flow threshold for nickel wires subjected to a statiéltensile
load with superimposed longitudinal vibratory stress; The |
wires were suspended vertically from an acoustic concentrator
driven at its resonant frequency of 18 kHz. Weights were

attached at the lower end to ensure a standing wave régime and

the wave length was made equal to %A, where A is the wave-

length in nickel at 18 kHz. The oscillatory stress amplitude
was calculated from measurements of the motional amplitude
at the input end of the exponential concentrator. They

plotted the oscillatory stress amplitude to. produce plastic

't.
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flow over a range of static loads. Their results, shown in
Fig. 2.7 indicated that the oscillatory stress was more
effective in producing plastic flow than the éQuivalent

static stress. They concluded that in the éase of nickel it
was incorrect to assume that the sum of static and oscillatory
stresses at the flow threshold was equal to the static flow
stress. It islsuggested by the author, however, that the
eqﬁation used by Lester and Whymark to determine the maximum
stress amplitude in the wire is ‘incorrect. The equation
quoted in their paper;‘derived_originally by Mason(lA?,_
described the strain variation along an expﬁnential concent-
rator. It is appropriate in this case to determine the stress
amplitude from the conditions of motional continuity between
the spécimen and output end of the concéntrator.

The maximum stress is therefore given bytls):

= bL
O = k.E.g .e"  m--mmmo-ooooo-- (2.5)
max o}

where k is the wave number (%E), E Young's modulﬁs,'gm the
) 0

measured displacement amplitude at the input end of the
concentrator of length, 2 and exponential factor .

It can readily be shown from acoustic theory, discussed
in section 4, that the ratio of maximum stress amplitudé in
the wire fo maximum Stress amplitude in the. concentrator is:

cag

zmax =_eb(£”xn]:/EE“?:I ----------- C2'6)
m /OF
[S

- where X, is the distance from the input end of the hofn to the
‘stress antinode.

Assuming a reasonable value for the ratio of the input
to output diameter of the horn, (sihce this was not given)

it is possible to estimate the order of error introduced.

e s o R ——
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.For a diameter ratio of 5:1, the true stress amplitude in

the wire would be 3 to 4 times greater than the value

" 'calculated by Lester and Whymark. It therefore appears that

ﬁheir results indicate an approximately linear superposition |

effect in accordance with the findings .of earlier régearchers.
A programme of research undertaken by Friedrich‘and

Kaiser(lﬁ)

goes some way in providing an explanation of stress
superposition effects on a sub—microécopical scale. They
‘examined the effects of superimposed vibration on the Ereep
strain rate and shear yield stress for COpper and pure
aluminium single crystals loaded in tension. Their tests were
carried out over the frequency range 2.5 - 6.5 kHz and the
results indicated once again an almost linear dependence of
flow stress reduction on the superimposed oscillatory stress
amplitude. Under creép-conditions, that is, with a constant
_stress, the strain rate showed a sudden increase when ultra- .
sonic energy was applied. This effect is illustrated in Fig.
2.8 which shows the shear strain as a function of time. At
points A and B the stress amplitude was increased stepwise bf
the same factor but it will be seen that the increase in strain
rate was much greater at the higher absolute value of
amplitude, Friedrich and Kaiser illustrated this effect by
plotting the shear strain rate ratio against amplitude ratio
associated with each increase in amplitude. This relationship,
shown in Fig. 2.9 indicated a markedly non-linear effect with
increasing vibration amplitude. |

They attempted to explain their observations by applying
‘a generalised model describing the movement of disloc;tiong
in the slip plane. The strain rate, a, is determined by the

rate at which dislocations are freed from the pinning effect

of short range obstacles in the slip plane. This has been
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~ described by Seeger(17) as a thermally activated process in
“which the activation energy 1s expressed as a decreasing

function of the shear stress, T

52 acting'on the dislocation.

- The strain rate is given by:

a=c .exp( (Ug-v )/1@'1'3 cmmmmieee (2.7)

‘where U is the activation energy in the absence of a shear
"stress, ?, the actiﬁationuvolume,kl.Boltzman‘s constant?'T'the
fabsdiute temperature and ¢ a constant relating to the

‘dislocation model. At constant tempefature'the sfress depéndence
of the strain rate becomes: | |

a = C,exp (v.rs/k.T) —mmmmm—e—me—mese—= (2.8)

If an oscillatory stress d=fined by T, = Tt sinet, is

superimposed on the steady stress, such that Tg = Tgo ¥ Tgo

then the mean strain rate under oscillatory conditions is found
by substituting fof'Ts in equation (2.8) and integrating the
resultant expression-over a complete cycle. The instantaneous

“strain rate under oscillatory condltlons becomes:

é ‘= C1 exp EV(T + tsin. mt)/kﬂg

and the mean strain rate is given by:

' C 27 )
- . 1 : X i - 1 k
ay = 7, eXp(V.ty /KT) f exp(l’iif;l%-:‘—”i).a(mtm -- (2.9)
AT ]

Sincecrexp(vrsofkﬁ) is the strain rate under the action of a

constant shear stress Teo? the variation in strain rate

produced by a superimposed oscillatory component is

. 2T .
a n
1 in. ; |
72 = 5= ./' exp-LxEE%%—EE).d(mt) = £(2)  em——--- (2.10)
a o
vt
where z = T

Approximate solutioms for f(z) were given by Friedrich and

e W, e nbnn o S e
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Kaiser as:
£(z) =1 + 2%/4 for z < 1

andf(z) = (W/Z7wZ)e% for Z > 1

" The fuhction f(z) is shown in Fig. 2.9 which indicateslthat
the form predlcted by equation (2.10)agreed closely with the
four experimentally determined strain rate ratios:

The physical significance of the model was explained
‘qualitatively in the following way. Due to the marked non-
linearity of the relationship between shear stress and straiﬂ
rate the increase in strain rate &ue to an increase in the
shear stress At is very much greater than the corresponding
decrease cauéed by an equal shear stress decrement, At

This is illustrated in Fig. 2.10; Under oscillatory conditions
it therefore follows that during fhe positive half cfcle the

increase in shear strain rate above the non-oscillatory value .

will be much-greater than the decrease in the negative half
.period‘ahd the strain rate modulation becomes markedly
anharmonic as illustrated in Fig. 2.11. Under the actionlof
a const;nt mean shear stress the"ﬁean strain rate mus t
therefore be greater than the non-oscillatory value, the
devxatlon being expressed by equation 2.10,

Similar arguments were applied ‘to define the mechanism
operating'in a tensile test with superimposed oscillatory
shear stress. However, in order to maintain a constaﬁt shear
Straip rate normally imposed in this.test, the mean shear
~ stress, Tso must be reduced. They deduced é mathematical
model, based on equation (2.8) which predicted the redﬁction
in critical shear stress (yield stress) At with increasing

_ S,

oscillatory stress amplitude. At very low stress amplitudes

the relationship showed a quadratic dependence of At on
_ . S
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amplitude whereas higher values of t resulted in an almost
:linear effect. The results of practical.measurements on Cu
and Al single crystals showed good agreement with this
‘general form as illustrated in Figs. 2.12a and 2.12b.

2.2.3. Effect of ultrasound on the post decformation

properties of single and polycrystalline metals

Work hardening of zinc single érystals by high amplitude
-ultrasonic waves has been reported by Langenecker(lg).

During tests in which sound waves, at a stress amplitude of

360 lbf/in2 and frequency of 25 kHz were applied intermittently
to specimens'loaded in tension, the variation of shear stress
with glide strain followed the form shown in Fig. 2.13. On
initial application of ultrasound the shear stress fell

abruptly to point b in the graph. It then increased quite
shérply during subsequent glide until at c, when the

vibrations were switched off, it rose almost instantly to a
level d which was considerably above the initial non-oscillatory
level, a.‘ The shape of the stress strain curve dufing
irradiation suggested that rapig_hardehing was occurring and
that this appeared to reach a saturation level. The results

of a series of tests were presented by plotting the increase

in shear stresé against acoustic stress amplitude - Fig. 2.14.
This clearly indicated both a threshold and saturation value

of stress, defined by p, and p, respectively. At stress
amplitudes less than Py (360 lbf/in%) the shear stress was
reduced in the manner described in earlier.references,(3’4’5J
however beyond p, pronounced hardening was observed which-
increased upto stress amplitudes in the region of-SOO'lbf/inz.-

Langenecker explained the effect by reference to the

formation of vacancy rings in the lattice which were thought

;o be g@nerated during the intersection of migrating
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dislocations(lg). The presence of large numbers of vacancies
was thought to hinder the movement of dislocations and hence
increase the flow stress.

(20)

Kralik examined the mechanical properties of poly-

crystalline copper treated ultrasonically at 90°K and observed

~a marked increase in yield stress when compared with untreated

specimens.. Exposure to a pressure amplitude of 1280 1bf/in2

for 15 secs. increased the stress at a total elongation of
0.6% by a factor of 3.5 relative to the unirradiated speCimens;
This phenémenon was once again attributed to the formation of
very large numbers of vacancieé.

These results are confirmed by the work of Oelschligel

(12

" and Weiss ) who carried out tests on zinc and aluminium
“single crystals. They also reported that in the case of zinc
crystals recovery occurred after holding at room temperature
for about 200 mins, resulting in the restoration of the
original yield stress and ductility values. The rate and
“degree of recovery was found to be greatér than observed for‘
untreated specimens, which was compatible with the vacancy
theofy. ' |

Considerable evidence exists, based on electrical
resistivity measurements and electron-microscopy, which confirms
the presence of high vacancy densities in material exposed to
low frequencf fatigue mechanismsCZIJ. Hardening mechanisms,
élthoﬁgh not fully understood, are.considered to be similar ta
those found in materials quenched from a high temperatﬁre or
‘irradiated with high energy nuclear particles,.both of which
produce high vacancy densities. o

The similarity between metal exposed to high intensity

ultrasound and low frequency fatigue has been demonstrated by

— e

-
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Severdenko ond ElinEZZJ Electron-microscopy studieslof-Armco
~iron, ultrasonically treated at 23,5 kHz, showed evidence of
elastic slip and extrusion which occurs only dhring cyclic
stressing and is characteristic of the fatigue prdéess.

. It appears from the results of research Covering a wide
range of materials and experimental conditions, that the
observed reduction in yield stfength-under oscillatory
tconditions can be explained in terms of stress-superposition:

- Both macroécopical and microscopical models prediét an almost
linear dependence of yield stress reduction on the superimposed
oscillatory stress amplitude during tensile tests. However,

a full understanding of the fundamental effects of stress |
waves on crystal plasticity and in particﬁlar on the movement
of dislocations which determine the macroscopic phenomena,

has not &et been achieved. It is in this area of study that

an explanation will be found for tﬁe observed permanént effects
of oscillatory stress oﬁ the mechanical andjphysical properties
of irradiated test pieces, |

It is now considéred appropriate to examine the
relevance of these observations to certain technological
deformation processes. The following.section reviews. the
results' of applied research carried out in the United States,
U.S.S.R., West Germany and the U.K. in an attempt to define
the state of knowledge at the start of the current research

programme.

2.2.4 Application of Oscillatory Energy to Metal forming

Processes.

Since the early 1960's, considerable scientific effort

has been devoted to studying the application of both high and .

low frequency vibrations to a wide range of forming processes.

Much of the early work was concerned with the effects of = -

| SNEETEFPIFENIR SRRV
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ultrasonic cnergy during wire and tube drawing. These
processes were chosen primarily because of the relative

ease of coupling the working tools to appropriate

ultrasonic transducers and also due to their low enecrgy
requirementscompared with, for example, rolling or extrusion,
although these processes have also been considered.

2.2.4.1 Jlongitudinally activated processes

In 1963 Boyd and Maropis(zs) reported on the results of
wire drawing experiments in which the die was vibrated
longitudinally at a frequency of 25 kHz. With electricél
power inputs of upto 300 watts the drawing tension for a
7.5% area reduction of a tin alloy wire was reduced by up
to 66 %. They observed that the effectiveness of the
oscillatory process was markedly dependent upon the drawing
velocity. This is illustrated in Fig. 2.15 where the reduction
in drawing tension is shown to decrease rapidly at velocities
greater than 300 ft/min. They attempted tolsummarise the
qualitative effects of acoustic actifation by developing a
simplified model defining the drawing tension under oscillatory
and non-oscillatory conditions. Considering only the
homogeneous deformation and introducing an empirical
efficiency factor to allow for redundant work and friction
effects, they developed an elementary expression defining the

drawing tension T in terms of the logarithmic strain and mean

yield stress Y, viz.

where S1 and 82 are the initial and final cross sectional
areas of the wire and n an empirical constant defining the
ratio of theoretical drawing tension (ignoring redundant work

and friction work) to the actual drawing tension.
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They proposed that the efficiency under osciliatory
- conditions could be represented over a limited range of

acoustic power, by a linear expression of the form:

kP
o TV

n =
where n and n, are the efficiencies under oscillatory and non-
oscillatory conditions respectively, P the acoustic power,

V the drawing velocity and Kk, a constant of proportionality.

Then, if
To = 1 § 1 sl
Sz "o " g;
and
- S
T 1 1
= Y.ln
S, kP 5
2 ( Ny + v") 2
| T
it follows that 2 = 1 + k'(y)  ~~7777TTT7TTTTTOC (2.13)

The validity of equation 2.13 was examined by comparison
with eiperimental values of drawing tension at various acoustic
power levels and drawing velbcities. Boyd and Maropis plotted |
tﬁe relationship between To/T and P/V and 6Btaiﬁed an almost
iinear graph which was in general accord with equation 2.13,
see Fig. 2.16. In fact thé data indicated a non-linear
‘relationship at low values of the ratio P/V which was not
commented upon by the authors. This might be expected, however,
from the experimental data shown in Fig. 2.15 relating drawing
tension and drawing'velocity at different acoustic intensities.
This indicated that.as the velocity iﬁcreased, implying a 
. decreasing value of P/V, the reduction in drawing tension gecame
‘negligible. It therefore follows that a.diminishing effect
would be expected at low values'of P/V.

Although the work of Boyd and Maropis established a



qualitative relationship betweeﬁ the electrical power input
“and primary deformation force, it did not contribute to an
undérstanding of the mechanics of. thc oscillatory process. It
“is believed that this can only be achieved by accurate measure-
ment of the relevant oscil;étory parameters, viz. motional and
~ strain amplitudes - preferably measured directly in the work
piece. Boyd and Maropis Suggested however, that the reduction
in dfawing force might be accounted for by lowering of
interfacial friction between wbrkpiece and tools and/or an
increase in 'metal plasticity' based on the early observations
of Langeneckerts)'which were discussed in section 2.2.1.

A more detailed study of the application of ultraéound to
.wire drawing was undertaken by Pohlman and Lehfeldt(24j. Thef
carried out a series of experiments on copper, aluminium and
.Steei wires which were drawn through a longitydinally activated

die at a frequency of 21 kHz. The drawing force and motional

amplitudes of the die and drawn wire were monitored during the

tests and they observed that the reduction in drawing force
with uitrasound, varied periodically with the drawn length, .
réaching a maximum value at intervals corresponding to-A/Z,.
: the half wavelength of longitudinal waves in the wiré material.
The result confirmed the earlier experimental findings of
Robinson et al(ZS) and Severdenko and-KlubSvicﬂ(26).

They also found that by inserting a second fixed drawing
die at an optimum distance from the activated die, the

reduction in drawing stress could be maximised at a value which

did not vary with drawn length. The authors therefore concluded

that the vibrator and drawn wire formed part of a common
oscillatory system which could be tuned to resonance at the

operating frequency of the drive unit. They found that the

1
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- system was described by the motional wave form shown in Fig.
'2.17, which yas 'confirmed experimentally. Force continuity
was assumed in the deformation zone, between the tool and wire
_'ﬁhich, due to the virtually step-wise change in cross sectional
-area'at this plane, implied a stress discontinuity producing
enﬁanced stress and movemént amplitudes in the wire. The
resonant length 'a' was éhown to be less than A/2 and this was
stated to be a function of the reactive component of the
mechanical impedance of the wire. Resonance was therefore
achieved when the diétance between the dies was set at (a+n%],
#here a < % and n = o, 1, 2, 3 etc. |

Pohlman and Lehfeldt were able to calculate the'antinodél
streés amplitude from measured values of the displacement

amplitude at the motional antinode using equation 2.2, viz:

o = k.E.Emm |
For which g, 1Is the displacement amﬁlitude in the drawn
w

wire. They-found good agreement between the measured reduction.
in drawing stress and the oscillatory stress amplitude although
the latter was consistently some 10-15% lower. This dis-
crepancy was assumed to be due to an additional reduétion in the
static drawing force brought about by a reduction in interfacial
friction. | |

| 'Later work by Winsper and Sansome(27) however, offered an
alternative‘explanation, They carried out a series of
oscillatory wire drawing experiments on brass, mild steel and
aluminium using a single activated die. Tests were also carried

out with two additional fixed dies positioned at specific

locations on either side of the vibrated die. In each case the ~

wire was drawn onto a coiler drum. The results of single die

tests were in accord with thoseof Pohlman and Lehfeldt, showing
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Fig. 2.18 Experimental data for different nmateriocls, ploitted on

the dimensionless: curve relating reduction in d*awing

stress to the oscillatory stress ampliiude.

(29)

(After Winsper and Sansome X
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a similar variation of mean load reduction ﬁith drawn length,
the optimum value once more being defined by (a + n A/2).
Winsper and Sanéome_calculated the oscillatory force amplitude
induced in the drawn wire from measured values of the motional
amplitude at the die and obtained close agreement with the
: observedlreductioh in mean drawing load. They concluded that
force superposition was thé only effect produced and presented.
the data for each material by plotting dimensionless parameters
derived in'the followiné way:

From equation 2.2 the oscillatg?y force amplitude is
given by:

E, = E.S. key e e (2.14).

where S 1s cross sectional area of the drawn wire.

Since Em the antinodal amplitude in the drawn wire is

. w . . _
directly proportional to En » the die amplitude, equation
(2.14) may therefore be written:

F
E.S. = K k-5m£ ______________________________ (2-15)

where K is a constant of proportionality - which is determined
experimentally from measured values of die and wire amplitudes.
It may also be conveniently calculated_fiom the following
equation provided that the value of 'a' is specified:
| 3
m, 1

LK = - e (2.16)

Em£ Sin Kk.a.

where k is the wave number, given by %3.

If the reduction in mean drawing force, AF, is accounted for
. entirely by force superposition, equation (2.15) becomes:

AF

e K.k.smg ------------------------ ————— -= (2.17)

By plotting the two dimensionless parameters contained in

-

-equation (2.17) a linear relationship, of 45 degree slope,
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should be obtained irrespective of the test piece material.
This result was confirmed by Winsper and Sansome whose data.
are reproduced in Fig. 2.18,

Tests with two additional fixed dies showed a reduction
in mean drawing load which was greater than the'oscillatéfy
force amplitude indhcgd in .the deformation zone of the
vibrated die. In tandem drawing the tension between each pair
of dies exerts a back pull on the front die.which increases
Ithe total drawing force. Winsper and Sansome argued that if
one of the dies was vibrated and the distance between the
dies and drawing drum chosen so as~to establish a stress
antinode in each deformation zone, successive reductions in the
mean drawing force would be experienced at each die. - The
final reduétion in drawing tension between the last die and
drum would therefore be greater than the induced force |
amplitude. Their analysis of the mechanics of this process
was based on the work of Thompson(zg)‘who éstabiished a_simﬁle,
linear relationship between the die load and applied back-pull
and draﬁing force and applied back-pull, for conventional wire
drawing, viz:

f

14

Po + (1-b)Q)
and 'F’

I

Fo - bQ %
'where,P'qnd F), P6 and Fo are the drawing and die loads with
~.and without back-pull respectively, Q the applied back pull
and b is the back;pull factor, which is less than unity and
constant for'a given set of conditions. Winsper and Sansome
used equatibns*(Z.lS) to develop an ekpression predicting the
'reductlon in total mean draW1ng load AP3, and the mean die _
load, AF for the draw1ng arrangement illustrated in Fig. 2. 19..
The valldlty of their analysis was examined experlmentally

' u51ng three multi-die arrangements which are shown in Table 2.1.
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JFig. 2.20 Effect of plug amplitude on the reduction in draw
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Table 2.1 Showing correlation between experimental and -
theoretical values of the total mean drawing

force, and the load on the second fixed die

(after Winsper and Sansame(z?j}.
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Comparison of measured die loads'and drawing forces
indicated close agreement with predictéd values also shown in
Table 2.1.

The conclusions drawn from this study provide what ‘is
considered to be a more rational explanation éf the earlier
observations made by Pohlman and Lehfeldt, in their two die
experiments, Their experimental arrangement was similar to
that described by Winsper and Sansome in the third system
given in Table 2.1. ﬁnder these conditions the reduction in

0‘)
"mean drawing load is readily shown to be given by:

AP) = (2-b,)AF mmmmem e o (2.19)
and since b,, the back pull factor, is less than unity the
value of AP, exceeds the force amplitude by a factor of between

2
1 and 2.

It is not possible to comment on the back-pull factor in
the experiments of Pohlman and Lelifeldt since insufficient |
data is provided. However, using the above analysis, their
results could be explained if the back-ﬁull factor obtained
a value of 0.88. |

The significance of Winsper and Sansome's work lies in
the implication that greater area reductions can be achieved
in multi-die oscillatory‘drawing than- in the equivalént non-
oscillatory process or in single die ﬁrawing with axial
vibrations. In the latter case the limiting condition‘is“

' 'reached when the peak stress in the drawn wire is equal to the

yield stress. According to the superposition theory, this

value is the same’ under both oscillatory and non-oscillatory
conditions and the presence of a dynamic stress component
affects only the mean stress. In multi-die drawing it has

been shown that the reduction in mean stress can exceed the

e e sty et e en
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oscillatory stress amplitude indicating a true reduction in
"the peak stress level which influences the limiting area
reduction. | |

Winsper and Sansome shbseqUently studied the ecffects of
ultfasound on the tag load during fixed ﬁlug drawing.(zg)
In these experiments the plug was vibrated longitudinally
and simultaneous records taken of die and tag ldads and
oscillatory plug amplitude. They found that for stainless
steel the drawing force was reduced by up to 45% and that
tﬁe reduction in both draw force and die load varied linearly

with the plug aﬁplitude. Also, the relationship between force

reduction and plug amplitude was found to be independent of

the area reduction. Their results are summarised in Fig. 2.20

which shows the reduction in draw force with increasing plug'
amplitude for area reductions between 5 and 24.3%.
'Examination of the oscillatory force amplitude induced in

the drawn tube as a result of plug bar activation,-showed a
periodic. variation with increasing drawn length. The

maximumamplitude occurred at intervals equivalent to the

half wavelength for stainless steel at the operating frequency.

It was found however, that the peak amplitude was significantly

lower than the observed reduction in mean draw force. The
authors therefore concluded that an additional mechanism
operated under the coﬁditions of their tests and it was
'speculated that this might have led to friction reduction
between the tools and workpiece. No direct evidence of this
was reported. _Hoﬁever they established that the surface
finish was improved under oscillatory conditions, compared
with the unactivated process, which might be explained by

enhanced relative motion between the contacting surfaces.

P m—
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This aspect will be discussed further in section 2.3.

2.2.4,2 Alternative systems of excitation

Each of the referencgs cited above were concerned with
longitudinally resonant systéms in which the tool was vibrated
parallel to the drawing axis and was positioned at a motional
antinode in the vibrator. Several alternative configurations
have been used in practical oscillatory wire drawing |
experiments described by_Lehfeldt(SOJ. These "are summarise@
in Figs. 2.21a - 2.21d. Although each system adopts a
longitudinal oscillatory mode, the position of the die with_‘
respect to the standing waves established in the acoustic'
guide and also the orientation of the drawing axlis relative
to the oscillatory axis, differ from the basic systems
-déscribed earlier. In Fig. 2.2la the die is located at a
‘motional node with the drawing axis parallel to the direction
of wave propagation, This arrangement led to a very low coup-
- ling between the vibrator and wire since bnly the transvérse
strain, associated with the longitudinal stress antinode,
contributed to the‘deformation forces. Lehfeldt's experiment#
cﬁnfirmed that this method was ineffectivé in lqwering the
drawing stress, only a slight reduction being achieved,’

An alternative arrangement, proposed initially by

Oelschigel and WeiSSCSIJ

» 1s shown in Fig. 2.21b. With the

die mounted transversely at a motional node so that the drawing
akis was perpendicular to the direction of vibration, it was
argued that the die would experience a cyclic distortion,
causing the cross séétion to become elliptical as the

oscillatory strain increased dufiﬁg each half cycle. The

periodic change in profile therefore imposed a cyclic

g s e i iy e s e =

= e
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.transverse sfress on the deforming wire which lowered the
‘mean drawing stress. This is illustra£ed in Fig. 2;223,
which shows schematically the distribution of transverse

and longitudinal stresses in the deformation .zone. Adopting-

the Tresca ériterion, the condition of yielding is defined
by |
| A R T (2.20)

‘where . and ¢, are the longitudinal and transverse stresses
respectively., Under oscillatory conditions the compressive
transverse stress is periodically increased by the addition of

an oscillatory component as illustrated in Fig. 2.22b.

Lehfeldt claimed that this resulted in a net compressive strain

at the die entry plane and a reduction in the drawing stress

oy » @t the exit plane, by an amount equal to the transverse
b - .

stress amplitude, o, . This was calculated from the following

em
expression:
a = k.s E. S B e (2021)
Bm m, k :
‘where ‘X and Em are the wave number and motional amplitude of

L

the acoustic waveguide respectively, E the Young's modulus of

the workpiece material and Sy a correction factor which allows

for the strain distribution around the die insert.
Comparison of measured and calculated values of drawing
stress reduction using equation 2.21 showed close agreement.
Confirmation of the enhanced compressive stress dufing
deformation was provided by observing the distortion in a
squaré network engraved on one face of a longitudinally |
sectioned length of wire. The réSults of these tests showed
that under oscillatory conditions the vertical lines within

the deformation zone were bent against the drawing direction

at the entry plane and on passing through the die.experienced

e

a—yman e

a4

T T AT
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further distortion but this time in the dlrectlon of draW1ng.
The net result was a set of near vertlcal lines distorted -
only near the surface. In contrast, conventional drawing
produced a grid in which the vertical lines were markedly
curfed in the drawing direction. These effects are ill-
ustrated in Fig. 2.23.

Simiia; résuits were obtained with the arrangements shown
in Fig. 2.2lc. In this instance a split die was used with.one
half rigidly fixed and the other attached to the vibrator at
a motional antinode. This resulted in a swaging actioﬁ,
which produced reductions in drawing force of u§ to 50%. It
‘was explained that in none of the transverse drawing
experiments did the draw force reduction vary with drawn
length, indicating the absence of a longitudinal standing wave
in the drawn wire. |

The final system examined is shown in Fig. Z;Zld. In
Ithis_arrangement the drawing die is mounted transversely at
a motional.antinode and under these circumstances the dieAand
-wire-are fibrated bodily, setting up a bending wave in the
wire as it passes through the die. Experiments showed that
once again the reduction in drawing force varied periodically
but in this case the maximum reduction occurred at intervals
equal to the halfwavelength of bending waves in the wire
'matcrial. On.this basis the reduction in axial drawing stress
was related to the bending stress at the plane of.the die.
‘This was evaluated approiimately by applying the relationship
for a freely supported beam loaded at its centre.(sz) On
Substltutlng the motional amplitude £n for the static dis-
placement, the mean axlal stress amplitude, averaged over

half che Cross section, is readily shown to be given by:



-t 32 E.d
n T ttmy )\_2_ """"""""""""""""" (2.22)
‘b

where d is the wire diameter and A\, the half wavelenéth of
bending waves in the wire. 5m£ and E are as de fined earlier.
. The value of longitudinal oscillatory stress in the deformation
zone calculated from equation 2,22 showéd gbod agreement with
the measured draw force reductlon conflrmlng once again the
ba51c superposition mechanism.
| The effect of ultrasound on the strip drawing process

' was examlned by Rozner, (33 ) using the apparatus shown in

Fig. 2.24. Prom measurements of the drawing stress and die
separation force he concluded that the process forces were
lowered as a result of superp051tlon effects ‘and also due to
a reduction in the coefficient of frlctlon, u, between the
strip and each die. However since the friction force was not
measured directlf but calculated from the normal and.axial
forces . the lattér assumption may be in error. This i§
pafticulariy the case since the values of normal and_axial.
forces were likely to be affected by ultrasound, independently

- of u which was determined from the following equation:

- tan o
Y= gﬁ’ ------------------------ (2.23)

where T and Q are the drawing force and ﬁormal force
réspectively and o the angle of inclination of.eacﬂ aie to
the-drawing axis. |

These results indicate powevér, that a transverse
' qscillatory mode is effedéivein-reducing the drawing force
and although insufficient data were given regarding oscillaton'

force amplitudes, the work adds at least qualitative support

to thé researches of;Lehfeldt;
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2.2.4.3 | Velocity Effects

The .effect of increasing drawing velocity on the reduction-
in process forces, under given oscillatory conditions, has
been reported by several workers(zs’z4J but little attempt was

" made to provide a qualitative explanation until quite

recently, Lehfeldt, in 1969,(30} examined the reduction in 
drawing force while drawing copper wire at a constant
vibration amplitudé over a speed range of from 0.5 to 12 in,
-per'second. He observed that beyond a certain drawing
‘velocity the effectiveness of ultrasonic vibrations was
‘rapidly reduced, becoming negligible at a velocity.of‘about
9 in. per second, see Fig. 2.28. |

It was proposed that this phenomenon could be expiained
~ by comparing the mean sfrain rate, for the particular
~reduction and draw speed,with the acoustic strain rate
associated with a particular vibration amplitude. The mean'
?Strain.rate, using the legends of Fig. 2.26 may be found by
consideriﬁg the distance travelled by respective elements in
the entry and exit planes, during a small time interval dt,
‘if the initial and final velocities are Va and Vb,

The mean strain rate e then becomes:

) (Vydt - v dt) 4

T dt , .

mel|

‘where 2 is the axial length of the deformation zone,
- Applying the conidition of constancy of volume and expressing

2 in terms of the initial and final wire diameters and die.

semi-angle, o, after rearfanging;,the mean strain rate is found’
from
v _
. _ b db, . ;

Lehfeldt considered that the oscillatory energy would
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only be effective in rgducing the drawing .load when the
acoustic strain rate was greater than the mean deformation
~ rate e&pressed'by equatibn-Z.ZS.
| In a standing wave régime the acoustic strain rate may
be found by considering the displacement waveform defined by:

£ = £ COSKX.COSWE =—mmmmm-sooo-oo--- (2.26)
where ¥ is the distance from the end of the longitudinal system
and the other variables are asldefined earlier.- |

The strain rate is therefore found by differentiating
equation (2.26) first with respect to distanée, x'and then

with respect to time, viz:

¢ = kug Sin Kx.Sinut =-----------oo-- (2.27)

énd the amplitudinal value is therefore simply:

Em = kowogm "'- --------------------- (2.28)

The acoustic strain was considered to be effective only
.during a quarter of the vibrational cycle and Lehfeldt there-
fore concluded that the effective mean acoustic strain rate

. was equal to a quarter of the root mean square value, viz:

Zm = FVE.Kewgy mmmmemmmcseecenooee- (2.29)
The results shown in Fig. 2.25 were then discussed in -

relation to the above criterion. For the reduction quoted,
Lehfeldt calculated that the deformation ratg,: af 1.0 in/sec
‘was greater than the effective acoustic strain rate associated
with the motional amplitude induced in the wire, the values
being 13.5 sec™! and 10 sec”? respectively. It was therefore’
“argued that the observed decrease in drawing stress reduction .

would be anticipated at speeds in excess of 1.0 in/sec and that

the stress reduction over the range 1.0 - 9.0 in/sec was due



to surface effects and not to stress superposition. However,

no cxplanation was given as to why interfacial friction should
.be reduﬁed'beydnd a certain drawing speed when no effect was
apparent at speeds below this critical value. It is also

- pointed out that the proposed criterion, defining the
'limitinglspeed at which acoustic force superposition is
'effe;tive, implies a dependency upon the area reduction.

Such an effect was not observed in.tests carried out
independently by Pohlman and Lehfeldt(?%) and Winsper and
Sansometzg). Doubt therefore exists as to the validity of .
this explanation. |

The effect of drawing velocity on the force reduction

- during ultrasonic wire drawing was also examiqed by Winsper
and Sansome(34). Using a similar set-up to that described
Ifor'their earlier eipepiments they measured the reduction in
drawing force produced by a given vibration amplitude over a-
range of drawn speeds from 0.5 - 66 ft/min. IThese results

are summarised in the graph shown in Fig.227 which indicates_'
a continuous decrease in the effectiveness of vibrations with
ihcreasing drawing speed.

WinSpef and Sansome attempted to explain this by consider-
ing the motional and elastic charactefistics of the coupling
between the die and wire, The} proposed that provided the
oscillatory velo;ity amplitude of the die exceeded the mean
linear velocity of the wire; then during a portion 6f the
vibration cycle the die would overtake the wire, drawing

would cease, and part of the drawing tension would be relaxed

producing a force superposition effect. The problem was
discussed quantitatively by reference to Fig. 2.28 which shows

the die displacement and velocity waves in relation to the
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mean drawing velocity. Examination of the velocity wave
reveals that during the interval ty the die overtakcs'an
element of wire moving at velocity V, and at this point
drawing ceases. During the interval between t, and to,
the motion of thé element coincides with that of the die

as elastic strain is released in the drawn wire. At tz

" the peak to peak displacement amplitude in the wire is

defined by C1 C2 which is less than that of the die by an

amount related to the speed of coiling on the drawing block.

The elastic strain released by this displacement is sub-

sequently taken up partly by the motion of the die and partly

by the block until at t, drawing commences again.

If the die displacement and velocify are given by ‘
£ = Emcoémt and %= %m sinwt respectively, then drawing
ceases when: |

Vl = Em Sinwtl

.
or t; = 2 sin"t(+E)  mmmmmeemmemmoee- (2.30)

*n

At t,, after a time defined by (n/w - tl) the die and wire
will have travelled a distance

= 25 COSWL) ===mmcs—em—mmoeommoseoooee (2.31)

and the drawing block will have coiled a length of wire

TT

Vi
= VllG -2ty | = ==|m - 20t

The peak to peak elastic deformation of the wire is thus
- Y
- 1 -
28, = 28, coswty~ —=|r- 2ut,| R C K

‘The oscillating force induced in the wire is determined

by substituting for & in the familiar equation:
, © :

By = KE.6 .8 =m-ommmoooe- ——————— (2.34)



- 37 -

where S is the cross-sectional area of the drawn wire. 1In
order to determine the reduction in drawing force it is
necéssary to cdlculate the oscillatory force amplitude in- the
_deformation zone. This can readily be done provided that the
position of the motional aﬁd stress antinodes in the drawn
wire; are defined in relation to the deformation zone.

* Winsper and Sansome determined this experimentally as des-
cribed in section 2.2.4.1.

The authors compared experimental values of drawing
stress reduction with those calculated from equation (2.34)
and found good agreement, particularly at higher drawing
speeds; The theory predicted that as the drawing speed
jncreased to that of the amplitudinal oscillatory velocity of
the die, the oscillatory force induced in the wire tended to
zero; ‘This was accurateiy confirmed by the experimentai |
data, See Fig. 2.27. 1In physical terms this implies that a
motional discontinuity is established between the die and
wire as the drawing velocity is increased and less energy is
transmitted into the deformation zone.

2.3 The' effect of vibrations on interfacial friction

Friction between two contacting surfaces stems from the
interaction'of'asperitiestss). These local high spots form
points of initial contact and are deformed plasﬁically by.

- normal and shear stresses until the total contact area is
sufficient to éuﬁport the appliéd forces without further
deformation. Relative sliding motion between the surfaces then
occurs bx shearing of the contacting areas and the shear stress
necessary to produce this movement constitutes the frictional . -

force. This simple picture must be modified to take account

of the effects of such factors as the presence of a lubricant
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film between the surfaces and the magnitude of the applied
forces. When the latter are suffiCiently large, bulk
plastic deformation of the contacting bodies occurs-
generating fresh surfaces free from protective oxide films
and Hence more reactive and likely to form weldments at the

(36)

- points of contact. This effect is offset however by the

heat produced at high shearing rates, which causes local
melting or softening of the asPerities:'

Clearly any factor which affects the chemical activity
~of the contacting surfaces or the strength of the asperities
" or mechanics of aspérity deformation must influence the
nature and magnitude of the frictionai force. The application
of vibrations to rubbing surfaces might under certain
circumstances, produce each of these effécts. Considerable
attention has therefore been paid to studies of the effects
of vibration on interfacial friction under conditions of
eléstic_an& plastic deformation and these are reviewed in the
following section.

2.3.1. Friction reduction under conditions of elastic

-+

loading.

The effect of vibrations on the coefficient of static

friction was first examined by Fridman and Levésque(37).
Using a simple inclined plane with a.sliding.steel block they
demonstrated that by exciting standing waves in the latter,
the block could be made to slide at very low angles of
inclination. This.inditated a reduction in' the friction force
| écting between the block and slider.

The inclined plane was excited at different frequencies'
from 6.6 kHz to 41 kHz, resulting-in ovektone modes. No

_attempt was made to measure the vibration amplitude directly

\
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but tﬁis was inferred from measurements of the transducer
exciting current. Typical results arc shown in Fig. 2.29
which indicate the effect of transducer power on the percent-
agé reduction in the coefficient of static friction for thfee
- different frequencies. The general Characteristic was a
rapid rate of decrease in friction at low power levels falling
off slightly as the power was increased. These results
appeared to indicate that lower frequencies were more effective
in reducing friction at a given power level. However,
examination.of the vibration field using Chladni figures(sg?
indicated variations in the nodal patterns established at
‘different frequencies and it was probable also that widely
'vafying amplitudes were established in the region of the
slider. It wés therefore not possible to make any quantitative
assessment of the mechanism underlying the friction reduction.
Fridman and Levesque considered however that movement was
initiated due to the breaking of weldments when subjected to
the acceleration associated with the oscillatory wave form.
In 1966 Pohlman and Lehfeldt(?7) examined the effect of
vibrations on the kinetic friction force between two metal
surfaces using a rotating disc on which rested an ultrasonically
activated ball. This was subjected to a normal load which was
'applied-by the addition of weights, upto a maximum of 40 1b.
Vibrations were applied in four different ways:
ia) and (b) tangentially at an 8° ang1e of inclinatioﬁ to the
plane of the disc which was méving first.in a
cldckwise direction and then anticlockwise.

(¢) normal to the direction of roggtion and in the
plane of the disc. |

- (d) normal to both the disc and direeiion of rotafion.



Wi, 2.29 e affeat of LPAife

Aston University ducer power on the coefficient oif
atat riotd for mrolll Y ole
lustration rem oved for copyright restrictions static Trictlon for ground steel
surfaces. (After Fridman and
LTS
Levezque e

Tig., 2.%0 Txoamingt

I=*

on

ol the effect of ozcil-

Aston University lation direction on the
lllustration removed for copyright restrictions coefficient of kinetie

friction. (After

(7)
Pohlman and Lehfeldt )

Fig. 2.3L Teiction

reduction in relation to

contact soced for several

Aston University

llustration removed for copyright restrictions oscillation directions.

(After Ponlman znd (7.}
'? R
Lehfeldt )



_ - 40 -
These are illustrated in Fig. 2.30. The effectiveness of the
-vafioué arrangements was demonstrated by determining the
reduction in friction force between the ball and disc over a
range of surface speeds at a constant vibration amplitude.
The results are shown in Fig. 2.31 where the friction reduction,
represeﬁted by the ratio- of oscillatory to non-oscillatory
friction force is expressed as a percentage. The graph shows .
that arrangements a, b and c are much more effective in red-

ucing the friction force than method d in which the vibration

axis was normal to the plane 6f the disc. Tﬁis was explaine&
by the fact that during the downward portion of the cycle the
~load on’ the ball would be increased which, it waé'argued,
would offset the reverse effect experienced during the upward
vibration cycle. The mean normal load and hence the friction
force would therefore be virtually unchanged.

The friction reduction observed in methods a, b and c was
attributed to fatigue fracture of microwelds under the action
of high-alternating stress amplitudes. No evidence in'spppoft
of this mechanism was given however. |

More recently, Godfrey(sg) measured the effect of vibratibn
at frequencies between 20 and 1000 Hz, on the kinetic friction
between a steel slider and flat‘steel plate. The latter was
driven by a conventional 20 watt loud speaker-and a piezoelectric
pickup was used to monitor the acceleration, velocity and
displacement of the beam. The slider, resting on three fixed
‘balls was loaded by weights totalling Z.é 1b.

The results of 1ubricated’tests, in which the beam was
smeared with oleic acid in white o0il, were presented as plots
of the kinetic coefficient of friction/ dgdinst heam

acceleration, for different frequencies and a constant sliding
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speed. These curves are shown in Fig. 2.32 and indicéte that'.
viBration has a negligible effect on the friction coefficient
at low values of accéleration but beyond a dertain vaiué it is
rapidly reduced. Tests at different sliding velocities
indicated that the effect of vibrations on friction was
independent of'this factor under the test conditions described.
Godfrey observed that the threshold value of acceleration. at
which friction'reduction was initiated coincided approximately
with the value due to gravity. This suggested that the load
between slider and plate was reduced when the plate was pulled
down faster than the slider as;embly could fall under gravity.

Electrical resistance measurements between slider and plate

revealed an open circuit during a portion of the cycle at high

accelerations, indicating that the two surfaces in fact
separated. At lower intensities, decreased friction was
accompanied by an increase in the electrical resistivity. This

was explainqd in terms of reduced contact area due to the

fracture of some of the weldments. Comparison of these results

with the data of Pohlman and Lehfeldt suggests that a different
mechanism operated at high frequencies. Acceleration clearly
does not have the same simple effect as at low frequencies.

This is illustrated by the small reduction in friction

achieved with arrangement *d' in Fig..2.30;'in spite of the very

high acceleration applied to the rider (i.e. 23,000 g.). It is
clear that in the latter case sepération did not occur due it

is thought to the low vibration amplitude. Separation would

‘mot be possible unless the amplitude exceeded the elastic spring- *

back of the two contacting surfaces. It appears therefore that. -

. ' . : . . I
in this test configuration two criteria must be satisfied for

significant friction reduction to be ‘achieved, viz.

e

e ]
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(a) The acceleration of the rider or beam must exceed
that due to gravity.

(b) The OSCillétory disﬁlacemént-amplitUde must be
gfeater than the elastic strain released during off-
loading, in order for separation fo occur. Elastic’
strain release which does not result in the fracture
of micro weldments formed between the surfaces,
:ould not be expected to reduce the mean load or the
shearing force ﬁecessary to cause bulk relative motion.

Later work by Lenkiewicz[40) in which a vibrated sample,

in the form of a flat strip, was held tangentially against a
rotating drum, confirmed the dependence of friction reduction
on the sliding velocity. These tests were carried out at low
frequencies (20-120 Hz) and sliding speeds between O and 60‘in.
per sec. It was found that in order to reduce the;friction at
' high sliding velocities it was necessary to employ higher
vibration amplitudes. In this respect théh;esults were in
'accord with those of Pohlman and Lehfeldt(27). Lenkiewicz also
observed that forced vibrations, under the particular test
conditions described, were effective in eliminating stick-

slip vibrations.

2.3.2 Friction reduction during plastic deformation
Sirotyuk et al(4l) examined the mechanism of fricﬁion

reduction when drawing through aﬁ ul trasonically activate& die.
' Their analysis of the oscillatdry process was based on two |
.assumptions; (a) that the die could Be considered ko vibrate
bodily (each particle moving in phase and experiencing the
same motional amplitude) and '(b) that relative axial motion
occurred between the die and workpiece. They argued that

provided the oscillatory amplitude of .the vibrated die exceeded

the linear drawing velocity then during some ﬁortion of the
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cycle the die would ‘overtake the workpiecé causing an effective
reversal of the friction vector. If the interfacial friction
conditions are assumed to be the éame during oscillﬁtory and
non-oscillatory working, only a mean value of friction fdrce'
will contribute to the drawing load. This situation is
illustrated in Fig. 2.33 a and b. The upper figure indicates
the cyclic.velocity of the die in relation to theldrawing
velocity. Réversal of the friction vector occurs after an

interval t.,, and the portion of the cycle during which the

12
friction force assists the body motion is given by T/Z - 2ty.
Similarly, during the interval T/2 + 2tq, the friction force
hinders the body motion. The force acting during each part of
the cycle is shown in the.lowef figure and provided that the
friction conditions remain constant, the factor by which the
mean friction force is reduced is found from the ratio of the
oscillation period to the difference between the intervals of

tassisted' and 'hindered' motion. viz.

. 4t '
Fr _ (T/2 - 2t) - (T/2 + 2t) I | .

where Fr and F denote the mean friction force under oscillatory
and non-oscillatory conditions respectively.

in equation (2.35) is found from the condition:

s
VvV = ‘:mﬂ sin mtl ‘1
therefore wty = sin -1v/. id
£
me
and since T = 2m
w ~
Fr 2 . "ty -
T oFsin (=) mmmmememeememmeeeeeee (2.36)

me
where V is the mean drawing velocity and &g the oscillatory

velocity amplitude of the die.

The authors attempted to verify this theory by applying
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viprations to the fixed plug, during tube drawing andlcompéring-
the drawing force under oscillatory and non-oscillatory
conditions. They assumed that the fricfion force associated
.with the plug was approximately 20-25% of the draw force.
Choosing oscillatory'parémeters calculated to virtually
eliminéte the plug friction they found however that the draw

force was reduced by 25-30%. They attributed the enhanced

effect to-additidnal friction reducfion at the die/tube inter-
face.

Further work concerned with tube sinking in which the dié
-was ultrasonically vibrated in an axial direction. was reported
by Nosal and Rymsha(42). They modified the above thequ to
ﬁake account of the resolved component of the die oscillation
parallel to the die/tube interface and used the model to
calculatélthe reduction in draw force based on the following
~relationship: : | RS N _

Pz = Pd + Pf = Pd(l + HCOta) wmmm—————- o (2.37)
where Pz is the total drawing force. |

Pd, the proportion of the drawing force used to overcome

the resistance to deformation.’ |

Pf, the force to overcome external friction.

u, the coefficient of friction. . /

a, the semi-die angle.

Under oscillatory conditions the term ucotao is'reduced.ﬁfu
a factor 'n' (defined by an equation similar to (2.36)), and
the oscillatory drawing force then becomes:
T TN ¢ B L= — (2.38)

zy
The reduction in total drawing force is then found from:

P. = P v 1
z zy . 100 _ ucota . (L - 3). 100 per cent (2.39)
P I + ucosa T £ (
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This equation was found to show good agreement with
measured force reductions of 20 and 35%. However, the
validity of this apparent correlation ié-based on two
assumptions which are considered to be incorrect, viz:

(a) The application of oscillatory energy_affects only

the interfacial friction.
- (b) That relative cyclic motion occurs between the die
and tube.

It is apparent from the published work on oscillatofy wire
drawing[27] that axial activation of the die leads to the
_superposition of an alternating force upon the static deform-

ation load, with a consequent reduction in the mean forming
load. Since the oscillatory configuration used by Nosal and
Rymsha is essentially.the same, a similar phenomenon ﬁould be -
anticipated. It cannot therefore be claimed that the'obse;véd
reduction in drawing force is attributable solely to reduced
friction. In fact, during oscillatory wire drawing, force
superposition has been found, by a number of independent
workers, to account entirely for the observed reduction in draw
" force. It is concluded therefore that oscillation of the die
merely imparts a cyclic motion to the work piece under-these
conditions,_producing intermittent deformation without
separation or relative cyclic motion at the interface, as

~described by Winsper and Sansome(34).

(43)

Golubev and Dyadechko analysed the effect of torsional

vibrations on the interfacial friction during wire dréwing.
They considered the relative motion between the wife and die
to have two velodity-components, viz: Vk, thé component of the
mean axial velocity parallel to the die surface, and é the

¢
tangential velocity amplitude, related to the cyclic rotation

= e

r g eIy ¢ e ———
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of the die by the expression:

é¢ = ¢m.r. wCoSwt ===---- il mmeeeme— e (2.40)

-where o is the maximum angular rotation, r the average die
radius and o the angular frequency.

| - The die motion imparted a tangential component to the

sliding velocity between the die and wire, which rotated the

vector through'an angle, defined by y. If the resultant

Sliding velocity is given by:

- o =
Ve Vk* + £, Vit o+ ¢m2.rzm2cosz¢

Vi

//sz + ¢2r2m2.cosz¢

then cosy =

The effect of vector rotation on the frictioﬁ force waé
determined by considering the friction force impulse abting
parallel but in the opposite direction to VC; during a pefiod
of time dt. This was defined by dI = Nudt. |
where N is fhe normal force and p the friction coefficient.
Theleffective friction force under oscillatory conditions is
thus found from the projection of the friction vecfor onto thé
drawing axié, viz: dIo = Npcosydt =-=-cmcwcnan=x (2.42)

Thus total friction force impulse during a complete cycle is

therefore:

T
IO = Ny f cosydt = Nlpl T
o]

T
Nyuy 1 |
hence =T CoSYdt =—=-mcmmmmmmmemcee——ao (2.43)
Nu 0 '
Substituting for y in equation 2.43 and writing t = % and
T = 3% the proportional change in friction force is found from:
i ,
Npwp 2 Yk 7 d¢
N T $.T.0 -/ﬂ / V. 2
u k 2
o /($?G) + Ccos”¢
. I Vk
putting g = and rearranging gives: N

dTw



™
Z
Nl”l _2 B J[‘ do 6 _
/ 1--1+82 sin" ¢ T //82 f 1 _

where k is the complete elliptical integral given by
i
— de¢
2 1
k =J[7 T2, ; C4 =
_ 1 - c’sin"¢ °? 2
o ‘ .1+ 8

The theoretical effectiveness of rotational oscillations in
N, u C
reducing friction was illustrated by plotting N L as a

function of B see Fig.‘Z.SA. When B8 < 0.1 the fiiction is
reduced by about 80%. No attempt was made by the authors.to_
verify this analysis experimentally.

: An analysis of the effect of transverse die oscillations
on the friction force during tubé sinking was later carried out
by Severdenko and Reznikovt44). Using similar arguments to
thdse.giveh above they considered the rotation of the friction
‘vector during each half cycle of the die vibrétion. This-may
be deduced from the velocity vector diagram shown in Fig. 2.35
where émt is the transverse velocity amplitude, Vo the mean
sliding velocity and o the die semi-angle. |

" The feéultant velocity Vi is rotated throﬁgh an éﬁgle Pl
to the sliding direction during one half cycle and_hz-dﬁring
the reverse half cycle. From.Fig. 2.35 these angle§ are |

readily shown to be given by:

tanp, -= gm_ cosa /(V_ + Em_ sina) ===-=====m--- (2.45)

and tanp, = &m, COSa-/(VO - Emg $ing) ====-===e=ze- (2,46)

The friction force under osciilatory conditions was determined
once again by considering the impulsive force acting during a
complete cycle and taking account of the vector rotation which'

~occurred in each half cycle.

Writing the friction force impulse as:
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dI = Nm:os;::-L dt

T/2 T/2 TR -
We obtain I = Nu[J/‘ cospy dt +  j[ cose, dtJ --=- (2.47)
) o S
. " 1/2
- : : ( ; : ; 2)
where cospy —.(VO +5mt51na3/((vo + Emt51nq) + (5mtcosa] )
d = (Vv - t_sina)/S(v_ + & gin 32 + (&_.cos )231/2.
and cosp, = (Vo = Epesine)/ (Vg * SpgSina mt-oo% )
(2.48)
but I = Njug T =--=-=m-s-=m=msoso-sosososssosssos (2.49)

where Nju; is the average friction force during period T,
the proportional change in friction force, N, is therefore

found by substituting equations (2.48) and (2.49) in 2.47),

viz: , : : .
. N /2 \ ) _ _ .
,S _o1"1 1 [ J{‘ 8 + sin acosé ds
Tr : -
. Nu o //(Bt + sina cos¢)2 + coszucosz¢
n/2 : o
+ ‘~/~ : B8 - sin-acosé ' .d¢ | --(2.50)
5 ¢/(B' - sina cos¢)2 + coszacosz¢ ‘
: . ' VO
~.where B = +——
Emt

Equation (2.50) was solved using Simpson's'formﬁla(as)
and the solution presented by plotting the relationship between
;f and B, sée Fig. 2.36 curve 1. Curves 2 and 3 rep}esent_thé |
friction reduction offcct produced by torsional and longitudinal
vibrations rcspcctivciy and it is clearly seen that the latter -
is the_mos; efficient means of influencing the frictiqn fo:tes."

Severdenko and Reznikov attempted to demonstrate the relative
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efficiencies of transverse and longitudinal modes experiment-
ally by applying ultrasonic vibrations to the drawing die
during tube sinking. Two arrangements were used, Fig. 2.37a
and 2.37b; the first exciting the die- longitudinally and the .
second.causing the die to move bodily in a transverse direction
relative to the drawing axis. Comparison of the draw force
under oscillatory and non-oscillatory conditions for each mode
ﬁhowed load reductions of 30-35% for the longitudinal system
‘compared with only 12-19% with transverse oscillatioﬁs.' Al-
though these results appear to confirm the theoretical
predictions they are considered to be misleading on two counts,
viz. _
| (1) The transverse vibration system described would not
result in vector rotation because both the die and tube are
excited in phase, being vibrated bodily. The sliding velocity
vector does not therefore changeldirection and the friction
force must remain the same as under non-oscillatory conditions.
(2) - It was considered that transverse oscillation would
lead to bending waves in the drawn tube causing stress super-._
position related to the osc111atory bendlng moment establlshed
in the deformation zone. |
This possibility.was examined in greater depth by tﬁe
present author, using arguments similar to those proposed byl
.Lghfeldé?O)The mean axial stress amplitude due to the
oscillatory bending moment.induced in the tube, within the

~deformation zone, is found using the relationship:

where 9 is the fibre stress at distance r from the neutral
axis, M the bending moment and I the moment of inertia of a

hollow cylinder about a diameter. The mean axial stress

b e s R T AT T

oy A e e g TS T

g i 1

i
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~amplitude is found by integrating over half the section and

dividing by the cross sectional area, viz.

. T . 2 2
2 2y "= 71
m T T f . T
_ d_z d 2]
Tl Tl'( 2 - 1
i 2 1/2
d, 2
M 4 2 S N SRR
=T - I {(7“ = ('Z"') I (2'5_2]

where di and d, are the inner and outer diameters of pﬁe tube.
M is found approximately from static bending theory assuming
_ that the waveform in the tube can be represented by a |
centrally loaded beam freely supported at its ends,csz{ viz:

M= 2B LY o e  (2.53)

)

where E 1s Young's modulus and y the deflection at the centre

- of the beam of length ¢ between supports. |

In the present case y is replaced-by & nt?
amplitude of the die (actingtransverse to the drawing axis)
and % by the ﬁalf wavelength of bending'waves in the tube.
.This is found from the solution to the wave equation,

| defining thé transverse motion of the tube, which satisfieé the

specified end conditions,(46) viz.

oy |
n _zb_ SO e e - _——— (2-54)
. 4k 1/2
where n is given by; n = ( ——)
| /4y

The drawing stress reduction due to longitudinal and
transverse stress superposition may now be compared from

equations (2.17) and-(2.52).

On substituting for M and Ay in équation (2.52), the ratio

‘the displacement
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of the mean axial oscillatory stress amplitudes induced in
. the deformation zonc by longitudinal and transverse

excitation modes is given by:

h Tk . }\bz .
o= 4.2 4,.2)1/2 ~TTTTTTTTeT (2.55)
51n.ka.64((—?) _(El) )

On insefting the experimental data of Severdenko and

. Reznikov into equation (2.55) the longitudinal suﬁerposition
effect is found to exceed the tfansverse effect by a factor

of 1.75 which compares quite closely with the reperted factor
of 2.10. It therefore appeare.likely that the obsefved draw
force reduction was in fact due to force superposition and not

to friction reduction, as claimed.

2.4, Deep drawing with applied Vibrations

Although several workers have examined the effects of
ultrasound on the characteristics of the cup forming, draw
ironing and dlmpllng processes, this area of research has until
now received relatively scant attention. Balamuth( ) con-
sidered the dimpiing process using an axially vibrated_?unCh

at a frequency of 13.5 kHz and found that titanium alloy sheet
.could be formed satisfactorily at room temperature whereas
without ultrasound it was necessary to'preheatlthe dies. He
claimed thatlthe forming forces were reduced, due to the high
impact fofce_associated with a peak punch acceleration of about
15,000 g. He claimed that during deformation the zone of
motion, illustrated in Fig. 2.38 prevented perménent contact
between the puhch and blank, effectivély reducing the friction
forces and causing deformation by a series of high frequency
(27)

1mpacts. Later research reviewed in the preceding sections

has cast serious doubt on this explanation. It is now
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generally agreed that separation of the surfaces does not
occur under conditions of bulk plastic deformation unless the
vibfetion amplitude is greater than the elastic strain
“recovery in the deforming work piece. The amplitudes employed
by Balamuth (0.0008 in,peak to.peak) clearly did not meet this
requirement and it is more probable that his observations can
be explained in.terms of force superposition. |

Slmllar results were reported by Langenecker et a1(45)
who used an axially vibrated punch or die to deep draw copper
cups. MachSOund at intensities of upto450 - watts/in2 was
claimed to reduce the forming load from 200-70 1bf. They

" attributed this effect to acoustic force superposition but

- added that at ﬁefy high_intensities enhanced effects could be
produced by acoustic heating of .the work piece,

More recently, Kfistoff§4g;rried out a series of detailed
experlments on the deep drawing and draw ironing of alumlnlum
and steel cups. Vibrations were applied at 20 kHz and 20 Hz
using two independent systems which permitted the punch to be
excited axially in both cases, see Fig. 2.39.and 2.40, At the-
higher frequehcy facility was also proﬁided:to vibrate the die
in a radial mode and at 20 Hz in_a tangential mode.: Both
static and dynamic forming forces were monitored, the latter
'using a strain gauge attached close to the end of the punch.
During high frequency tests, with axial punch vibration, this
location was designed to coincide with a stress mode in the
unloaded condition, see Fig. 2.41, On loading, any energy
transmitted to the work plece resulted in travelling waves of

both displacement and force; the strain gauge therefore

. _produced a s1gnal proportlonal to the dynamic force component

applied to the work piece. The output from the gauge was

monitored using two dual beam oscilloscopes connected in

¢
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.parallel. One had a compressed time scale givihg a con-
ventional force - time function and the other, an expanded
scale monitored the dynamic force and displacement amplitudes.
The direct forming force was_also_monitored on a conventional
load displacement recorder. _

" The results of tests at 20 Hz and 20 kHz with vibrated
punch showed a significant reduction in the mean forming forces,
as indiCated by the %oad displacement recorder, comﬁared with
equivalent non-oscillatory tests. The oscilloscope tfaces
revealed however, that the peak force applied to the blank
;under.oscillatory conditions was equal to the non~oscillétory'
value at each stage of drawing. This is illustrated in Fig.

2.42. By contrast, tests with high and low frequency die
activation showed a true reduction in punch load. This is

illustrated for the case of ironing by the graph showing true

force reduction against static forming force in Fig. 2.43.

Under the conditions of these tests‘the low frequency vibration
'appeared'ﬁore effective, producing a load reduction of 14%
compared'witﬁ 8% at 20 kHz. |

Kristoffy did not attempt a detailed analysis of the process
but.proposéd that true force réduction was due io radial force.
superposition.in the_cgse of high frequency tests and at low
fréquencies, using the tangentially ?ibratéd die, to additional
tangential shear and friction reduction. He concluded that
friction reduc;ion would not occur with radial vibration,.since
the die-oséillation was perpendicular to the punch motion.
 However, his argument did not consider the effect of radial
oscillations on the blank as it passed beneath the blank holder-
and around the die radius. It will be shown in the cﬁrrent

research programme that friction reduction can occur in these
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regions under circumstances simii_ar in principle to those
employed by Kristoffy and that such effects 'significantiy_

influence the forming load.



3. The Application of Ultrasonic ZEnergy to -the deep

Drawine Process.

- 3.1 The Mechanics of Deep Drawing - Chung and SwiftaAnalvsis .

‘The analysis carried out by Chung and Swiégoconsideréd
the instantaneous distribution of drawing strés§ and the strain
undérgone by any particular element in the flange during
drawing.

From a series of stress distribution plots representing
various stages of drawing the progress of any particular
element through the complefe process can be traced, leading in
‘its most comprehensive form to a plot of punch load vs. punch
travel. |

The analysis is developed by considering several distinct
regions of drawing and in eacﬁ case deriving_expressions for

the associated increment of .radial stress. Five regions of

drawing are considered and the instantaneous radial stress

~associated with each is shown in Fig. 3.1.

(I) The component of radial stress due to drawing-in-of the
flange. |

[II).A contribution-fo the above stress attributed to the.
blank holding load, assumed to act at the periphery of
the blank..

(III)Plastic bending under tension at the start of the die
profile radius.

(IV) Friction and radial stress components related to the
motion of the blank over the die profile radius.

(V) DUnbending under tension at exit from die radius.
The cup wall forces related to each of the stress

increments are considered to be simply addi£ive and the punch

load is derived directly from the cup wall stress at radius Tc-
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~3.1.1 DPlanc Radial Drawing

o

The instantancous stresses acting in the flange on a
radial element of width dr at radius r are shown in Fig. 3.2(a)
The equilibrium equation may be determined by resolving thé
associated forces in a radial direction.

After some simplfication the equation is written:-

dt
T Tt

o) e B L (3.1)
: t

In a plastically deforming material it is necessary to relate
the stress systém to the plastic properties df the Workﬁiece

by applying an appropriate yield criterion. The one which most
nearly represents the behaviour of many common metals is that

due to Von Mises, namely

\1/2
7% E(-Ul - 02)2 + [cz - 03)2 - (03 - 0132% = g (32)

where oy, o, and oy are the three principal stresses in

‘descending order of algebraic magnitude and o is the effective
stress which is physically equal to the yield strength in
uniaxial tension.

If it is assumed that the blank holder force'aéts oﬁly at‘

the periphery of the blank, then ¢ equivalent to g, in

t?
-equation (3.2) is zero-over the remainder of the flange.
Equation (3.2) then reduces to the biaxial yield criferidn,
which on substituting 0. ando, for the maximum and minimum
principal stresses may be written:- |
crz - oL 0y ¥ 062 e I Tt —-—— (3.3)
Equation(3.3) is difficult to apply in practice but may
be closely approximated by a modified Tresca yield cfiterion(sl)
Fig. 3.3 illustrates the two.dimensional Yield plane for the
Tresca and Von Mises criteria.” In the lower right hand quadrant

which represents the stress system in the flange, the maximum
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divergence between the Tresca and Von Mises criteria is
'apprdximately 15%. This can be halved by applying a facfbr,

m to the Tresca criterion which is then written;

G = 0z = Mo e e ———— B T (3.4)

‘where m is some value between 1 and/é, say 1-08(511
. . ) _j .
" The yield criterion written in terms of the radial and

circumferential stresses acting on an element in the flange
- then becomes;
SR (-08) = 1080 W =-e---- e — e (3.5)
At any instant, the blank thickness has been shown by Hilltsz)
to vary by not more than 3% across the flange; it is therefore

a reasonable approximation in equation (3.1) to consider the

dt

term o, = = 0. Substituting equation (3.5) in (3.1) the

_equilibrium.equation for a non-work hardening material then
~becomes:

e qemg = 9T
do = -1-08 5 I (3.6)

The instantaneous stress distribution is found by iﬁtegfating

‘between the limits o_ = o at r = r_and o_ at radius r;

T T a T

where T, is the instantaneous rim radius, 9. the radial stress
3 _

due to the blank holder force assumed to act at the periphery

and o . the radial stress at any radius r, between T, and .

‘We may therefore write:
: o T

ro 08 a g _'1 r,
[or}cr = 1. c.j; = and o, = 1-08¢ 1 — to,. - (3.7)
a : . a

The radial stress acting at the rim is then found from

the expression:

cra-Zﬂ.ra.ta = 2Huy and .Ura = Hu/n ety =emmeme-e- - (3.8)

where H is the blank holder force and t, the blank thickness at

the periphery as illustrated in Fig. 3.2b.

In many practical instances it is desirable to make some
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allowance in the analysis for tﬂe work hardening which otcursl
during deformation. |
If elastic strains are ignored the effective strain can
be expressed in terms of the principal strains, by an
analogous expression to equation (3.2) by assuming that the
Ieffective stress is entireiy depen&ent upon the effective strain.
We may therefore write:

5= % % (eq - 52)2 £ (ep et ¥ (e - 53)233 ----- (3.9)

The effect of work hardening may be considered by inserting
an empirical expression, describing the rélationship between
effective stress, and strain, into the equilibrium equation (3.6).

The stress strain characteristics of many common engineering

~alloys can be described by a power law of the formtss):

Qi

= o, * BE' | e e e s i e i (3.10)
where B and n are arbitrary constants and o, represents the
effective stress produciﬂg yielding, in the annealed condition.

The effective strain ¢ in any element during radial

-drawing, for ratios <2, has been shown by H111C523 never to vary

from the value of circumferential strain, 1ln %Iby more than 3%,
In order to determine the distribution of radial stress.at any
stage of drawing it is necessafy to consider the strain history
of each element by relating its current radius to the'initial

radius. - This is illustrated in Fig. 3.4 for a circumferential
element dr, initially at radius R, and having moved to current

radius r. The initial and current radii may be related to the

~initial and current blank periphery, R0 and T, respectively by

applying the condition of constancy of volume to the portion

of the blank between R and RO as it moves to the current

position defined by r and ro; see Fig. 3.4. We may therefore

wWrites: ; .
> 2 2 2 2
1E,(R, =~ R7) = LN € S B e T (.11}
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where t0 is the initial blank thickness and tm the current mean
blank thickness.
On rearranging this gives:

t ' ' ;
o E}% I S [ (3.12)

R -
¥
tm 0 )

_ 1 m, C D s e e e z
g =71 r. (Z 1)) (319
" I
where
= 1 (32 0 23
— = R: (=) r
oy T S tm o)

Substituting for € in equation (3.10) the effective stress is ..
given by:

n I
G =o_ B[ pa E?E (—— + 1) ] ----------------- (3.14)

and the radial draw1ng stress distribution in the. xlange is

found by substituting for ¢ from (3.14) in (3 6) viz:

~

¢, = mo In — + mB J{ ln(_f [_7 + l])} ?£.+ Gra -{5,15

The second term on the right hand side must be solved by

numerical integration inserting values of t determined fromFSlT

.Q.:- 2 >
. .+  Hu
ﬁ ra.tamﬁ

r ] R (3.16)
*In 8 - 2
Ir

Sedel Plastic Bending Under Tension

When an element of metal in the flange reaches the die
profile radius it is bent to conform to the curvature of the.
die profile. The distributions of stress and stfain induced in
an element experiencing plastic bending under tension are shown
in Fig. 3.5. In determining the stress increment 6. =g

T T
: ; b b
necessary to deform the element the following assumptions are

3

made:
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(i). The yield stress can be represented by a mean value.
This is a reasonable approximation if the material shows
a linear rate of work.hardening over the strain interval
represented by plastic bending. |

(ii) Bending is assumed to be instantaneous and the
circumferential strain, €q = 0

(1ii) From (ii) above and assuming the normal stress o, tb
be small compared with the other principal stresses,
bending occurs under plane strain conditions. Hence

yielding occurs when S G

2z
. : /3
(iv) Elastic strain may be neglected.
(vj Plane sections normal to the neutral axis remaiﬁlplane
after bending..
Plastic bending under tension results in a displacemeﬁt of
the neutral surface NN from the centiral surface CC by an
amount Ay, which is related to the difference between the
bending tension and compression across the section. The
imbalance of stress is due to the temsile back stress drb and
the displacement of the neutral surface may be Qetermined by
equating the total force per unit width with.the differencé

between bending tension and compression. From Fig. 3.5 we may

therefore write:

crrb.tb- = V3 faq . dy
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where o, is the mean yield strength, in uniaxial tension,

1
determined with regard to the effective strain experienced by
: : R
the element in moving to the plane of bending, = 1ln — and
T
b

the slope of the stress strain relationship, assumed to be
linear over the strain interval associated with plastic
bending. |

The increase in drawing stress, g% due to bénding may be

determined by equating the work done in bending to the work

done by the drawing stress. The work done in bending per unit
width is given by the product‘of stress x elementary strain X

elementary volume, which is written:

dw = o .de (Qy * y) do.dy  —=---- mmmmmmmm - (3.18)
where de is the angle subtended by the element at the centre
of the radius of curvature.

-Expanding equation (3.18) the total work per unit width

becomes: *)L
ty . Ay In(1 ) Ty - " 1n(1+

7 N
a%[ = [ [QN +_ y) . f = dy +[(QN—YJ f—-— of de; dy -
° | 0 " (3.19)

In equation (3.19) the elementary strain is given by

1n(QN +y), from Fig. 3.5, and the effective strain 1s thus

| 2
e == In (——) = =
R Q 3 U

Substituting the above expression for the effective strain

in (3.19) this may be rewritten:

t b
5+ 7 7 M
W4 - ng . ng iy + 43 ./&2 Yy _+dy mmmemmee (3.20)
83_31 oN. QE 3 %1 NYQg _
(0]

The additional drawing stress, 9y, to provide the bending
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work per unit width is given by:

The stress increment producing plastic unbending at
radius r_ Fig. 3.1. may be found from equations (3.16) and
(3.22) by substituting the appropriate values for the radial

drawing stress blank thickness and mean yield strength.

3.1.3., Stress due to Friction and Radial Drawing over the

Die Profile Radius

As each element passes around the die profile radius it
is subject to a further radial drawing-in effect and an
interfacial friction force related to the normal stress, Oy
The stresses acting on an elementary ring of mid-nlane length
che at an angle 6 to the drawing axis are definéd in Fig. 3.6.

If the thickness is assumed to be constant over the die
radius and an appropriate mean value of yield stress determined,
the drawing stress increment associated with this reglon may
be evaluated as fdllows:

Resolvinglthe forces acting on the elementary ring in the

vertical direction, we may write:

(cr + dcr)t.Zn(r + dr)cos(6 + de) -uct.an ETﬁﬁf coséb
= 2n(r + dr) Oy dr kG, £aC080 20T we e (3.23)

s1ine

Ignoring products of small increments this may be re-

arranged to give:

d
t g5(0,.7.co56) -0, .T(1 + pcotd) = 0 ~m-mmmmmmmmmoo (3.24)

Similarly. resolving forces horizontally by considering
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one half of the elementary ring and taking the projected

rather than circular area we have:

20.. 47 dr

: = dr ; : _
egfﬁg't + cr.t.51n6-2r HO yo =g Sine.2r +0p=rmm. C€OSO 7.5 s
- (ar + dcr);t.(r + dr)2.sin(e + ds)
which on rearranging and simplifying becomes:
d | Og-t
t HF(Ur.I.SlnG) + rct(cote—u) = 55 "o (3.25)

Eliminating o between equations (3.24) and (3.25) after

some rearranging finally yields:

ds d AN e
ce(l + ucote) ~ WO T. 7 T E;[or.r) =0 (3.26)

Substituting into equation (3.26) the modified Tresca

yield criterion, in which o = ¢_-mo we may write:
do_ = -m5 & - 488 q_[ns cose - o (cose - 7]
T T T c 'y QE

therefore, . | 5

b c uQ
v - dr C = =% i
T o -—f st f ED [mUCOSG B UT(CDSB Qc;)]d(’3
T, T, e (52T,

where o¢_ = o - oY
T I‘c °h

The first term in equation (3.27) is the component of
stress due to radial drawing and the second relates_ib friction
over the die profile radius.

The latter may be rewritten, on substituting for r, from

the relationship r = Tyt - Qccosa, viz.

(mo -0,.)cos6 :
dif = * o | d8 cove—cmmmemeccaoo (3.28)

S

- CO0SsS6
A

This must be solved by numerical integration since o .and

r are both functions of 6.

~An approximate solution for the die profile friction is

fqund fqr the special case when o, - 0 and r »o« . This

0
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situation represents the conditions which apply to the problem
of belt-pulley friction. Inserting the limits in the above
analysis, cequation. (3.26) becomes:

~do
T = ude

a
T

This may be integrated between the limits 0. =0 at

8 = 6 _ and 0. =0Ty at 6 = /2.

c

Therefore 1n “Tc = -p{ec-ﬂ/Z)

0. :

b
but o = o, F f, where f is the radial stress increment due
b : .
to the profile radius friction force. We may therefore write:
£f=0 [e“[“/z - e-cj-l] -------------------- (3.29)
b

The total drawing stress is then found from the sum of
the  components associated with each specific aspect of the
process defined above, viz:

= = (o +.0 + ¢+ o, + £f) sin.@

T_ T u b

where P is the punch load and A the cup wall area given by
A = 2rr_t. in which r_ is the radius at which the metal leaves
. the die profile and t. the thickness of the blank for the

particular stage of drawing considered.

3.2 Oscillatory Cup Drawing - Choice of Vibrational Mode

From the basic understanding of the mechanics of cup-

~drawing which the Chung and swift C0) analysis affords, it was

possible to consider the likely effects of particular
vibrational modes on the process forces. At the start of the
investigation the results of much of the work reviewed in

section 2 were known and it is against this background that
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the oscillatory configuration was selected.

In spite of the inherent experimental difficulties
it was decided that the greatest benefits were to be
achieved by exciting either the die or blank holder in a
radial mode. Five major considerations led ..to this
conclusion.
(I) Research into ultrasonic tube drawing, with an activated
plug or die, consistently indicated significant force
reductions which were élaimed to result in an increase in the
maximum area reduction possible, for a given material. If
the die or blank holder plate used in cup drawing, are_
vibrated in a radial mode the relative motion between the
_-tools and workpiece becomes analagous to that achieved in
tube drawing with an axially excited ﬁlug.
(I1) One possible mechanism of friction reduction discussed
in section 2 is that of friction vector reversal which has
.been predicted to occur under conditions of relative cyclic
motion between theiéurfaces at the friction interface. A |
radial oscillatory mode would permit such a mechanism to
operate at the testpiece/dié and test piece/blank holder
interfaces.
(III)Longitudinal vibration of the punch was felt likely to
result in a superposition effect similar to that observed in
wire drawing at both low and high frequencies. This would be
of limited benefit if in addition to lowering the deformation
fdrces, it caused a reduction’ in mean breaking load since this
'might preclude.the possibility of increasing the limiting draw
ratio.
(IV) Longitudinal vibration of the punch was considered unlikely
to have a significant effect on the blank holder friction force

which could readily be monitored during cup-drawing.r The
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opportunity of examining known friction reduction mechanisms
would therefore have been lost.

(V) Analysis of the cup drawing process indicated that the
radial drawing-in stress constitutes the major proportion of
the cup wall stfess. It was therefore'considered desirable
to adopt a vibrational mode which offered the possibility of
influencing either the stress system or material properties
during this phase of drawing.

Considerable difficulty was experienced in designing a
radial resonator with a sufficiently uniqum motional.field
tb facilitate accurate analysis of the results of oscillatory
cup drawing tests. It was therefore decided to consider the
possibility of adapting the wedge drawing test in order to
provide a two dimensional analogue of the cup drawing process.
Some of the theoretical aspects of radial resonators are.
discussed in greater depth in section 4.6. and in Appendix I.

"\ '
3.3 The Sachs Wedge Drawing Test

3.3.i Basic Characteristics

' In the wedge drawing test a tapered sample of strip is
-drawn through a similarly shaped die using a tensile testing
machine. The initial shape of the test piece is a close
approximation to a segment from a plane circular disc and the
deforma;ion effected during drawing is therefore closely

- representative of that undergone by the blank during the
‘cupping' test. The maximum length or width of wedge

drawable under given conditions is taken as the criterion of

drawability and this may be expressed as the ratio of the
initial to final width, or as the ratio of the radii defining

the circular extremities of the wedge. This is illustrated in

Fig. 3.7.
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The test was originally described by SachsG4) in 1930
~and later-by a number of independent workers including
Eisenkolb(ss) and Kayseler(SG). In 1942 Brewer and Rockwell(syl
carried out an extensive series of wedge and cup drawing tests.
For the. former, they used a hydraulic pr?ss, désigned, by
virfue of its smooth rapid action, to overcome the inherent
problem of edge friction observed in earlier tests. They l
cléimed that good correlation could be obtained between the
two tests under the appropriate conditions of lubrication
and strain rate. Their results on a range-of aluminium alloys
gave values of L.D.R. for the wedge test varying between
1-68 - 1-92 compared with corresponding cup test results of
1'85 - 2+04. The consistently lower ratios obtained for
. wedge drawing seemed hardly to justify the claim. A later
study by Loxley and Swifttss)confirmed the divergence between
the two tests. They compared the results of wedge and cupping
tests on aluminium bronze and mild steel, with two different
lubricants and also unlubricated. The limiting draw ratio for
the wedge tests on mild steel increased from 1.50 without
lubrication to 1-81 with Aquadag compared with corresponding
ratios .for cup drawing of 2.08 and 2-18; Hardness tests at
the centre and edge of the wedge testpieces were made at
various stages during drawing and in each cage a significant
increase in hardness was observed towards the edge. They
éonélﬁded that the usefulness of the wedge test was limited
by its extreme sensitivity to changes in the frictional
cqnditions_associated with the testpiéce edges.

A simple analysis of the forces acting during wedge

drawing enabled them to illustrate the effects of wedge

angle and edge friction on the drawing load. Fig. 3.8. If
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¢

P is the side reaction and Q_ the horizontal force to producc
yielding in the wedge, then the drawing load, R, for
frictionless conditions is given simply by:

R, = 2Q,tan @ ---m-=mmmmommomseeooooooooo- (3.30)
where o 1s the semi-wedge angle. |

‘The presence of edge friction causes the line of action
of P to be rotated through an angle.¢ and the drawing load -
then becomes:-

Rr = 2Q,tan (o + ¢) ==—=-m===--====—==—-- - (3.31)

f
where tan ¢ = u, the coefficient of edge friction.

The effect of wedge angle and friction coefficient can

be examined by considering the ratio:

Eﬁ . tan(o + ¢) _ g , tano IS .(3,32)

ROw tang tana

For a semi-wedge angle of 10°, a value'of p 0-1 causes
the drawing force to exceed. the frictionless value by 60 per
cent. Increasing the wedge angle would reduce the effect of
edge friction but would also tend to concentrate the stress
in the neck of the téstpiece, leading to premafure.failure.

The increased wedge drawing load due to edge friction
must to some extent be offset by the absence of load increments
related to the motion of the testpiece over the die profile
radius. Frictionless wedge drawing would therefore be |
expected to result in a higher limiting draw ratio relative
to the equivalent cupping test. Complete removal of edge
friction is not considered possible even with the best

available lubricants, viz. pblythcne or broprietory plastic

coatings. The wedge test as a dircect assessment of drawability

is therefore always likely to field.results which differ

significantly from the equivalenf cupping test.
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5.3.2. The Wedge Test as an oscillatory deep drawing

Analogue

One might be tempted to conclude, from the.preﬁious
éection, that the fundamental problem of edge frictioﬁ
disqualifies the wedge test as a deep drawing analogue, for
most practical purposes. Hoﬁever, on close examination it.
is apparent that this test might prove a most convenient means
of indicating, at least qualitatively, how the process forces
are influenced by the application of vibrations to the tools.

The wedge drawing test may be adapted so that it includes
each fhase of drawing present in the axisymmetric process, by
designing the testpiece so that it represents two'diamefrically
opposed segments from a plane circular blank. The biaxial
symmefry then permits simultaneous drawing of the two ends .
through individual wedge dies, by applying a force in a
direction normal to the radial axes of the testpiece. This
arfangément described in detail, in section 5, may feadily be
empioyed to examine the effects of different vibrational modes
on the drawing load. 1In particular, radial mode vibrations of
an annular cup drawing die may be simulated by vibrating both
ﬁedge dies longitudinally. A resonant system based on axial
symmetry may be readily designed and offers considerable
simplification of both experimental and analytical techniques,
compared with the corresponding radial system. In addition
to simplifying the problem of acoustic design the simple
'biaxial' test readily permits the direct measurement of the
blank holder friction force. This aspect is discussed in

Section 5.

In the oscillatory wedge drawing test two basic situations .

might be envisaged:
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(i) Axial oscillation of the dies and/or blahk hoider plate
might result in partial or complete removal of cdge
friction and in addition influence the remaining punch
load components common to both cup and wedge drawing
tests. If this wére the case the L.D.R. would be
expected to be equal or greater than the corresponding
value for’cﬁp drawing and the wedge test migit therefdre
become a much closer approximation to the cupping test.

(ii) A reduction in forming load may be produced without
affecting the friction conditions at the edges of the
test piece. Under these circumstances although the
results could not be compared directly wifh cofresponding
cup drawing data, any reduction in punch load must be
assoclated with a phase of drawing which has a direct
counterpart in the cupping test. The results would
therefore be expected to indicate qualitatively the
effects pfoduced in cup drawing with radially'fesonént

tooling.



4. Acoustic Theory

4.1 General characteristics of ultrasonic svstems.

4.1.1 Introduction. ~

Ultrasonic systems involve the generation and transmission
of elastic waves in a mechanical structure. In order to
transmit energy efficiently from the power source to the work
piece or load it is important to appreciate certain basic
properties of elastic media which influence the vibratioﬁal-
;mdde and transmission characteristics.

The wave motion in an extended elastic medium may be
either dilatational or distortional. In the former, the
particle motion is parallel to the direction of propagation
and in the latter it is perpendicular to it; These typés of
wave motion facilitate various vibrational modes, namely,
longitudinal, torsional and flexural or transverse. It is also
possible, under certain circumstances to excite radial vib-
ratiéns which represent a special case of longitudinal wave
motiontsg) in a system having radial symmetry.

The frequency of elastic oscillations may vary infinitely
but in the present context it is useful to define the ultrasoni;
range as lying between 8 kHz and 100 kHz. It is possible,
however, to operate well into the mHz range but until now the
technological pfocess has found greatest scope below 100 kHz,

An important parameter, which is determined by the operating
frequency for a given material, is the wavelehgth of the elastic
disturbance. This property becomes of critical importance when
the dimensional scale of the techﬁological process encompasses
.sevéral‘wavelengths'at ;he operating ffequency. Tuning effects
must then be considered in order to maintain resonance and

ensure an adequate oscillatory amplitude. This aspect of



- 72 -

ultrasonic systems representg a fundamental departurc from the
general characteristics of low frequency oscillatory processes,
and involves an appreciation of new concepts in the design of

practical apparatus.

4,1.2 Elements of Ultrasonic Systems.
Ultrasonic systems consist essentially of two parts; the
electrical zpparatus for producing a suitable alternating power

supply and the electro-mechanical -and mechanical elements. The

electrical generator i5 commonly either a valve or solid state
unit depending to some extent on the-operating frequency and on
the type of transducer used in the main part of the ultrasonic
system. Valve generators operate at high anode voltages and
may be used to drive either magneto-striction or piezo ceramic
.transducers, provided that the appropriate impedance matching
output transformer ig used. Solid state generators are based
'qn silicon control diodes which are triggered high current
rectifiers operating at low voltages. This reduces tﬁe
capital cost compared with valve equipment. Alsq the impedances
of semi-conductor devices are of the same order as those of
transducers, which simplifies the problem of impedance
matching(6o),
The main‘part of the_ultrasonié system consists of ﬁhree
basic components:
(1) a transducer which converts the electrical signal
into mechanical vibrations of the same frequency.
(11) a radiating head or working tool, coupling the
ultrasgnic system to the load.

(iii)an acoustic waveguide linking the transducer and
working head.

d

It is possible to connect the transducer directly to the



working head but the characteristics of such a system would
not be appropriate to most technological applications. In
practiée some attempt is made to contrbl the 6scillatory
régime in order to increasc the effectiveness of thé.transducer
under specific operating conditions. This is done by insefting
a mechanical transformer between the transducer and head. In
the general case, a fransforming'device is employed in order
* to match the mechanical impedance of the tfansducer to that pf
the load, whilst satisfying the tuning criteria which ensure
resdnance at the deéign frequencfﬂ. In.rod'systems, impedanceé
transformation is normally achieved by varying the cross
section of the wave guide, according to certain established
_L—.riteria“l). This subject will be dealt with in more detail
.in section 4.3, Transformefs of the above type are also used
'tO'increase'the deformation and motional amplitudes at the
wprking head, thus increasing the acoustic intensity in this
region§62) |

4.2. Propagation 6f elastic waves in homogeneous rod,

SZStGl’[’lS

The term rod system implies a wavegulde of normally

c1rcular section whose transverse dlmen51ons are less than the
half wavelength for longitudinal waves in a given material.
The simplest rod system therefore consists of a tuned cylinder
whose diameter 1is less than % (the half.wavelength). When
considering the characteristics of such a waveguide it is
necessary to examine the motion and deformation of each trans-
verse element in time and space, in relation to the origin of
the system. This approach leads to the formation of'the wave
equation which is a partial differential equation in the

variables time (t) and distance (x). Specific solutions are
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determined by applying boundary conditions defining the state
of loading at the output end of the system and by considering
the wave form of the acting force and the initial condition
of the system. From these solutions it is possible to
determine the three fundamental characteristics of the system,
Viz:

(i) The input impedance;

(ii) The location of nodal and antinodal planes and the
distribution of oscillatory values throughout the
system.

(iii)The natural frequency of the system (assuming one
degree of freedom). |

The forcing function is generally of a sinusoidal form and

"the particle motion fhus obeys a harmonic law in which the
particle acceleration is proportional to its displacemént from
the mean position, viz:

i

;E_ = g - __-___"—"--_—_—H--—H-_. ““““““ (4-1')

where w 1is the angular velocity related to the frequency f; by
the expression: w = 2nf -

If we assume plane wave propagation in an ideal elastic
medium, i.e. one which is lgss free and of uniform physiﬁal;
properties, then under steady state conditions,'the waﬁe
equation may be derived in the following waytﬁs).

Consider an element dx of mass m, in a rod of cross
sectional area S, Fig. 4.1. Then, if the stresses acting on
the element. are as shown and the displacement of its centre of

gravity is denoted by &£, the rcsultant force acting on the

clement may be written:
30 _ :
F=s0,-5(0, + —=. dX)  =--=m=-===-a-- ——— (4.2)

X
oxX
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From Newton's second law, F = mg

it follows that:

,
3 30 -
p.s.dx EE%- = =S a; . gl mmmmmmmmmmmme (4.3)

where p is the density of the rod.

Since stress and strain are related by the expression

3E
055E=3_X"E

where E is Young's modulus, equation 4.3 may be written:

2% _ E a’¢ [ (4. 4)

2t P ax? | |
. and substituting c2 = % in 4.4 above we obtain:

2 o |
3°E - .2 .2 » '
So=ctple 0 memmmmmmmmmmomooooooooe (4.5)
ot 2

Q»

X

~where ¢ is the wave velocity in the material under consideration.

The general solution of this equation (defining the

instantaneous particle displacement ¢ at any plane x, in the

system) is of the form: - e
- ' X X
s = Al¢l(t - EJ + Azé,gt + E‘] ““““““““““““ (4.6)

where A; and A, are arbitrary constants of integration and ¢.uadqg

o€ functiongdetermined by the form of the oscillatory driving

force.
If we adopt the original assumption that the forcing
function has a harmonic form, then introducing complex notation

we may write:

_iwt .
£=E e (,!’lhu! ¢ = 07
m
2 iwt
27 € Z_©
and = ~w &
at? m
2
or 3_% = -wzg ——————————————————————————————————— (4.7)
a9t

substituting equation (4.7) into equation (4.5) gives:

LN

SR |



als 2
—F = THE e (4.8)
dx c

It is convenient to consider only the variation of
amplitudinal oscillatory values throughout. the system and to
note that the displacement and force at each plane.vary with
time according to a harmonic law. This does not limit the
écépe of the analysis 1in any way. Therefore replacing & by the

complex amplitude 5m‘in equation 4.8 we obtain;

2 - : :
T osele gy mmmmmmmemmmemes (449)
dx c m I

where k is the wave number or propagation constant given by

w 27

—_— =

...c U

The general solution to the wave equation is of the form:

. = AcCoskx + B.sin kx

- where A and B are arbitrary constants.

Teumin, in a rigorous treatment of this-subject(64)

s has_
shown that an identical expression to equation (4.9) can be
derived by considering the rod system as a collection of
‘elementary systems with lumped constants, each element
possessing a characteristic mass, elasticity and damping factor.
This analysis leads to the foliowing wave equations defining

the amplitudinal force and oscillatory velocity characteristics
in a rod éystem with losses. |

Using amplitudinal values of force and velocity the

equations are written:

2
dry )
“dx m o) ‘
% -------------------- (4.10)
2'
L
dx ")

In"this case the propagation constant y is complex and



__']7_

may be represented by the cquation:
y =8 * 1la
where 8 is the ddmping constant and o the phase shift-coﬁstantf
These constants are expressed in terﬁs of the elementary
parameters .of mass, m; , elasticity Cis and internal resistance

R,, by the following expressions;

1’
B Y e
B = 1
M
P Ly 1
a = //% mzmlC1 +‘%£(Rl“fmzml£)w2012%4

"It can be seen that when the resistance is small, i.e.

/ R -
wmy >> Rl then 8 + O apd o rw oy mlcl == k, the wave ngmber_

in a loss free system.

Since m = Se and Cl = %g Lo /Jmlcl = %'

where S is-the Cross sectional area,.p the density and E'Yaung}s
Modulus.

In most practical systems this approkimation is justified,
since the only Significant absorption of energy is associated
with the load atﬁached to the end of the waveguide. This.may
be considered as a lumped mechanical impedaﬁce pdssessing both
reactive and resistive charactefistic5[64)viz.-
if thehimpedance is denoted by Zy, then | '

Zy = Ry + i Xy  mmemmmemmmmmeommsoommmoees (4.11) _
where'RH is_the resistive part of the load impedance resulting
in energy absorption and XH is the reactive load which
contributes to the stored energy in the system and determines
the phase shift between the force and motional waves.

Mechanical impedance is defined as the inverse ratio of
the particle velocity to the oscillatory force producing the

motion. Therefore at a given section along the rod system



the mechanical impedance is given by:
z =Fm1
1 +— , using complex amplitudinal values of
‘m

1
force and velocity.

It will be shown that the use of this concept permits the
rational design of both loaded and unloaded systems, based on
the determinétionlof the complex input impedance. Using this
parametef the natural frequency of the system is readily found
from the condition that the reactive part of the input-iﬁpedandé
1s zero at resonance, i.e.

X;y =0 --——-——-—--—---————-—fo (4.12)
when f = fo, the resonant frequency.

Returning to equation (4.9) and considering the analogous
expression for particle velocity ém’ we may write the general

solution as follows:

gm = Alcos kx + B, ginkx = = —-mememmmeeme—eoooo (4-13)
l " . "
nd since F LY dgm E iéﬁ ;9 gEE
a = = —_— = _3 _ = 1.
" m Gm SE. dx l._s.w < . 1. - ' X

where‘wo is the wave impedance of the rod at any section, we may
write the equivalent expression defining the oscillatory force

‘distribution as follows:

F = LWO.(Alsinkx - B1 cos k;) ————————————————— (4.14)

Constants Aq and Bl may be determined for the general loaded
condition by exémining the boundary conditions at each end of
thé'rod s?stem.

For convenience we shall consider the oscillatory force

to be applied at the end, x = 2 and a load Z, to be attached at

H
x = 0. See Fig. 4.1.

Thgn if Fm = F , and En = &gy 2t x =0,

ml

- From equation (4.13) we may write: -ém1'= Aq
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and from eqnafion_(4.14);

; Pml
le = 11'10‘}331 or Bl =1 ‘——"0

Substituting for Al and Bl in equation (4.13) and (4.14)
we have:

Y . F .

E. = & cos Kkx - i—ﬂl.sin kx )

m. ml W )

, ‘ _ .9 y TTmmTmmeeos (4.15)
and Fm = lecoskx + dyg by SR kx )
b H le - b .
ut since —= = Z, equations (4.15) became:
a1

= B 1)

E. =& coskx + i—.sin kx

n " fm | Yo ) mmemmme—mica- (4.16)

- [coskx + 1w 0k )
F, = F Zg . sinkx] )
H
The input impedance of the system is given by:
F o .
ZEN = e , therefore applying the boundary condition
o

Fo = Foo and £ =g o at x =2, to equations (4.16); we may
write: Wo

. F_i[cos k1+i Z7 sin k1 ] :

ZIN T e e e e [, o = e o S ———— - (4.17)

g lcoskl + i “y sin k1]

l.'
Yo

When the load is purely resistive, i.e. ZH = RH the real
and imaginery parts of equation (4.17) are readily separated
giving:

10, Moi%) .
: R W 1-(5=) 3singkl
= R T+ 1 XIN = H -i 0?( R“

(4.1¢

Z
IN 2
(%9) caszkl_+ sinzkl

K .
coszkh(“ﬂ)251n2kl
NO )

To determine the length of system compatible with resonance,

we set Xpy = 0. It therefore follows from equation (4.18)

that:

W _
%wo(l-(ng.)zgsinzkl =0
“ ni

This condition is satisfied whenxfo = RH and when 2= 0. 0T 7
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The former casc represents the travelling wave régiﬁo in which
there is'nq reflected wave at the end of the system, all the
energy being absorbed in the load. Under these circumstances,
the length of wavegUide is not critical and the input impedance
is the same as that for a system of infinite length. For any

. 1 T .
other value of the ratio ﬁg resonance occurs when 2 is equal
" :
to an integral number of quarter wave lengths.

If we consider the unloaded condition, then from

equation (4.17) we may write:

v, sin k1 _ .w .tan kl Ittt ittt (4.19)

21N = YO Tos kT

At resonance, Xpy = Wstankl = 0

which is satisfied by % = o or nxr/2
Therefore a standing wave régime will be maintained in a
" system with a free end if its length is an integral number of

half wavelengths at the operating frequency.

It is imporfapt to appreciate the physical significance of
Ithe-system described by equations (4.15) and (4.16). Génerally,
in a waveguide of‘finité length, two sets of waves travcl' 
simﬁltancously.through the material, viz. fhé incident and..
reflected waves. Reflections occur ét any plane in the guide
which is characterised by a change in acoustic impedance. A
clear example of this is at the free end.of a wave syétem with
an interface bounded by air. The metal/air boundary represents
a pronounced chdnge in impedance which results in virtually
complete reflection of the incident wave and leads tS the
establishment of a standing wave, under the appropriate
conditions of tuning. A standing wave is characterised by the
formation of planes in which the oscillatory quantitites have

maximum or minimum values. These locations are referred to as -
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antinodes and nodes re5pegtive1y, and they occur at sct
intervals of 180 degrces_dr A/2. Only the instantancous valucs
of the oscillatory quantities vary with time and thus at the.
points where the antinodes occur the instantanecous values
during the oscillation period pass through the full cycle from
zero to the maximum amplitude. At any other plane the
instantaneous values vary with the same frequency from zero to
‘the maximum value defined by the position of the plane being
considered somewhere along the system. A standing wave results
from the additioﬁ of the incident and reflected waves. When
~both waves are in phase, the maximum oscillatory amplitudes of
the force and velocity waves become twice that at the source
and the distribution of oscillatory quantities is such that theé
“phases vary stepwise through zero and remain unchanged in the
interval between adjacent nodes. The distribution of both |
- force and velocity waves for such a condition is illustrated
in Fig. 4.2. These wave forms are readily derived, for a free
system, by inserting the condition le = O into equation (4.15)..
When a resistive load is attached to the end of a tuned
system ohly partial reflection occurs at the interface, and a
proportion of the energy passes into the load. The general
case therefore represents a transitional stafe.in which both
standing and travelling waves exist. This Sitﬁation 1s
illustrated in Fig. 4.3. in which the moduli of force and
velocity waves are plotted against fractional wdveléngth for
some arbitrary value of the ratio Rﬂ/ﬁo. A special case exists
when the wave impedance of thelguide is matched to the load,
i.e. when ¥o = Ry- This results in complete transmission of the
incident wave into the load so that there is no reflected wave.
If this condition is applied to equation (4.16), the expressions

for oscillatory force and velocity amplitude become:



ém= énl [cos kx + i sin kx] )
% ---------- (4.20)
and F = F [cos kx + i sin kx] )
n ml
. . .o 1 kx
which may be rewritten: £ Em1®
- i kx
Fon = Fm®

or changing to instantaneous values;
o int _ i(kx +wt)
g . = g @€ - Emle

_ lwt _ i(kx + wt)
F = Fme lee

which represents a system in which only the incident wave is

present.
In trigonometrical form we may therefore write:
- x) = ¢ X ).
£ = &1 COs(gt + kx) £ cosw(t + C) % e (4.21)
= . - X _
F = le cos (wt + kx) F1 cosu(t + c) )

In this situation there 1s cleérly no phase shift between
the force and velocity waves and each particle in the system
experiences the same oscillatory cycle, although there is a |
‘time ‘difference in relation to the position of each particle,
represented by the factor %..

The foregoing discussion provides the basis for a
rational approach to the acoustic problems involved in this
| ‘research programme and these principles are employed in sub~

sequent sections dealing with specific design aspects of the

oscillatory apparatus.



4.3 Acoustic impedance and velocity transformers

In practical ultrasonic systems the nced generally arises
for a specific oscillatory régime lying somewhere between the
standing wave and travelling wave states. The extent to which
either of thesec predominates in a particular system can be
controlled to some degree by the inclusion of transforming
devices at some appropriate'pdsition in the wave system. - For
exaﬁple, the criterion for a predominantly travelling wave
state, is that the wave.impedances at tﬂe junctions between
adjacent links comprising thé ﬁave system, should be closely.
matched and that the impedance of the final link should be
matched to the load which is applied at the end of the system;
This condition is ensured by the inclusion of suitably designed
transforming links, so that the impedance at the output end of
the matching link is transformed at its inpﬁt to that of the

preceding link. Such a transforming device normally takes the

k.
' : . (64) . :
form of a rod of varying cross section.  The variation may be

" either continuous or stepped. In the former case tapered
profiles are adopted, the most commonly used obeying either a
linear, exponential or catenoidal law.

In addition to their impedance transforming properties,
tapered sections of the above type are characterised by a .
continuous variation along their length of the oscillatory
quantities, viz, strain particle velocity, force, etc. The
effect of this property is to intensify the oscillatory cnergy
in passing from the large to the narrow end of the tapered
section. In many applications, requiring a standing wave state,
this chafacteristic is employed in order to increasc the motionai
amplitudc to some value appropriate to the pﬁrticular technolégica

process. In such cases the transforming device is referred t©
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spécifically as a velocity transformer.

4.3.1 Analysis of the wave motion in a rod of varying

cross-section..

The distribution of elastic waves along a rod system with
‘continuously varying cross section, is described by a linear
differential equation having variable coefficients. The
general form of this, which is épplicable to any law defining
the taper. of the'rod, may be determined analytically, either
by considering the oscillatory stresses acting on an element
within the system(ﬁs) or from the assumption that the rod may be
regarded aé a system composed of an infinité number of elements
having lumped mechanical constants(64). The latter method is.
particularly useful when considering systems having high damping
characteristics. However, since it is sﬁfficiently accurate. to
ignore internal damping in many practiéal cases, ldentical
eipressions may be derived using stress analysis.

Provided that the length of rod is considerably. greater
than the cross sectional dimension it-may be assumed that the
‘wave front remains plane, and that there is no significant
variation in stress across the section. Considering only stéady
state sinusoidal vibrations, in which amplitudinal values of
the osciilatory quantities are used,\the distribution of part-
icle velocity may be derived as follows:(65) |

'If the stresses acting on an elementary section dx at a
distance x from the narrow end of a tapered rod system are as
'shown in Fig. 4.4. then under the action of an oscillatory force,

Fm, the equation of motion of the clement may be written:

. S '
_cth - (cxm + 3% dx) . (S + %% . dX) = Fm ~=-e=a (4.22)

where S is the cross sectional area and O the oscillatory

o ' - . |
stress amplitude at any distance x from the narrow end. Expand-
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ing equation (4.22) and cxpressing Fm in terms of the

~acceleration and mass of the element the equation may be re-

wriltten:

55 90y ag M0xp

g:m.S - (me's * oxmgg Ldx + S ax dx ¥ 3x Tam dx )
= S.dx 825
. P. "2;'1—:*2-

where p is the density of the rod material and ¢ the mean .
instantaneous displacement of the element.
Ignoring products of small increments we obtain the

following expression:

90 _ 2
o_ .38 *n s oeae 0 E -
Xm ;}—('x dx + S 3% . .d}\. = Sd)\ - P .. ;2‘ - - (4 . 23)

If, as stated above we assume simple harmonic motion then

2 . -
E_E% = - wzam where w is the angular velocity .in radius per sec.
ot '
and equation (4.23) becomes:
g
1 .38 . 0. + m _ 2
S 3% *m Thx . T T Pépe® TTTTmTTTOTS (4.24)
but since the stress Oy is given by: o = E.%g _____ (4.25a)
m m -
acxm a%¢ “
then =~ - B —5 mm-esmemsmmee- e e — e ————— (4.25b)
axX . '

where E is the elastic modulus; substituting equations (4.25a)

and (4.25b) into (4.24) we obtain the -general equation of motion

2
d g - - dg '
m 1 ds ~m .2 _
| —-—-?-dx + 'S- ., HE . _-d—:'i + 1\ Em - O --_—---_- —————— (4.26)
where K = % and c the wave velocity, is given by:
_ /E
A ~ E
- L Ig
Since the particle velocity & is given by En = —3% then

the expression defining the velocity distribution is analogous

to equation (4.26) and is written:



2 -
d~¢ dg .

m 1 . ds . 2 _ _
2Fs T wow PO s (4.27)

- The wave equation defining the velocity distribution in
a particular transforming device is derived by substituting
thelappropriaté taper law into equation {4.27). For example, .
in the case of a tapered section obeying an exponential law in

which the variation in cross-sectional area is defined by:

S = soe'bx' e (4.28)
“the substitution_is readily shown to be:
, ' -bx
1 . ds _ -bS e - b
S dx S o bX
0

where b 1s a constant and SO the cross sectional area at the
wide end.

The wave equation then becomes:

afe dg_ . - |
e - ba-}-c——- +*k7g =0 mmmmmmmmmmmoomees (4.29).
For which the general solution is: ‘
L= éng (A, cos k'x + B, sin k'x) ~-==== (4.30)
I _

where A and B arelarbitrary constants of integ;ation_and k' is
the wave number modified to take account of the wave dispersion
in the.horn, given by k! ='//k2-[%)2';- Equation (4.30) 1is
solved by applying boundary conditions which define the |
acoustic,load at each end of the system. The strain and
motional amplitude distribution in an unloaded exponential’

. : (65) (66)
horn have been reported in detail by Merkulov, Neppiras

" and Teumin(64)

and are summarised-graphically by the curves in
Fig; 4.5 which show the distribution of particle velocity and
oscillatory stress along an unloaded exponential velocify.
- transformer. Similar relationships have been deduced for

conical, stepped and catenoidal transformers and these are



illﬁstratcd by the curves in Fig. 4.6.

It will be apparent from Fig. 4.6 that the tranéformihg
characteristics of cach type of tapered horn are different, and.
it is usual to relate them by comparison of the proportional-
increase in motional amplitude in passing from fhe_wide to the
narrow énd. The 'gain', which expresses this characteristic
is related in each case to the ratio of the énd face diameters.
This feature is illustrated for each of the transformers
mentioned, by plétting the gain, %ml/ém ~against the diameter
ratio, N as shown in Fig. 4.7. %t will be scen that the ex-
ponential and catenoidal types are much more effective velocity
.transformers than the conical horn, which has a theoretical
limit to thelgain, in the fundamental.mode, of approximately
4.6:1.

Velocity transformation is also achieved by the use of
‘integral parallel rod sectiohs incorporating a stepped diameter
change, normally coincident with the mid-point of the system.
The characteristics of such devices are readily derived by the
application of appropriate boundary conditions to the equations
developed in section 4.2 describing parallel rod systems. The

characteristic curves for this type of transformer are also
.shown for comparison, in Figs. 4.6 and 4.7.

It was mentioned earlier in this section that transforming
devices of the types described above are used in travelllng wave
systems to ensure efficient transmission of acoustic energy
between successive links and between the wave guide and load.
This application stems from the impedance transforming
characteristics associated with tapered and stepped rod systems
which will be considered fully in sections 4.4 and 4 S where-

cxpresslons for the input impedance of loaded . conlcal ex-

ponential and stépped horns will be derived.
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4.4  Acoustic properties of exponential and stepped horns

4.4.1 Input impedance of a loaded exponential horn.

The distribution of strain and motional amplitude in a
ioaded exponential horn has been analysed by Teumin[67) using
the concept-of lumped mechanical elements to describe the
system. He derived a set of equations defining the acoustic
force and particle velocity.distribution in a medium with
internal damping and used these to determine an expression for
the input impedance under various conditions of loading. It
was also shown thaf in certain limiting conditions; the equation
for the input impedance of an exponential.horn differed from that
of a parallel rod system only by the inclusion of a multiplying

bl, where 1 is the length of the horn and b the taper

féctor, e
constant.
Identical equations may be derived from the general solution
to the wave equation given in the previoué section; equation
(4.30), in which internal losses weré assumed to be negligible.

If a complex load Zy is applied to the narrow end of an
exponential horn, as shown in Fig. 4.8, then the distribution of
complex force and motional amplitudes along the transformer are
derived in the following way: |

- The general solution to the wave eqﬁation describing fhe
velocity distgibution, was previously given as: ‘

Ep=e TX (A, cos k'x + B, sin K'X)  —--noe- (4.30)
where it will be recalled, x is the distance from the narrow end
and A, and B, are arbitrary constants which may'be determined

~for given operating conditions. The equivalent expression for
the oscillatofy force distribution may be obtained using
" equation (4.30) and bearing in mind that, Fm = Scm and o_ = E.e =

L&y 5 dy

dx Te = dx
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where wbl' 1s the wave impedance of the horn at the wide end at
distance 1 from the origin.

The first derivative of En with respect to distance x gives:

. b i )
¢ - e A E— %LAZ.COS kfx + B,.sin k'x] +

dx
1 ctl) e 2z I
_ k'[-A,sin k'x + BZ cos k 1]) (4.33) |
and substituting for dgm in equation (4.32), after re-
dx

arranging we get:
. ol .e'b'x' b s 1 ) P ! ;! l
Fm = i7" Az(ﬁ\cos k'x + ksink'x) - Bz(? sink'x - ktcosk'x)

The input impedance ZIN is given by, ZIN = ™ yhere F oo and

- g .
Eno aYe the force and velocity amplitudes at"%he wide end.

Therefore, from equations (4.30) and (4.34) we may write:

ot B
;o tlor L e BB coskt1 + kt sin k'1) + 2(Qsinkil- ~Ktcosk'1)
IN K l S ZSERRATRE st
- :Q_]_ : .]32
1 P - -1
e 2 (cosk'l + , sin k'1) - 4.35)

the

If we now consider the boundary condition at x = O,

narrow end, where the force and velocity amplitudes satisfy the

equation, ZH'= vﬁi, from equations (4;30) and (4.34) we may

£
write: ml
i Wl b - Bk .
Zy - |fge7 T2 = i W' ib L,Bz B, -
' - - __. .-_—- -
A, ko2 TR R,
) .
H b ‘ |
w01| = 2KT 8. TTTTmmmmTTTTTITees [4°36)

and substituting for Kg in equation (4.35) we have;
' 2

iy o0 b1{b Zys
_ .%ol L oe =.C0s k! 1 + k!
Iy = T 2° Sl?k l}(R(ﬂ 2T ﬁ951nk'1~k'cosk 1)}
Z

( cosk'l + i . sin K'1 =o2usin k'1) - (4.37)

wol'
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which after rearranging gives:

N 2y b b 2
“IN = hblic b}WEIT (cosk'l -TE,-Slnk'lJ + iisin k‘l{l—(zKT—) ]
b ZH o
(cosk'l =—.sin k'1l)- i———— .sin k'l -———= (4..
2k Yo1 ' - :

If we consider the limiting case when b << k' that is, for a
transformer having a gradual taper or designed for high

frequencies then equation (4.38) becomes:

Z
T o= 1 bll_—il_. 11 3 7 k! | '
iy = Wyp'e ® e wg1 'COS K 1 + 1.s1n I (4.39)
_ ZH :
cos k'l _ 1 ~-sin k'l
Yol

which with slight rearranging is readily seen to be identicél
to equation (4.17), giving the input impedance of a pérallel
rod system, with'the exception of the multiplier ebl.

If an Exponential transformer is connected to a parallei
rod section then the input impedance of the latter becomes the
load Ly applied to the horn. Therefore from equations (4.17)
and (4.39) it can be seen that the load is transformed at the
input end by'the factor ebl and we may write:

A 2 — - (4.40)

This property can be employed in order to match the

impedances of successive elements in a rod system.

4.4.2 Input impedance of a loaded stepped horn

If the force and velocity amplitﬁdes at the ends and mid-
section of a stepped horn are as shown in Fig. 4.9 then the
eQuations defining the distribution of forceland particle
.Vélocity amplitude in the two parallel sections can be written

directly from consideration of equation'(4.l7), (Section 4.2)

F. =F_  [cos kl; + iy . ¢ N )
mo my 1 ol . my sin Lll] %
. le y T (4.41a)
. rcos k1 + ;Tl‘ . sin k1.} )
CEmg T aml[ 17 1 )

w
ml. Ql
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W
. . ] 0 i
le = F [cos ke, + 1 ; 2 sin ke,] %
Eml ‘z gml [COS ]\)uz - lr. sin -1{2'2] )
' °2 )

where wo and_wb are the wave impedances of the wide and narrow
1 2 '

sections respectively; 2 and 2., the respective lengths and Z

2 H

the load impedance applied at the narrow end. F_ and €. MAY
- 1 1

-be eliminated between equations (4.41la) and (4.41b) giving the

following expression for force and motional amplitudes at the

input to the system:

Wo .
Foo = Fpp [cos, + iiﬁg.sin ke,]cos ke, + iemefcos ko, +
Zy ;
i — sin kizéwbl sin kg
W, I 1
E =& [cos k&, + i —. sin ka,]cos ke, + i.F
’ m mg, - 2 W 2 1 * ml
0. . : 02
W :
oMo, 1 o _
[cos ke, + 1_2;— sin k£2]§€~ . sin kay === (4.42)

_ 1
The above expression may be simplified by considering particular

- values of the lengths 2, and 2,, viz. when %9 = %, = A/4 that is
for a quarter waveléngth stepped horn, then since k = %1,
cos k21 = COS kﬂz = 0 and sin kﬂl = sin kaz = 1 equations (4.42)
become: 7
- " H y -
Flmo - Eml 1‘;";"‘ 01 S TmEmEmmses- . [4.43
. '
and ¢ =-F_ %2 1
m M » ot ———_
o] L ZH Wo
1 F _
The input impedance is given by Zin = M5 and we may therefore
®mo

write the equation for the input impedance of a ‘quarter wave

stepped horn as:



zol
ZIN = ZH (w_' """""""""""""""" (4-44)
)
but sinc:e.wol ='ngc and woo = SIQC where_s_O and Sl are the

area of the large and small ends respectively it is readily
seen that the load impedance is transformed at its input‘by the

fourth power of the diameter ratio N i.e.

o memmmemmm e (4.45)
Zy = NTZy . |

4.5 Analysis of a conical horn

4,5.1 Determination of the velocity and strain

distribution along an unloaded conical horn.
The distribution of amplitudinal velocity and strain along
a conical rod system, may be derived from the general wéve
equation (equafion.(&.Zﬁ)) by substituting inté this the
appropriate taper law. If we measure distance along the horn

from the wide end then the variation in area is given by the
D .

expression: s = s, (1 - ax)? mmmmmmmmmeem== (4.46)
where a = E%igg , and Ri and R2 are the wideland narrow end
diameters réspectively.

Substituting for é .%% in equation (4.26) we therefoie

obtain the wave equation defining the pafticle.velocity
distribution:

2, -
i 2 dé

m 2 _ ,
GE I E YKo e (447
_ S .

The general solution to this equation is readily found by
series substitution assuming an expression of the general form

. o A+n
& = L a,.p
m n=0

This gives, after some manipulation(ﬁs):

. o .
Em = il [Al cos kx + AZ sin kx] ——m————- (4.48)




1
wave number given by: k = 2u/A.

where once again, A, and A, arc arbitrary constants and k the

Al and Az

conditions at ecach end of

may be determined by considering the boundary

the unloaded horn. If we assumec  that

the horn is driven at the wide end by a matched transducer which
induces a velocity £ . at X = 0, see Fig. 4.10, and also that

“the oscillatory strain is zero at both ends of the horn, then

dg
mo o O e
= Q when x = 0 or & | (4.49)
Differentiating.equation (4.48) we obtain:.
dg 1 : . )
ST I ( (kA, sin kx - kA cosrﬁ+ 1 (A, coskx + A,sin kxj)
dx (x-2) (1 . LOSKFT A COSKE T 298 )
| ( - X o )
——-— (4.50)
~ Applying the boundary condition at x = & to equation (4.50)

. - oL i .o
: - ’a A’ + + " + < =
~gives: - kAysin ket KA, cos K& +y—-7(A cos Kkt + 4, sin ke) =0
and on rearranging we obtain: |

. ( k(1-c2)sin kg-acos’ kg )
A

2 =4

A )
( k(1-x2)cos kia+asinki )

Similarly,-considering-the'boundary'condition at x = 0 we have

from equation (4.50)

kAz.a + Alaz =0
- «
OT A, = =Aqp  —=--=mmrmoooso s oo mo oo (4.52)
and from equations (4.51) and (4.52) we may write:
e _ k(1 - ap) sin kg - acos ks B 153
.k k(T %) cos k& + asin k& =~ CTTTTTTTTTETTTT (4.53)
- R
f_ .
Substitutingae = %El’ where N = = and rearranging we obtair
B , 5

a transcendental function

relating the transformer length and

end diameter ratio for a given value of wave number, k. Viz.

ko

tan kg = (k2)°N

(1 -N°

—— T py —— A S e -

+ 1

Graphical solutions may be obtained expressing k2 as a function
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of N. The resulting curve thus defines the conditions under.
. which resonance occurs when the horn is unloaded.
The velocity distribution may be found from the condition

that t,m = Emo at x =0

Substituting this value into equation (4.48) gives:

Emo - “aﬂl

and from equation (4.52):
= ¢ _ £mO
S A5 S

Equation (4.48) may be rewritten:

£ Mo ( , : _
£ =-%:E§ 'E cos kx - %-sin kx%' ------------------ (4.55)
m , .

'The gain may be determined by considering the velocity amplitude
at the narrow end of the system, from equation (4.55) this
becomes:

. no
Em?_, l-a..Q (

( D B
(cos k& - r-sin KoL) =-mmmmmmmmmm e (4.56)
_ ) :

. - _ N-1
on rearranging and writing o = Ni—

2P = N(cos K& - Sk . sin k&) -mom-mome- N C Y5

Emo
The relationship between gain and diameter ratio N may be

determined graphically from a plot of N agqinét the function kg
derived from equation (4.54) These basic design‘curves'for an
unloaded conical horn are shown in Fig. 4.11.

It is iﬁportant, when operating in the standing wave régime,
to attach the resonant wave guide to the external structure at
some point of minimum mbtional amplitude. The displacement node
on a half wéve—length tapered rod does not coincide with the
mid-planc but may be found by equating the formula for velocity
distribution, to zcro.

Thus, from equation (4.55) we obtain:
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: £ (
&y = mo (cos kx —-% sin kx ) = 0
l-ax ( : )

and tan kx = k

- 5

-1
. = 1 ke
andC I\tan E. ----------------------- (4 58)

4.5.2 Derivation of the force distribution and impedance

transformation characteristics of a loaded conical

horn,

It is convenient in considering a tapered fod system loaded
at the narrow end, to measure distance élong the x-axis from the
plang of application of the load. If-a complex load Zy is
applied to the narrow end of a coﬂical horn, and the force and
velocity amplitudes at each end of the system are as indicated
in Fig. 4.12 the oscillatory force and velocity distribution may
be determined ffom the general solution to the wa?e equation in-
the following way: |

The taper law is modified by the change in origin of‘thé
system.and the expression defining the variation in Cross
sebtional area becomes: S =.So (1 + asz —————————— (4.59)

R, - R

in which @ = —=x = =

Equation (4.48) the general solution to the wave equation, is

written:
- [+
£ 5 —— (Al cos kx + A

- sin kx) -==-=-=-=-- (4.60)
a X+1 -

2

The analogous expression for the oscillatory force distribution
is obtained from the relationship:

_ S.E. dép

- Fm 1w dx
which on substituting for S from equation (4.59) gives:

B 2 E dfm
Fm = So(1_+ ax)”. T - T
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| , CE
w! 2 d°m '
- i I-O’q’ . (1 + ax)- -a—).(.._. __________________ (4.61)

’ t : .
where W0£ is the wave impedance of the horn at the narrow end.

Substituting for dfm in cquation (4.61) we may write:

X
. w! o '
_ . 0% 2 o . )
n = +ax) ., —2—— :
?m 1—Ef (1 +ax) (ax + 1) Ek(AZ cos kx - Al sin kx) - Em )
W’" ) ) |
. . 2 . .
= 1 _%— a(l+ax)%k(A2COS kx - Aysin kx) - gm) -------- (4.62)

The values of the arbitrary constants A, and A, may be X
determined by considering the boundary conditions at each end
of the system. Viz. Fm = Fmg and ém = émﬁ at x = 0 and Fm = Fmo
and ém = émo at x = 2.

Considering the loaded end of the horn we may write:
;.Wol,a (KA, - Eme) and gmk = cA
kT '

Fmp = - 1 1
F £ _ |
*UA, =iy T e (4.63)
2 . Wor.a
but since ‘m¢ = ZH’ the load impedance, then
Eme
Ay =fme (. B, o)
1 +
a Wo g X))
A Z o
oT ;\.__ = i. “r'H + E ------------------------------ (4'64)
1 oL ©

using the relationship Emg = mAl

Substitutihg for &m in equation (4.62) and dividing by Al we may

write:
. Wéz Az
-Pm = - i X a(l . + ax)Al B(Kz cos kx - sin kx)
A
- (cos kx + i sin Kyx)| ===ceemmmcmeeceoeo (4.65)
aX+1l ' 1 '
AZ : :
Eliminating . between equations (4.64) and (4.65) and
1. . _
substituting for Al gives:
Fm = -1 “"me . ﬁ"(l + GX)(k .ZH a | . . a\ ..i
- o ¢ (1g7ﬁ * p)cos kx - ksin kx - (ax+l)c°5kx§

o
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Zy
_ G (i I

+ &) sin kx)
ax+l Wog! k& )

which on scparating the real and imaginery terms gives:

W 1 (1 ) ( Z k o ZH
m ol +oaX -COS KX - = e
K ( Oﬁ,t | -()‘.}x‘i'l 1\0‘%,

F

sin kx %

2

_ 3 ( , , : o g

= i.sa(l- ) cos kx - (k + 3 sin kx{|(4.66)
T A  k(ex+1) )

The input impedance is given by ZIN = E%% at x = & and from

'equatlons (4.66) and (4.60) we may write:

2 : 2
Wol ( o ‘g ke - (k+2
k S [(Lf L' cos kg ~—— o .sinkl) @4+1°COSLQ (L;"E?I
. 0 T ep+1 ol sinkia *
IN N ZH .
(cos ke + g sin k1) + d—gpe o sin ko g g9y

when o« is set equal to zero in the above equation the

expression reverts to that of a parallel rod system, viz.

: v
W o t 4
Z - 0% k. . cos kx + 1i-k sin kx
IN k Wiey = . ;
o}
i
cos kx + i-ﬂii—. sin kx
: woi'

which on rearranging is readily seen to yield equation 5% )

the input impedance of a homogeneous rod system.

7 . = cos ke + 1, . sin ki
IN ~ Wou, s ettt (4.17)
< . :

Yoo
w— COS ke + i.sin ks
H

where Vo is the wave impedance of the rod.

The reactive component of the input impedance of an un-

loaded conical horn is found from equation (4.67) by setting

Z,., = 0 thus: al ‘ . az
i ] ’ a.coskz(u£+ l) - sin ke(k + k[a£+ﬁ)
Zin =-iowge '

cos kg + % sin kg

and writing of = N-1 we have:
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2
(N"l) l . - -
ZIN _ - (ET Scot k) ke (4.68)
W' ke .cot ko + N-1 |

where\fof_is the wave impedance at the wide end of the horn.

‘This expression agrees with the solution for the
impedance of an unloaded conical horn, given by Merkulov and
Kharitohov(68). It sﬁould be noted that at resonance the |
reactive impedance is zero and that it only assumes é positivé
value when either the frequency, de fined by k, or thé length,
dosnot satisfy-the conditions for resonance,'viz. Fmo =.O.

This feature is important when considering the design of a
-system which is required to operate at frequencies slightly.
above or below fo (the resonant frequency). Under these cir-
cumstances the frequency dependance of the reactive part of the
input impedance limits the load which can be applied .to the
transformer, for satisfactory operation. This characteristiﬁ is
,iilustrated in Fig. 413 for exponential conical and sﬁepped hdrné
and it will be seen that the stepped transformer is particularly

~sensitive to small shifts in operating frequencthB)

. For a
~given amplificatioh a conical horn shows the minimum frequehcy
dependence and_is édnsequently more suitable in certain
applicationé;

The properties of a conical horn will be considered later

in relation to the design of the oscillatory apparatus.

4.6 Design of Radial resonators

In section 3, the choice of vibrational mode for the deep-
drawing process was discussed and it was concluded that radial
oscillation of the die would produce beneficial effects which
could not be achieved with a longitudinal mode. However, such
an objective is less easily achieved since, ﬁhen considering

radial systems, it is necessary torregard the tool as an integral
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part of the waveguide rather than an ‘attached mass' as in the
axial Countcrpart(ﬁg). The acoustic system must thCTCforé_
satisfy not only the criteria for radial resonance but also
the geometric constraints imposed by the technological
reqﬁirements of the working process.

Fof some cold drawing operations, involving dies of
circular sectioh, éhe basic acoustic problem may be considered
as one of radial wévé motion in an annular disc. . Consideration
has been given’ﬁo two concepts which led to independent‘
‘solutions to the wave equations defining radial mode vibration.
The first involved a detailed analysis‘which took account of
both radial and circumferential strains in an annular section
and led to a solution which predictéd the ring geométry'for.
true radial resonance at a givén freqﬁency(7o).

The problem was also posed in slightly different termé,
by considering the wave motion in isolated segments of an -
annular disc, namely by ignoring the circumferential stfainstTl}.
This concept 1is justifiéd in practice if the plate under
exaﬁinatibn is divided into segﬁents, by machining narirow slots:
extending to within a short distance of both circular |
extremities. |

These solutions are derived in Appendix I and e\perlmental

v1dence of the validity of the ‘analyses is dlscussed
4.7 Summary

The original intention of this research programme, as
discussed in sections 1 and 3.2, was to examine the axisymmetric
problem of cup drawing using a radial resonator designed
spceccifically for that‘application. Howéver, it proved
impracticable to produce a pure radial mode within the time
schedule of this investigation and it was therefore decided to

adqpt a o dimensional test for which axial ‘oscillatory
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systems were appropriate. The development of high inténsity
radial resonators was undertaken concurrently with the
construction of the oscillatory apparatus and it is only
recently that a sufficient understanding has been aéhieved

to permit the design of suitable axisymmetrié osciliatory
:apparatus.

| The review of acoustic theory and in particular the
analysis of a conical transformer, were considered essential
to an undefstanding of the operating principles and design
criteria of the oscillatory apparatus described in section 5.
The analyses and solutions considered above also contribute to
'an understanding of the physics and mechanics of the process
being studied and permit a rational evaluation of the
oscillatory phenomena observed during this reéeérch programme.
Reference to the theories described above will therefore be

made in the following sections.



- 101 -

S. Design of Oscillatory Wedge Drawing Sub-press and

Ancill ary Equipment,

5.1 General requirements of the apparatus,

Three principal objectives were considered in the design
of the oscillatory sub-press, namely:
(i) the test should embody the basic forming characteristics of -

-

the cup drawing process and should be closely analogous to
this operation within the limits imposed by certéin inherént
features of the wedge test.

(ii) the apparatus must provide a facility for the accurate
measurement of the friction force associated with the blank
holder load. It should also incorporate some means of
assessing the die radius ffiction component of the punch load.

(iii) the size and dispositioh of the forming tools employed in

the wedge test should be compatible with the acoustic re-

quirements of the system.

Apart from these fundamental considerations an attempt was
made to incorporate two other important features into the sub-
press désign. These were: .

(i) an hydraulically activatéd blank holder system giving
coné;ant blank holder.forcé fhroughout the drawing.cycle, and

(ii) a means of ultrasonically activating the pressure plate or
wedge die whilst monitoring all of the relevant process
parameters. -

It was concluded after careful evaluation of the above
‘requirements that these conditions could best be satiéfied by a
wedge test hgving bi-axial symmetry. Such a test would.thérefore
represent the simultancous deformation of two diametrically
opposed radial segments from a plane circular blank and would

involve a sub-press having two pairs of die and blank holder
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tools. It is recadily seen that such a system permits the
measurement of the blank holder friction force associated with
cach end of the wedge test piece, by placing a load cell of
suitable design between the two horizontally opposed pressure

plates. This general arrangement also allows the test piece to

be drawn through the wedge dies using a punch whose axis lies in

a blane normal to that of the die axes and thus closely re-
preéents the-situation in axisymmetric cup drawing. _

In this system, the two dies or blank holder plates may bé
attached to the output ends of identical axial resonators which
are driven in phase, by the same electrical power source. This
general arrangement is shown in Figs. 5.1 and 5.2. The blank-
holder.plates are loade& by éeparate hydraulic cylinders which
apply a thrust to each end of a stiff beam supported on the
upper surfaces of the pressure plates; by rollér bearings.
Details of this design will be given in Sections 5.3 and 5.4
describing the friction load cell and blank holder assemblies.

In Fig. 5.1 the sub-press is shown mounted on the movable
crosshead of a 100 tonf Avery mechanical testing machine. The
punch assembly is attached to a fixed crosshead at a convenient
height and located so that it passes between_the dies when the
sub-press 1s raised. The capacity of the festing machine in no

way reflects the anticipated drawing loads in the present test,

but the machine was chosen for its convenient dlmen51ons and ram

velocity characterlstlcs.

5.2 Design of the Acoustic System .

5.2.1 General considerations. b

The acoustic system, consisting of magnetostrictive trans-
ducers and coupling waveguides, was designed to fUlfll certain

oscxllatory rcqulrements whilst bearing in mind the wedge test

geometry, ¢

[

By —



Fig. 5.1 Wedge Drawing Sub-press




Fig. 5.2 Components of oscillatory sub-press

te Concentrators L. Blank holder assembly

2e Blank holder plates 5. Punch

3 Die support blocks 6. Wedge drawing dies,
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The general shape and dimension of wedge test picces, used

by other researchers,(54)

were considered in Section 3.3 and the
scale of the present test was decided largely inlaccord with the
capacity of available electrical senerator equipment used to
drive the oscillatory units. The design and manufacture of the
"test pieces is described in Section 6, where it will be secen
that the dimensionskwere such as to permit a maximum drawing
ratio of 2.50:1 using toois of 2 in.overall length.
With this parameter in mind the a;oustic system_ﬁas
deSigned to fulfil the foildwing requirements:
(i) Longitudinal resonance should be maintained at.the design
.frequency, with the tools atfached to each wave system.
(ii) the unloadéd motional amplitude in the attached tqols-
should be of the order of 0-002 in peak to peak.
(iii) ‘the variation in displacement amplitude élong the wedge
tools should be minimal, |
In order to achieve a P-P displacement amplitude of 0-002
in. it was clear that the system must be designed to operate in
ﬁhe standing wave régime and that some appropriate form of
velocity transformer must be used to couple the transducer and
tool assemblies. From the properties of such devices, diécﬁssed
~in Section 4.3, it was considered that the conical transformer
was most appropriate to the present application. This choice
will be fully justified in the following section.
The operating frequency of the system was chosen as 13-0
kHz in order to ﬁtilise readily available magnetostrictive
transducers of a suitable design for attachment to the trans-

formers.

5+2.2 Design of the Velocity Transformer.

The maximum motional amplitude that can be achieved in an
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unloaded magnetostrictive transducer is of the order of

-4. 2 ' . - . .
6x10 41n(?“). A transformer with a velocity ratio of approx- .
imately 4:1 was therefore required to produce the specified

output amplitude in the wedge tool. From the characteristic

curves derived for conical, stepped and exponential concentrators,

Fig. 4.7, section 4.3, it is apparent that this gain may be

produced with diameter ratios of 9, 2 and 4 respectively for the

above types of transformef. The corresponding'curves showing
the velocity distribution along the respective halfwave
transformers are shown in Fig. 5.3. This illustrates that the
Yariation in particle velocity over the end 1.50 in.assuming a
resonant frequency of 13.0 kHz, is 18.5% for Stepped and expo-
nential horns compare& with bnly 9.0% for the equivalent
conical horn.

A second important consideration was the frequency
dependence of the reactive input impedance of the three trans-
formers considered. This factor was discussed in Sections
4.4 and 4.5 where it was shown that in the case of the stepped
horn, the input impedance ishextremely sensitive to small
variations in the driving_frequeqcy (in relation to the resonant
frequency), see Fig. 4.13. Since it was proposed to use two
resonant systems in the oscillatory wedge test, this feature was
considered to be a distinct disadvantage, the implications of
this characteristic being: | '
(i). that any deviation from the resonant frequency of a system

raises the reactive input impedance above zero and hence

recduces the maximum values of the oscillatory quantities
for a given power input to the transducers.
(i1) a small difference between the resonant frequéncies of the

two oscillatory systems could result in a significant
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variation in the motional amplitude of cach wedge tool,

if stepped horns were used. This is felated to the

discrepancy between the resonant and driving frequcncies

of each horn and its effect on their respective rcactive
input impedances.

It was therefore apparent that in this low gain application
the conical horn represented the most satisfactory transforming
device, also offering the advantage of reduced machining costs
compared with the exponential type.

The length of the conical horn was determined from the
g?aph of N against k1 in Fig. 4.11 (section 4.5.1) where k is
the wave number gi?en by 2w/k and A is the wavelength of long-
itudinal waves in a parallel section.at the design frequency.
The large diameter of the horn was fixed at 5.in.so as to
accommodate 16 Ni-Cr-Co magnetostrictive transducers which wére
compatible with 'a power input to each vibrator, of up to 1.5 kW.
It was ‘then a simple matter to determine the small diameter and
apex angle of the conical horn. Details of these calculations
are given in Appendix II. A photograph of the transformers |
with wedge drawing dies and transducers attached is shown in
Fig. 5.4. Detalls of the_tfansformer construction are given

in Fig. 5.5.

'5.2.3 Material

In order to simplify the problems associated with acoustic
maching of the téols and transformers and to ensure that the
vibrator units were as ncearly identical as possible, the same
‘material was used in the production of all items compfising the
‘wave guide and wﬁrk tools. |

A conventional deep drawing die steel was selected, which

was readily available in a number of suitable heat treated
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conditions. The steel chosen was Carr's P552, a 110-tonf
‘U.T.S. material capable of case hardening to 54-56 Rockwall C.
Details of the composition and heat treatment of each

component of the sub-press are given in Appendix III.

5.2.4 Transducers . .

Magnetostrictive transducers with an operatiﬁg frequency
of 13 kHz were chosen since they were of a robust construction
and readily available, together with the necessary electrical
generators. The transducers, supplied by Ultrasonics Ltd.,
were made of nickel alloy laminations which were bonded together
using an epoxXy resin, and brazed into steel stubs. The stubs
" were threaded at the free ends to facilitate attachment to the
main elements of the pscillatory system;' Each 1aminated.core
was surrounded by an insulated copper coil having a predetermined-
number of turns and supported on a paxolin former.

5.2°55 Mounting system.

The attachment of tileoscillatory system to the main
strucbural elements of the apparatus required SpeClal con51der—
atlon in order to avoilid excessive damplnn of the elastic waves.
In the standlng wave reglme rigid attachment of the wave system-
may be made at a nodal plane, of minimum displacement. However,
in the travelling.wave régime in which there are no motional
nodes, rigi@ attachment inevitably leads to atfenuation unless

-a specially designed isolating member is used. This normally
‘takes the form of a tuned sleeve which fits around the wave

guide and is metallurgicaily bonded to it at one end. The
isolating sleeve may be either a quarter.wavevlength or half
Wave-length long. In the former case, under resonaﬁt'conditioné,
a nodal plang occurs at the end of the sleeve not attached tb

the waveguide, when this is rigidly clamped to the supporting
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structure, sce Fig. 5.6(a). -When a half wave-length slecve

is used, rigid attachment is made at the displacement node

formed at its mid-plane. This is shown in Fig. 5.6(b).

Aithéugh the present system is designed to operate in the

. standing wave rggime some energy will be transmitted out of

the system at the working head causing a'travelling'wave to move
through the wave guide. Under these circumstances, there will
be some oscillatory motion in the nodal plane of the transformer.
It is therefore appropriate to employ some form of tuned
isolating system.

A convenient method in the present case involves the use
of é circular disc or flange, tuned to resonate in a flexural
‘node at the design frequency of the longitudinal‘systemc?s).

The dimensions of the disc are chosen so thét a flexural node
is produéed at the outer circumference when the inner edge is
excited by the axial system to which it is attached. Such a
device is normally attached at a motiénél node to minimise the
¢ffects of a change in frequency during operation. The.
érrangement 1s i1llustrated in Fig. 5.6(c).

Even when the above factors are considered in the design
of the isolating system, losses can still occur, by the
propagation of radial vibrations through the mounting flange.
Sinée a longitudinal displacement node is coincident with a
force antinode? under standing wave conditions, maximum
tranéverse strain occurs in this plane, its value being
related to the Poisson charactéristic of the materi#l. If the
dimensioné_of the mounting flange attached at the nodal plane
are such that radial résonaﬁce occurs at the operating frequency,
then considerable damping of the wave motion will be caused by
clamping the plate to a rigid Structure. It is therefore

important when designing the mounting flange, to ensure that
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its dimensions are not compatible with rﬁdial resonance.
Calculations determining the mounting plate dimcnsioné
are given in Appendix IV, where it will be noted that overtone
modes are used to ensurc that the plate dimensions are
compatible with the horn profile at the nodal plane of
~attachment. -
The mounting platé was attached to the conical trahsformer
using a threaded connection and locking plafe. ~This afrange~

ment is shown in Fig. 5.5.

5.2.6 Tuning of the oscillatory systems

The dimensions of the conical transformers were calculated
so0 as to satisfy the requirements for resonance at 13 kHz in
the unloaded condition using the relationships derived inﬁ
section 4.5.1. However, no allowancé_was made in these
calculations for the attaqhmenf of the wedge drawing tools, and
since-each tool represented a marked depafture from'thé»calj
culated horn geometiy, it was not possible to incorporate the
wedge dies within the tapered profile of the concentrators:

The attachment of such a mass constituted a reactive load,
having inertial characteristics which resulted in a'reduction
in the resonant frequency of the loaded system, relative to

the unloaded condition and produced a corresponding drop in

the motional amplitude albng the horn. This feature was

related to the change in operating conditions of the transducers
- which were designed to function within a specific frequency
range. In order to restore the optimum resonant conditions

it was therefore necessary to tune each system by shortening

the concentrator lengths until resonance occurred at the

design fréquency of 13 kHz, with the wedge tools attached.

The problem of tool attachment has been coﬁsidered by
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(eé)

several researchers in the ficld of high intensity ultrasonics

and 1t is apparent that two significant factors influence its

effect on the oscillatory characteristics of the waveguide,

namely;

(i) the change in wave velocity associated with the differing
physical propefties of the tool and wdveguide materials.

(ii) inertial éffccts related to the distribution df.mass at
the end of the waveguide.

In the present case both tools and concentrators were
made from the éame‘material which ensured that - the wave
ﬁelocity reﬁained constant in relation to the physical
properties of the tools. It also served to minimiSe-thé
Idiscrepancy in wave impedance between the two components; a
sudden change in impedance results in spurious reflections of
- elastic waves, causing energy absorption and local heating of
the waveguide. Provided that the length of the tpﬁl is less
than A/4 (a critical length‘with associated impedance trans-
ﬁormation characteristics), three possible situations relafing
to this problem have been defined(73);

(1) when the cross-sectional area of the tool is ﬁpproximafely‘

equal to that of the output end of the waveguide.

(11) when the tool cross-section is much smaller than that
of the waveguide, and
(1ii) when the mass. of the tool is large in relation to that
~of the waveguide.

In the first case, compensation for the attached tooi
may be made solely in terms of the wave ﬁelocity. Therefore,
when tool and concentrafor are of the same material, as in
the present case, compensation is made by removing from the

concentrator a length equal to that of the tool.
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In the second case when the tool is short and its Cross-
sectional area is small, allowance may be ﬁade by considering
the ratio of the mass per unit length of tool to the ﬁass per
unit length of concentra.tor(?sj(computed at a constant
diameter equal to the small end dimension). The appropriate
correction factor, de is therefore given by the following
expression

de =

pcSC |
where o is the material density, S the Cross-sectional arca
and h the tool length. The subscripts 't' and 'c' refer to
tool and concentrator respectively.
When the materials are the same, equatlon S 1 becomes
simply;

de =

mirl-m

h IS ¢ )

0O

This correction is considered appropriate for tools of
approximately cylindrical form.

In the third case involving a tool whose mass is large in
relation to that of the‘concéntraun; it has been Suggested(66)
that allowance. can be made Ey removing from the small end of '
the concentratora mass equal to that of the tool. However,
two criteria have been specified in this case; the length of
the tool should not exceed A/10 and the mass of the tool
should not be greater than Sp.A/10, where o is the concentrator
material density and S the end face area. |

.In the present case the tool length was 2.00 in. (_ZA)
and the cross section; 1.00 in.x 1.50 in. The tool mass was
found by weighing, to be.0.738 1lbs, compared with the 5peci£icd
factor, M = SpA/10 = 0,102 1bs. It was decided therefore to.
tunc the s?stem experimentally by successively rémoving metal

from the small end and noting the resonant frequency of the
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concentrator with the tool attached. Resonance could not be
achleved at the original length of 9.61 in.determined from ¢qu-
ation 4,54, andlit was necessary to shorfen the concentrator
~to 7.75 in.when resonance occurred at a frequency of 11.58
kHz. Further decrements were removed until resonance occurred
at the design frequency corresponding to a length of 6.935 in.
The experimental tuning curve is shown in Fig.I5.7_in which
the resonant frequency of the system is plotted against the
reduction in length. . o

The total length of concentratof'remeve& was 2;675 in.l
which showed poor agreement with the wave velocity criterion,
condition (1). The equivalent mass'criterion was then con-
sidered, by célculating the volume of the frustum removed
from the concentrator, to replace tpe tool mass.

The mass. of a frustum is given by the expression:

| . 2 .3
M= (R*h,-R,%h)) = I (tan®a.n,® - Rjhy) ----- (5.3)

where R, Ry, h, and h, are as defined in Fig. 5.8. ‘The value
of h, was determined by substituting in equafion (S.S)Ithe
tool mass for m, and the appropriate values of R1 and hl'
defined by the original concentrator dimensions. The correction
factor di = h, - hq, calculated by this method was foﬁnd to
be 2.494 in.which corresponded to a resonant frequency of
12.70 XHz. The error involved in meking this assumption
would therefore have been 2.3 pef cent which is within the
opérating frequency range. ‘

Other systems examined by the authortﬁg) showed good
agreement using the equivalent méss criferioh and in cases
where the toél mass'compliéd with the condition m/M < 1 (whcre—

M = Sp2/10), the experimental errors in predicting the resonant

frequency of the system were less than 1 pér cent.
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The second concentrator was made to the same dimensions
as-the first leaving 1/8 in,on the length for final tuning
adjustments.

The blank holder plates were weighed and found to be
within 1.5 per cent of the die weights. OA attaching them
fo the tuned concentrators, a shift in frequency of less
than 50 Hz was noted. The experimental data for the tuning
procedure is given in table 5.1.

In each case the attachment of'wedge dies and blank
holdefs to the concentrators was effected using a threaded

stud and to ensure good contact of.the mating surfaces,

copper washers, cut from annealed 0.005 in.strip, were inserted

between the ground faces before fitting.

The final consideration after tuning, was the 1ocation‘
of the motional node on each concentrator. This was found
using a jockey wire in the form ofscircular ring which was
allowed to resf freely on the surface of the concentrator.
Under resonant conditions the ring moved towards thé plane of
minimum motion which was then iden;ified as the node. The
.position of this plané was foﬁnd to have been displaced to-
wards the 'smali' end of the concentrator as a result of the
tool attachment, compared withhthe calculated position for the
original conical transformer.

5:3 Design and construction of the wedge drawing tools,

5.3.1 Wedge drawing dies_

The dies consisted essentially of a tool steel block with
a wedge shaped recess machined into the upper surface, leading
at the narrow end to a radiused protrusion, Fig. 5.9. The
included wedge angle was 28° and the recess depth 0.125 in.
Recesses were machined into the front of the die block

(bencath the die.radius) into which could be located corres-



Table 5.1 Tuning data for Conical Concentrators.

Reduction in concentrator

Resonator Frequency

length, al (in) kHz
0.246 11.56
0.420 1 11.82
0.648 12.19
0.901 12.62
0.982 12.78
1.011 12.78
1.085 .

12.96




w’l
L1083 Civa
R
| SLF-2
JTO8 g}
-J
< —
M o w . .BEY 0 -d
v B
I A E L
- _ -
T
I ' u..orl..m
_ :
9 s N e
'y ./ a
¢ _ _ 14”./th
T
PR :
: 3
< o
L2 A
[
= . _
Hu -
.Mn n\........r
- 1l — - .
- W
N
1 t
Lu#l . .o
. oY
i 1 £ o4
z £ Q
AV e T
SR—
joos e
LY
. lllll.f
Q001

o o
-nouo.ﬂaﬁvnvﬂ.-

= >
»005. O
_;Woo:ﬂ
-
. OL-of
goo-3

—

2.00" froor"

1
-

-—  —

B
R
1s
| v

-
| —

vl
_ 7

1
©50

'
OHe

e L

o0g-!
.500.3 = s

Drawing Die.

Wedgye

Fig. 5-9



ponding lugs on the ffiction load cell when operated using-
activated blank holder plates. The dies were attached to

the narrow end of the concentrator using threaded dowels

which located into counter-bored and threaded recesses in the
dies and transformer end faces. Care was taken to ensure that
the axeé of the threadéd holes in both dies and transformers
were Perpendicular.to the end faces so that good contact was
achieved between the mating surfaces. To this end the mating
faces wefe surface ground after heat treatment. The‘ground

surfaces of the wedge profile were £inally polished to a

3pin. finish.

5;3.2 Pressure Plates.

The pressure plates were machined from steel blocks of
the same overall dimensions asl the dies. In the primary
opefating mode, 1.e. with activated dies, they were designed
to 'float' on top of the wedge test piece, being held apaft
Ey the friction load cell located between theﬁ, figs. 5.10 and
5.14. The machining tolerances ensured that sufficient
clearance existed between the adjacent-edges of the corres-
ponding wedge profiles, to allow.005.'1in, relative axial motion
of the die and blank holders before interference occurred
between the respective wedge surfaces. Accurate location of
the blank holder plates was finally achieved by adjusting
the concentrator mounting saddles with the friction load cell
in position. Any greater clearanée was considered likely to
lead to extrusion of the blank'between the adjacent edges of
cach pair of tools. The blank holder plates were designed to
be interchangeable with the dies so that either pair of tools
could be vibrated. Attachment holes were therefore located in

“the rear end faces of the blank holders corresponding to

those in the dies,

e b e Sy
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Die and pfcssurc platc blanks were machined from the
same anncaled bar stock as the conical transformers, the
dimension being left .00l in oversize to allow for final
surface grinding after heat treatment.

The tools were case hardened in a cyanide bath to a
hardness of 54/56 Rockwell C. Details of the heaf treatment
~and material specification are given in Appendix III.

5.4 Hydraulic Blank Holder Assembly.

' 5.4.1 General description,

The load was applied to each blank holder plate by two
hydraulic cylinders situated symmetrically over the die blocks
and connected via a common line to a hydraulic ?ump unit.

The general disposition of the blank holder assembly is
indicated in Fig. 5.11 where it will be seen that the cylinders
are located in a flat plate supported by plane vertical

members welded to theibase of the sub-press; The lower surface
of each die is supporfed on a cylindricai thrust block fitted
with a continuous track ”Tychaway“ roller bearing.

Details of the blank holder assembly are shown in Figs.
I_S.ll and 5.12. Each cylinder body incorpoyated a hollow
cylindrical section surmounted by a'mounfing flange which was
located in the upper supporting plate. The reduced sections
formed load cells on which were mounted strain gauge bridges.
To avoid tilting of the pistons during drawing, each piston
was attached to a.rigid beam passing over the two pairs of
wedge tools.

This beam was subjected to a gradually increasing
bending moment as the test piece was drawn through the wedge
dics. It was therefore made sufficiently rigid to reduce the
deflection at its ends to negligible proportions. The thrust

was transmitted to the blénk holder plates through specially



Fig. 5.11 Blank holder assembly
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designed roller beérings which were fitted to the underside
of the beam at each end. These bearings were incorporated
to minimise the degree of acoustic coupling and to reduce the
frictional drag on the upper surface of the Elank holder plate.
The design of the bearings will be discussed in section 5.5
dealing with the friction load cell.

All of the components for the hydraulic blank holder
assembly were manufactured in p552 alloy steel. Details of
the heat treatments and surface finish are given in ;

Appendix III.

5.4.2 Blank holder load cells.

The blank holder load cells incorporated in each of the
cylinder bodies are shown in Fig. 5.12. They consisted
essentially of hollow cylinders situated between the mounting
flénge_and main cylinder body of each unit. The inner and .ﬁ
outer radii were chosen to give a CTross séctional area
consistent with a maximum strain requirement of 0.0l%lfor a
blank holaer load of 1000 1bf which was the maXximum lqad. |
attainable. Eight 120 ohm foil gauges were mounted as shown
in Fig. 5.13(a) using vAraldite" epoxy résin to attach themn.
Four gauges were aligned axially and four circumfefentially,
taking careto position them symmetricaily at 45° intervals,
thus ensuring full compensation for bending due to possible
non-axial loading. The use of transverse and axial gauges
mounted consecutively gave maximum sensitivity and also - ;
provided satisfactory temperature compensation when apprOpriat-g
ely connected. After allowing 24 hours for the cement to |
cure at room temperature the continuity and resistance\to
cavth of each éauge was checked before wiring the bridge
using the circuit shown in Fig. 5.13b. At this stage, the

resistance to ‘earth of the bridge was again checked before
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applying a coating of di-gel to waterproof the instrument.
The insulation test indicated a resistance of greater than
10 Mohm which was considered to be satisfactory.

5.5 Design and Construction of the Friction Load Cell

5.5.1 Mechanical aspects.

The purpose of the load cell was to meésure the .friction
force acting at the intérface between the test piece and the
blank holder plates. By placing between the pressure plates
a suitable mechanical link, it was considered possible to
héasure-the compressive. force induced in it by the mutually
opposed friction forces associated with the deforming ends of
the test piece. The.link was also designed to locate the
blank holder plates so that no contact occurred between the
corresponding edges of the biank holder and die wedge profiles,
during drawing. In principle therefore,the pressure plates
B and link formed a single unit which 'floated' on the upper.
sﬁrface of the testpiece in such a way that the load cell was
subjectedlohly to a coﬁpressive strain. In order to ensure
that this was the case, the coupling between the blank hbider_
plates and load cell and also the method of applyiﬁg the hold
- down pressure were designed to eliminate bending, as far as
possible. |

The basic design of the load cell is shown in Fig. 5.14.
1t will be seen that the load cell is essentially a hollow
reétangular cylinder with radiused lugs protruding from each
corner. The lugs were designed to locate in equivalent
recesses machined into both blank holder and die tools. In
the original load cell design the depth of the side membefs
did not exceed the lug height which - made it possible to-insert’
the 1ink between elther the dies or blank holder plates

according to which pair of tools the vibrators were attached.
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This design also made provision for pinning the tools to - the
load cell by inserting 3/16 in.dowels through the drilled
lugs and body of each tool. It was found however, that
éignificant bending stresses were induced in the load cell
using this arrangement. This problem was overcome by introf
ducing_three modifications;

(1) increasing the depth of the side members from 0.375 in.
to 0.875 in.

(ii) providing a clearance around the upper and lower lﬁg
surfaces to.permit,i 0.020 in,vertical movement of the
blank holder plate ends relative to the load cell.

(iii) ﬁodification of the roller thrust races attached to the
undefside of the cross beam, carrying the hydraulic
cylinders, so that the liné of contact of the inner
rollers was close to the end of the upper surface of
each blank holder. ' This is shovn in Fig. 5.11.

The net effect of these alterations was to permit the
blank holder plates to tilt slightly as the test piece ends
were drawn past the mid-plane, without transmitting a bending
moment to the central link. Any slight deflection of the
pressure plates frém.the horizontal plane resulted in the load
being applied at the inner ené of the blank holder plates by
virtue of the design and iocation of the roller bearings.
‘Under these circumstances no further deflection of the platés

could occur until the test piece reached the die exit plane.

5.5.2 Strain Gauge Bridee .

The compressive strain induced on the link was measured
by attaching four identical 120 ohm foil gauges to the upper
'anq lower surfaces of the side members, as shown in Fig..5.14.
The gauges were located symmetrically and conﬁectcd so as to

provide full bending compensition. It was considered that this
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could be more readily achieved with the indicated gauge
positions than by attaching these at the neutral ﬁxes'of the
link, which would havc'required much greater accuracy 1in
locating each gauge, in order to reduce bending sensitivity.
The gauges on each side of the link were connectgd in series
and formed the active arms of the bridge, see Fig. 5.15. The
remaining two arms were provided by four ’dummy‘ gauges
mounted on a separate piece of steel bar of similar section
and thermal mass to that of the link. This unit is shown in
Fig. 5.16 together with the blank holder pldtes and completed
load cell. | |

| The external instrumentation used in conjunction with

this load cell is considered in Appendix V.

§.5.3 Master load cell.

In order to ensure accurate calibration of the friction
load cell it was concluded that this should be carried out
under loading conditions which closely represented those
experienced in operation. This was achieved by constructing
a special load cell which in effect replaced the test piece.
The design of this instrument is shown in Fig. 5.17. It
consisted essentially of two parallel strips of hardened
steel with integral cylindrical ends, threaded in the opposite
sense, and a hollow sleeve screw cut internally with left and
right hand threads at opposite ends, into which the plates
were screwed. A hollow cylindrical portion, serving as the
-gauge length of a load cell, was incorporated in one half of
the unit. This device was then inserted beneéth the hydraulic.
blank holder assembly with the blank holder plates, connected
to the friction load cell, resting on the upper surfaces of

the parallel strips whose lower surfaces were supported by

;he continuous track roller bearings, mounted in the die



Pig, 5.16

Friction load cell (1) with blank holder

plates (2) and 'dummy! gauges,(3)




Pig. 5.17

Master load cell.
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thrust blocké, Fig. 5.18a. By rotating the cylindrical
threaded sleeve in a clockwisc or anticlockwise direction,
the hardoﬂcd stcel cends could eithcf be drawn together or
moved apart. When a load was applied to the blank holder
‘plates, rotation of the sleo?e induced either a compressive
‘or tensile stress in the cylindrical 1link, which'representcd
the frictional force acting between pressure plates and sﬁeel
_ stripé. This in turn was directly related to the force
transmitted to the friction load cell held between the blank
holder plates. The load induced in the cylindrical 1link was
measured by a strain gauge bridge consisting of 8, 120 ohm
matched foil gauges mounted as shoﬁn in Fig. 5.18b. The
bridge circuit and gauge connections were the same as used
for the blank holder load cells - Fig. 5.13, and were des~-

igned as before, to give full compensation for bending and

temperature variation. However, the method of loading and

design of the ‘'master' load cell, in particular the thickness-

.
of the parallel plates, ensured that bending couples were

minimised.

5.6 Punch and punch load-cell assembly

The punch, with its integral load céll and mouﬂting Ting,
was manufactured from P552 steel to the drawing shown in
Fig. 5.19. The lower portion of the punch was made detachable
to permit the use of various width tools and so accommodate
different gauges of test piece material. No -attempt was
made in the original design of the punch assembly to consider
acoustic tuning effects and the overall length of the
system was therefore chosen arbitrarily from this viewpoint.
The punch assembly was mounted on a rigid cylinder which in

turn was firmly bolted to the fixed cross head of the testing
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machine, Fig. 5.1. The load cell was once again based on a
hbllow_cylindrical section to which were attached eight
120 ohm foil gauges in a similar mahner to that previously
described. The dimensions of the loadcell were largely
determined by the scale of the test plece and hence the gengral‘
tool geometry. 'However; the cross sectional area of the load
cell element was made appropriate to.the recquired sensitivity,
by calculating the maximum load based on thelbrdaking stress
of an aluminium wedge test.piece. |

The instrumentétion used in conjunction with the punch
" load cell and each of the other load meters considered in

this section will be described in Appendix V.

5.7. Instrumentation

The instrumentation employed on the oscillatory wedge
drawing apparatus is summarised in.the block diagramIShown_
in Fig. 5.20. Details of oscilloscopes, AC millivoltméter,
DC power packs etc. are given in Appendix V, Table AST,
together ﬁith a brief description of function and associated
circuitry in each case. A list of the galvanometers used in
the wultraviolet recorder is given in Appendix V, Table AS52.

5.7.1 Load measurement

Each load cell formed a bridge circuit requiring an inbut
voltage which was applied across two opposite corners. The
out of balance condition produced a signal which was monitored
across the remaining corners of the bridge. A stabilised DC
~voltage supply, variable between O and 30 volts and with a
meter display,lwas used as the common input source to the blank
holder, friction and punch load cells. A separate supply
was used'f0r the mastér friction load cell which was reqﬁired

only during calibration. The output from each of the strain



“ssald-gns pulmelp obpam AIoje|[1dso 10}  uoljejudwiniisu) 056 B1]

AU Y
"3d00S0O T3S0 o =g}
U ~c -.
‘dwe JQ L=
1 Aw
- AU DY
“.lrl .J«J..J...;,; M
N T SI10SU3S
V ...,1 i/’ll’d) \\ \\_\“ _MCOSOCﬁT -
N I |
% - : 31d Q ﬁ Jt?mmw.irlmruﬁ_ﬂ
<,y X ,*,-iLI_.. s r __oo &
A .
d

e j proj| uool} T
- \u\%u\.\.u-\%tm ‘‘‘‘‘ L = | i dl.j

: . HONNd

[ ][22 prO| .lapjoy yue
"Y3IQYOIIM LIT0IA VHLIN I_/ ] l[29 peo] Iapjoy yueyq
N e — QV...II...
: L = e T Je0npsue.) juswadedsip yound

™ “J3onpsuel)
I8 1D0]3A ﬁ_uczn_




- 121 -

gauge bridges was ultimateli; .cimected to a galvanometer of
appropriate sensitivity, in an ultrg—violct recorder. How-
ever an essential preliminary involved matching the resistance
of the bridge arms in the unloaded condition, so that a étatc
of electrical balance was achleved, giving zero output
voltage. This was done by connecting a potentiometer between
one of the output 'corners' of the bridge and either the
positive or negative input terminal. The correct value of
resistance and its appropriate location were simply found by
experiment using a spot galvanometer with variable sensitivity
in place of the galvanometer in the U/V recorder. This |
technique was applied to each load cell bridge in turn and
the ﬁbrrect value of potentiometer determined in each case.
It was desirable to replace a certain proportion of the
potentiometer balancing resistance by a fixed resistance in
order to increase the sensitivity of the final balanciﬁg
control. The circuit diagram for the five load meter'bridgés
is shown in Fig. 5.21. It was nécessary in the caée of the
friction and ‘'master' load cells, to amplify the bridge out-
put voltage in oxrder to achieve the required sensitivipy.
This was dqne using a Southern Instruments 4 channel ﬁC
amplifier, type M1266. It should be appreciated that the

- load cells described were intended to measure ohlybdirect
stresses and no attempt was made at this stage fo monitor
6scillatory stresses. The frequency response of fhe
galvanometers and amplifiers was therefore not critical
‘beyond the requirement to follow the normal load cycle
associated with this deformation process. However, the
amplifier gain characteristics werellinear between 1.0 and
100 kHz which made them suitable for the ultrasonic stress-

measurements subsequently. considered.
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5.7.2 Dic Motional Amplitude Sensors.

One of the most important oscillatory parameters was the
displecement amplitude of the wedge dies. This was measured
by pilezo-electric crystals which were cemented, using an
epoxy-resin, to the end face of ecach tool as showﬁ in Pig.
5.22. The crystals used were Mullard type PXE5 No. MBIO48;
which were axially polarised discs of 10 mm dia x 1 mm thick,
with plane silvered surfaces forming the two electrodes. The
crystals responded to an axial strain which induced a proport-
ional potential difference between the two plane surfaces. Iﬁ
'spractice, the strain may be produced directly by attaching‘the
crystal to a mechanical element which is subjected to an
elastic deformation or it may result from the inertial forces
associated with high acceleration or deceleration rates_
experienced by the crystal. In-the present mounting location
the latter case applied. Crystals were originally mounted
paraellel to the transformer surface, adjacent to the displace-
ment node, which presented é region of maximum oscillatory
strain. However, the output foltage was found to vary non-
linearly with the die amplitude (measuredIOPticaily). This
was considered to be due to shear strains associated with the-
amplitude variation along the transformér surface and
consequently the alternative method of attachment was con-
sidered. Although this profed to be less sensitive, fhe
crystal voltage/displacement rélationship was linear. The
original crystals mounted adjacent to the nodal plane of each
concentrator were used to give a visual display of the
oscillatory amplitude on a dual trace oscilloscope. However,
in addition to this it was considered essential to devise a
system for continuously monitoring the output from the die

mounted crystals. In order to correlate the process forces
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and oscillatory parameters the output from cach load ceil'and
transducer-should ideally be linked by.appropriate circuitry
to theIU/V recorder so that all fhe data ﬁOuld then be
aﬁailable on a single trace. |

Under operating conditions the crystal output was a sinu-
soidal voltage with a frequency close to 13 kHz. Thié frequency
was beyond the range of available galvanometers and it was
‘therefore necessary to consider only amplitudiﬁal displacements,
or some proportional signal.. It was concluded that owing to
the sinusoidal wave form of the crystal output it would be
appropriate to consider the root mean square voltage, dcrived
by fectifying this signal. This was coﬁveniently achieved
using an AC millivoltmeter.made_by Advance Electrdnics (Model
VM 78). The instrument in question had 12 ranges.cdvering
ImV f.s.d. to 300 V f£.s.d. with attenuator and-amplifier
circuits designed to give a flat frequency response from 1 Hz
to 1 Miz. The output from the amplifier fed a metér via a
rectifier circuit and it was therefore a éimple matter to take
the RMS output from the meter terminals and feed it tHroﬁgh a
suitable matching circuit, to a gélvanometer-in the U.V.
recorder. This arrangement is shown in the .block diagram given
“in Fig. 5.20. The value of the series fesistance, R affected
not only the sensitivity of the galvanometer but also the
‘response time of the output circuit. A compromise was therefore
reéched which perm’zted accurate monitoring of amplitude
fluctuations throughout the testing cycle. This system was
duplicated to provide amplitude data on both concentrators.

5.?.37 Punch Displacement Transducer

It was required to monitor the punch travel over a-
displacement of up to 2.0 in. This was achieved using a linear

potentiometric transducer which consisted of a uniformly wound
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resistance coil 6f 20 kohm and a concentric spring loaded slider
attached to a 1/16 in, diameter rod. The body of the instrumenﬁ
was fastened by a suitable ciamp to the rear vertical: support
member of the suB—press and the slider was activated by a-
spring loaded rod mounted on the punch supporﬁ column. Spring
loading was necessary to_accommodate punch displacements Beyohd
the anticipated depth of draw, which were outside the range of

the transducer. The spring stiffness was such that depression

of the thrust rod did not occur until the limit of the transducer

travei was reached. The positions of transducer and thrust.
assembly were adjusted so that initial contact coincided with
the onset of drawing; that is, at the first contact betweén
punch and test piece. : ' '

The input to the transducer was provided by a stabilised
DC supply which was adjusted to 12 folts. Leads were then
takeﬁ from either end of the potentiometer and connected via a
20 K.ohm resister to a galvanometer in the U/V Tecorder. The
. purpose of the fixed resister was to preventfovcrloading the
galvanometer at the lower limit of the potentiometer resistance.
Details of the circuit are shown in Fig. 5.23.

5.7.4 Punch velocity transducer

The punch velocity was monitored using a Hewlett Paqkard
linear velocity transducer Model 6LV2,.which gave a DC voltage
output proportional to the linear -velocity. The unit consisted
of a high coercive force permanent magnet core which induced a
DC voltgge'while moving concentrically within shielded coils.
The coils and housing were mounted on the sub-press support
frame and the case attached by a threaded connector to a nimonic
rod, of similar cross secction, which was screwed into the fixed
crosshead of.the testing machine - Fig. 5.1. The length of the

mounting rod was chosen so that the drawing displacement could

Tt e o S o =
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be accommodated within the working stroke of the transducer,
which was 2.0 ine.-

The output from the transducer was taken directly to a
galvanometer in the U/V recorder. Under opcratihg conditions
however, it was found that a significant alternating voltage
component was superimposed on the DC signal from the transducer.
Investigation showed this to be a function of the testing

_machine hydraulic unit and it was concluded that it would be
necessary to filtef the electrical signal in order to minimise
the effect of the small velocity variations on the recorder

. trace. The hydraulic pulses were not considered likely to
produce any significant mechanical effects in the‘pIOposed
deformation process.

A Muirhead tunable filter was used to remove the
alternating signal component. Adjustments of the filter céntrols
were made until the required degree of attenuation was obtained.
The final circuit was then noted and a.separate filter con-
structed. Details of this circuit are given in Fig. 5.24.

5.8 Calibration of Instrumentation

Full details of instrument calibrétion are given in
Appendix V. - This describes the procedure carried out for each
- of the load cells, the punch velocity and displacement trans-
.duccrs and the displacement sénsors; Calibration curves are

given in each case.

5.9 Determination of the Progressive rim Velocity

A knowledge of the relative motion of the test piece and
punch was considered essential to an understanding of the
mechanics of the oécillatory wedge test. It was thercfore
necessary to de;ermine the relationship between the punch velocit&
and test piece motion through the wedge drawing diés. Clearly,

at any instant in the drawing cycle, the radial velocity of
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cach element of the test piece will increase from the outér
radius, towards the die exit plane, at which point the tost
piece cross section remains virtﬁally constant and the’
clementary linear velocity equals that of the punch.

The relationship was determined experimentally by per-
forming intermittent tests during which the punch displacement
was noted after each drawing increment, and also the corres-_

" ponding movement of the outer test piece radii. The test piece
displacement was determined by measuring the length of test
piece within the wedge dies at each interval. A fine line was
scribed on each side of the test piece across the die exit N
plane after eéch drawing increment and the distance between
successive lines and the outer fadiqs of the test piece ends'
measured using a vernier Height géuge. Duplicate tests were
performed with test pieces representing four drawing ratios, viz.
1.50,i.60; 1.0 and 1.80:1. The relationship between punch
displacement and progressive draw ratio, defining the motion of
the test piece, was plotted from this data and found to yield
the family of curves shown in Fig. 5.25. By considering the
ratio of the punch and test piece displacements at specific

draw ratios this data yielded the curves in Fig. 5.26 which

show the relationship between the instantaneous rim velocity

and punch velocity at each ;tageiof drawing. The displacement
ratio correépondiﬂg to each value of the progressive drawing
ratio was determined graphically by constructing tangents to

‘the curves at set intervals. Excépt at the start of drawing,
the slope of the tangent was found to vary very little with
drawing ratio. The progressive velocity ratio for each
reduction is therefore represented quite accurately in the

later stage of drawing, by the single curve plotted in Fig.

5.26.
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5.10 Electrical Generator

The electrical gencrator, Fig. 5.27, was a "Rapiclcan"
model 32/3000 made by Ultrasonics Ltd. This was a valve type
unit, with a power rating of 3000 kw. It consisted essentially
of a pdwer amplifier and oscillator with an independent DC

supply providing the magnetic bilas current necessary for the

magnetostrictive transducers. The robust construction of this
‘unit and wide operating frequency range made it ideal for

experimental work.

A brief description of the generator is given in
Appendix VI which includes details of circuit modifications

4

made in order to adapt the equipment

to the present application.



Phge B OF Ultrasonic generator.
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6. Wedge Drawing Test Pieces.

[

6.1 Test Piece Desion.

- The shape of the test piece was based on that adopted by
SachgbéL his wedge drawing work. However, the dimensional
scale was dictated by acoustic design consideration; discussed
in Sections 4.5 and 5.2. Details of the dimensions are given
in Fig. 6.1, where it will be seen that the iInner radius was
made equal to 1.0 in. The drawing ratio R/x, was therefore
‘numerically equal to the outer radius dimension and was closely
analogous to the‘draﬁing ratio in the axisymmetric process.
However, in this test there is no radial drawing-in component
of stress assdciated-with the test piece motion over the die
fadius, as in the.case of cup drawing. The depth of draw in -
‘relation to the punch width alsp has a different significance
to the height: diameter ratio of a drawn cup, and is not.
directly comparable. These aspects are considered fu}ly in
“Section 9.

In order to prevent uneven deformation in the wedges
resulting in lateral motion of the test piece relative to the
bottom face of ghe punch, a 3/16 in,diameter pin was attached
to the base of the'punch, and located in a coriesponding hole
in the centre of the test piece, see Fig. 6.1. .Premature
failure at the site of the locating hole was prevehted bf the

increased test piece width in this region. -

6.2 Test Piece Material.

It was decided to perform the tests on commercially pure
aluminium sheet. This material was chosen for four main
TCasons:

(i) it is a metallurgically simple material uncomplicated by.

yield phenomena or strain induced transformations.
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(i1) there are no frictional’ : problems which might céuse
| é;cessive die wear, necessitating the usc of carbide dies;
These, as discﬁséed in Section 5.1, were incompatible with
the acoustic design criteria of the oscillatory sub-press.
”(iii) commercially pure aluminium is of technological im-
portance as a deep drawing material. |
(iv) it was readily available.
| The test'materialﬁwas supplied by Aluminium Corporation .
td. in the form of 1 ft.square sheets of fully annealed 20 .
gauge commercially pure aluminium.

6.3 Manufacture of Test Pieces

It was estimated that between 500 and 1000 test pieces
would be used during the course of the investigation, which
indicated the need fof a streamlined method of production.

The following procedure was therefore adopted:

(1) réctangular Coupons, measuring l;S in. x S.O in, were
sheared from the raw material, taking care to align the
major axis with the rolling direction. l o .

(ii) the central locating hole was drilled using a s@ecial jig

which accepted.-upto 15 blanks at a time.

(i1i1) the. final test piece profile was produced using an Elliott .

NC milling machine. Details of the programme and blank
holding jigs are given in Appendix VII.
Using this technique the test pieég.dimensions were COon-

A}

trolled to a tolerance of +.0002 in.
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7. . ILxperimental Procedure,

7.1 General Description.

A general procedure was used for each serics of tests
performed. This is summarised under separate hcadings as
follows: .

7.1,1 Instrumentation

Prior to each test programme the power supply to cach
tfansducer load cell and measuring instrument was switched on
and sufficient time éllowed for stecady state conditions to be
reached. This aﬁplied paTticulérly to the strain gauge bridges
whiéh required a minimum warm up period before final adjustments’

were made to the balancing potentiometers in each circuit.

7.1.2 Electrical Generator and Hydraulic Systems

A minimum period of 15 minutes was allowed fdr the
generator to warm up prior to carrying out_oscillatory'tests.:
This ensured that the oscillator output was stable and allowed
sufficient time for the heaters of the output valves to warm
“up. At this stage an almost instantaneous.power output was
obtained from the generator on applying the mains voltage to .
the primary of the H.T. transformers. This was done usiﬁg a
felay which was activated either.manually or via a microswitch

_ : .

positioned appropriately on the sub-press.

The hydraulic power units for both the blank holder
system and the tensile test machine were run  for 30 minutes to

allow the oil to warm up prior to testing.

7.1.3 Lubrication

One lubricant was used for all the tests performed on
aluminium. This was a mineral oil with E.P. additivcs,'
Macoma 275, which was chosen for its high vistosity whilst

permitting good comsistency of application. The testpicces

were lubricated prior to testing by dipping each end into a
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container of o0il and allowing the surplus to drain off.

Finally, to ensure a consistent amount of lubricant during

- successive tests, the wedge drawing dies and blank holder

plates were wiped clean before each test.

7.1.4 Hold down pressure

The_hold down force applied to each blank holder plate was
controlled by adjusting the hydraulic line pressure from the
auxil iary power unit. The criterion used thrbughout the tests
on aluminium was to apply an initial specific pressure of 450 1b £,
inZ to the undeformed coupon which was found to be sufficient
to prevent wrinkling. The line pressure, indicated on a
bourdon géuge, was therefore adjusted éccording to the drawing
ratio, from the relationship defined by the graph in Fig. 7.1.°
This shows the variation of line pressure with drawing rétio
for different values of initial specific pressure.

7.1.5 Operation of Test Rig.

A 1ubricated testpiece was placed in the sub-press with
each end located in its respective wedge die. The blank holder
plates and connecting friction 16ad cell were then placed ‘in -
position and the hydraulic assembly cldmped to the main
supporting frame abovelthem. Fig. 5.1 shows the general test
configuration. The appropriate blank holdér pressure was
selécted, using the control valve on the auxiliary hydraulic
power unit, and.applied to the subpress. The punch speed was
selected using the adapted by-pass valve on the test machine.
Under oscillatory conditions care:was taken not to switch on

Al

the H.T. supply to the generatof until drawing had commenced in
order to avoidfburniné the testpiéce. For continuous tests a
micro-switch was used but whea it was required to switch the
vibrators on and off several times during the tesf, it was found

more convenient to use a manual system. In some cases minor -
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tuning adjustments were carried out during the initial ﬁart of
the test in order to compcnsaté for a slight shift in rcsonant
frequency of one or othef, of the vibrators. The motional
amplitude was then balaﬁced using a twin_channcl oscilloscope
to monitor the output signal from two pieczo-electric crystals
attached to the vibrators. The die amplitude was controlled
by varying the genérator output voltage. This in turn was
determined by the H.T. applied to the output stage which was

controlled by a Variac Mains transformer.

7.2  Examination of the Effects of die amplitude on

blank holder Friction force - Test Series O1-

These tests were carried out, using the above procedure, to
investigate the effect of various levels of die amplitude on

the measured value of blank holder friction force. Three

~drawing ratios were examined, viz. 1.60, 1.65 and 1.70 using a

constant punch speed of nominally 0.15 in/sec. Die amplitudes

5

were varied between zero and 5 x 10 in. by adjusting the H.T

transformer primary voltage between“zerd and 60 volts A.C.
During each test the U.V. recorder was used to monitor the
following parameters; blank holder friction force, punch load,
left and right hand blank holder loads, punch displacement and
vélocitf and the displacement amplitude of each vibratar. |
Each test was performed initially with vibrations applied -
intermittently and then with continuously vibrated dieé, in

order to evaluate any error rela;ed to ‘the response time of

the instrumentation.

7.3 Examination of the Effects of Die Amplitude on Punch

Load for Various Drawing Ratios:- Test Series 02
The second series of tests was carried out using the same

test configuration but examining a wider range of drawing ratios

A‘congtant speed of 0.32 in/sec was used for the majority of



tests and as before these were carried out with both inter-
mittently and continuously applied vibrations.

A" much wider range of die amplitudes was éxamincd, WiL-Se
from zero to 30 x 1077 in. and the drawing ratio successively
increased in order to determine the limiting reduction under
oécillatory and non-oscillatory conditions. Further data was
also obtained on the effects of die amplitude on blank holder
friction force.

T lk Evaluation of the Effect of Tool Vibrations on the

Friction force Associated with the Testpiece Motion

over the Die Radius. Test Series 0353

7.4.1 Design of Roller Die Assembly .

In order to obtain an indirect measure of the die radius
friction force component, the basic die assembly was modified

by the insertion of a pair of low friction transverse rollers

L

which wére mounted on a supporting frame, close to the fixed
radius of each wedge die. The arrangement, shown in the
photograph of Fig. 7.2, was designed to eliminate the die

;adius friction force whilst retaining the essential features

of the test. It was therefore possible with certain allowances,
fo deduce the die radius friction force at each stage of drawing
by a comparison of the punch load displacement curves for draw-
ing over a fixed radius and.over a roller, for a given drawing
ratio.

The roller sub-assembly consisted of two I in.diameter
rolls free to rotate on coaxial § in.diameter hardened steel
shafts secured at each end in the vertical plétes of the
support frame. The wholé assembly was designed to locate
between the wedge drawing dies with an overall clearance of

.005 in. The frame was not secured to the sub-press as it was

intended to be self-aligning during drawing.



'Frictionless' dle radius assembly

located

between wedge drawing dies,
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In order to employ this component, modifications were
required to the punch and test piece as follpws:
(a) a special punch was constructed with the width reduced so
as to pass between the rolls whilst leaving the required

clearance, namely 1.5 tys between punch and rolls. The

-

dimensions of this unit are shown in Fig, 7.3.
(b) the design of test piece had to be modified_in order to

maintain the original test conditions.

The use of the 'rollexr radii' with the original design of
test plece wouid result in an increased component of bending
and unbending stress during the initial phase of drawing, as
the wider central portion of-the testpiece passed over the
die radius. The testpiece design was therefore modified by
inserting a ! in.long parallel portion between the wedge

profile and the central region. This design is shown in Fig.

7.4,

7.4.2 Test Procedure

-

Tests were carried out as before for drawing ratios of
1.50 to Z.bO, with die amplitudes.from zero to 25 x lO-5in.and
at a constant punch speed of 0.32in/sec. In the majority of
cases ultrasonic énergy was applied intermittently. A limited
number of tests were performed.at higher drawing ratios in
order to determine the limifiﬁg draw ratio.

Thié test arrangement was also.used for a short series of
unlﬁbricated tests designed to examine the effect of die amp-
litude on punch load in.order to establish whether the effect-
iveness of the oscilldtory energy was enhanced or decfeaScd by
the presence of a lubricant. These tests were conducted at a
drawing ratio of 1.80 with the punch speed constant at 0.32

in/sec.
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7.5 The effect of Diec Amplitude on Punch load and

Blank Holder friction force for a drawing ratio

of 1.0, i.c. for a parallel test picce. Test ~

Series P.02 and P.03.

‘A number of parallel testpieces were machined to
dimension: 0.495 in x 4.00 in. This gave a 0.005 in.clearance
in the wedge drawing dies and ensured that the only plastic
deformation occurring in this zone was due to the blank
holder force. The tests were conducted at a nominal drawing

speed of 0.32 in/sec and in each case lubricant was applied.

7.5.1 Fixed radius - (P.02)

The first series was carried out using the standard
wedge drawing dies without the roller aésembly. The effect
of vibrations on the blank holder friction force and punch
load were determined over a range of die amplitudes using a
hold down force of 250 1bf (equivélent to an initial pressure
of 500 1b£/in%). o

7.5.2 Roller Radius (P.03)

In the second series of tests the above conditions
were examined but this time with the roller assembly
inserted.

7.6 Measurement of Oscillatory Forces

In order to obtain a comﬁlete knowledge of thé forces
acting on the deforming test piece it was considered
dcsirablé to measure the oscillatory force amplitude at the
die exit plane and also in the ﬁartially drawn test piece.
Several methods were considered and although they proved
unsuccessful, a brief outline of each technique is given

below with a more detaziled account in Appendix VIII.
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7.6.1 Measurement of the input impedance of the

loaded vibrators.

From a knowledge of the impedance transformatioﬁ'
characteristics of a conical horn it 1s possible to felatc
the values of oscillatory force and velocity at the input and
output ends under loaded conditions, see section 4.5.2.
Since the oscillatory force at the die exit plane is ésséntially
that at ﬁhe output end of the horn, it should be possible to
determine this value.by measuring the force amplitude at the
input end. Direct strain measurements at the die exit plane
- were ruled out due to poor accessibility and plastic deformation
of the test pieces in this region.

7.6.2 Mecasurement of the oscillatory force -amplitude

in the partially drawn test piece

Two methods were' examined:

(2) direct measurement of oscillatory force using strain.
gauges attached £0 the surface of the partially formed
test piece. |

(b) measurement of the tfavelling wave amplitude in the test.

piece using a tuned pundh_assembly. Strain gauges, forming

a full bridge were attached to the punch at a section coincident:

with a stress node under unlbaded conditions. Any oécillatory
force component occurring during drawing would then be dﬁe to
travélling"waves passing through the test piece and punch.

The results of tests using these techniques are described in

Appendix VIII.

]



*§. Experimental Results,

8.1 General description of Recorder Trace,

With the exception of the generator frequcﬁcy.ali
experimental parameters were continuously monitored and
recorded on ultraviolet recorder charts. Tyﬁicai traces are
shown in Figs. 8.la and b. The first illustrates the load
and displacement variations during the deformation cycle for
continuoﬁsly applied vibrations. Fig. 8.1b shows a typical
trace obtained under intermittent oscillatory conditions.
Certain general characteristics of the traces are worthy of

note:

8.1.1 Comparison of Oscillatory and non-Oscillatory data.

It will be seen in Fig. 8.1b that the punch load shows
a step-wise decreasc and incfease‘rcspectively at the start
and finish of periods of oscillatory drawing and a similar
effect was noted, in ﬁhe case of the friction force record.

The technique of 'intermittent' testing permitted a direct

comparison of oscillatory and non-oscillatory drawing paramcters

under identical test conditions. “The intermittent traces for

punch and blank holder friction force and die amplitude readily

permitted the construction of.continudus curves representing
both oscillatory and non-oscillatory conditions. It was how-
-]ever_recognised that the non-oscillatory loads might be
influenced by previous intervals of vibrational drawing and
for this reason additional tests were always performed without
ultrasonic activation ,.at each drawing ratio. This aspect
will be considered in greater detail during the discussion of
results.

8.1.2 PuncH Load Trace .

The general characteristic of the punch load trace was

a gradual rise to a maximum value at which it levelléed off
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and began to redﬁcc slowly before rapidly failing to zcro at
the completion of radial drawing. The load then rose slightly
to a steady level as the ends of the testpiecc partially un-
bent and were drawn between the punch and die radii. In the
case of drawing over the "frictionless die radii" the
reduction in punch,load beyond the maximum value was more
uniform. This is illustrated qualitatively in Fig. 8.2.

8.1.3 Friction Load Trace -

The friction force trace indicated the sum of the
friction forces acting at the upper interface at both ends of
fhe testpiece,

At the start of drawing the frictidn force rose rapidly
to a high value, reduced gradually to a minimum and then Tose
again towards the end of drawing. .(Figs. 8.6 - 8.8 illustrate_
the'gcqeral shape of the trace which was observed in all
lubricated tests.) Under oscillatory conditions the friction
force was reduced to zero beyond a certain value of die |
amplitude. At amplitudes less than this only a partial
reduction in friction force was noted and under these
conditions the trace showed a periodicity not accounted for
‘by spurious 'noise' pick-up. It was assumed under these
conditions that a state of-dynamic equilibrium was rgached in
which the blank holder plates were subjected to slightly
varying friction forces as the conditions at the respective
interfaces fluctuated during the test. It will be recalled
that the pressure plates with connecting load cell were
designed to 'float' on the upper surface of the testpiece,
their positions being determined by the relative magnitude of
the friction forces drawing them together.

8.1.4 " Blank Holder Force.

The blank holder load traces were used mainly to
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indicate that a constant load was in fact applied to the pressurc
' plates during drawing. -In practicc this was found to rise
slightly before falling momentariiy to zero at the end of the
radial drawing stage and then returning to the original value

as the pressure plates camec into contact with the upper dic
.surface. This feature served as a useful indication of the

end of drawing. The "slight increase in blank holder load 4
' waé attributed to thickening of the test piece dufing drawing
which resulted in movement against the frictional drag of the
‘hydraulic pistons.

8.1.5 Die Amplitude .

A significant variation in the motional amplitude of
both vibrators was noted during drawing. This followed a
general form for each vibrator and resulted in a reduction in :1

amplitude giving rise to a minimum.value after the maximum

punch load had been reached. This effect was more pronounced
at the slower drawing speeds and was observed to be relaféd
to the magnitude of the punch load reduction. The phenomenon %
was tﬂerefore considered as an indication of the acoustic |
energy absorption by the load. If might also have been due
in part to a change in the resonané'frequency of the system
due to small variations in the reactive component of the
acoustic load. Because of this factor it was not considered
practicable to attempt to quantifj the effect.

Throughout the tests the resonant frequency of the
‘vibrators was found to vary by % 1.5 per cent from the design
frequency of 13 kHz. However, due to the relatively low Q
valuc of the concentrators (around 200 unloaded) no difficulty
was cxpcrienced in maintaining rcesonance at near peak

amplitudes during testing. This might have presented a - }

serious problem had the system becn designed using stepped *

? Q . egmftfy focfo\'ﬁ /_
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or exponential concentrators.

The response time of the Instrumentation used to monitor
the die motional amplitudes was found to be adequate to permit
intermittent testiﬁg at speeds upto 0.35 in.per scc. Under
these conditions continuous amplitude traces could be constructed
by joining the peaks as shown in Fig. 8.1b. The experimental
error introduced by this technique was estimated to be less
than 1%.

8.1.6 Punch Velocity and Displacement .

The punch velocity was found to decrease by upto 20 per
cent during testing at 0.15 in/sec, depending upon the maximum
load. This was a feature oflthe test machine when operating
with the by-pass valve in the partly closed position. At the
higher speed, used for the majority of the tests the valve was
almost fully open and the velocity variation was generally
insignificant.

The punch displacement trace was non-linear and in order
to facilitate the extraction of data, in which it was required
to relate all_parameters to punch movement, an appropriately

calibrated gauge was used.

8.2 Examination of the Effects of Die Amplitude on

-

Blank holder Friction Force. Test Series 01 .

Test data relating friction force reduction to the mean
displacement amplitude for dfawing ratios of 1.60, 1.65 and
1.70 is presented in Tables 1 - 26 and Figs. 8.3 - 8.5. 1In
each table the punch load friction force and die amplitudes
arc notoa at intervals equivalent to a punch displacement of
0.1 in.tthUghout the drawing cycle. The difference between
noh-oscillatory and oscillatory punch and friction loads, AP
and AF respectively, are also tabulated. Finally, the meén die

velocity amplitude, & has been determined at each punch




‘displacement (from thc rclationship ém = er.gm) and

expressed as the ratio of ﬂ/ém where V, 1s the mecan punch
velocity. Whén the punch velocity was found to vary sig—
nificantly during the draw, the current value of VY, appropriéte
to the particular stage of drawing was taken.

The results are also pfesented graphically, inlorder to
illustrate the variation of friction force throughouf tﬁe
~drawing process under oscillatbry and non-oscillatory
conditions - Figs. 8.6 - 8.8.

8.3 Examination of the effects of Die Amplitude on.

Punch Load: Test Series 02 .

The results of tests carried out at drawing ratiqs of 0.50 -
2.00 are presented in Tables 27 - 84. The data is also presented
graphically in Figs. 8.9 ;'8.12'which show punch 1oad/dis;
placemént curves for oscillatory and non-oscillatory tests and
in Figs. 8;13 - 8.21 showing the reduction in punch load with
increasing die amplitude. The maximum punch load and cor;es-
" ponding blank holder frictioh force under oscillatory and non-
oscillatory conditions are plotted as a function of die
amplitude, for each drawing ratio in Figs. 8.22-— 8.25.

8.4 Examination of the Effects of Motional Amplitude

on die radius friction:, Test Series 03.

The results of tests performed at drawing ratios from 1.50 -
2.30 are given in Tables 85 - 134 and gr;phically in Figs.
8.26 - 8.40. “Figs. 8.5 - 8.12 show the punch load/displacement
traces for 'frictionless' drawing, superimposed on the traces
for normal drawing. The effect of die amplitude on the
reduction in punch load is shown in Figs. 8.26 - 8.35 and the
variition in maximum punch load and corresponding friction-
force with increasing die amplitudedre plotted for each drawing

ratio in Figs 8.36 - 8.40.
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S.5 Ixamination gﬁ the Effect of Lubrication on

Friction Reduction. Test Series 03N

Unlubricated tests werc carried out using the roller
rzdius assembly to establish whether friction reduction
occurred at the blank holder test piece interface in the
absence.of a lubricant. The results are shown in Tableé 86
88 and 135 - 139.

8.6 The Effect of Die Amplitude . on Friction force and

punch load for parallel testpieces.

The result of tests carried out using normal dies
(series 02P) are given in Table 140 and graphically in Fig.
8.41.

Data relating to ’frictibnléss' tests-[sefies-_OBP) is

given in Table 141 and Fig. 8.42.
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Variation in Punch Load and Blank Holder Friction Force with Fig. 8.10
Punch Displacement.
D.R.1 a6 )
oy
ol
S
l—?—i
H/ / :
( / .u:er:
Vi , (’ S
N
5
\l—t O ;.
\\ Se)
AN \ o
\:—-——-40
—_— O
A
2 / s
§ &% EP_? B/H FRICTION: Ibf.

Punch Displacement --<----in.



Test Series 0%

Variation in Punch Load and Blank Holder Friction Force with Fig. 811
Punch Displacement.
i D.R1.7
Lo
/
. o
/ ,’/ E.
= o '
/ / /’/ :
. - 0 E
> - > E
. Ve d ] = 8
A =
_ P _ 4
o 0
— B i ) -
{ //553 //P =
% S
T{ £ O : S
Vi )
E \ O\\\\\x E
: \ -
| N of
z \-.. \ i
& '-.._M\ . _ -
' i ¥ = . e
~
p— )
g-_ ) c.8\1 §_ 8/H FRICTION, Ibf. ©



=

e

Test Series 02

Variation in Punch Load and Blank Holder Friction Force with Fig. 8.12
Punch Displacement.
unch Uisp ‘ D.R.1.8
0
T, r;—-——-:/ o7
2 .0% //a /
g —

\

NS
N
\‘\ \

I

£

et : o £

. =

[ ]/ %

! . =

N E

(]

N :

Pt (a) 8
: < o
- -

I
o]

7
,// <

B/H Friction Force

400

200

Load cessens b A .



Test Series 02

T

The effect of increasing die amplitude on the Fig. 8.13
reduction in maximum punch load.. D.R.= 1.5
(%3
\ .
o™
o
N
Cr
‘._g
©
Vol
7 N R
. 9\6
~
3 g 2 o

Punch - Load Reduction, AP +=++++« [bf,

Die Amplitude £, ----

.in.x 10°



Test Series” 02

L4

L

The effect of increasing die amplitude on the gFig'&'m
reduction in maximum punch load. ED.R.= 1.6
(T ]
(=)
d
o
[=.¥]
2)
: e
\
“ \
\
\.a
(]
W
°
g N\
a\
N o,
> ‘co_)_ 2 o

Punch Load Reduction AP <+=«+«--|bf,

ceeee.ainx 10

Dic Amplitude £, -




Test Series 02

The effect of increasing die amplitude on the E Fig. 8.’_15
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Variation of punch load reduction with die amplitude Fig. 8.18
at different stages of drawing. D.R. =1.5
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Variation of punch load reduction with die amplitude Fig. 8.20
at different stages of drawing. D.R. =1.7
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The effect of increasing die amplitude on the
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The effect of increasing die amplitude on the Fig. 8.28
reduction in maximum punch load. D.R.=1.7
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The effect of increasing die amplitude on the Fig. 8.29
reduction in maximum punch load. D.R.=1.80
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Test Series 03

Variation of punch load reduction with die amplitude Fig. 8.31
at different stages of drawing, D.R. =1.5
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Variation of punch load reduction with die amplitude Fig'8‘32,
at different stages of drawing. _ D.R. = 1.6
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Variation of punch load reduction with die amplitude Fig.8.32
at different stages of drawing., D.R. = 1.6
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Variation of punch load reduction with die amplitude

at different stages of drawing.

Fig. 8.33
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Variation of punch load reduction with die amplitude
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Fig. 8.3
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Test Series 03

Variation of punch

load reduction with die amplitude

at different stages of drawing.

Fig. 8.35
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9 Discussion

9.1 General Characteristics of Oscillatory Test Data

for Fixed Radius Drawing

9.1.1 Punch Load Data

'Examination of the punch load/displacement curves, plotted-

from intermittent oscillatory test data at various drawing
ratios, revealed several significant and consistent features.
These are summarised as follows:

(i) a comparison of oscillatory and non-oscillatory punch
load/displacement curves indicated an increasing reduction in
punéh load towards the end of the drawing cycle. This
phenomenén was common to all reductions examined and became
more pronounced with increasing die amplitude. Figs 8.9'5 8.12
illustrate the effect for drawing.ratios from 1.5:1 to 1.8:1.

(ii) the reduction in punch load at the stage of drawing

‘coincident with the maximum non-oscillatory punch load was

observed to increase with increasing die amplitude. This is
illustrated in Figs. 8.13 - 8.17 where it will be seen that
the reduction in punch load increases rapidly upto a die

amplitude of around 5 x 107° in.and at higher displacement

amplitudes shows a linear relationship. A similar character-

istic was observed at all reduction ratios.

(iii) examination of the punch load reduction/die amplitude

‘relationship at various stages of drawing revealed the same

fentures viz. a rapid non-linear reduction followed by a linear

effect, for amplitudes greater than 5.0 x 107° in.. However,

it was observed that at low drawing ratios the slope of the
linear portion decreased as drawing progressed beyond thé
maximum punch load, whereas at higher ratios it remained

virtually constant. This is illustrated for a drawing ratio of

1.50:1 in Fig. 8.18 which shows a family of curves representing

S ¢ iy s ot 4 e e o o ¢ o e
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ISR

the variation in punch load reduction with increasing die E i
_ bl
amplitude at various stages of drawing, indicated by the punch | f;?
displacement, h. Similar characteristics are shown in the set ?UE
of graphs in Fig. 8.21, relating to a drawing ratio of 1.80:1. ifi
(iv) Ifrom the data plotted in Figs. 8.18 - 8.21 it was also ;{ﬁ
noted that the magnitude of the non-linear effect ihcrgaéedlas E
drawing progressed beyond the maximum punch load. 31!
(v)  in order to correlate the force reduction at all stages Iﬁ
of dfawing, it was necessary to consider the strip tension, %
rather than the Puncﬁ load. The punch load is a measure of | ; ?
“the vertical cdmponent of the strip tension and if ¢ defines the ;:%
“arc of contact around the die radius, the tension in_the | Elﬁ
partly drawn strip is given by: %f 
| T = P/Sin ¢ —-m-m-mmmmcmmmmmmmmmmmmne (9.1) -' |
where T is the total strip teﬁsion. See Fig. 9.1. ..___-- _%;?
: - : ' i

Al

iy

Die ' } ; J

i

ok

it

st e e

. Fig. 9.1. Relationship Between Punéﬁ Loa&, P and Strip

-t - —— S p—————

Tension, T.

P N—




- Ibf.

Reduction in Strip Tension, AT ....

Test Series 02

' . |
Variation in the reduction in strip tension during Fig. 9-2a ;
drawing at different die amplitudes, ED_R,=1-5 E

100: v — ]
\ ;
o

\ o

f \ . §m=20x10
75{ \ - o .
y \\\\‘ P i

A e P

o— £,=10x10

N /5—*"

v = -5
I\ Ao /A 1 E=5%10 :
50 ﬁ‘\ ,o/ . ]
; ""'---_.__-o/ !
E
: |
¢
¢
!
i
H
1
i
;
}
i

150

ERT

5=

bod, VPR PERFES

£_=20XIC

£ -l0xI0

) i
i S R T A TR e

100 '
.\.‘ l/ 5/ .
T~ yd e -
- G P £..=5x10
\ Ny ’,/ =
\% Qe O— /[I i .
' . L~
50 <. & : A — o }
~de 47 7
S~
i
0 2 4 6 -8 1.0 1.2 14
Punch Displacement ««+-xx- in.




- 145 -

The contact angle at any stage of drawing is rcadily determinced
from consideration of the gecometrical relation of the punch and
dic during drawing. Details of this analysis arc'given in
Appendix 9 where the relationship between punch displacement
and contact angle has been calculated. Using this information
the experimental data has been transposed in order to plot the
reduction in strip tension against punch displacement for

drawing ratios of 1.50 and 1.80 at die amplitudes of 5 X 107 4in.

 in.. These-graphs are shown in Figs. 9.2a and 9.2b

to 20 x 10~
which indicate a large reduction in tension during the initial
drawing stages. Tbis falls to a2 minimum value at a punch
displacement of around 0.4 in. and finally rises towards the

end of the drawing cycle.

9.1.2 Friction Force Data

9.1.2.1 Test series Ol

The friction force data from test series Ol was eXxamined
by plotting the percentage reduction in friction force against
die amplitude for each of the drawing ratios considered. viz,
1.60:1, 1.65:1 and 1.70:1. This data is shown in Figs. 8.3 -
8.5 respectively. In each case the reduction in friction force
increased rapidly with increasing die émplitude ﬁptb 2 x 107°4in.
- At this level the friction force was reduced by 80-90%.

Complete 'removal' of the friction was observed at amplitudqs

5in..

exceeding 5.0 x 10~
From the experimental data in this series it was also noted
that extrapolation of the friction reduction curves indicated
zerto reduction at die amplitudes less than 0.50 x 1O"Sin.
The variation in friction force with punch displacement
under oscillatory and non-oscillatory conditions was also

plotted, at various die amplitudes, for ecach reduction. This

is shown in the graphs of Figs. 8.6 - 8.8. The upper graph in

1
i
A
&
1
J
|
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each figure shows the friction force traces for individual
tests carried out at different levels of die amplitude. The

mean non-oscillatory friction trace is included in each case. ;];g

The lower graph shows the percentage reduction in friction

force as a function of punch displacement at various amplitudes.

'Each curve was determined from the trace of an individual
oscillatory test carried out with interrupted die activation.

- It will be seen from these graphs that at low vibration

amplitudes the reduction in friction force decreases during
drawing, the greatest effect being produced at the start of Pl

drawing. At higher amplitudes the variation becomes less

[T S

marked until at values of 2 x 10”5 in, the reduction in friction P

force is almost constant at between 80 and 95 per cent. This

general pattern was repeated for each drawing ratio.

0.1.2.2 Test Series - 02

o

- B o s B T i S

Blank holder friction force data at drawing ratios of

~ 1.50 - 1.90 was also obtained in the tests carried out at a

ety

nominal punch-speed of 0.32 in/sec. The variation of friction i
force throughout the drawing cycle at various vibration

amplitudes is given in Fig. 8.9 - 8.12. These results show the

same general characteristics as in the original series with one

notable exception. During these tests the die amplitudes were

increased considerably beyond the level necessary to reduce the

l '
friction force to zero. It was noted, during interrupted -,qj
oscillatory tests, that the friction force during the non-

oscillatory interval was higher than the correspondiﬁg value

obtained under non-oscillatory conditipns.' This effect was %ﬁ
) b

. . . . . . . . | BN

found to increase with increasing die amplitude and is illustrated: =

by the graphs in Fig. 8.22b - 8.25b. A similar increase in
the punch load during the non-oscillatory interval, relative

to the normal non-oscillatory value was also observed. The
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effect is illustrated in Fig. 8.22a - 8.25 a,which relate to the
maximum oscillatory and non-oscillatory punch loads. The
characteristics of both the punchiload and friction force

traces will be discussed in greater detail in the following
analysis of the mechanics of the oscillatory process.

9.2 = Theoretical Analysis

9.2.1 Introduction

In section 3,which considered the mechanics of the deep-
drawing and wedge-drawing processes, it was shown that the
drawing load could be broken down into a number of components
each related to a sﬁeﬁific feature of the process, namely:

(1) the force attributed to radial drawing;

(ii) force increments due to plastic bending at the entry to
the die radius and unbending at the plane of exit;

(iii) the blank holder friction force which may be assumed to
act at the radial extremity of the wedge test pieée during
radial drﬁwing; |

(iv) friction forces acting at the edges Qf the test piece
during radial drawing; |

(v) the friction force associated with the motion of the
test piece over the die radius.

The effect of die oscillations on each of these force components

will now be considered in detail and models proposed to

account for the observed force reductions. |

9.2.2 O0Oscillatory motion of the test piece during drawing

The conical concentrators, with attached drawing dies,
were designed to operate in the standing wave regime so.that |
the transfer of energy through the supports was minimal.
During drawing however, it is clear that part of the wave
motion reaching the tools was absorbed by the test piece and

blank holder assembly instead of being reflected from the end

-

mm s gam aepase
e bt ey
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faces of the concentrators. This resulted in a reduction in
the measured amplitude of the standing wave, referred to
QUalitativély in section 8.15. Part at least of the cnergy

transmitted out of the vibrators was absorbed in generating a

forced vibration in the test piece and it is proposed that the
characteristics of this wave form may be used to predict the
effects of die oscillations on the punch load and to account
for the specific mechanisms affecting each component of the
punch load defined in section 9.2.1.

The vibrational mode of the test piece within each
deformation zone may be determined by considering the motion
of a circumferential eiement of width dr constrained at its
ends by a portion of the wedge die, as shown in Fig. 9.3a.
Using the concept of elastic strain release proposed by

Winsper and Sansome(34) then provided that the die velocity

5
amplitude at the point of contact with the element, exceeds

the linear velocity of the element Vr, the die will overtake
‘the test piece at this section‘and the element will move forward
with a superimposed cyclic velocity component as the drawing.
strains are relgased. It is desirable to consider the
oscillatory state at each stage of drawing since it is a non-
steady séate process. The assumption is therefore made tha;

at high frequencies the deformation strains and stresses will
‘remain virtually constant during the small. time interval
represented by a single vibration cycle. At any stage, the
displacement amplitude of each element may then be determined
by integrating the expression for the relative velocity |
between die and element over the interval during which the

die velocity exceeds that of the linearhelement velocity.

If the linear velocity of the element is Vr and that of

the contacting portion of die is given by ¢ = .singt, taking

Em



i

E' = émsin wt
Pig. 9.3a _ Oscillatory motion of a circumferential
element dr, during radial drawing-in.
I
T die displacement
=
3 )
° Yean test piece velocity, V,
>
0 o=wt
FPig. 9.3b  Schematic illustration of relative motion

between the die and testpiece during an

oscillation cycle.
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the time base from the maximum backward displacement for
convenience, then during the interval tl to t,, Fig. 9.3b,
the relative velocity is given by

V = £ sinet - V.  ccommmmcmceme
m ! (9.2)

At t, the die overtakes the testpiece element, releasing

1
elastic strain until the velocities are equal again at t,,
covresponding to the maximum element displacement. During
this intefval, the die displacement passes through zero,
coincident with the maximum oscillatory veibcity, and the
displacement of the element at t, is therefore Fhe peak to_-i
peak value denoted by 25;. This may be found by in:egrating
equation (9.2) between the limits ty and t,;. |

t

2

2¢' = [ (6, sinot = Vr) dt —==--m-m-mmeomooe (9.3)
m ' . :

t

writing wt = 6
and dt =.%,d¢ equation (9.3) becomes

¢; | Vr
28" = -/.(Em sing - =) d¢  m------------- (9.4)

1
where 1 and ¢, are the phase angles defined in Fig. 9.3b.
integrating (9.4) gives |

' v 9y

2g = [-Em cos¢- m—r ¢ ]

¢l'

v
.= =g _[cos(w-¢,)- cos¢;] - Eﬁ(n-¢l ~607)

Vv .
= 2':-[6:_m cos¢, - 5—5(% - ¢1)] ----------------- (9.5)
but ¢; is found from the condition:
. . B “V
Y o=r ed _ - . ¢, = sin =
\' Em Sln¢l VT 0 .. ; Em
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and on substituting for ¢1 in equation (9.5) we obtain after

rearranging,

. -1V :
. —— _ r
Em T gm[ /l-(vz)z -IEE (% - sin Em )] === (9.6)
Sm 'Em

From. equation (9;6) it can be seen that the displacement

. - ’ - - -
amplitude of each element, Ep 1S @ function of the ratio of

the linear velocity of the element and the velocity amplitude

of the die at that section. As this ratio tends to zero the
motion of the element coincides with that of the die.' Since
the linear velocity of the testpiece increases across the
deformation zone, approaching that of the punch at the die
exit plane, then if the displacement amplitude of the die is
constant in this.region, the motional amplitude of the test-
piece will decrease towards the die exit ‘plane.
The variation in drawing velocity across the deformation

zone may be determined by considering the displacement of a

circumferential interface at a radius r with respect to-a

similar interface at the die exit plane. If it is assumed

at any stage of drawing, that the thickness variation écfoss
the deformation zone is small, we may equate the volumes
contained by the movement of an interface at radius T with
that at radius Ty
dt. If V. is the velocity at_radius r and Vp the veldcity at

the die exit plane, in a short time interval

Ty equal to the punch velocity, we may write:

r.oV, dt = r,.0. Vp.dt  ------ ———- ———————— (9.7

where® is the included angle of the wedge drawing dies.
From equation (9.7) we obtain

Ty _ '
V_r = '_rT_'. vp --------------------- (9-8)

This simple expression was found to agree quite well with the

i
E

rim velocity'determined experimentally at various stages of |



151

drawing for different draw ratios. The relationship is
.superimposed on the family of curves shown in Fig. 5.26.
The displacement amplitude at any section of the test

piece during radial drawing,'may now be found by combining
' Vv
equations (9.6) and (9.8); writing -2 = a and setting-rb_='1’

. . m
as in the present series of tests, we have:
' -1

- sin &) ----.---'--- (9-9)

f_ / a2 a
S 1-(3) T (

N

Equation (9.9) is used in the subsequent analysis of the .
oscillatory mechanisms which influence each component of the
punch load.

The oscillatory motion of the test piece is summarised
qualitatively in Fig. (9.4a). It is postulated that the long-
itudinal wave motion established in each drawing die is damped
in the portion of 'the test piece paséing'over the die radius, |
and as the contact angle approaches 90° a flexural waveform is
established in the drawn test piece, between the planes of
contact with the punch énd die radii.

In the absence of die radius friction however, it is
propoéed that a compressional standing wave is established in
~the drawn fest piece. When the total length of the test piece
is equal to a quarter wave length, at the opérating frequency,
some interaction will occur between the transmitted waves from
each vibrator resulting in reinforcement. If it is assumed that
complete absorption of the incident wave takes place in each
opposing deformétion zone, the wave form will be as shown in
Fig; 9.4b. This is discussed further in section 9.3.2.4.

9.2.3 Mechanisms of Friction reduction during drawing

It is necessary to consider the effects of the proposed
oscillatory mode on each component of friction force operating:

during the wedge drawing test, viz:

(1) friction due to the blank holder force

i e g TS 8 T T T 8 S g 8
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(1i) friction between the edges of the test piece and the
-wedge die .

(iii) friction related to the motion of the test piece over
.the die radius

Several possible mechanisms have been proposed for the

reduction of friction in oscillatory deformation processes.

These are:;-

(1) friction vector reversal

(ii)- activation of the drawing lubricant

(i1ii) shearing of asperity weldments

(iv) pumping of lubricants

(v) separation of the surfaces.during part of the deformation
cycle,

The relevance of these mechanisms to the present oscillatory

process are considered in the following section.

9.2,3.1 Blank Holder Friction

The simple model proposed by Sirotyuk(4l) which was dis-
cussed in Section 2.3.2, may be applied in this instance. It

will be recalled that the mechanism was based. on the reversal

of the friction vector during part of the oscillatory cycle when

one surface of the friction interface was vibrated relative to

the other.

In the wedge drawing test, considering the interface

between each blank holder plate and the upper testpiece surface,

the blank holder is considered to be stationary whilst the

testpiece moves with a linear velocity onto which is super-

~imposed an oscillatory motional component. Both the linear

velocity and the oscillatory amplitude vary across the friction

interface at each stage of drawing. However by using the

approximate relationship for the testpiece velocity given in

equation (9.8) and applying equation'(9.9) defining the test-

e ¢ et . S S e i B

epr mm e,

R, [~ b o= S 3P I ]




- 153 -

piece motion at any section in the deformation zone the friction
reduction may be determined as follows:
If the blank holder friction force may be assumed to act

at the testpiece periphery at any instant during drawing, the

.effect of vibrations may be deduced by considering the

relative motion of the interface at this particular section
only.

Fig; 9.5a illustrates qualitatively the testpiece motion

.at any section within the deformation zone. Provided that the

velocity amplitude of the oscillatory component is greater than
the linear test piece velocity at the section under consideration,

V_, the motion of the testpiece will be reversed during part of

T
the vibration cycle. During this interval the friction vector
ﬁill be reversed and iﬁ the friction force is the same under
oscillatory and non-oscillatory conditions, only the mean
friction force will cbntribute to the deformation load. This
is illustrated in Fig. 9.5b where the shaded area represents
the interval during which the test piece motion is effectively
reversed. |

The reduction in friction force under oécillatory conditions .
is readily determined aé follows:

If the velocity of the testpiece is given by

V = éﬁ sinwt + Vr -

then V = 0 when vV, = —é; sinwt
Let 6 represent the phase angle during which the oscillatory

velocity increases to match the linear velocity, then the

friction force may be summed over a complete vibration cycle to

give:

- .-l V
R (. _ F.26, _ 2F _, :
Fo- B Cvzg- (reze)) - B20 L 2E oy & - (9.10)

where Pr_and F represent the mean friction force under



Fig, 9.5a _ Testpiece motion at radius r.
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Fig, 2.5 Friction force reduction at the blank holder/

testplece interface,
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oscillatory and non-oscillatory conditions respectively.

But Vr = ¥P |
and é; = ém //E-f_fgfz_ —‘%(% - sin~? %
thqrefore equgtion‘(Q.lo) becomes:

r-a 2 T

9.2,.3,2, Comparison with Experimental data

The effectiveness of this mechanism is illustrated in

Fig. 9.6 where the percentage reduction in friction force is
-V
plotted as a function of the velocity ratio, a = fB for
m .
different values of r/rb. The experimental results from test

series 01 and 02 have been plotted on the same ordinates and

it will be seen that the majority of points lie between the
limits 1> r/ry < 2.00, the maximum drawing ratio being 1.90:1.
In order to examine the validity of the model in greater dépth
the theoretical reduction in friction force was calculated
using data from individual tests. The predicted values of
percentage friction force reduction were then éuperimposed on
the graphs in Fig. 8.6a - 8.83; showing the variation in
friction reduction during drawing for draw ratios of 1.60, 1.65
and 1.70. The model was found to predict the general decrease
in friction reduction from start to finish of arawing but the‘
calculated reduction was consistently higher than the measured

values. This is considered to be due largely to the inaccuracy

in the assumption that the blank holder friction force acts at

the testpiece perimeter. Thickening of the test piece was

observed to occur at the edges during drawing which would

result in part of the blank holder load being supported in these

regions. If the friction force acts over an extended region
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of the'testpiece'then; since the effectiveness of the mechanism
becomes less as the die exit plane 1is approéched the total
reduction in friction force at any stage of drawing would be
less than predicted on the initial assumpti&n.

From Fig. 9.6 it can be seen that the model predicts a
959 reduction in friction force for a velocity ratio of 0.1.
This agreed closely with experimetnal data at both puhch
velocities examined. Also éxamination of the ﬁunch load red-
uction data, plotted in Fig. 8.13 - 8.21, indicates that the
limit of the non-linear effect coincides with values of die
amplitude which correspond to a velocity ratio of O.1l. Howeﬁer,
the magnitude of the non-linear force reduction was greater
than the‘measured reduction in blank holder friction force,
-indicating the presence of a further effect.

9.2.3.3 Reduction in friction forces between testpiece

and die

The possibility of friction reduction at the lower test

‘piece surface and at the interface between the die and edges

of the test piece was considered. In oréer for the reversal
mechanism to operate at the edges of the testpiece the motion
of the die would have to be such that it assisted the test-
piece motion during part of the vibration cycle. However, in
the analysis defining the testpiece vibrational mode it was
proposed that during the interval in which the die velocity
exceeded that of the linear testpiece velocity, each element of

the testpiece remained in contact with the die as the elastic

strain was released. Friction vector reversal was therefore con-

sidered 'impossible. It was concluded also that the relative
motion of the die and testpiece did not permit separation
of the surfaces during the vibration cycle since the rate of

strain release in the testpiece would be several orders of

e T e e e
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magnitude gréater than the oscillatory velocity, being equal

to the velocity of compressional waves in the material.

9.2.3.4 Surface examination of ﬁrawn Testpieces

In an attempt to verify the friction redﬁction ﬁeéhanism
and to confirm the oscillatory mode of the testpiece, a series
of observations was carried out using alstereoscan electron
microscope. It was intended to examine various porfions.of
the testpiece to determine whether oscillatory drawing produced
any distinctive surface characteristics. The occurrence of

a cyélic relative motion at the tool/work piece interface would

- be expected to produce some evidence of surface disruption or

flow. Sﬁould this be the case, such a feature would only be -
éxpected on thelupper testpiece surface, if the proposed
oscillétory mode of the testpiece is correct. A number of
testpieces were prepared by etching in a 10% solution of
sodium hydroxide (NaOH). This ensured a uniform surface finish

by producing a thick oxide film. The tests were carried out at

‘a drawing ratio of 1.70:1 over a range of die amplitudes. 1In

order to produce clearly defined regions drawn either under
oscillatory or non-oscillatory conditions the following sequence
was adopted: | |
Testing was commenced with the vibrators switched off; after
completing half the draw, they were switched onlfor a peribd.
of approximately 1 sec, and the test completed under non-
oscillatory conditions. The effect was to produce. a narrow
transverse band on fhe testpiece, representing the oscillatory
interval, which was clearly observed by visuél examination.
Sections were taken from the uppef and lower surfaces and
from the edges of the testpieces within and adjacent to the osc-
illatory band. These were mounted on conventional specimen

holders and examined at various magnifications upto x 1,150
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using ah eleétron microscope with oblique beam scanning
facilities. The depth of focus possibie usiﬁg this arfangemeht
provided a three dimensional view of the selected field which
greatly faciiitated detailed comparison of the surfaces.. |
Examination of sections subjected to low amplitude .
vibrations revealed no significaht difference between regions
drawn with and without vibrations. However at amplitudes in
the region of 20 x 1O_Sin.§pecimens taken from the upper
surface showed a)distinct transition across the 'oscillatory"
band. In each case examined, the region drawn under oscillatory
conditions was characterised by a high level of debris and
evideﬁce.of_oxide_film break up. The effect is illhstrated in
the photographs in Figs. 9.7a and b, which show osCiliatory and
non-oscillatory regions at magnifications of x 200.and x 900

respectively. Corresponding regions taken from the lower

surface of the testpiece and from the edges showed no -evidence

le oxide film breakup. This is illustrated in Fig. 9.8. The

absence of this effect on the edges and lower surface of the
testpiece indicated that the oscillatory conditions in these
areas were essentially different from those affecting the
upper surface. The results were therefore consistent with the
proposed vibrational mode of the test piece.

9.2.3.5 Unlubricated Tests

In order to assess the possibility of mechanisms (ii)

and (iv) contributing to the observed friction reduction, a

-series of tests were carried out without lubrication. Care

was taken to degrease the tools thoroughly before drawing under
both oscillatory and non-décillatory conditions. Standard

traces were obtained for a range of die amplitudes at drawing



Oscillatory

Non-oscillatory

Fig. 9.7a. Upper testpiece surface showing difference

between oscillatory and non-oscillatory regions.

Magnification x 200



Oscillatory

Non-oscillatory

Fig. 9.7b Upper testpiece surface showing difference
between oscillatory and non-oscillatory
regions.

Magnification x 900
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Oscillatory

8

Non-oscillatory

Regions from the edge of the testpiece drawn
under oscillatory and non-oscillatory

conditions.
Magnification x 900
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ratios of 1.60, 1.70 and 1.80:1. The results indicated similar
effects to those prdduced in the lubricated test series.
However at die amplitudes in excess of 6 X 10-5in.the friction
force, which was reduced to zero during the early stages of

drawing, was found to increase towards the end of the draw.

- This was attributed to welding which was considered more likely

'in the absence of a lubricant film. From the general

characteristics of the lower amplitude tests it was therefore
concluded that any effect due to pumping or activation of the
lubricant was of negligible magnitude.

9.2.3.6. Low velocity ratio tests

In order to examine the effects of low . velocity ratios
on the friction characteristics, several tests were carried

out at slow punch speeds, of the order of 0.03 in/sec,with die

amplifudes:upto 8 x 10"5 in.(ém in 14.8.in/secJ. This gave a
velocity ratio (a = E—) of 0.002:1, which was much lower than
achieved in the main Series of‘tests._ A striking characteristic
of the deformation process under these conditions was that severe
gélling occurred between the test piece and blank holder and to
a lesser extent between the lower test piece surface and the

die. In extreme cases the testpiece was actually welded to

‘the die which resulted in premature failure. For this reason,

coupled with the need to minimise die wear, only limited testing
was carried out at very low ratios. Blank holder friction force
measurements were erratic when welding occurred but for less
severe conditions, down to ratios of 0.01, the friction force

recorded during intermittent testing at a drawing ratio of 1.70:1

was observed to be approximately twice the equivalent non-
oscillatory value. This observation was consistent with the

general phenomenon observed in the main series of tests and
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might be explaincd by the additional friction work expénded
ddring,oscillatory.drawing.

If it is assumed that the energy expended in effecting
the additional oscillatory, frictional work is degraded to
"heat, then a further friction effect might be expected at low
velocity ratios due to enhanced welding of asperities.

It is suggested that under conditioﬁs of large relative
motion, the heat generated at the interface is sufficient to
facilitate atomic diffusion resulting in welding of the contact-
ing surface asperities. Provided that the junctions are

isolated they will be 