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SYNOPSIS.

This research programme has investigated the application of
vibrations to the three tools that constitute the deep-drawing
process namely the punch, blank-holder and die. The deep-drawing
process was simulated by us@ng a modified form of the wedge drawing
test. In this analogue a 'double' ended wedge shaped specimen was
drawn through wedge shaped dies the wedge angle simulating the
effect of circumferential compreséion upon the blank.,

On applying axial punch vibrations at a frequency of 13 kHz to
the deep~drawing process the mean punch load was reduced by up to
30 per cent. The peak load was believed to remain unchanged how-
ever since no increase in the limiting draw-ratio was observed.

'Radial' blank-holder vibrations were simulated by subjecting
the wedge blank-holders to in-phase axial vibrations in a plane
perpendicular to the axis of the punch.

Over the range of oscillatory amplitudes tested the punch load
was reduced by up to 30 per cent”and the limiting draw-ratio
increased by 12 per cent; This second effect is attributed prin-
cipally to the friction vector reversal mechanism whilst thé first
effect was caused by a combination of both the friction vector and
the stress-superposition mechanism.

In the draw ironing process 'radial' ﬁie vibrations were
simulated in a similar manner and at the highest reduction suc-
cessfully undertaken, 25 per cent, the maximum punch load reduction
was 20 per cent. The limiting draw-ratio was increased by 10 per
cent which corresponded to an increase in the height of the ironed
wall of 3% per cent. These maximum effects obtained from the
apparatus were not considered to be at the limit of improvement
because the effectiveness of the vibrations was still increasing at
the maximum oscillatory amplitude that could be obtained from the

wedge test analogue. Development of the axisymmetric equivalent
is recommended to take advantage of the improvement that increased

R



;scillatory power can produce combined with the removal of the edge
friction present in the wedge drawing apparatus,

The use of ultrasonic blank-holder vibrations parallel to the
punch axis was not practical in this apparatus. A low frequency,
200 c.p.S., pulsating oil pressure was applied to the blank-holder
hydraulic pressure éupply. A marginal improvement of 3 per cent

was obtained in the limiting draw-ratio.
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1. INTRODUCTION.

The deep-drawing process is a sheet metalworking operation
characterised by the use of a punch and die, the punch being used to
push the sheet throﬁgh the die and in_doing so the work material is
bent over and wrapped around the punch nose to produce a cup shaped
object. |

The flange of the blank which is gradually drawn over the die
radius is in a state of radial tension,. caused by the drawing stress,
and hoop compression resulting from the progressive reduction in the
circumference of the periphery of the blank. As the material in
the flange is rearranged into the sidewall this circumferential
cenrrrssive stress causes instability within the flange which
develcps as wrinkling if there is some lack of uniformity in the
mcve=2nt or the resistance to movement in the cross-section of the
metal.  This tendency to wrinkle is suppressed by the use of a
blan:-holder which holds the flange of the material to the surface
of the die, A blank-holder force sufficient to resist or compensate
for the non-uniform movement will prevent wrinkling. Once a wrinkle
sturis the blank-holder is raised from the surface of the material so
thzt others can form easily. Blank-holding can be either a constant
clzarsnce or constant pressure type, the latter allowing the blank-
nolder to rise and fall with the changes in the blank thickness
durin - the drawing operation, The blank~holder force required
varic:: according to the material thickness, thin materials require
rrelatively large loads because the material itself has little resis-
tance to the buckling which appears as wrinkling,. With thicker
materials the blank-holder load required decreases and for thick
blankcs is practically zero.

n its simplest form the deep~drawing operation produces a
circular cﬁp but other complex shapes can be produced with suitably
shaped tools but these shapes are often a combination of deep-drawing

and stretch forminge The difference between the two processes is
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thnt in deep-drawing the blank-holder pressure whilst being sufficient ‘
to pr:vent wrinkling does - allow the material from the flange to
be drawn inﬁo thé die whilst in stretch forming the blank is clamped
arouni its periphery and the final shape is producéd by thinning the
material already in the die.

As the flange is drawn in, the compressive stress causes the
material to thicken which leads to a non-uniform cup wall thickness,
the cuap wall being thickest at the top. This thickening can be
contrclled by ironing the cup wall which involves drawing the materialr
thro--h a die, the clearance between the die and punch being less
than the metal thickness. This reduces the metal thickness and
increases the height of the cup. This operation is often combined
with the deep-drawing process if it is desired to control the
thickening during the drawing rather than thin the cup wall., This
distinction is necessary since in the drawing process the material in
the cup wall is thinned as a conseqﬁence of bending and unbending
under tension over the die radius, This thinning is masked by the
thickening of the blank which occurs in the flange because of radial
drawing ine. Generally at a point approximately two thirds the way
up the cup wall, the thinning and thickening effects combine to
bring the cup wall thickness back to nominal starting gauge. Iron-
irng beyond this point up the cup wall is employed to prevent the wall

becor ing excessively thick at the top of the cupe This operation

[t)

an »- accomplished quite successfully since the load necessary for

t

his ironing is required at the end of the drawing stroke, which is
resc’ » from the maximum drawing load which occurs soon after the
start of the draw, when the maximum amount of material is undergoing
raii-l compression in the flange.

The limitation to the deep-drawing process occurs when the
blank diameter is so large that the combined components of the draw
load are greater than the partly drawn cup wall can withstand, the

resul” being a tensile failure low down in the cup wall, which is
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the thinnest part of the cup walle. Failure can occur for other
reasons but this type of tensile failure is the most widespread.
The draw-ratio, which is the ratio of blank to punch.diameter, at
which there is a transition from successful draws to failure is
called the limiting draw-ratioe. This as the name applies is the
maximum size of blank which can be drawn under a given .set of
concditions and for a wide variety of materials of a deep;drawing
quali<y the limiting draw ratio for a single stage draw seldom
exze: 5 a value of 2.2 which gives a cup height to diareter ratio
o airoximately unity.

“aving introduced the deep-drawing and associated processes
anl d 'scribed some very general limitations of the processz it can be
aror 'siated that the proportions of a first stage cup will be
insufTicient for many applicationse. Consideration will therefore
be ~iven to ways of increasing the depth of the drawn cup. The
anorv-l way of producing deeper cups is to re-draw the cups to a
sral” »r diameter either by the direct method or by reverse re-drawing
whict turns the cup inside out. This is the only way of producing
lonr~ zlender cups but it involves additional tooling to perform the
re-dr-w and interstage annealing may be necessarye. For many
operz“ions, however, re-drawing would not be necessary if the limiting
draw-ratio could be improved slightly to enable the first stage cup
to be fabricated to the right proportions,

The variables in the process are the material, lubrication and
.tooling, any or all of which can be changed to improve the drawing
operations The materials used for deep-drawing up to the highest
linit iz draw-ratios will have been manufactured with the metallurgi-
cal rroperties carefully controlled to a specification suitable for
de«p- ‘rawing and therefore the improvements which can be made to
such - material are often quite limited and also the desirable deep~
drowin; properties often have to be compromised with the properties

required in the drawn article.
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When the metals are in sliding contact under pres:ure during
deep-drawing galling of the tools and work material can occur which
increases the draw load and can cause the workplece to Iracture.

When trying to increase the drawability of a material “imitecd suiccess

can be obtained by using a better drawing lubricant to reduce ih

l.l

forming load. The cost and ease of removal of lubric::t Tilms are

factors which sometimes detract.from the use of better drawing
compounds. One of the more recent developments in lubrication is
the use of polymer films to act as the lubricante. Such films can be
applied beforehand to impart mechanical and corrosion protection to
the material whilst their removal after forming can be relatively
simple. These films do, however, suffer from the disadvantages of
being expensive and provide a uniform lubrication all over the blank
when, for high draw-ratios, differential lubrication may be more
appropriate,

Variations in tooling can also be uéed to reduce the forming
load, such as improving the surface f1n15h and increasins; the drawing
die radius. This 1atter operation does make the drawinz operation
onset of wrinkling over the draw radius which is out of tr2 cornirol
of the blank holdere.

In addition to these simple measures which can be used %o
improve critical drawing operations, there are differen: procecces
which can be used to enable useful increases in the derth of drawv to
be obtained.

One of the more successful developments is that of applyin: hizh
pressure 1ubrication‘to thé tooling. This can take a variety cf
forms, one of these being the filling of the closed die cavity with

lubricant which is Pressurised as the punch descends, tie lub-ican

ok

beins forced out between blank and die thus reduclng £% - frictinn at
this interface to negligible proportionse Large increoses in the

=

liniting draw-ratio can be achieved by this method but e puvnc:
‘o, .
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loads required are much larger than those required conventionally,
beFauSe of the self-pressurisation the punch must be of a solid
shape similar to the required cub shape. This can be taken a stage
further and the drawing dielbe eliminated, using a flexible membrane
to separate the o0il from the blank which is wrapped around the punch
during the forming operafﬁbh by tpé hydraulic.pfeséure. i

The natural thickening of the blank at its periphery once the
draw has started caﬁ be used as a means of improving the lubricatione.
Lubricant entrapment can occur between the flange and die radius
which results in a small amount of lubricant being forced over the
die radius as the blank periphery contracts with the draw. ‘hen
using constant blank-holder pressure this is more successful with thick
lubricants since they are viscous enough to be retained during the
initial application of blank-holder pressure before drawing commences.

One final method of pressurised lubrication is to use an
external pressure supply to apply high pressure lubrication to the
drawing“bpggation through suitably located orifices, the pressure
being sufficient to overcome contact pressure of the blank on the die.
Such a system has the advantage of allowing the lubrication to be
applied to a specific area of the tooling to compensate for the
additional complication of an external pressure supply and the
provision of suitable orifices in the tooling.

Another process from which reduced friction effects can result
is that of oscillatory metal deformation. Claims have been made
that the 'application of vibrations to the tooling can reduce . the
forces required to deform the metal, improve the surface finish and
improve the metallurgical properties of the workpiece. One of the
limitations to this process is that the.effects are reduced at the
higher drawing speeds and can disappear'altogether if the drawing
velocity exceeds the oscillatory'velocity. The process of deep=-

drawing is one of the slower drawing processes and in additicn there

is a large frictional component within the total drawing load.
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There’ore, for these two reasons this process could benefit signifi=-
cantly from the application of oscillatory metalworking technigues.

An earlier investigation had developed a modified form of the
Qedge Test for the application of 'radial! vibrations_to the drawing
die. A wedge shaped specimen was-drawn through wedge shaped dies
over a die profile radius by a rectangular punch. This system
closely simulated the conditions acting in fhe axi-symmetric case
apart from the region over the punch nose.

This research project, which uses the same analogue, will examine
the cffects of vibrating the.other two components that comprise the
deep-drawing process, namely, the drawing punch and blank-holder.

In addition, the effect of die vibrations on the draw ironing process
where the materiﬁl is drawn and simultaneously ironed will be examined
alon; with the process of axially vibrating the die or blank-holder
whicl: will squeeze the flange of the deforming blank. These two
latter processes will enable the efféct to be realised of applying
acdditional work to the process without increasing the tensile stress

in the drawn producte.



2. THE REVIEW.

2.1.! General Introduction to Ultrasonic Metal Defornation.

Ehe examination of the effect of ultrasonic vibrations upon the
plastic deformation of metals can be said to have started in 1955
when some of the effects of subjecting single zinc crystals to
ultrasonic vibrations were reported by Blahaand Langenecker(1).

Prior to this work the 'beneficial' effect of superimposed vibrations

(2), (3)

had U:en recognised but it was the implications of the later
work -hat ultrasonic vibrations could affect the deformation
prope-ties of the metal itself which established the interest in the
apolication of vibrational energy to commercial metal-working
processes. This interest was undoubtedly assisted by the emergence
in counmercial quantities of the new materials necessary for the aero-
space and nuclear energy industries which were pfoving difficult to
work by conventional techniques.

Trom these beginnings the subje?t has been widely investigated
te discover the fundamental mechanisms as well as the practical
application of the phenomena to metal forming processes. Claims of
reducad process stress, different metallurgical properties and
imprzved surface finish are expressed as the benefits which can
accruz from the use of vibratory metal forming techniques.

Yibratory energy applied to metal deformation processes has been
considered to manifest itself in two ways which can be described as
the V:lume and Surface Effects. The ?olume Effect refers to the
“inter-action of the vibratory stresses on the internal structure of
the bulk material during plastic deformation, whilst the Surface
Effect deals with the workpiece tool interface and is thus concerned
with the various aspects of friction between workpiece and tooling.
This separation of the effects in ultrasonic metal working can there=-
fore te seen to resemble the traditional method of dividing process

work into two components, one to execute the bulk plastic deformation

the other being used to overcome friction within the process.
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2.0, Mechanisms Degcribing Ultrasonic Metal Working.

2.2eT. The Volume Effect.

The first model describing the Volume Effect was proposed by
Blah; andJLangenecker(1). It was postulated that vihratqry energy
was preferentially-abso:bed at dislocation sites with?n tﬁe crystal
structure of the material being formed. This preferential
absorption somehow eased the dislocations past obsﬁac}es in the
crystzal lattice structure yhich presented a barrier_té the normal
static stresses. Whilst this first model was acqepted 5y some
workers at that time, it lacked evidence on the manner in which this
absorvtion of energy took place. It was during studies of thié

(&)

absorption problem that Nevil and Brotzen were able to describe
another model to account for the observed effects. This model
becars known as the'supérposition effect! since fhey found that the
observed reduction in the yield stress could be the result of super=
posing the cyclic alternating stresé upon the normal stress. Thus
the r2duction in the yield stress was equal to the periodic stress
am -1litude and therefore the peak stress during each cycle still
egualled the current normal yield stress of the material.

“nis superposition mechanism as described gained almost
uriversal acceptance since by careful measurements of the periodic
stres; amplitude the validity of the mechanism could be demonstrated.

The superposition effect, however, does not explain all the
observations made.during ultrasonic vibration. It does not explain
“the cross reductions in yield stress observed when materials are
subject to high densities of ultrasonic oscillation, neither are
changes in physical properties explained, which can occur during
vitration.

It ié believed by some workers that such changes are caused by
heating of the specimen as the ultrasonic energy is dissipated within

the srecimen in a manner eimilar to conventional thermal effectse

Cne mechagism wvhich was not anticipated, not ﬁnderatéod and
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s
therefore was not employed in the early days was that which is now

termed the 'swaging effect', This is well known as a conventional

- metal working process in which compressive stresses are applied
ﬁransverse to the direction of flow. .It has emerged as an important
mechanism in oscillatory metal working, since by changing the stress
state of a particular element by transverse compreséion, yield can be
accormolished by the application of a smaller tensile stress than is
ncrizlly requirede The tensile stress in a drawn product can there-
fecre be.feduced thus lessening the risk of failure resultinz from the
lack of strength in the drawn product which-is the ﬁajor cause of
failure in the metal drawing processese Another reason for the late
erar-cnce of this mechanism is that it has only been possible recently
to rcéially vibrate a die neede@ to apply these ;adial stresses rather
than *he transverse and longitudinal vibrations employed in the early

investigations.

2elele The Surface Effect.

"he Surface Effect as applied to the frictional conditions which
exist between tool and workpiece is more complex than the Volume
Effect, The: very early work using ultrasonic vibrations was con-
cerned with the tensile test in which, of course, there is no slid-
irg contact between tool and workpiece and thus the forces required
to strain the specimen are not augmented by frictional effects.

Possibly because of thé absence of friction from these cirly
tests along with the subsequent disagreement over the true nature of

Yo v -
the Volume Effect, the understanding of surface friction has emerged

mocre slowlye

Tundament i i s .
v al investigations have shown several mechanisms which

couls be used to explain the effects of friction. Within this

grouring, a further division could be made to separate the effects
which rely on a change in the coefficient of friction from those

which give a reduction in the friction force without a change in the
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ccefficient of friction.

The nost commonly described effect is that of a periodic
serxarntion of the surfaces. The contact time and hence frictinn
fcrce is reduced. -iThis does not always affect the process since
deZcr-ation can only occur when the surfac;s are in contacte.

(5)

Fridman and Levesque explained the improvement as a result

of periodic breaking of the weldments whilst the re-distribution of
the 1ubricant‘during separation was suggested by Lee et 31(6).

A much later mechanism to be described was that of friction=-
vector reversal. This is concerned with oscillatory movement witain
the plane of sliding. A theoretical analysis by Mitskevich(?)
.indicated the friction force was reversed due to the motion. The

mean force in the direction of sliding was therefore reduced even if

the coefficient of friction remained unchanged. This

(8)

model arreed
with the work of Polhman.and Lefeldt and Lenkiewicz(g). Tha
first application of this mechanismlﬁas by Nosal and R mshaclo) wko
appli~d it to the tube drawing process.

Improvenents in the ultrasonic metalworking processes have also
been zttributed to a change in the coefficient of friction. Improvee
mentcs in surface finish in tube drawing because of frictional condi-

tionz altering have been reported by Jonescll).

T+ is also believed that the oscillatory motion between tool and
werznisce can improve the lubrication and a variety of models describ-
ir - now the lubricant is pumped have been proposed but these mechan-

: i:xs-:re not well understoode.

Cne final method of improving the effectiveness of lubrication

iz th~ use of vibratory energy to ‘activate' the lubricant, This is
belinvad to be particularly useful when reactive lubricants are used.

Tho effectiveness of such,chemicals is improved by éitheriheating, an
ef’cc” often experienced, or by having the metal su:faces:effectively
cl-

.1 by the ultrasonic exgitation. The clean surface allows the

‘Iubricant to react with a hiéher proportion of the workpiece surface
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and thus improve the lubrication properties.

This review has so far described the ways in which the early
work on the effects of vibratory energy on the metal working
processes developed. The papers referred to are by no means an
exhaustive account -of the work but are included because they are
considered representative of the particular developmeﬂta which were
occurring at the time of publication. |

A fuller account of this earlier work can be fouﬁd in the
exhaustive review of oscillatory metal working at both high and low
frequencies by Dawson et al(la).

Having introduced the early work and the mechanisms believed to
be operating in oscillatory metal working processes, the more recent
papers published on the application of ultrasonic vibrations to the
metal deformation processes will be reviewed with an emphasis being

placed on the underlying mechanisms within these processes rather

than the processes themselves.
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.
2.3. Ultrasonic Metal Working Processes.

2.%.1, Compression Processes.

2e3.1.1. Forging.

In order to compare the effects of heating with ultrasonic
vibrztions an investigation was carried out by Severdenko and

3

Petrenko This was a continuation of earlier work in which a
temperature rise when using ultrasonic energy in free upsetting was
noted. On comparing the effects of upsetting under conventional,
heated and ultrasonically excited conditions reductions in the
resistance to deformation of 45 per cent and 75 per cent, respect-
ively, were found. This improvement was used to support the
theory that energy was absorbed preferentially at lattice defects.

This conclusion, however, must be questioneﬁ since the tempera=-
ture during the application of ultrasonic energy would be.extremely
difficult to monitor accurately. Additionally, however, a more
impecrtiant factor is the method of aaéessing the effectiveness of the
process. This was based upon load measurements which would be
subject to force superposition in the ultrasonic case. Thus the
ultrasonically deformed sample could be deforming at the same stress
level as the conventional sample, but a lﬁwer forming load would be
recorded. Surface friction conditions are likely to differ between
the heated and vibrated samples with the resultant difference in the
yield situations. Thesé'three factors must be accounted for before
any rmeaningful conclusions pertaining to the preferential energy
‘abcor-tion theory can be drawn.

In a later paper referring to the same process, Severdenko et

(1%)

al , the effects of ultrasonic vibration on the specific pressure

and hardening curves as a function of the degree of deformation were
examireds A decrease in external friction was stated as the reason
Tor the reduction in specific pressure but, once again, few details

of the load recording instruments were given resulting in the reader

being unable to'qeparate stress«superposition effects from the data



- 13

svortied. The hardening during a deformation with ultrasonic
vidration was less than that obtained in conventional processing.
Tris was attributed to a decrease in surface friction by the authors.
No further information was given but it is reasonable:tb attribute
the inprovements in the process to less redundant deformation
resulting from a lower coefficient of friction which &ay have been
caus~d by the periodie separation of the surfaces. .

On considering a similar process at a low fregquency of 12.5 Hz
(15) lower forces and greater uniformity were noted. : The high
amplitudes characteristic of low frequency oscillations ensured
surface separation leading to lower friction because of the breaking
of weldments and the redistribution of lubrication obtained during
each cycle.

In an investigation of the effectiveness of.various lubricants
in the closed-upsetting process Severdenko and Petrenko(l6) suggested
that the axial ultrasonic vibrationg developed micro-cracks in the
surface which were able to pump the lubricant whilst chemical re-
actions between surface and lubricant were also accelerated. Ho
evidence, however, was presented to support these conclusions and
tre cnserved effects could equally well have been attributed to
sireos-superposition along with lubricant redistribution during
surfzc2 separation. From the details given in the paper the loads
recor.ecd appeared to be mean value rather than peak value, thus
anloroing the apparent effectiveness of the ultrasonic oscillatory
"affect. Similarly, the decreasing effectiveness as the degree of

defor~ation increased could have been caused by a reduction in ultra-

sonic amplitude as the system became more heaviiy loaded, The

af

L}

ectiveness ratio quoted in the paper appears incorrect since any

imzrcvements in lubrication caused by the vibration tend to decrease

this ratio, rather than increase it,

The effects of axial vibration in the forging processes which

have cmerged from these papers can be summarised, tharefore, as stress-

e
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superposition with some effect upon the coefficient of friction
actin;: in the forging process. This reduction in the coefficient
of friction can be considered to have been caused by the separating

surfzces breaking the weldments, thus permitting a redistribution of

lubricant and enabling a more homogeneous deformation to occur.

2-3.102. Extr‘uSion.

The reduction in friction obtained with the application of
ultrasonic vibrations has been found to be useful also inlthe
extruzion processe.

The effectiveness of various methods of applying ultrasonic
oscillations were investigated by Petukhovcl?). The effective-
nesc was judged by the magnitude of the force reduction and the
dere> of non-uniformity of the metal flow. With all the methods
of arnslying the ultrasonic oscillations a reduction of the extrusion
fcrco and a decrease in the non—uniformity of the extrusion was
obtzined.

These findings are consistent with an effective reduction in
friction between the workpiece and tooling, The load reductions
reccriad were,got ﬁeak:loads 50 an element of superposition effect
was included in thig recorded reductions The more uniform deforma-
tion coupled with a decreasing effect as the extrusion speed rose,
howevar, indicate a friction-vector reversal mechanism occurring
betw22n the container walls and the deforming material.

(18)

In a later paper considéring direct extrusion through a
radially oscillated die Petukhov again reported reductions in the
applied force and in the degree of non-uniformity. A decrease in
friction between blank and die was reported as responsible for these
effects, In addition to this friction reduction which would be of
a reduced coefficient type except across the flat face of the die

where friction-vector reversal could occur, the swaging effect is

likely to have a significant effect on the loading nécassary to
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_ -
brin- about a yielding situation.

% change in the micro-~hardness of the extruded material was
also ~eported and attributed to an "increase in plasticity". This
statcment was not expanded upon but a possible explan&tioé would be
of 2 heating effect, which would also account for QQmé oféthe load
reduction recorded, Without the ultrasonic po;er?le?élsiused,
howewer, it cannot be confirmed. Another expianatioﬁ woﬁld be that
the r2aduced hardﬁess was caused by the reduction in the redundant
deformation, a factor which was quantified, This would reduce the
amount of work hardening which was indicated by the lower micro-
hardn2ss on the surface of the extrusion,

In this paper the longitudinal oscillation arising from the
radial oscillation was calculated using the simple relationship
ccnnecting longitudinal and lateral strains withlthe single applied
stress. This use of Poisson's ratio appéara to make an elementary

error since no account was taken of the lateral stresses.

2e3e2e Drawing Processes,

Ce3elele Wire Drawinge.

In the drawing processes the tensile strength of the drawn
prodinst limits the amount of deformation which can be achieved in
ars = ngle stage,. Thus any modification to improve the drawing

racess must reduce the tensile stress within the drawn product

o]

trhus ~nabling greater reductions per pass to be achieved.
‘/ire drawing tests using longitudinal oscillations of the die

(19)

were conducted by Vatrushin Liquid lubricants were considered
inefiective because they were ejected from the die throat by the
ultr-sonic actions No changes in the frictional conditions were
renorted but a reduction in the deformation resistance within the
dic wns confirmed by the fact that the strength of the drawn wire

wa: lower. An increase in temperature was said to account for this

observations :'Transverse oscil}ations'of the die were reported as

i
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havir- negligible effects on the reductions obtaingd. All these

- results were based on the measured dfaw load which did not allow for
the :tréss-superposition effects to be obsérved; consequently, the
instzntaneous stress within the wire cannot be determined;

Comparing these results with hydrodynamic drawing using low die
argles the hydrodynamic method compares favourably!wifh the ultra-
sonic systemse. This observation is borne out in ﬁractice by the
lack of commercial exploitation of ultrasonic wire drawing equipment.
Tric is not unexpected since:wire drawing through a single die with
lengitudinal oscillations applied does not maximise the advantases
of ultrasonic metalworking. ; More conventional techniques for im-
proving lubrication such as hydrodynamic drawing are better suited
to the high speeds used in wire drawing than ultrasonic methods,

Transverse oscillafibns of the die which Vafrushin found to te

of little value were described in a recent patent(ao).

In this
patent the use of the swaging affecf;_where ultrasonic stresses re-
place part of the drawing stress, was stated to be not particularly
beneficial, when difficult to deform materials were being drawn,
because of the high stresses involved. The use of a transverse
oscillation of the die at a velocity antinode was preferred because
of the frictional reduction effect it would have on the wire-die
interTace. It was claime@ that this friction reduction allowed
muck nigher processing speeds and enabled some materials to be drawn,
whicl could not be drawn by conventional means.

These claims can be contrasted with the work of Severdenko(21)
on drzwing titanium alloy wires using transverse oscillations of the
diec. In this process the oscillatory die was maintained in reson=-
ance by drawing the wire through two further dies located at equal
distances on either side of the main die, A sharp reduction in the
drnﬁ ?orce.was recorded and when the ultrasonic vibration was switched

off there was a lag before the draw load returned to its original

level Fige 2e3e2ele This reduction in force was attributed to a drop

T L
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ir tre flow stress within the system bounded by the two additional
dies although slight changes of wire diameter from the main die could

have been a factor.

Aston University

Nlustration removed for copyright restrictions

Fig. 2.3.2.1.

{Severdenko et al).(21}

“he relative methods were discussed of bulk heating or a
praZer-ential absorption of energy at the dislnéation sites to account
for =2 ultrasonic emergy input. Severdenko favoured a preferential
tscrntion effect, Unfortunately, there seems little evidence teo
s¢ this judgment on and no attempfﬁ were made to distinguish which
factors predominated. Superposition of bending stresses brought
abo:% by transverse oscillations of the die must have been respons-—
ible Zor a large part of the apparent forece reduction. Contact
friction effects may be reduced by a redistribution of lubricant and
therzZore any real reduction in the drawing stress is likely to be
confined to the reduetion in the yield stress caused by the heating
affacs, This method of applying the ultrasonic enerzy to the die
was compared with the location of the die at a stress antinode in an

- parlicr paper by the same authurcaa)-

In this paper oscillations of
the <¢ie at a stress antinode were reported as being more effective in
reducing the drawing load than when the die was situated at a dis=-
placcrent antinode which could result from a swaging effect.

#igh frequency bending stresses were developed when using
10n;itudiné1 oscillations of the die provided the diameter of the

(23)

wire wvas small enough.  Simann found that despite the reduction

in tre externally applied force obtained when using such a system
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therr was still tensile failure in the drawn wire if too large an
areaz reduction was attemptede This limitation was removed by the
addi*ion of a second die positioned downstream of the first. t/hen
drawi~g tarough this two die system the oscillatory first die
proluced the alternating flexural stresses which superposéd on the
mean irawing stress so as to equal the non-vibrated drawing stress.

R4

b

3

e 1irawing stress acted as the back tension for the second die.
The cscillatory flexural stress was not transmitted through to the
seconi die with the resulting lower stress in the drawn product.

The lowering of the final tension in the drawn wire enabled the

rupturing the wire,
Tn an earlier publication the use of multi-die systems to enable

strc:q-auperpositioﬁ mechanisms to produce a genuine reduction of the

¢zt stress within the wire have been described by '/insper and
. (24)

] -

s3.3e « Before their multi-die investigations, results were

d

77}
%]

ottzinad with a single longitudinally oscillated die in whichk the
acoustic stress in the drawn product was monitoreds In this process
they demonstrated that the apparent drop in drawing stress was equal
to the acoustic stress amplitude showing the process to be one of
stress-superposition. This had been observed both at ultrasonic

(25) (26)

frequencies and previously at low frequencies Referring

again to their multi-die system, it was found that if the back tension

» applied to the die had an alternating component, only its mean value

‘was effective in raising the front tension. This explanation showed

good agreement with the cbserved mean and alternating stress levels
as did the earlier work on a single die system.

?ohlman(a?) compared two methods of wire drawing along with the
concz & of.using a mode of vibration which imparted the least ultra=-

soniz cnergy to the wire. This was in order to obtain the greatest

benelit from friction reduction.
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Using longitudinal die oscillations in a two die systen,

reductions of up to 50 per cent in the drawing force were obtained.
Some of this reduction was, however, believed to be caused dy siress-
supervosition which was only an apparent'&ffect. The other method,
usins longitudinal die vibrations to generate high frequency bending
stresses in the wire is very similar to that reported by Sﬁmann(23)
and cculd well be the same piece of work, The limitation to this
proccss was said to be the slow speed of drawing. Provided low
draving speeds were used reductions in the drawing force of 10 per
cent were possible.

The usefulness of these multiple die systems for drawing wire

carn be contrasted with the single die system used by Langenecker and

Jcnes(as). High energy inputs resulted in large reductions-of-

arez being possible even at high drawing speeds whilst other authors
report a definite decrease in the effectiveness of ultrasonic oscilla-
tions as the processing speed incregses. The effect responsible for
these observations has been named the "Blaha Effect! by Langenecker
and is described as the softening of a material under ultrasonic
vibration in the absence of a temperature rise.

The high energy inputs used by Langenecker are likely to result
in over=heating with the consequent thermal softening of the material
beinr drawne The use of high drawing speeds could also result in
the establishment of drawing under hydrodynamic conditions of lubri-
caticn which would further reduce the loading necessary to deform
"the wire. These two phenomena can be used to explain the results
obtair.ed by Langenecker without reference to the preferential
absoration of energy model,

“ongitudinal die vibrations have also been applied to the

(29)

process of section drawing., Severdenko obtained load reductions
of 50 per cent, although much of this would be apparent resulting
from ctress-superposition. A reduction in the number of passes to

produce a given section was recorded whilst the drawn material was

.
1

1
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softer. In addition, micru:;ardness readings, across the specimen,
revesnled a more uniformly deformed product when using ultrasonic
oscillations. The drawn prﬁduct also exhibited surface disruption
when the vibrations were applied. Such a combination of effects
could be attributed to improvements in lubrication arising as a
resul: of the intermittent drawing and relative movement of the
section within the die. This improvement in frictional conditioms
would be reapqﬁsihle for the increased metal deformation possibla
per ctass and give a real contribution to the load reduction recorded.

Yarious methods of draw load reduction were demonstrated in

(30)

ultrasonic strip drawing by Severdenko et al Dies of a
cylirirical form were used, the direction of oscillation being Ius

desress to the drawing direction. Fig. 2.3.2.2.

Aston University

Hlustration removed for copyright restrictions

Figt 2.}.2.3-

(3everdenko et al].(ﬁn)

‘nen the oscillations were phased so that the dies were moving

“towz-is each other this was equivalent to a longitudinal oscillation
cenbized with a swaging action, An increase in the maximum possible
reduztion was obtained attributable to the swaging and possible
impr:vements in lubrication. With oscillations phased so that the
dics were moving in opposite directions a vector analysie of the
motion reveals the system to be a fixed die angularly oscillating
about an axis parallel to the surface of the strip and at right

angles to it. Thus the strip was being deformed by a bending and
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shoning action under tension with the additional influence of a

fric ion-vector reversal on one surface of the strip. This
frictional redﬁction depends on there being relative movement be-
twesr strip and die; a condition which does not occur with normal
strip drawing, or wire drawing, because when die and strip velocity
are in the same direction the strip is elastically unloaded so that

there is no opportunity for this friction-vector reversal effect to

H

aterialises This second system of die oscillation does allow

craration and relative movement to occur which enabled the maximum

o]

reduction of area to be increased from 58 to 88 per cent compared
with 2 figure of 64 per cent for the first system of oscillatione
Thus in this instance the system of introducipg beﬁding stresses
combined with a friction reduction gives a greater effect than the
application of a swaging action. The swaging aétion should be
caratle of doing all of the process work, however, and in certain
circumstances, the draw load can betfeduced dramatically (31).

This anomaly ecould therefore result from the increased loading with-
irn the secoﬁd systenm causing'g reduction of oscillatory amplitude
with cubsequent smaller effeéts upon the draw load and reduction of

area obtainahLe.

2.3.2.2. Tube Drawing.

Tne process of tube sinking resembles wire and section drawing
ani itho mechanisms which apply to the wire drawing can be likewise

(32)

-arnli~ad to the process of tube sinking. Severdenko examined
axial and transverse die vibrations in order to obtain a compariéon
of e¢ffectiveness. Periodic variations in the draw force were
obtained when the dies were situated at displacement antinodese. The
uscfuiness of such a reduction is, however, questionable since from
the instrumentation described it was obvious that the loads recorded

were not peak loads and information on the reduction of area was

absent. Thus for the results of tube sinking with the die at a
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lonzitudinal displacement antinode the only real effect can be a
possitle improvement in thellubrication resulting from intermittent
draving and possible surface separation. Dies placed at stress
antinodes were subject to compressive stresses. The die positioned
axially was oscillated radially by the Poisson effect whilst the die
posi*ioned fransversely was distorted elliptically. . With dies
positioned at the stress antinﬁde, the drawing stress was genuinely
lower since the swaging imparted to the tube by the die, resulted in
a nciification of the state of stress and resulted in yield occurring |
at a lower drawing stress than under non—osqillatory conditions.

The problem of periodic variation in the draw force when using
a single die system was avoided by Severdenko and Stepanko(33).
The tube was insulated from tﬁe die by a lubricant film so that the
system operated continually in resonancee. , The ﬁéefulness of this
process must, however, be questioned. Hydrodynamic lubrication is
known to be speed dependent and in the paper it was shown that as the
speed increased the degree of deformation possible, still maintaining -
hydrodynamic lubrication, also increased. Ultrasonic vibrations
were 2ctually detrimental to the establishment of hydrodynanic
luzrication because this effect was only observed at higher drawing
sr2¢-s and lower area reductions compared with the conventional
drawlny process.  Ultrasonic vibrations have been shown to be more
effcctive at lower drawing speeds, e.g. Winsper et al(25) and there=-
fore ‘heir application seems counter-productive unless it was to
-imrrove drawing conditions at the start of the drawing process befofe
the drawing speed was sufficient for hydrodynamic lubrication to be
ectatlisheds Periodic variation of the draw force, was also

(34)

ccrmznted upon by Severdenko y when drawing aluminium alloy tubes

usin: longitudinal vibrations of the die, With a single die the
great st effect was obtained when drawing annealed tubes. This

dencnstrated the predominance of stress-superpositibn upon the

reduction of the draw load. The effect of a given cyclic stress

|
|l . [
|
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woul! be greatest upon the apnealed tube since this deforms at a
louer overall stress than an initially harder material.

The addition of a second'&ie downstream of the first die,
stabilised the drawing and also enabled the reduction to be
increzsed cofe Sﬁmann(ZB).

The use of a third die upstream situated within the ultrasonic
ccncentrator enabled a further reduction in the drawing load to be
ottaineds This third die, situated at the stress antinode of the
concentrator was caused to oscillate radially by the Poisson effect,
thuc swaging the tube.

2eductions in the draw load and increases in the area reduction
in t}e tube-sinking process have been obtained with axial or radial
di~ c=cillations and improvements iﬁ the frictional coefficient.
Ulirasonic tube drawing over a fixed plug}is, hoﬁever, characterised
by lczzitudinal vibrations being applied to the plug bar.

4 (35)

Kelrashnikov et al observed the'effect of mandrel vibrations as
czusing a reduction in the drawing force and controlling the proper-
ti2s of aluminium alloy tubes. Substantial reductions in the draw
load were recorded which, although periodic, can be attributed to
friction-vector reversal between tube and plug interface. In
ad:dition, the material properties were sometimes affected by a rise
in tcﬂperatufe.of the éluminium within the deformation zone. These
benefi:s increased with an increase in the oscillatory amplitude but
at th: higher amplitudes tested, the temperature rose rapidly causing
the tube to adhere to.the tooling. This over~heating of the material
adversely affected the quality of the drawn tube.

The finished tubes produced with the ultrasonic oscillation were
of lower strength and more ductile, indicative of the reduced fric-
tional forces together with the modification of the work-hardness
caused by fhe temperature rise. This variation of properties was

not maintained after heat treatment of the drawn tube when the

properties had become independent of the production route.
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reported an increase in the attainable

(36)

Jragan and Segal

reduction of up to twice those normally possible., The authors

attributed this to a change in the material plastic propertiese.
This is, however, clearly a case of friction vector reversal in
addition to any effects upon material properties recorded, In a

(37)

more recent paper these increases in plasticity were described
as a reduction in tensile strength, a decrease in hardness and an
increase in ductility s Which are clear indications of a more
uniform drawn product. This may have been the result of a heating
mechanism or just the friction reduction depending upon the energy
inoput. Dragan and Segal reported that their results depended on a
reduc.ion in the friction vector.

These findings were in agreement with those of Winsper and
Sanscue(38). They reported reductions in drawing load and plug bar
load when drawing thin walled stainless steel tubes with axial
vibrations applied to the plug bar. ' Improved surface finish and a
reduction in slip-stick of the plug were noted. These changes did
not a.-ect the material properties and friction vector reversal was
reported as the mechanism responsible for these beneficial effects.

(39)

Zagahara et al clearly stated that friction vector effects

vwere r2sponsible for the 90 per cent reduction in plug bar load
durin - experiements in tube drawing although the loading on the plug
bar =3 light and consisted of approximately 15 per: cent of the total

draw oade When tube drawing with heavier reductions of area the

‘recuction in plug and die forces was less as were the dimensional

chang-s after drawing. Thié was attributed to the repeated iﬁpact-
inz noture of the process but surface separation was not likely to
occur. Lower die stresses with the corresponding reduction in die
exrancion yould assist as would the reduction in residual stresses
becauce of the friction reduction, Larger than normal reductions
of arca were possible and in this context a reduction in deformation

resis%snce was mentioned but not substantiated, Plug 'chatter' was
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pravaqted thus allowing poorer lubricants to be used. Thiz effect

upon chatter was speed dependent giving further suppo-t to the

friction vector reversal mechanism.
Improvements in the dimensions of the finished tubes when

ﬁsin: plug and die-vibr;tions has also been reported by waterhnuse{kﬂ}.
"he process of tube drawing with a floating plug has been

(41) ' ;

ex==ia2d by Dawson Radial oseillations of the die were used
bezouse axial vibrations of the die in both wire and tube drawing
hzve 'ade only small improvements to the process when using a single
dia, Using radial vibrations, reductions of 18 per cent in ithe draw
forcz were recorded. No axial cyclic stress was recorded in the
dr-un tube indicéting that this reduction was real and not the rean
vaiu~ of an alternating drawing stress. On drawing, the ‘chattering!
of th~ floating plug was diminished or almost eliminated by the oscilla.-
Lory rower. This enabled poorer lubricants to be used successfully
Whon the vibrations were applied to ;he die. The improvement in the
maxisics possible reducﬁinn was obtained in the absence of any heating
of tr: tube being drawn and the surface finish was not adversely
affectad,. Reductions in draw load were increased by greater die

amplitudes but diminished at the higher drawing speeds.

llustration removed for copyright restrictions

Fig. 2.3.2.3.
{ Yawson) (#1)
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The mechanism responsible for this action was the establishment
of z neutral plane within the deformation zone. The reversal of
metal flow iﬁ part of the die also reversed the frictional force.
The back~-tension upstream of the neutral plane was reduced thus
decreasing the total drawing force, The reversal of the frictional
force on part of the plug caused it to float further back in the die
thus alleviating the problem of 'chatter' caused by the die inter-
mittently 'swallowing' the plug.eFigeZe3.2¢3e

The analysis of the process demonstrates how the swaéing action
of the radial die vibrations results in a real reduction of the draw
forcs, with the possibility of further reﬁuctions if éhe die ampli-
tude is large eﬁough and the angle of friction larger than the die

angle.

Ze3e3a Processes examining basic mechanisms.

- =

1.'-.).3-1- Fz'ictiona

“rom the preceding sections reviewing some.of the recent work
on th2 application of oscillatory energy to metal working processes,
one vaecurring feature has beeﬁ that of friction reduction.by the
apslization of ultrasonic vibrations.

‘he effect of longitudinal vibrations on the frictional force
neces iary to move a body was investigated by Mikhenl'man and
Hashc%inov(ha). The forces necessary to cause.movement of one body
were recorded both with and without ultrasonic oscillations and an
"effective coefficient of friction was deterﬁined. No lubrication
was used which therefore eliminated possible lubricant effects, such
as surface activation and hydrodynamic.1ubricatiqn. The mode of
friction reduction was therefore friction vector reversal since
although a possible heating effect was mentioned there was no
exrcerimental evidence to support this statement.

“he desirability of employing vibrations parallel to the

frictional force was made clear. by Konovak&yB). In high speed
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applications, however, this t;pe of friction reduction is of little
use bzcause when the sliding velocity equals oscillatory velocity
the effect disappears. This problem instigated the examination. of
the use of vibrations at right-angles to the friction for?e and the
effeﬁt'ohtained was found to be independent of sliding speed., This
reduction in friction was caused by cyclic surfacelseparation which
permitted the lubricant to redistribute itself during the operation,
This was shown to be a useful method of reducing ffiction in metal
working‘OPerations, although this work of Konovulovwas performed under
elastic conditions which resulted in better surface separation than
under conditions of plastic deformation.

Further information on friction is contained in the friction
section of a book by Seferdenko(hu). A friction vector effect was
described when ultrasonic vibrations were_introdﬁced parallel to the
surface and perpendicular to the force of friction. The periodic
swinging of the friction vector about its mean position resulted in a
decrease in the friction in the drawing direction when summed over a
cycle. This is because over part of this cycle it cannot increase
beyornd that which occurs in non-oscillatory deformation and over the
remainder of the cycle it is equal to or less than that occurring in
non-oscillatory deformation,

With vibrations normal to the surface a distinction was drawn
between separation and non-separation. Even with non-separation a
friction reduction was still said to occur due to relative movement
of the contact surfaces but this was not supported by any direct
experimental evidence.

Finally, concentrating on the effect of ultrasonic vibrations
on the lubricants themselves, it was stated that their use resulted in
an increase in the adhesion and absorption capacity of a metal. The
vibrations were also said to aid the growth of microcracks into which

lubricants penetrate. Rapid reciprocation of one surface relative

to another raises the temperature; consequently, chemical reactions
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were accelerated resulting in a reduction of the coefficient friction, -
althstgh-in some cases adverse effects céused a.reduction in the
effectiveness of the lubricant, These statements made by Severdenko
that microcracks are a feature of oscillatory deformation have not
bezn supported by direct experimental data in the metal deformation
fi»1Z but he suggests such mechanisms can occur in these processes.

The effectiveness of vibrations in the absence of lubrication

(45)

was studied by Severdenko and Stephenko « VWhen in vacuum and

P I

usin: high métaiworking temperatures galling of the tool-workpiece
surfzce was severe. On applying vibrations the forming loads were

reduced and the'galling was eliminated. This improvement was attri-
outed to periodic breaking of weldments as the tools were vibrated.

i
I

2.3.3.2. Material Properties.

Friction reduction due to both the periodic swinéing of the
friction-vector from its normal liné of action and the variation in
the coefficient frigtion is reasonably well understood in its
apoiication to oscillatory metalworking. The effect of such vibra-
tions on the material properties of the workpiece is not so well
unierstood and there is not the unanimity of opinion on the way in
which ultrasonic vibrations are absorbed by the workpiece material.
The majority of researchers consider ultrasonic vibrations to behave
accoriing to stress-superposition principles and at the higher energy
ingut 1evel$, treat ultrasonic energy as thermal energy apart from
- th~ urual methods of applying conventional thermal energy. The.
other sroup considers ultrasonic energy to be absorbed in an unique
manner and thus have advantages over and above those which would
normally accrue from a thermal energy input. This section reviews
recent papers which reported the effect of vibratory energy in
varic::s précesses. I

i temperature rise in free upsetting during ultrasonic oscilla=

tion ¢ the tooling was reported by Severdenko and Petrenko(46).
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This temperature rise was used to account for the softening of the

ﬁorkpiece. The softening was a real process and not just an
aronarznt reduction caused by stress~-superposition beczuse the hard-
ness of the material was also reduced. The explanation of the
observed softening was reported as caused by a reduction in the
yielc stress because of thé oscillations releasing dislocations.
nis reduction in hardness could also be as a result of a more
konogzneous deformation caused by improved lubrication whilst the
yield stress could be reduced by the temperature rise., In the
presence of this temperature rise it is not possible to distinguish
between the various possible causes of the softening of the material.

(13)

In 2 later paper this shortcoming was recognised and further

tests were devised to obtain more informatione A conmparison was
eflected between ultrasonically vibrated deformation and electrically
heated samples deformed conventionally, the temperatures used in the
lattecr case being the temperatures Qecorded during the deformation
with vibrated focling;' The resistance to deformation was reported
as being lower withfultrasonic energy than that when using electri=
call’ heated samples. The authors concluded that ultrasonic energy
was absorbed at crystal lattice defects whilst thermal energy was
absorbed uniformly throughout the volume of material., The experi-
. mental evidence presented in the paper, however, does not confirm
wvhich mechanism most closely describes the actual situation.
Measurement of temperature during sonification is not a simple pro-
cedure but no information on the system used was given, The details
of the load measuring system indicated that only the steady, non=
oscillatory load was recorded and not the instantaneous load. Thus
samples deformed with oscillations of the die would appear softer
than the conventionally deformed samples because of stress-super-
pc¢sition rather than a change in material properties.

The variation in the residual stresses between conventional and

(47)

vib;:tory free upsetting was determined by Severdenko and Petrenko
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In all cases the use of ultrasonic vibrations resulted in lower
resicdual stresses which the authors attributed to a reduction in the
non-uniformity of deformation, This wbuld occur as é result of the
reducad external frictional constraint between tool and workpiece.
Wnen using axial vibrations of the tooling, surface separation
enabling a redistribution of the lubricant to occur would give this
improvements A second reason for the residual stress reduction
was piven as an increase of temperature at the crystal lattice
defects, thus increasing atom mobility. No evidence was.presented,
however, to support this statement, no reference to teiperature
measurements or the mechanical properties either before or after
deformation other than the reduction in residual stress which would
also oceur as a result of a Eulk temperature rise, were given,

Another paper concerned with residual stresées by the same

(+8) involved rolling'with axiallyvibrated rolls, that is

authors-
along the axis of the roll not the direction of rolling.

Lower residual stresses were reported as caused by increased
shear stresses at the interface of the roll and wo?k materiale. . The
yield point of the material was reduced because of heating and absorp-
tion of ultrasonic energy at lattice defects. Once again no attempts
were reported of tests to determine the true nature of the problem,
only speculation covering every mechanism such that the correct

explanation would be included somewhere,

A means of estimating the resistance to deformation under ultra-
- sonic deformation conditions was proposed by Mizuno and Kuno(ag);
They found that dynamic hardness using the mean load was less than
the static hardness, which in turn was less than the hardness calcu=
lated from the peak value of the loading force. The first finding
can bz attributed to stress-superposition whilst the latter is pre-
sumably an expression of strain-rate effects and the behaviour of

the material as a viscous mass, being able to sustain high loads for

short periods without suffering the deformation normally associated
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with static loading. In the case of a hardness test this would
appear as a smaller indentation with thejsubsequent 'harder!
material designatione The validity of such a test to determine the
formability of materials during ultrasonic working is questionable
since any compression process will contain some frictional effects
in addition to the pure mechanical properties and, in fact, it has
been indicated by Kleesattel(5o) that the tests of Mizuno and Kuno
do not enable the formability to be established.

The effects of ultrasonic vibrations on the structure of
aluninium were reported by Severdenko(Bl) and Gindin et al(SZ). The
former studied deformation bands on the surface of a vibrated sample.
Slip planes were only formed after a specific number of ultrasonic |
cyclese Once these slip planes were formed the topography of the
surface increased with an increasing number of oécillatory cycles,
until fracture occurreds This behaviour was compared with the
effects obtained when the samples uére subject to conventional fatigue
testinge.

The second paper applied ultrasonic vibrations to statically
loaded aluminium samples. Heating effects caused by the absorption
of oscillatory energy were discounted because the vibrations were
appliz2d in short bursts with long time intervals between each burste
On examination of the effect of these vibrations on the structure a
deper.ience of the dislocation movement and consequently the strain
mechanism on the number of ultrasonic pulses was found. These
. effects described can be explained on a microscopic scale by referring
to the stress-strain curve of aluminium, It was reported that with
higher static loading the elongation of each ultrasonic pulse was
greater., This can be explained by the diminishing slope of the
stress-strain curve as the material work hardenpd as shown in

F]..E; el e 3.3.1.
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Prelinzinary hardening of the material made it more resistant to
elon-ation, which is a consequence of work hardening, Fig. 2.3.3.2.

From these observations the authors conclude that the softening

~—

stross-superposition effect) depends upon the initial condition of
the nluminium,.
"he effects of the ultrasonic vibrations on the mechanical

(53).

properties of mild steel were reported by Puskar Tensile
tezt nieces were subjected to 1ongitﬁdina1 vibrations and tested
afterrards in an Instron tensile testing machine. The effects of
the ultrasonic vibrations, applied for various times, on the
noch-nical properties, were recorded, The temperature reached by
th: vibrated sample was a function of sonification time and stress

level. Eigher temperatures were recorded with cold-worked as

agzinst annealed samples, which can be interpreted as caused by the

i

[

sreat?r energy input necessary to cyclicly stress a cold-worked
aaterial on account of its stronger mechanical properties. The
‘prooZ and ultimate tensile stresses of vibrated samples were in-

creancé whilst the elongation was reduced once the oscillatory

amslitude became great enough to stress the material into the plastic

state. As the material was cold-worked the effect of ultrasonic

oscillations on the properties became more acute, with the change in

properties beginning at lower cyclic stress levels, The effect of

a long sonification time was to increase the strength and lower the

extension of the material, when the applied stress level was within
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the clastic range and the stress exceeded some threshold value, which

can b2 attributed to the effects of fatigue upon the samples.

%) .

“his can be compared with the paper by Dragan and Sezal

r

he effect of ultrasonic vibrations on carbon steecl. A reduction

in the yield and ultimate tensile stresses was recorded as the
ultrasonic stress level increased. The method employed to record
thes> stresses was not described and stress-superposition effects
coul cause-an apparent sofﬁening. Heating was more.likely, how-
ever, because of the residual effects on the mechanical properties,

a recduction in hardness and an increase in qlongation being consistent;
with an annealing process. On cold-working tﬁe previously vibrated
material the mecﬁanical properties, modified by the oscillatory pro-
cess, were recovered, demonstrating the absence of any lasting effeéts
attributable to the application of ultrasonic viﬁrations.

Jeveral hypothesis to account for the observed effects of
ultrasonic vibrations were preaenteélby Langenecker et al(55).
Ultrasonic softening was accounted for by preferential absorption at
the dislocation sites enabling dislocations to surmount the potential
barriers between equilibrium positions. This model was described in

(56) ‘

gore dctail in in which refinements were made to the model to
account for permanent changes in dislocation structures observed
duriz~ plastiec deformation such as hardeninge.

‘icroscopic studies of plastic deformation with ultrasonic
vitrz:tions applied ﬁere compared with plastic deformation at elevated
* tenperatures and high deformation rates. The end results were very
5ini”~»r supporting the consideration of ultrasonic metalworking being
an extension of conventional metalworking which perhaps is contra-
dictory to the preferential absorption models proposed by the same
auvther, Curves showing shear stress extension for various levels of

excitation were illustrated demonstrating the initial hardening effect

fo'.lowved by the softening effect Fige 2¢3e3e3.
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Aston University

Nlustration removed for copyright restrictions

Fige 2e3¢3e30
(Langenecker et al}.f55}
Nc reation was made of the superposition of stresses during ultra-
scnic uscillatinns;.also some of the curves (b,ﬁj shown have the same
appearance as would be obtained if the specimens were over-heated.
Acorztic heating was pﬁstulate& as aifferent from externai heating.

4 reduction in Young's modulus, on the application of ultra-
sonis oseillations, was also reported but from the evidence pre-
sentzd this could be caused Ey temperature rather than ultrasonic
effects, The paper presents many ideas to explain the effects of
ultrasonic vibrations but it is difficult to assess these because

of ithz lack of evidence supplied.

The preferential absorption concepts were again re-presented
ir 2 later paper (57) with an emphasis on efficient application of

© tka nltrasonics during conditions of varying loade. Only processes
within the crystal lattice which could be completed in the time equal
to trat of a half-cycle of an ultrasonic oscillation were said to be
pcisizles This time limit was said to account for the difference in

Wanler curves obtained during conventional and ultrasonically

vibratad fatigue tests.

(58)

The model was again repeated in as an explanation for

otservations of plustic flow using ultrasonic oscillations in which
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floﬁ occﬁrrgd at stresses io::r than the yield stress at room temp-
erature-of the material. This phenomenon has anly been observed
by Loigenecker and his co-workers. Other authors attribute such
observations either to stress-superposition or heating. The
former gives an apparent softening of the material whilst the latter
efZect leads to a reduction in the current yield stress, the heating
resulting from the absorption of acoustic energy being akin to that
produced by conventional thermal energy.

Cver-heating of the samples being tested is one of the major
problaus encoﬁntered when using ultrasonic vibrations. If this
problan is solﬁed by proper cooling with attention paid to a cooling
meclivia which does not corrode (stress corrosion) the sample, Bajons
et a1(59) have reported that the frequency effect between the
fregusncies examined of 200Hz - 20kHz is insignificant. Thus the
reas:n of poor experimental method in controlling sample tempera-

tures could be responsible for the frequency factor rather than the

processes within the crystal lattice described by Langenecker.
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2.4, Deep-Drawing and Draw Ironing with Ultrasonic Vibrations.

The application of oscillatory energy to the process of deep-
drawing was first reported in 1953 by McKaig(so). Ultrasonic
vitrotions were applied to the die and an increase in the depth of
drav =f 37 per cent was recorded compared with the non-vibrated
procz:3 for a given loading.

In both conventional and ultrasonic drawing the load recorded
by th: press was 1000 1bf, The instantaneous load when using the
ultrgsonic vibrations would have been higher than that recorded
because of stiress-superposition effects of the oscillatory load.
This would not be particularly useful when the limiting drav ratio
woi raached since the material would respond to the peak stress and
thorsTore fail at the same stress as would the non=oscillatory drawe.
The i-creases in depth of draw reported were obt%ined with partial
dravz, rather than increases caused by raising #heilimiting drawe
ratia, | k

7aen drawing with a form using ultrasonic vibrations the part
ccaformed to the die whilst for the same press load when drawing
conventionally the definitioh was poor and the workpiece did not go
to th> bottom of the die, again demonstrating the stress-supcrposition
effect of the vibrations. No details of the ultrasonic syctem were
given except that the vibrations were applied to the die, making it
diffizult to ascertain the effects of the vibrations. 1In addition
to stress-superposition there could have been frictional changes which
" would contribute to the greater depths of draw obtained.

The dimpling of aluminium and titanium sheet using axial vibra=-

k(61)

tions of the punch or die was examined by Peacoc who reported
greator degrees of deformation for a given loading compared with the
ncn~c:cillatory process. The strain increases were attributed to the

irpacting of the tools producing high forces of short duration, that

I

g, stress-superposition, whilst the reduced contact time caused by the

occillating nature of the load brought about a reduction in friction.

L
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This friction reduction could be considered a real effect contri-

O

buting to a genuine reduction in the forming load, providing there

was surface separation which may have occurred in the?compression of

thin strip material. ;

(62)

Langenecker et al uéed longitudinal vibrations of the die
when deep drawinge. No further details of the deep drawing were

giver but when using a similar method of applying the vibrations to

ot

te ironing process a reduction in the load of 65 per cent when iron-
ing copnper cups was reported. In addition to the load reduction a
great2r reduction of area per pass was claimed. These advantages
were said to be caused by a reduction in the yield stress of the
mzterial at the high levels of oscillatory energy usede. The load
recoriing system used was that of the testing machine which would only
reccord the mean load. Some of this load‘reduction can therefore be
atirituted to stress-superposition. The reduction in the number of
pcsses to achieve a given reduction-bf area could also have been pro-
duced by swaging within the ironing die, The die entry was situated
at th> strain antinode which would preclude any s#aging but further
into the die, which from the diagram appears to be rather long, the
increising cyclic stress amplitude would cause the die to oscillate
raiizlly because of the Poisson effect.

“he importance of dynamic force measurement was emphasised by
Kristaffy(63)-in the application of axial oscillations to the punch
ani raiial oscillations to the die in the deep drawing and ironing of
~aluminium and steels. The measurement of the dynamic force enabled
Kristnffy to conclude that the punch load reduction observed when
os¢il ating the punch axially was due entirely to stress-superposition,
the zoak force in the drawn product being unchanged.

‘Inen the die was vibrated, however, a true reduction in the punch

lozd was oﬁtained. With the low frequency 20 Hz oscillations, the
.die vas arranged to move circumferentially to the punch. The reduc-

- tion in friction which was obtained was attributed to the change in
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the direction of friction from axial to axial-tangential at the die-
tkrozt.  This periodic 'swinging' of the line of action of the
friction force about the axial direction resulted in a reduction in
the n2an value of friction force in the axial direction. Friction
reduction by this method has been demonstrated by Rothman and

(64)

Sansone who rotated the drawing die when rod drawing.

At the ultrasonic frequency of 20 kHz the die was vibrated by
two diametrically opposed transducers, which although giving a
tradial' vibration would be unlikely to produce a uniform motion
arournd the entire circumference,producing instead an elliptical
moticn of the die. With this 'radial!' vibration changes of fric-
tion at theldie—throat were not possible because of the die being
vibrated perpendicularly to the punch motion. It was anticipated
that the state of stress could be changed .at both frequencies giving
a tangzential shear at low frequency and additional radial compression
at tahe high frequency which Kristoff& correctly concluded would result
in a forming force reduction. The energy requirements of the system
were said to be unchanged, energy saved on the forming equipment be-
ing supplied by the vibrator.

The omission by Kristoffy to appreciate the contribution to the
total draw load of the frictional force acting between specimen and
die and blank-holder surfaces was recognised by Young(65) who by the
use of a modified form of the Wedge Drawing Test was able to monitor
direcily the effect of 'radial' die vibrations on this frictional
* force. The use of the Wedge Drawing Test in a tensile testing
machine as an alternative to cup-drawing tests when assessing the
draws»ility of materials was investigated by Loxley and Swift(66).

Using 'radial' vibrations in a 'cupping' operation Young re-
corded increases in the limiting draw-ratio of up to 20 per cent.
This improvement was attributed mainly to the reduction in friction

between the specimen/blank-holder interface with an additional contri-

bution being made by a reduction in the frictional force acting over
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the die radius.
This work was extended to the complete cup-drawing operation by

Biddell and Sansome(G?)

, who concentrated on the design of efficient
radial resonatorse. Using a radially vibrated die:they repo;ted
increases ip the maximum depth of the drawn cup of up to 20 per cent.
In aiiition to the friction reduction over the die and die radius
sur~f:z2e some contribution to the ironing operation was expected from
tha cwaging effect at the die throat. Young had specifically avoided
this latter process by the use of generous clearance tools to prevent
it comvlicating his work on the friction effects. This work has been
éxﬁeuied by the present author to examine the effects of axial punch
vibrations (68), axial and 'radial' blank-holder vibrations (69) and
'tpadial' die vibrations in the draw ironing processe.

Summarising the development of ultrasonic metalworking it can
be soid that the confusion of ideas.has.afisen because the effects
and number of them were unknown and it was notfapprediated that
several factors could occur simultaneously and in ;arious_proportions
in different processes. This resulted in concent;ated examination
of the effects ultrasonic vibrations have on the yield stress almost
-to thas exclusion of everythiﬁg else, The discussion of friction
reduction either by changes in the coefficient of friction or friction-
vectcr has also suffered. | The importance of stress=-superposition was
recognised by few workers as was the significance of swaging. An
- exarm:le of this is the work of Kristoffy; he correctly stated the
irportance of stress-superposition yet failed to distinguish between
thz boneficial effect of swaging in ironing and its virtuval non-
exist>nce in deep drawing. The friction reduction at the die throat
whan 13ing circumferential vibrations was also recognised and yet the

friction reduction between specimen and blank-holder in deep drawing

subsejuently demonstrated by Young was not appreciated.

Turther discussion on the effects of the application of ultra-

..

b
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sonic vibrations to metal deformation processes and the mechanisms

now t2lieved to be responsible for these effects, can;be found in
+ : - (70) ' b i
the review paper by Eaves et al o _ .
| . _ U R e
B _ o
. i
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2 TIIEORZTICAL CONSIDIERATIONS.

Sl The Theory of Cup Drawing.

“elela Introduction.

(71)

"2 analysis carried out by Chung and Swift considers tre
irz*s 1taneous distribution of drawing stress and the Strain undergsone
by ernr particular element in the flange during drawinge.

| Trom a series of stress distribution plots representing varicus
stare3 in drawing the progress of any particular element through the
conplate process can be traced, leading in its most comprehensive
farm to a plot of punch load v punch travel.

“he analysis is developed by considering several different
stos2s of drawing and in turn deriving expressions for the principal
drawing stressese. The radial stress, which islof most interest in
rclotion to the punch ioad is considered to be made up of.five
conrcnents defined as fol{ows:-

(1) ' The component of radial stress due to drawing in of the
| flange. See Fige. 3.1.1. stresses écting during deep-drawinge.
(11 A conFribution-to the above stress attributed to the blank-
holding load acting ét the periphery of the blank,
(111) Plastic bending under tension at the start of the die radius.
(Iv) Friction and radial stress components related to the motion

of the blank over the ﬁie profile radius.

() Unbending under tensioﬁ at exit from the die radius.
g
t 1

Fige J.1.4. Stresses acting on Q radial segment during deep-drawinge

1
t
|
[
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The stress increments due to each of the above stages of
draving are considered to be simply additive and the punch load is

derived directly from the cup wall stress, which is the sum of the

abovo stress increments. See Fig. 3.1.2.

3elele Stresses Acting in Radial Drawing,

The equilibrium equation describing the instantaneous force
system in the flange during drawing may be determined as follows:

Resolve forces horizontally. TFig. 3.1.3.

!
GrBot-(0,+60,) (r+Br) (t+5t)0 -2042 30" rainiQ

-2pot T 2r+5r)6r§% =0 HE—— 3e1.1.

Azsur: sinbe+0e then, ignoring p%oducta of increments and dividing
threv-h by 08 gives:

| .
-8g,rt-q t6r-g6tr - Gytbr - 2UGrdr = 0

ars viding by rt: ' |
& 5r . br
0 = -0= - — - e T T p—
9] . iy (arme) = 2|.Lc;ic : - 3.1.2.
Ti 1l eriterion |

o s 2 ; | '
‘on Mises: (01 - 02) -1-(('}‘2 - 03)2...(0'1 - 03)2 - oy° cee=3.1 .3,

(relasing principal stresses to yield strength in uniaxial tension,

Lssume Ut (blank-holder pressure) acts at periphery and is

zerc over the remainder of the flange, then O, = 02 = 0 and

eguaion 34.3. becomes:

2 2_,2
0'1 - 01 03"‘ 03 =Y
0 EO ﬁb
(Tr esc?: 77 Modified Tl
Q05 :' odifie resca
\y,{ (04-04)= 1.08Y
¥ i

s
/,//"’J. : .
:%Z"&Von Mises (02-0,0.+ 02 )= v2
P f 1 173 3
1.0~ _ : .
/ b
Fiz.Z. bl Hodified Yield Criterion.
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This is a cumbersome expression to incorporate into equation
3e1.2. f The Tresca yield criterion defining the condition of
maximum shear stress is more convenient although less accurate.

3

The Tresca equation can be made a close approximation to the

0-0, =2k =Y e T P PR

Von Mises criterion by a suitable multiplying factbr,:m.,idefined

-

in Piz. 3.1.k. !

From equation 3.1.4. we can write:
U -— - ]

If we assume no change in wall thickness, which is a reasonable

t

periphery, then equation 3.1.2. becomes:

approximation at any instant, and O, = O, except at the blank

Or '
60; = -m.Y— memmmmrecveneem=3,1,5.

In the limit we may write: '

do& = - m!ga which on integrating between the limits, Gr = 0}
! : a
r=r, at the cu?rent rim radius and Oi = q;b, r=ry at the onset

of bending gives: O, = m.¥e In fg + 0, where O  is the radial
Ty a Ta
stress due to the blank-holding force, H acting at the periphery.

Helede Component of Radial Stress dué to Blank-holder Pressure

{ _jZf

(Blank-~holder force = H)

Fig. 3-1.5. : .,
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The instantaneous radial stress, g, is given by:

- r
crb =mY Lln :ﬂ_ + ggt ----------- 3.1.6.
b Fa‘a

assuming a constant yield stress (reasonable for cold rolled sheet).

It is, however, necessary to determine t, the blénk thickness
appropriate to each value of T, chosen, (indicating the stage of
drawing).

This may be determined by #umerical integration of the following

expression: .- i
dt 3 dr
—_—= - 2 4 — - 3-1-6&.
t BB 0% 4 tn Ta T o .
Mr_t —_—-2 :
aa r

. [ o . .
once again, for a non-work hardening material, ¥ = mean yield
stresse

Jork Hardening

Assumptions:-
(1) Assume a uniform strain rate during drawing

|

(2) That effective atress; given by:

= 1 2 2 %
c::zj§ [(01 - 3%+ (0, - 0% 4 (o, - o3>2]

is'entirely'dependent upon the effective strain:

=_ |2 2 2 2
€= [3((21-%) +(€2-€3) +(e1-+‘_5) ;] 2

Hill (72) has shown that the effective strain in any element during

radial drawing, for draw ratios less than 2 never differ from the
absolute magnitude of the circumferential strain Eg= Ln‘g by
more than 3 per cent, i.e. the current yield stress of any element
corresponds to the circumferential strain received.

e may, therefore, take some empirical stress/strain function

appropriate to the material being considered and substitute this

into the equilibrium equation for radial drawing 3.1.5.

CeBe 63 Uo +* BE
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Note. The differential equation 3.1.5. gives the distribution of
stress at any instant during drawing whereas the stress strain
function above considers the continous radial displacement of a
circumferential element. It is therefore necesaaryjto determine
the initial radius R of the element appropriate to any instantaneous

radius re.

Fig. 3.1.6.
Consider a circumferential element dr at radius R and initial

perizaery Ro. The effective strain on moving to r with periphery

|

Tq is then ln y therefore

- R\n
0=Y = Og+ B(lnz)"  weececceeo. 3e1e7 e

In order to relate this to the instantaneous situation it is
necessary however to define % in terms of RO' roy and r. This

mav b2 done by applying the conditions of constancy of volume to an
element dr as it moves from R-sr, Thus

Tt (RO2

o -R%) = Tttm(roz - rd)

where tm is the current mean thickness and to the initial thicknesse

" then:- 2 2 2 2
Ry“ty - Rty = vyt - r_

Pl
L]

H

=

t R t r _ t t
Ry2 0 _ (0270 042 Ry2 0 1 n 2 (0) -
(D% 1 (;w). £ ()7 + 1 = '?; -1= ;3'(30 (%) -1y )
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W

t 3
(2 2 20 2 ) | ®
= [?lg‘ (r—a (RO tm - 1'.‘0 ).+ 1):|

and Z.1.7. becomes:

ff

i

| t | n L
1 (*m ,C ) ;

Y =0g+ B -é-['.n (?5 (7 + 1) )il _3-1-80

r

where
t

z 1 2 0 2
r2 r2 0 tm 0

substituting 3.1.8. into the equilibrium equation 3.1.5. and

integrating we have:

r t
0. =m0, tnTa +mB [2 (1Ln - (___C + 1) ) dr + 0 —==3.169
rb 8 — (2 t 2 ) r r
_ Ty Ty O r a

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

N

numerical integration substituting values of tm determined from

equation 3.1.6a.

3.1.4, Plastic Bending under Tensione.

Stress
Strain o= Yorkhardening

Fige 3<1.7. Bending stress and strain in an element of the
_ i _ _
blank S0, undergoing instantaneous bending at radius Tpe
Assumptions: }

(1) Constant yield strea? b

(ii) Elang strain conditibna'-_if bending is assumed to be
Vo L L _ .
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instantaneous then circumferential strain € = O and

2 —

hence yielding occurs when O = O where @ is the

T3
effective stress.

(1ii) Elastic strains may be neglected.

(iv) Plane sections normal to the neutral a;isiremain plane

after bending, i.e. no shear occurs. : '

(v) The normal étress perpendicular to the die radius is

relatively small; hence 02 = 0.

Plastic bending under tension results in a displacement of the
neutral axis, which is related to the excess of resultant tensile
over compressive stress across the section. | The imbalance of
stress is due to the application of a tensile back stress O
which induces a radial stress.

The displacement of the neutral axis ‘from the central axis can
be found by equating the gpplied force EJ1 = Ofb]"ith the 'out of
balance' force induced in the sheet £y the displacement of the

neutral axise

1
(o]
tb =

Jg*orb.tb

4y

3¢1¢10.

To determine the increase in drawing stress, Ub due to bending,

equate the work done in bending to the work done by the drawing

stres

6]

The work done in bending, per unit width is given by the

product (stress x elementary strain x elementary volume).
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i

~i.e. Ow =00e (pN + y) beby

t t

b b | ; |

= +A w0 + I = -\ Ln(“.'l'%ﬁ)?'
w 2 - 2 -
= = (PN + y) =Y dedy + pN = y) =Y dg dy
e - 5 | J3

o 0 0 )

Elemcntary strain is given by ln (Eﬂaﬁ—l) and effective strain is

thus €=2 n (B2 J) =« 2 X

t t
b L _ P
Y. = |(pN +3) 2F4E ay + (pN - ¥) 4Td§dy
0 P J 3 J 3
0 ) o 0
t : ' t .
b b
4 _
= 3TN e Ty o | -y g ey )
o o
t t
b b
2 .3 5= + A 2 3 | 5= «2A
b -1y Y 2 4 2
=35 |z *5m | + E-Y %' = %Bﬁ
0
2
1t 3 '
ga = % Y EE (1 + %%) «\° neglecting %ﬁ since it is ‘much

smaller than ty
The portion of drawing stress required to provide bending strain
work Ob,fis given by w = thb x mean distance

e e W =0, % p, be
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° .
No<e Stress, g, for unbending is an analogous process and may be
determined from an expression similar to 3.1.11. but writing )ﬂ for
A, where N = % ‘1751:«;“1:c and Or: is the radial drawing stress at the
_ T :

point of unbending r = r,

Ze1eDe Stress due to Friction and Radial Drawing over the

i

Die Radius o

The radial stress due to the motion of the blank over the die
radius is derived by considering an elementary ring of surface

length s = pcﬁe»at a radius r from the cup'axis - Fig. 3.1.8.

Ef: :; 2 ::i:;i: |~
B t Or >dee——r. '
0;—*60;- : .
i
.. NOs
\"‘ﬁ.
-p'q \ ~ ; “"'-.._ ’
\““ | ?‘
) / “'%“"--. ‘ ,’: ."
Die e ; "G
~) A '.‘}z T — O .
\ bFy~-b
5e !
| Punch
o ; ‘C .

8¢ ' Cu
) ) P \_/
Fiz. 3.1.8. |

(i). Assume constant thickness over die radius.

(ii)  Assume constant yield stress.

Or

iij Og= —
(iii) Os e

(iv) cos(e+ 68) = cos®; sin(e+06)~sin e

Resolving forces vertically

(Ur + ﬁﬂr) t 2r + Or)cos(e+ 66) - KO «2T r S—rﬁ—e— cos o

= 2Tr + ﬁr)Ut. sin6 sin6 + Ort. cos80.2Tr cene3,1.12.

(Zach resultant force has been integrated with respect to the

angle subtended by an arc ofiﬁhe elementary ring at the cup axis).
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e.g. resolving O, + 00, gives:-
2T

0.+ 60,) t cos(e+be) (r + fr).da
0

= (0, + 60.)t. cos(e+be) (r +6r) 2T
Cn simplifying 3.1.12. by ignoring the products of small
increnents, we have:-

O.rt cose =- ort ginede + 6ot r cose + orﬁrt cose
- 1O rOr cote = o, rbr + O.et r cose

“he 2nd, 3rd and 4th terms may be considered collectively as the

product differential t -g?( o.r cos6)
Thus cquation 3.1.12. becomes:
. d ' - S
t ge(0.r cose ) - Otr(1 + peote) = 0. 3e1e130

Resolving forces horizontally and considering one half of the

elexentary ring

(note, the projected area is taken, not the circular area).

Or | N Or
20, : i = - :
) t + Urt sin® 2r = uo-——-——tsine sin@2r
Or

* Ofgine , ¢0502r + (0, + 60) t (r + Or)2.sin( 0+ 00)

Or .
Coing t + Optrsin® - POOr r = 0. 0r rcote® + O_tr sineé

+ 0 trcos606 + Otdr sin e+ 60, trsine

4 . _ Oet
,Thus t o (Orr.slne) +r0 (coto-i) = =ine c—————3,1.14,

eliminate Ug between equations 3.1.13 and 3.1.14%,.
i
from 3,1.13. {
' d !
_t rT (O'rrcoae) |

O

r(1 + fcotd) |
i
|

r(cot 8 =)!

r(1 + peotd)

d et
i (Orr cos 0) _=

4
Thus t=— (O r.siné
Thus - ) + =ine

dr

t
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(1= tané) d
T_‘J_S"H}.Lcota .tdr(Urrcose) = 0 =3.1.15.

!
. |
|
i
O

OQ.t-sinB. ( ar. slne)-c
Si —2(0 ing) = O coaegg + O_sino+ EEE r sine
nce gplpr-sing) = Opr dr r dr *
de do
expanding equation 3.1.15. gives: Ob-sine(orr cosegy +C}Sln9+r31naa*-);
1-ptane dor dé :
- coc® (1 pcote)°r°°59+ rcos g - arrslnea;) =0 ~emoc- 33.1.16.

Multiply through by (14Hcote) and collect ithe .dii’ferential

terms -_0#_.1' %g- (sin®ecot 0) (1+pcote) —cosaetaneﬁ-utane)
. g pd0
= OpFMgr

since (sinecoso + coszep.- cosesing + ainaep.) = M

dor > 5 dor
r oo sin“e(1+lcote) + cos“e(1-ptane)|. =r re
g . 2 2
. |sin 0 (1+[cote) + cos @ (1-&&119) = or
Thus equation 3.1.16. becomes:
-de d
Og(1+Hcote) - I.I-Urr i " ar (rOr) =0 ———m—————— ~3e1e176
Using the modified Tresca Yield criterion:
0, - {73 = mY gives Og= o, - mY
Th (0, - m¥) (1 + cote) -por'gﬂ - f.?.!. 0 =0
taus r - " 5 - T T
Multinly by %5

d0 = -mY dr - dépe [mY cogf=- Or(coae o %—')]
c

b ’
= dr Pl [ = |
Thus Ur = - mY "I':"" - '-z'.-“' [Ycose - Gr(coae - 'I“p"")] de ""'"3.1 .180

c

The first term is the component of stress due to radial

drawing and the 2nd is due to friction over the die radius. which we
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may write as:-~ df = p,[%e-
Since Ty =T = pccose
r = rb = pc cos@
(mY'—Ur)cose
Thus df = W|-% + O
' b - cos®
pb
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(mYcog® - Orcoae) + Or:l de

de which is solved by numerical

integration

Since Uf and r vary with O 'f' may be obtained from a simplified

approach analogous to friction over a pulley.

i.e. when Og~+0 and r -»00

equation 3.,1.15. becomes:
dg

- ———— = ‘J,de
Or
where Ur is the radial tension.

Integrating between the limits

.
L]
L]
e ]
H
Q

i ?"b’ [eue -]

|
!
|
|
!

|

Ze1ebe

i
eIJ(TB’Z _.ac_)_,,‘

. = c&t and ¢ = o o =20 at

nig

putting =

Punch Load and Puﬁch Travel,

Punch load L is given by:

L =2Tr, t, 0 siny

H
]

mean thicknesse.

mean radius of cup wall where it leaves die.

angle of embrace of the die profile.
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’he value of 0; taken includes:
(a) Radial drawing stressi
(b) Stress to bend and unbend the cup on the die.
(¢) Stress arising from tye frictional drag over the die

1

profile.- |

(g) The c¢hange in the radial stress in drawipg over the die
radius,.

(e) The stress changes caused by the two stages of thinning
in bending and unbending.

The punch travel can be obtained by considering the area of

sheet that has passed the radius T i '

This becomes: A=r 2

c ¥ 2T t4

dR

et
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3.2. Wedre Drawing.

50207 The Wedge Drawing Test.

‘he wedge drawing test was originally proposed by Sachs(73) as
a sirple means of determining the suitability of a material for a
deep~-irawing processe. A detailed examination of this test was made
by Loxley and Swift(se) and their conclusions included a comparison
of the wedge drawing test with the cup-drawing operation which
indicated some important differences between the two processes. The
punch load increments caused by plastic bending and unbending, radial
drawing in and friction over the die radius in the cupping operation
are absent in the wedge drawing test because it is unidirectional.
‘The nmain disadvantage of the wedge drawing test is, however, friction
actinz along the edges of the wedge specimen as shown in Fig. 3.2.1.
from which a simple estimate of the effect of this friction can be

obtained.

Resolving forces vertically
T = 2P, sin(a+¢)

if Q = Py cos( A )

thus T 2Q tan(a +¢9 )

where Q = horizontal force required to produce plastic flowe.

Acsuming Q to be unaffected by the edge friction force PO then,

in the absence of friction

A

W = R (tana)
s . T  tan(a+9)
givinr the ratio To = tan O

Por small angles this can be expanded and simplified

<
i

2 1 + tan

9 tan Q

Also, tanyp = M , the coefficient of friction.

Thus the drawing force can be seen to be dependant upon the ratio

Tona which for the die angles associated with the wedge test cannot

be neglected.
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The effect of edge friction in increasing the drawing load was

demorstrated by the much lower %imiting draw=ratio bbtained when’

ucsin- the wedge drawing test compared with the cupping test.
! _

|
1

Jelele The Oscillatory Wedge Drawing Test.

(65)

The oscillatory wedge testéwas developed by Young in order

i
tkat the characteristics of oscillatory deep-drawing with radially

viorated tooling could be simulated using longitudinal vibrations.
A 'double' ended wedge speéimen was used, which represented two
sesments of the corresponding circular blank in the cupping test.
The specimen shape is shown in Appendix A2, drawing A.2.1. In use
the wecdge dies were 'diametrically' opposed and the specimen was.
draur. through the dies and over the die radius by a punch:moving
pervendicular to the plane of the wedge specimen, as shown in
Fiz. 7.2.2e , |
Jith the addition of drawing over the die radius this test only
differed from the cupping teét in two wayse The first was the lack
of any radial drawing in, ov;r the die radius, and the second was the
presence of edge friction, of these differences the first was not
consilered very significant whilst edge friction was shown to be
unchanged between oscillatory and non-oscillatory tests,. Thus it

was considered that observations made about the oscillatory wedge

drawving could also be applied to oscillatory cup-drawing.
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3.3, Punch Vibration.

“he effect of applying axial punch vibrations to the deep-
draving process will be considered in two pafts. The fifst is the
acticn of punch vibrations on a system in which the punchjis the
only component vibrating. The second case will consider the effccts
wken the wedge dies are forced to vibrate by the oscillating punch,

In the first case with only the punch vibratipg the conditions
within the wedge dies will be considered to be the same as during
ncn-oscillatory drawing since the oniy variation possible is in
drawn strip tension and drawing épeed.

A representation of the oscillatory and drawing velocities
aon; with the corresponding displacements is shown in Fige 3.3.1e
Referring to the velocity-time diagram, if the oscillatory and
drawing velocities are summed it can be seen thaf for parf of the
cycle the oscillatory velocity becomes greater than and opposite to
the drawing velocitye At the pdinflwhere the punch oscillatory
velocity upwards equals the drawing velocity downwards drawing ceases.

Beyord this point the strain in the drawn wall is reduced and the

surfaces may separate if the oscillatory amplitude is large enough,

When the oscillatory velocity, having passed its maximum, again equals

the drawing velocity the punch begins to re-apply the drawing stress.
Meanwhile, the drawing velocity has advanced the mean position of the
punch in the drawing direction with the result that another strain
cycle will occure. This cyclic%off-loading will cause the material

» to deform incrementally at the peak stress level and in so doing will
|

give a mean punch load less thaé the non-oscillatory punch load

|

becauze of stress-superposition. The peak stress level may be

slir:tly higher than the non-osgillatory stress because of the transi-
tion from static to dynamic friétion.
%
In the second case to be considered, it is assumed that the

oscillatory punch will cause th% wedge dies to resonate at the same

freguency as the punch, this bg%ng caused by variations in drawn'
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strip tension. In addition to the situation previously described,
the o’fect of the oscillations on the section of the specimen betwzen
the die and blank-holder will be examined.

Considering Fige. 3.5.2 which represents a partly drawn specimen
into vhich cyclic stresses are induced by the oscillating punch, when
the punch is moving in the hrawing direction the specimen is drawn
throush the dies. If when the punch direction reverses the oscilla-
tory wvelocity is greater than the drawing velocity, as it generally
is, drawing stops and elastic strain within the specimen is released.
On reversal of the oscillatory motion drawing recommences once again.
Thus there is a drawing stress applied periodically to the specimen.
As this drawing stress is transmitted through the drawn section to
the wadge dies these, too, are subject to an oscillatory force. I1f
this force oscillates at the resonant frequency 6f the dies, the dies
will vibrate provided the input power is sufficient to overcome the
losses within the system, l

“hen the punch oscillatory movement is in the drawing direction
the dies will be moving together with something less than the ampli-
tude of the puncﬁ. ' This will cause relative movement of the blank
in the dies which will be additional to that caused by the non-
oscillatory drawing velocity; drawing will therefore be possible,
During this period the top surface of the blank in contact with the
blank-holder will be moving over this surface towards the punch and
therefore the frictional force associated with this interface will be
opposing the motion. As the punch oscillatory movement reverses the
relative motion between punch and die is only that of the drawing
velocity and the conditions are%momentarily as in a normal non-
vibrated drawing operation. Ag the punch cscillatory velocity in
the opposite direction begins t? increase the drawing velocity is
effectively reduced by this velécity until the two velocities are

equal and opposite at which point drawing stops. 1In the period be=

tween these two extremes the di§ is also moving its direction now
: |
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beins away from the punch. Considering the interface of the blank=-
hold«r and specimen, the movement of the specimen is now in a
direction away from the punch axis. This results in the friction
force between blank-holder and specimen acting towards the punch axis
provided the die oscillatory velocity exceeds the drawing velocity of
the material through the die, This drawing velocity within the die
varies from its maximum value at the die throat to its minimum value
at the periphery of the blank,. The blank-holder friction force is
thercfore now tending to force the specimen through the wedge dies,
thus reducing the drawing stress by an amount equal to that normally
required to overcome the frictional constraint between the blanke
holder and specimens Once the punch oscillatory velocity equals the
non-cscillatory drawing velocity drawing stops until the punch velocity

passes its maximum and again equals the non~oscillatory drawing

velocitye. Beyond this the non-oscillatory drawing velocity which is

L]

nov greater than the oscillatory velocity re-applies the stress and
drawing re-starts. This second period in which the friction force
assists the drawing will be shorter than the first period and it may
not exist at all if the oscillatory motion of the die reverses before
drawing recommences.  Thus, as described above, there is a period in
each cycle when the frictional force acting between the specimen and
blanx-holder is acting in the drawing direction assisting the drawing
process., This friction-vector reversal should result in an improve-
ment in the drawing process efficiency as indicated by an increase in
’ the limiting draw-ratio although the magnitude of this assistance may
not be very significant because of the small fraction of the cycle
over which it acts.

In addition the effects of%the punch oscillatory motion
described previously will apply:with an apparent punch load reduction

1
resulting from stress-superposition effects.
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Bk, Blank=holder Vibration.

The purpose of applying blank-holder vibrations to thg deep=
drawing process is to obtain a reduction in the friction force
ther-by reducing the drawing load and enabling an increase in the
liniting draw-ratio to be obtained. The schematic of the process
for anplying 'radial' blank-holder vibrations to the wedge test
analosue is shown in Fig. 3.4.1. The blank-holders are assumed to
vibrate in phase and with simple harmonic motion, the specimen being
drawn through the dies at a constant velocity by the advancing punch.

Jnder non-oscillatory conditions the total drawing load contains
coxponents to ovércome the frictional constraint acting on both faces
0i the deforming blank within the wedge dies. When the blank-
holders are vibrated aﬁd the punch is stationary, that is zero
drawing velacity, the blank-holders move over thé top surface of the
specimen towards the punch for a half-cycle and away from the punch
for tuae other halfecycle., When thé blank-holders are moving to=
wards the punch the frictional force opposes the motion thus tending
to push the specimen through the wedge dies. As the blank-holder
reverses in direction the frictional: force on the top surface now
acts in the conventional direction.

This process still occurs when the specimen is being drawn
except that the fraction of the oscillatory cycle over which the

! _
friction reversal occurs decreages with an increase in drawing
velocity as shown in Figs. 3.4.é and 3.4.3. The friction
reversal ceases altogether when the drawing velocity exceeds the
maximum oscillatory velocity be%ause at this point the blank~holder

is never moving towards the pun&h relative to the strip. Thus the

effective frictional force actiﬁg on the top surface of the deforming

specinen when summed over a complete oscillatory cycle varies from

zero wnen the drawing velocity 13 zero to its non~oscillatory value

when the drawing velocity exceeda the maximum oscillatory velocity.
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‘Referring to Figs. 3.4.2 and 3.4.3.

|
Blank-holder oscillatory velqci?y o= thosuﬂs

Drawing velocity = U
Friction force F assisting drawing process when
vycoswt >T - .

i.e. over time period tb

Friction force F acting in normal direction when
|
|
v, coswt < T i

i.c. over time period,(T-tb)

work ione again friction on the top surface of the blank becomes

Foftr-e) - ]
= F(T-atﬁ)

and the reduction in the work done against friction is therefore

7(T) - F(T-2t.) |
F(T)

_ 2ty o . _
- (=) x 100 per cent ;

The effective reduction in friction is therefore dependent upon
th e
T

T is fixed by the oscillatory frequency, f =

the ratio

H|+

and thus the friction

reduction will vary with changes in tb.

It is therefore dependent upon the velocity ratio

7
.bcoswt

.U

Tor a constant oscillatory frequency and drawing velocity the
friction reduction is dependent upon the oscillatory amplitude.
The crffect of velocity ratio on the reduction in friction on the

topx surface of the spécimeﬁ is shown in Graph 3.4.1.
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Graph rﬂo.§3.4.1.
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3e5a Draw Ironing Die Vibration.

3457 The Drawing Operation.

The schematic of the application of 'radial! vib:ations to the
drawing part-of-the-draw~ironing process is shown in Fig. e
The csecimen within the wedge die is assumed to remain in contact
with the die and is thérefore subject tb the same oScillatory motion
as tne diese.

[he effect of the oscillatory velocity on the process is shown
in Fige 3542 Considering the wedge dieg to be moving towards the
punch from their position of maximum separation, the oscillatory
velocity increases from zero until it equals the drawing velocitye.
At this point drawing stops and as the oscillatory velocity increases
further the strain in the drawn product is reduced. Over this
portion of the oscillatory cyclé the specimen within the wedge dieg
always moves towards the Qunch %nd ?pus the friction force acting on
the top surface of the blank acés in the direction opposing the
drawing, that is, away from the}punch as shown in Fige3s533s ; Once
the oscillatorj velocity has pa?sed ité maximum value and decreased
until it is less than the drawing velocity,deformation restarts.
Drawiné continues as the oacillitory velocity ;everses and the dies

berin to move away from the punch. When the oscillatory velocity

beceros equal and opposite to the drawing velocity the velocity of

|
the deforming strip relative to?the blank~holder becomes zero.

Turtier increase in the oacill%tory velocity causes the material in
the wodge die§ to move over the blank-holder surface away from the
puncn. The friction force acting on the top surface now acts to=-
wards the punch, thus assisting the drawing process and reducing the
stress within the drawn speciﬁen-

Decreases in the drawing velocity or increases in the die oscil-
latory amplitude extend the periods during each oscillatory cycle
when there is no drawing and when the blank-hol&er frictiqn is

reversed. These changes iqcrgase the effectiveneés'of the process

1 . : -
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sincc the portion of each cycle when the conditions are as in the
non~--ibrated drawing case is reduced. Limitations of the process
are when the drawing velocity either approaches zero or e;ceeds the
peak oscillatory velocity. In the first case drawing only occurs
durirg the half-cycle that blank-holder friction assists the drawing
process whilst in the latter case this friction reduction effect dis-
appears altogethere. (; The—theoretical relationship between friction

reduction.and-velocity ratio-for this process is similar to that

shown _in Graph 3.4.1. )

3¢5e20 The Ironing Operation.

The schematic of the ironing part of the draw ironing process
is shown in Fige. 3.5.4. Initially, considering non-oscillatory
ironing, the ironing reduction and velocity are related by a
constancy of volume of ma?erial in the die.

Thus, for non-oscillatory ironing

Volume flow into die = Volume flow out of die

Tor plane strain deformation, (strip width always greater than 5
times the length of the‘arc of contact on the die.), the continuity

-

ecuation becomes

UoBo = U8 =0
g

also area reduction = i~ go
€3

Assuming no elastic recovery of material in the deformation zone
this volume flow equality is disturbed by the application of oscil=-
latory motion to the dies because this produces a periodic variation
in the volume of the ironing die.

"he effect of oscillating the die can be seen in Fig. 3.5.5. in
which the material flow in and out of the die over one oscillatory
cycle is considered.

The variation in the die volume is given by Vol, sinWt

d
The flow of material into the die after time t = (U;g,)t
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similarly the flow out of the die = (Uogo)t

‘‘nen the die is at its minimum volume position the ironing
process is ﬁomentarily'similar to the non-oscillatory case. As the
die vslume Segins to increase an additional amount of material is
drawn into the die to fill the extra volume created. This
incrsased flow rate is achieved by increasing the inlet velocity of
material into the die. Once the die volume is increasing at a rate
greater than the maximum rate of increase of material in the die the
ironing process stopse. At this point the inlet velocity Ui equals
the outlet velocity Uo and this velocity is merely indexing the
undeformed material into the die,

i.e. change of volume of material in die

= Uo(gi - go)t |

and Volume of die = Vold?sincut

; & Tvo1! s .4
Ironing stops when.dt [Vold sin wt] = 3% [Uo(gi - go)g]

or, Voldwcoswt = Uo(gl -go)

As the die wvolume further éncreases the surfaces of the die and
defor sing specimen separate unt%l the die volume, having passed its
maxirun position, begins to decfease and the point is reached where
the Z2ie volume is again equal tg the volume of material in the die.

i.e. Vol sinwt = Uo(gi -g )t

Zeyond this point the rate of decrease of the die volume is now
greater than the rate at which the volume of material in the die can
* be reduced by flow through the die throat exit.

i.Ce Voldwcos wt }Uogo

Che volume of material in the die must however equal the die
yoluﬁe and the only way this can occur, for an incqmpressible material,
is if some of the material already in the die is ejected back out
throush the die inlet. Thus whilst this inequality holds there is

a reversal of flow within the die, Material is still being drawn

from the die outlet in the dbwnstrgam direction however and there
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must, there:ore, be a neutral plane established within the die at
the ;oint qf flow reversal. The position of the neutral plane is
deper.ient upon the drawing velocity and the rate of change of die
volurz.

4s the die volume approaches its minimum value ai the end of the
oscillatory cycle the rate of decrease of volume becomes equal to the
flow rate of material from the die outlet (downstreanm)

i.e. Voldwcosum = Uogo

The flow reversal in the die stops, Ui = 0 and the draw ironing
process continues in a conventional manner through the minimum die
volume position untii the die volume is again increasing at a greater
rate than the maximum flow of m%terial into the die, Ironing stops
at this point and the cycle deséribed above is repeated. The rate
of progress of the material thréugh the die is détermined by the
Iraction of each oscillatory cyéle during which ironing, whether
norncl or reverse flow, takes p;ace;

The effect of increasing tﬁe punch velocity is shown in Fig,.
3.5.2. The portion of .each oséillatory cycle during which the
material is ironed, is increased at the higher punch velocities.

The a:zsistance given to the pro%ess by the reverse flow ironing is
reduc2d, however, because the pfoportion of normal to reverse flow
iror’a; increases. In addition, the rate of ejection of material

fron the die inlet is reduced with the increased punch velocity des=-
pite tne greater volume of material in the die at the start of the
'revcrxéd flow period. This reduction in‘the reverse flow rate is
causci by the higher rate of removal from the die outlet and, there-
fore, tbe neutral plane within the die moves towards the die inlet.
This reduces the region of reversed flow within the die and, therefore,
the frictional assistance to the process is similarly reduced.

The effect of decreasing the oscillatory amplitude is shown in

Fiz. 3«57« The ironing portion of each oscillatory cycle is

extended and the proportion of normal to reverse flow ironing is
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reducad, moving the neutral plane towards the die inlet. Thus
the cffects of increased puﬁch velocity or decreased oscillatory
ariplitude can be seen to be similar in reducing the effectiveness of
dis oscillations in the ironing processe. Die vibratipns assist
this process by reducing the frictional force within the die thereby
reducing the tensile load in the drawn product.

Tne oscillatory amplitude necessary for the flow reversal effect
to occur for a typical ironing reduction and drawing velocity is
shown belowe

Referring to Fig. 3.5.k4.
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3.6. Blank-holder Swaging.

“he schematic of the process of applying blank-holder vibrations
ncrznl to the plane of the deforming blank is shown in Fig. 3.6.1.
Wren the blank-holder is vibrated with simple harmonic motion the
clearance that exists between blank~holder and die over one periodic
c¢rcle is shown in Fig.I3.6.2.

The motion of an elemental section (annular ring) of the
material in the blank having a thickness equal to the minimum
clearance between oscillating blank-holder and die will te con-
sidered. As the blank-holder moves away from the material, separa-
tion of the surfaces occurs and the frictional constraint that acted
on bcth the die and blank-holder surfaces of the blank is eliminated
thus reducing the radial drawiﬁg-in component within the total
draving loade As the blank-holder oscillatory motion reverses and
the vlank-holder moves towards the position of minimum clearance
the blankmhglder again comes into céﬁtact with the blank. This
point does not correspond to the minimum clearance position be=
caus: in the period during which the blank-holder was not in contact
with the blank, circumferential compression due to radiai drawing
in has increased the thickness of the elemental ring. In the
following period until the blank-holder reaches the minimum clear-
ance position and reverses in direction the elemental ring would
continue to move towards the punch with the consequential further
thickening as shown. This thickening cannot occur however énd the
actual thickness follows the movement of the blﬁnk-holder. This
reduction in the thickness can 6n1y be achieved by elongating the
ring in the radial direction and the material is therefore extruded
bozh in and opposite to the draﬁing direction, If the rate at
which this ring is elongated exceeds the instantaneous drawing

velocity there will be a reversﬁl in the direction of friction in

the rogion over which material is extruded away from the punch.

‘ne inerease in the normal pressure as the blank-holder contacts

|
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the blank reduces the tensile drawing stress because the yielding
situation is altered by the application of this stress which extrudes
the material through the die. This system is therefore similar
to that describgd in section 3.5.2. for the ironing process, except
that the die angle is zero. The resultant of the friction and
blank-holder pressure forces therefore always acts in the drawing
direction in the reversed flow region. . |

The rélationship for the tﬁickening of the blank during radial
drawing in developed by Chung and Swift (gquation 3.1.6a.) assumed
that blank-~holder pressure is cénfined to the outér periphery of
the blank once the drawing-in p#ocess starts. This relationship
can t2 applied to the oscillato%y process since once the blank-
holder has passed its minimum ciearance position there is no blank-

holder stress applied to the spécimen until the blank-holder again

centacts the specimen surface after an increment of drawing. On

determining this position of coﬂtacf.the proportion of the cycle
over which the blank-holder forces the material through the die and
the rate at which this occurs can be found.

The radial drawing in process is a non-steady state however
and therefore the total effect varies as the blank is drawn over
the die, The thickening of the elemental-r{ng dépends upon the
reduction in its circumference thét occurs during the period when
a clearance exists between the two surfaces. This in turn is
dependent upon the instantaneous velocity of the element which in-
creas=ss radially inwards, approaching the punch velocity at the die
throat. |

It is therefore possible to reduce the drawing stress over
both portions of the oscillatory cycle. This application of

vibrations should therefore result in a reduction in the punch load

and an increase in the limiting draw-ratio.
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+, 2 JUIPMENT.

L.z, Punch Vibration Zquipment.

telale General Description,.

"he basis of the experimental equipment necessary for the
applization of punch vibrations was in existence from the previous
work, on die vibrations, by Young. A detailed description is given
ir Yo:ng's thesis(65) but briefly this equipment comprised the sub-
precs consisting of the wedge dies, blank-~holders and hydraulic
blank-holder pressure-supply. The wedge dies were attached to

he-snd of conical concentrators which were used to apply the
ultrasonic vibrations to the dies. These two concentraztors were
meunt2d on fhin flanges positioned at the nodal point on the conical
cencezatrator, The dies were supported on linear roller-bearings so
that they would vibrate and not deflect during the drawing operation.
The blank-holders which located in the wedge dies were separated by

a load-cell which was used to record the compressive stress produced
by the frictional force acting between the top surface of the speci-
meén and the surface of the blank-holder as the drawing operation took
Place,

The blank~holder pressure was applied to the top surface cf the
blank-holders by two hydraulic pistons mounted in the blank-holder
cover plate. Linear-roller-beérings were positioned in between these

cevzaents to prevent any const%aint on the movement of the blank~

2o0li° s which would affect the loads recorded on the friction load
“ae only major item requiring manufacture was a punch system to
whlch vibratory energy could be applied. The major limiting condi-
iun on the design was that the;punch system, when completed, should
reannate at the same frequency as the die system used in the previous

rezcz ch project. Thus the design of the oscillatory punch system

is Ze=-cribed in greater detail.
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tele2s Desion of the Oscillatory Punch Systen.

In order to obtain design information some preliminary tesing
wes nerformed with the apparatus set up for die vibraticns, The
drawving of specimens at a number of draw-ratios was examined and
the frequency at which the system resonated was noted in each case.
Ovar the range of specimen sizes tested, resonance did occur within

tnhz <

w

sign range but the precise resonant frequéncy was dependent,
to sz-e extent, upon the size of blank used. A frequency irn the
=23 7+ of the range applicable to the various specimen sizes was
selected and the design frequency for the oscillatory punch was set
at wnis figure.

“he amplitude of vibration used in ultrasonic metalworking is

e

ccnsiiered to be a critical variable in the effectivenece of the
DrocaIS, The theoretical maximum amplitude obtainable from the
mesniio-strictive effect at the ends of the nickel transducers which
wtre o be used to convert the elecfrical power into mechanical
occillations was considered to be too small for the envisaged dutye.
Scii¢ form of amplitude amplification was therefore desirable. A
ccaic2l concentrator was finally preferred on account of its'better
an-formation characteristic than the simpler stepped concentrator
wri2~t it did not have the manufacturing difficulty associated with
ar exzronential form which has the most effective profile for
amplitude conversion.

The space available for the punch system was quite adequate and
so it was possible to incorporate an active mounting device in the
oscillatory systen. The advantage of such a system is its ability
to maintain resonance at the design frequency, whatever the loading
conditions. The principle of such a mount, is a mount which in
addition to the central loaded section has another section which is

free to vibrate in the unloaded condition. As the loading condi-

tions vary within the loaded section of the mount the resonant
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conid tion is maintained by the unloaded section. This zection

o
-
(8]
4

~ting in frec a2ir is subject to constant loading and hence the

e
re

m
4]
(@]

mant Irequency of the system is maintained at the desired value,
wratrver the loading on the remainder of the system.

. ith the type of mount selected it was designed by combining
the nown requirements and the theory of vibrating systeas to arrive
at > required dimensions of the system. In order to upredict the
exnct length of the system some consideration had to ve given to the
lczdinz conditions expected at the punch end of the systenm. The
ccadizions could range from a free end to a completely fixed one,

Wit -ost practical systems coming somewhere between these linits.

I: wr s expected that the conditions in practice would not be very
fzr v:moved from that of a free-end system and for the purpose of
desi vt calculations this free-end condition was assumed. In

acdition, the free-end system was longer than the fixed-cnd systen
~2t even if during dr;wing the éonditions differed from z free-
end, 15 they must, the punch would be too long, rather than too
sihort, It would, fherqfore, be possible to rectify this by
short:ning the punch during the manual tuning after initial manu-
L, The calculations were performed in order that a better
tnderstanding of the liﬁitations of the theory would be obtained
snou.d a nore accurate specification of the finished article be
required in futgre. The design calculations are shown in
Arpendix Al.l,. )

The complete punch oscillatory system is shown in Fig. h.l.l.
The %-wave length laminated nickel transducers were screwed into
the larger diarcter (low amplitude) end of the conical concentrator.
At the other (high amplitude) end of the conical concentrator was
attached a Z-wave length parallel section over which the active

mounting sleeve would be fixed., Beyond this section was another
‘ |
;-.av: length section transforming the circular cross-section into

nd o

tn» r:ctangular cross-section necessary for the drawing punch itself,
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Figure No. 4.1.1.
Detail of Oscillatory Punch Assembly

with Ultrasonic Stress and Displacement Distribution
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which was to be an integral part of the ultrasonic systen.

The choice of material for the punch was based upon a number of
criteria. A material to withstand the fatigue conditiocns created
by the ultrasonic systems; a material that was readily available and
had the necessary strength to withstand both oscillatory and metal
deforaation workinrg stresses; a material that could be worked with
rcrzal workshop machinery was essential.

A1l of these requirements were met to a greater or leeser extent
oy tre same nickel die-steel which had been used for the manufacture
ol the die systen., This material was therefore selected since
there was the additional advantage that both of the ultrasonic

systens were constructed of the same material. The joints in the

e ]

unch system necessary for manufacturing purposes were designed haviag

ccnzideration for fatigue and stress concentration effects ego that

o7

orotlens arising at the jeints could be minimised. Screw=-threa

o tk%z punch system because of the necessity to dismantle the systen
for Tuning purposes. |

After considerable delays caused initially by the delivery time
or the raw material, followed by g lack of workshovp facilities, the

.

ss3tom wa

(5]

finally maufactured; the grinding of the punch profile

(*h

radiil being contracted out because of a lack of proper equipment

witinin the workshop.
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“elade Tuning of the Oscillatory Punch Systen.

’he tuning of the punch system to alter its post-manufacture
resorint frequency to that originally specified was a complicated
oprocciure. At first the conical concentrator was senarated from
trha ruinch system so that its resonant freguency could be determined.
Trz ~i3neto-strictive transducers were screwed into the larze
diarccer end, and the coils of the transducers were wired into the
ultrzsonic generator. The frequency of the ultrasonic vibrations
wes varied until the resonant frequency of the conical concaentrator
Wo s jztermined._ This determination could be monitored in a rnumber
Ccl WiiS5a Resonance within the R-=C network of the ultrasonic genera-
tor was indicated by a drop in the voltage across the coils on the
mapntto=-strictive transducerse. Therefore, the monitorirg of the
arplicd voltage by a suitable voltmeter was used to detect resonance
within the electrical circuits. The corresponding mechanical
regerance was detected by.the use of a piezo-ceramic crystal attached
tc t=> end of the concentrator. The signal from this was observed
on ar oscilloscope, the maximum amplitude being obtained at resonance.

Cther more subjective means of determining resonance could be
useds; these included the sound the vibratory system made at resorznce
which was distinctly different from the off-resonant cound. Another,
more accurate, method was one of touch; the systems were lizghtly
stroked whilst the oscillatory frequency was varied. The normal
metallic feeling completely disappeared at resonance, the highest
amplitude giving rise to a 'glassy' feeling as if there was a cushion -
of air between finger and cbnceqtrator. This technique was useful
once 2 deternmination of the corfect mode of vibrations had been
ozservad using a piezo-ceramic crystal and oscilloscope.

“ais latter test was necessary since frequency was determined and
dis->:-yed by a counter/timer coﬂnccted to the oscillator within the
ul:r conic generator. Thus it was nececsary to confirm that the

systen was operating in the fundamental mode., Once this had been
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ec-al lished the progression of the coarse tuning could be ronitored

by tcuch since the procedure was less time consuming than ¢

o°
3

o]
=

JTa-

13

tion with an oscilloscope.

Yrior to tuning, the resonant frequency of the conical concen-
trater was too low because it had been manufactured with its lengln
greacer than the designed size. For the coarse tuning, material
was removed from the large end of the cone because for a given
chan~> in length a greater change in resonant frequency was cbtained
by rewoving material from the large diameter end rather than the
narrcy endas After removal of the material, which was done by
turning in a lathe (with purpose built gdaptors to mount the conical
scction), the transducers were replaced and tightened down to an
essentially consiant torque, the coils were replaced, and the unit
connzcted to the ultrasonic generator and the new resonant frequency
noted, A graph was plotted of material removed against natural
(resonant) frequency to igdicate prégress in tuning, After monitor-
ing the resonant frequency the concentrator was again dismantled,
remounted in the lathe and more material removed. The procedure was
repeated as the tuning process continued. The final tuning adjust-
ments were made to the narrow end because the resornant frequency was
less sensitive to length changes. Having tuned the conical concen-
trater the other components com#rising the complete system ideally
wc:' ! be tuned individually until each part was resonating at the

d= ;i "= frequencye This procedure could not be adopted, however,

- beasat-2 of the lack of any driving ultrasonic system on the component

paris other than the conical concentrator. The rest of the system
hz i o be tuned, therefore, as a complete assembly. This was not
tco iilficult since the ultrasonic system after the concentrator was

of a uniform section apart from the last 4 wave-length which was
recciongulary this meant that there was little discrepancy between

treory and practice.

“ae main tuning problem arose with the active 'mounting system;
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this was attached to the punch system at the end of the mount waica
wa3 c-anped between the two sections of the assembly. Another flange
locaz»d a % of a wave-length along the mount was for attachment to the
rame of the tssting machine. The problem was to determine the effect
of th2 thickness of each of these flanges upon the resonant lensth of
the rount since ideally these flanges should be very thin; a minirum
thicxness was necessary, howvever, for strengtn considerations. The
proce:lure adopted was to assemble the completed system and to note
the Zrequency at which the mount system vibrated. This information
was us2d to determine how the flange thickness affected the rescnant
len-tn of the mount. The result of this was that it was possible to
pr2dizt the required length with a good degree of accuracy, when the
e’fect of the flange was known. Having established this, the mount
‘waz machined until its resonant frequency coincided with that of the
conic~l concentrator.

% spacer washer of thickness eqﬁal to that of the flange at the
erd c’ the mo;nt was manufactured and substituted into the assenbled
purch system in place of. the mount. This gave a length to the
sy-tz1 equal to that when the mount was in place so that the remainder
of ti. punch could be tuned without the added complication of the
activ: nount, Once again & tuning curve was plotted to monitor the
ars-r2s5s and material was successively removed from the cylindrical
roci, hich normally fitted inside the mount, until the resonant
frzc: :mcy of the assembly was equal to that of the conical concen-
trz=tzr alone. The tuning was finally checked with the mount
aczenhled into its correct position before installation into the
testin;y machine.

3efore the punch could be installed into the existing press the
norzal punch, which had been used for the die vibrations work, was
removed along with the mounting plate of the cross-slide. This

mounting plate required modification to allow the active mount to vass

~through prior to it being secured by a clamping ring which fitted
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over the flange of the mount. This flange was clanmped at the outer
perimeter to prevent any undue restriction on the flange movement.
Having completed the machining modifications to the plate it was
replaced upon the cross-slide of the hydraulic tesfing machine. In
|
orier to accommodate the longerlpunch this cross-slide had to be moved
uruaris by one position on the machine frame, Conséqucntly, tae
zunc.. system was ready to be poéitioned in the press and therefore
tnz ccaical section was removed to enable thellower section to be
tareniad upwards through the newly machined hole in the mounting
plcie and clamped firmly in position.
I

The conical concentrator was replaced, tightened into positicn
ani the magneto-strictive trasnducers and coils were fitted. Durins
the tuning process it had been noted that the behaviour of the system
was zffected by the tightness of the joints in the system and also
the *ightness of the individual nickel transducers. In order to
cbtain a uniform set of c;nditions which were reproducible during
the :tuning and assembly processes all the screwed joints were
tizhtoned to a pre-determined torque. This was acconmplished by
means of a spring=-balance and various lengths of tubing to serve as
torgue arms, the lack of access prevented a conventional torque

wrench from being used.

“his re-assembly of the punch system within the press should

ct

rerzZore not have affected any of the previous tuning procedures.
All the joints in the punch system were tightened down on very thin
. scft copper washers, so that any imperfections in the mating surfaces

were [illed-in by soft copper to improve the surface contact and the

tranzfer of acoustic energy.
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el The Subvpress.

The aubpréss, consisting of dies and blank-holders, as used by
Ycuns was largely complete apart from some of the instrumentation
whici had ceased to function correctly. After stripping down the
suboress to effect these repairs the opportunity was taken to
revorish the dies and blank-~holders.

“he female shape of the wedgg dies precluded any mechanical
policzhing and so this had to be done by hand. The surfaces were
first trued by the use of specially made lapping plates and
czrtcrundum paste. Once a uniform matt surface had been obtained
the rolishing operation proper was started using new lapping plates
end Tiner abrasive powder. This process was continued through the
varicus grades of powder until finally a polishipg compound was used.
At this stage, recourse was made to a small polishing mop attached
to a'Diprofil’polishing machine which produced a small reciprocating
Zoverent of the mop and speeded up the polishing process.

“he blank~holder surfaces were easier to treat because of the
mal: Sorm which enabled hand polishing to proceed much more rapidly
than with the dies.

Zaving re-conditioned the dies they were attached to the end
0o the concentrators using new soft copper washers and these were re-—
pilaccd in the subpress. Correct angular alignment of the
cocnc.ntrator mounting flange, so that the die surfaces were parallel
to i'¢ base of the subpress, was checked with a dial-gauge mounted
upon the base plate.

“he general arrangement of the component parts of the subpress

for punch vibrations is shown in Fig. 4.1.2.
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L.1.5. Punch Alignment.

After assembly the punch had to be positioned correctly

relative to the subpress. Ansular positioning of th2 punch was
achi: 2d by swivelling the assembly in its clamping ring until the
si’: ‘aces of the punch were parallel to the central axis throush
the: + :lze dies.

e angular alignment was checked by clamping parallel sirips
te 4 subpress sides to form aéslide for a dial-gauge wmounting
! .
3locih. The dial-gauge could then be moved along the puncn cide
su~f-~e znd give an indication of the out-of-parallel of the punca

tc i.: sutpress. - Once the angular position of the punch was

trips were made and ground to size such that their thickncss

aau-~7.2d the clearance between the die and punch. The clanmping

rirs as mounted on a plate with slotted holes such that it could
' .
only -2 moved in one direction, and so this adjustment was made to
J '

\

equalise the clearance between punch and die. The final and least
critiaal of the alignmegts was that in the direction at right anglgs
to tn: previous one. A svecimen was placed in the wedge dies and
the vinch brought immediately above this. The spigot in ©th2 punch
pase 15 observed through the locating hole in the specizen with a
mi-rur and it was necessary to centralise the spigot vy movirng the
clamping ring and plate as a unit attached to a second plate which
wes clotted to the cross head of the press such that it could only be
“moved in the required direction. These adjustments ensured that
trhe r:ach was aligned correctly with the wedge dies in the sudpress.
Iz - iiition, the hydraulic ram of the testing machine was, within
re:cciable limits, self-aligning. The careful alignment as des-
crits [ above, however, was considered necessary because of the lar:se
we -z L the ram. It was considered that the deflecticn of the ram

fr-. "Us rormal position, even when floating, would inpose an un-

re-rz-ontative strain on the specimen.,
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%.2.  Blank-holder Vibration Equiwnment.

G.2.1. General Descrintion,

Wnhen the subpress was designed by Young, provision was mads for
the tlank-holders to be vidbrated and therefore the blink-holéers
were tachined in the same manner as the wedge dies, =o that tac:

woul. fit on the ends of the conical concentrators. They wera also

of z similar physical size with the result that the resonant fro-
cuznzy of the blank-holder system ought to be approximately the szze
as < : systen used when vibrating the dies. At the outset the prob-
leu: Zefined were how to vibrate the blank-holders wvhilst ot the

s&.r: time Raving control over the blank-holder pressure apnlied and
zl:2 2 case of locating specimens in the apparatus. The polution
¢hznun was to construct a rigid box structure which would locate the_
ccac ttrators in the correct position whilst at the szme tice ailoﬁing
i o acentrators to move in a vertical direction to 2llow doth the
noir-:lic blank=holder system to 0pérate and alsc allow cpecinens to
bz I zerted into the wedge dies. Unfortunately, avart from the

we ic: dblank-holders and .the coniczl concentrators, no other partis of

the «uisting apparatus could be used,

‘elele Desimn of Blank-holder Equivment.

A1 five=sided box structure was designed with an open base and
lzrze: rectangular holes in the top, front and back plates. The two
side -latzs were to be used to mount the concentrators in. The
»oz: limitation within the hydraulic testing machine meant that the
ncanl flange support éystem for the conical concentrators had to be
used ccaine Bach flange was clamped around its periphery by an
arnulsr clamping ring, attached to a heavier section annular ring
whicn was nounted to the box structure by four adjustable sleeves, it
bein; located on a further four dowel pins, The adjustment was nec-

essary to enable the blank-holders to be positioned correctly when

.the equipment was boll:; assembled, P
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In order to guide the box structure during removal and replace=-

W

nent of the specimens four guides were required on the base of the
sucprass, these being adjustable so that during the first assembly
therec was some means of controlling the amount of sideplay within
the t=ox. The existing subpress was too large for the box to fit
over a2nd so provision was made for this to be reduced in size when
the subpress was stripped down,.

Curing the drawing process the subpress assembly would nove

upwards towards a stationary punch, Thus the system used to support

(32

the weight of the box also haé to maintain its support whilst the box
wzs roving during the drawing operation and for this reason it was
decid:d to suspend it on steel cables and counter balance with large
weigh:e which were to be located below floor level in the pit of the
hydrzulic testing machine.

The wedge dies already in existence were ﬁot suitable since
they were liable to tilt during the'drawing process 0 new cnes were
desizned, the base of which extended beyond the die radius so that
the line of action of the drawing force would be insice the die and
thus there would be no tendency to tilt. These dies would be made
of Iz 30B high-nickel die steel, as shown in Fig. L,2,1. Provision
was zlso made for a load cell to pin the two wedge dies together, 80
as tc measure the die separating force during drawing. To minimise

frictional constraint the wedge dies were separated from the base of

the subpress by linear roller bearings.

L,2.3. Assembly of Blank~-holder System.

The box section and annular clamping rings were manufactured
from pre-ground mild steel plate to assist with the careful align-
ment necessary to position the blank-holders correctly. Both sides
of the box section, along with the annular rings, were jig bored so
that the conical concentrators would be located on the same axis.

The box section was assembled ang aligned

| using a mandrel
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positioned through the holes in the side plates, into which the

conical concentrators would normally fit, before being locked into
this position by dowel pins inserted along the edges of the asseambled
unit. |

"ne subpress was completely dismantled and the subpress base was
macnhiazd to reduce its size so that the box section could fit over.
The ruides were attached to the base plate and they were brought to
final size by high speed milling taking a very light cut so that they
were verpendicular to the base plate. The base plate was fitted in-
to the box and the movable shims of the guides adjusted so that there
was a light slidinzg fit between the box section and the base plate.
These guides were smeared with carborundum paste and the box was re-
ciprocated over these guides, the paste cutting away any high spots
that remained. This lapping operation was continued until the box
section moved smoothly upon the guides with neither tight spots nor
slackness within the region that th;.base plate would normally occupy
during the drawing operation,

The wedge blank-holders were lapped and repolished to remove the
scuff marks from previous Operaéiona and they were attached to the
conical concentrators by means éf tool steel studs, a thin soft
ccpper washer was included betwéen the mating surfaces of the con-
cenirator and the blank~holder Jith the intention of improving acous-

|
tis c¢ontact. _

"ne mounting flange of the}concentrator was sandwiched between
the tuo annular clamping plates and these in turn were located on the
dowel vegs in the sides of the ﬁox section, The blank<holder waé
alisn:d by rotating the nodal fiange in its annular ring until the
wori<ing surface of the blank~holder was parallel to the base of the
box secticne.  The flange was clamped firmly in this position by a

seriez of small set pins located within the annular rings. This

wes rapeated for the other concentrator so that both the blank-holders

were in the correct plane. It was also necessary to adjust the posi-



“ 84
tZon on the blank-holders within this plane. A test block was

grouni so that its length corresponded to the separation required of
tne tlank-holders and the adjustable columns, onto which the anaular
rinre were mounted, were rotated until the blank-~holders were in the
required position when the lock nuts were tightened to fix these
positizps permanently.

The box section, complete with concentrators, was weighed in
order to ascertain the weight required to counter-balance it,. The
box cection was attached to the suspension'cables, which ran verti-
cally up to the fixed head of the hydraulic testing machine, turned
through two 90 degree bends over pulléys with the other end of the
cables hanging clear of the rear of the machine enabling weight
hangers to be attached which extended the cables to below floor
level into the machine pit. There was some frictional constraint
present in this system and so it was not desirable to counter-
balance the system perfecély sihce in this situation a further force
would be necessary to overcome friction when the box was being moved.
It wes decided to bias the counﬁer-balancing, such that when the box
wes r.cving vertically upwards a% it would do during the drawing opexr-
ation, it was free to move, once given an initial impulse to overcome
static friction, neither accele;ating or retarding, This ccndition
wzs cbtained by adding small weights to each hanger in turn in
acdition to the weights necessary from calculations of the mass of
tnhe tox section and tooling.

The subpress base plate and stand were moved into position under
t-e uspended box section and the stand was bolted down in the centre
of *:» bed of the testing machine. The box section was lowered to-
werée the guides until it was just clear of the top of the guides.
The vositions of the pulleys directly above the box section were
adjurted, slotted holes being provided for this facility, until the
box was positioned correctly over the guides before the pulleys were

locked in position.  The general arrangement of this avparatus is
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The punch load cell positioned on the active mount originally
used in the punch vibration work was also suitable for this 2ppli=-
caticn but it was necessary to manufacture a longer punch because
tnhe beox section prevented the subpress being raised to its original
pcsitione. A longer punch of the same thickness and radii as the
tuned oscillatory punch was manufactured and fitted. The press was
advenced until the punch passed between the blank-holders and the
position of the punch clamping rings was altered until the punch and
box section were coaxial and also positioned correctly angularly:
feeler gauges, dial gauges and specially manufactured spacer pieces
being used in these operations, which were similar to those des-
eribed in Section 4.1.5. This completed the final assenbly align-
ment and the only remaining items were the reconnection of the blank-
holder pressure plate hydraulic system with subsequent bleeding and
the placement in position of thé twé.wedge dies pinned together with
the load cell. These were free to move up on the linear roller-

|

bearinzs and when’in use the initial alignment was given by the male
i

ferm of the blank-holders mating with the corresponding wedge shape
orn t> top surface of the dies.?

.n attempting to position the blank-holder pressure plate on
tcp of the blank-~holders it wasldiscovered that because the conical
ccnceﬁtrators were positioned a% a high level in the subpress they
inter’ered with the pressure plate. The blank~holder pressure plate
" had 10 be ground down to enable it to fit properly, grinding being
necessary because of the hardened condition of the pressure plate.

“he complete assembly of the apparatus for blank-holder vibra-
tions 1is shown in the frontispiece, whilst Figs. 4.2.3 and 4.2.4
show the wedge blank-~holders and linear roller-bearings in more

detail.
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He3a Draw Ironing Die Vibration Equipment.

.31, General Descrivntion.

The subpress had originally been designed for the examination
of di~» vibrations and therefore it was basically suitable for
applving axial vibrations to wedge draw ironing dig thus simulating
the draw ironing process with radial vibrations applied to the die.

Iin order to obtain a range of ironing reductions it was
necessary to vary the clearance between the punch and wedge dies.
This could be achieved by either varying the die size or the punch
size, Various die sizes could be effectively reproduced by
aéjusting the distance apart of the wedge dies, these being attached
te the subpresé base by slotted fillet plates. This system had the
disaivantage that each dia position would require a different size
of weige shaped specimens. The same size of wedge specimens could

be used if the ironing reduction was varied by the usz of different
sized punches but this suffered froﬁ the disadvantage that these
punch2s weuld not have the same characteristics.

7o overcome these difficulties it was decided to construct an
exvaniing punch so that various ironing reductions could be obtaired
usin~ the same punch whilst at the same time having the advantage
++ 3% the punch nose profile and surface finish were unchanged thereby
elininating a possible variable from the process.

“he die profile of wedge dies that had been used previously was
a sirmnle 90 degree arc. This profile had been suitable for deep

drawiag with a positive clearance between punch and die because the

drawn strip left the die radius before reaching the edge of the

H

prefile, Under conditions of draw ironing, however, contact would
be z_.1 around the profile and this edge would be subject to wear.

It wzs decided, tnerefore, to manufacture wedge dies with a different

die nrofile.
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S T Draw Ironing Punch.

The expanding punch was designed so that the width of the punch
was ea5ilv adjusted and also there was no discontinuity of the punch
surfzce that contacted the drawn part of the specimen.

’he design chosen is shown in Fig. 4.3.1, The punch consisted
of a central core with two side pieces which contained the punch
nose orofile and the working surface. The three pieces were held
toge:ner by threaded tie rods, the guidance of the three parts being
accomplished with dowel pins., The thickness of the punch was varied
by the use of shims placed between the central core and side piece,
both sides of the punch were shimmed in order to maintain the
syzmetry of the punch, One of the punch side pieces and the corres-
ponding end of the threaded tiefrods had left hand threads so that
when the tie rods were rotated, by means of a céntral capstan wheel
positioned in the central core, the two side pieces were pulled

together onto the shims inserted bet@een the central core and the
side niece. These tie rods weJe only necessary to pinch the pieces
toretier because during drawingﬁthe punch was held together by com-
precsive stresses generated in fhe ironing of the snecimen, The
tencile stress in the drawn wall was transferred to the central core
by means of the 'L' shape of the side piece adjacent to the punch
nosz.

The punch was manufactured from En 30B, its ability to harden
without a severe quenching operation being a prime consideration
because of the intricate nature of the sections being hardened.
After zanufacture it was found impossible to assemble the punch
because the shallow holes in the side pieces had not been tapped
perpzndicular to the surface with the consequence that the threaded
rods used to pull the side pieces together began to bind before the
shins wvere clamped into position. Rather than remake the side

pieces it was decided to ease the threads on the tapped rods from

the "full' thread which was originally intended to minimise any
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Figure No 4.3.2

Draw Ironing Punch Loadcell Mounting Flange
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Figure No. 4.3.2

Wedge Die for Draw Ironing Die Vibrations
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slact2ning due to the vibratién. This cutting of undersize threcds
wzs undertaken with some caution since it was desired only to remove
sufficient material to enable the punch to be assembled.

After the punch had been assembled and the mating of the load
begring surfaces checked for contact the complete assembly was grecunc
to size and the punch nose radii formed. Finally the working
surfzces were given a light polish to remove the grinding marks.

A set of shims to enable various punch widths to be obtained
" was nanufactured by constructing a simple jig to hold the shim stock
rigid whilst it was drilled and milled to the correct shape to fit
the runch. |

The small cross section of the central core of the expanding
punch prevented the use of a shank of the same type as the oscilla=-
tcry punche It was therefore necessary to design a load cell
meunting flange for the punch, This mount which contained a thin
tubular section to increa;e the strain for the strain-gauge load cell
is shown in Fig. 4.3.2. The flange was manufactured from En 24, the

end faces being ground after hardening to ensure that on assembly the

punch would be perpendicular to the cross head of the testing machine.

L,3.3, Draw Ironing Dies.

New wedge dies were manufactured in accordance with Fig. 4.3.3.
These dies were similar to those used previously, except that the
die radius was extended to incorporate a parallel land suitable for
the ironing process; the backing off of this land was gradual to
prevent the appearance of transverse marks on the ironed strip.

In addition, tapped holes were provided on the underside of

these dies in order that the concentrators could be attached at these

points to vibrate the dies in a%direction varallel to that of the

punch travel for possible future applications,

ihe dies were manufacturediof En 30B on account of its wear and

1

fati-ue resistance and were hand polished as previously described.

[
1 .
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»,
4.3.4., Assembly of Draw Ironing Equipment.
i

The wedge blanke~holders we#e removed from the conical concen=-

|
traztc-s and repolished, these béing replaced by the wedge draw
ironisiz dies. The nodal flangés which had been removed for
instr:mentation were remounted én to the conical concentrators,
care -ecing taken to protect the;instrumentation fron damage. The
flar~:5 were fixed to the side flates of the subpress with the
annular clamping rings and the éompleted sub-assemblies were posi-
tioned on the fillet plates attéched to the subpress base.

The concentrators were rotated to align the wedge dies in the
neorizontal plane and the gap between the underside of the die and
the <op of the linear roller bearings was measured with feeler
Saus:se This gap was eliminated by packing the bearing support with
shir cteel, Previously this slight clearance wée not important as
the dies deflected under load until the linear bearings contacted the
undersurface of the dies and preventéd further deflection. This
deflection distorted the nodal flange and because of the use of these
flanrss as load cells it.was desired to eliminate this bending of the
flarse so that only the die separating force was recorded by the
diaphragm load cell.

The new punch load cell mount was attached to the fixed cross-
heaé of the hydraulic testing machine by means of a concentric
clarzying ring and the ironing punch was held in this mount by a grub
screw bearing on the punch spigote. The general arrangement of this
- apperatus is shown in Fig. 4.3.4,

“ne alignment of this punch and the wedge dies was performed in
an ideontical manner to that described in the punch vibrations section,

S\?Ctionﬁ 1\‘.1.1} and 1".1.5.
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Lola Blank-holder Swaging Equipment.

<,4,1, General Description.

Criginally it was hoped that this work could have been carried
out with vibrations of an ultrasocnic frequency and for this purpose
the wedge draw ironing dies, 8ection 4.3.3, were manufactured with
threaied holes on their undersides to enable these dies to be
attached to the conical concentrators. The distance between these
attaciment points when the dies were positioned correctly was, how-
ever, insufficient to allow the conical concentrators to be posi-
tioned below the subpress, This problem could be overconme by two
nethodis, The first was to include a #-wave length section between
the die and concentrator, this wave guide being curved to allow the
dies to be positioned correctly without the concentrators touching
each cther.

"he second method was to position the concentrators vertically
and increase the length of the centrﬁl section of the wedge specimen
so that the dies could be placed farther apart,

“"he first method involved considerable manufacturing diffi-
ctlti~s associated with the wave guides and the angled mounting for
the nodal flanges, whilst the second method required a long subpress

and = modified shape to the wedge specimen. Thus either of these

optiocrs involved virtually rebuilding the apparatus completely and

o

ecav-e of the time and cost involved it was not considered desirable

(3

o ext2nd the wedge test analogue in this manner, at this time or
gurin~ this projecte.

:n alternative to this process which could be accomplished
gcuite readily was the application of a low frequency.oscillatory
hyéraulic pressure to the blank-holder hydraulic system, thereby

obtaining an oscillatory force to the surface of the deforming speci=

men within the wedge dies,
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- Lh.2.  Hydraulic Oscillator Unit.

“he hydraulic power supply, actuator and associated control
systecn were available from a previous project examining low
frequency vibrations. These components enabled the piston of the
actuator, which was a double acting hydraulic cylinder, to be
oscillated mechanically at any desired frequency within the range of
tze unit. The specification of these components can be found in

Arpendix Alb.

L,4,3, Blank-holder Hydraulic Circuit.

The mechanical oscillations produced by the actuator were
coaverted to pressure variations by using the actuator piston rod to
drive the ram of a hydraulic jack, thus producing an oscillatory
hydrzulic pressure. | |

The actuator piston rod and the hydraulic jack ram were linked
mechrnically and the bodies of thesé components were aligned and
mcunted on a base plate, A flexible hydraulic pipe was used to
connect the jack to the .hydraulic circuit of the subpress blaﬁk-
holdzr. The blank-holder hydraulic circuit was disconnected from
the variable pressure suvply which had been used previously because
this hydraulic pump maintained a constant pressure and therefore it
would tend to smooth out any oscillatory pressure variation within
the system.

An hydraulic hand pump was provided in the place of the
motorised unit in order that an initial hydraullic pressure could be
provided, onto which the oscillétory pressure could be superposed

A shut-off valve was also provided to enable the hand pump to
be isolated from the system to ﬁrevent leakage of blank-~holder
pressure, y

A schematic of the equipment used is shown in Figure 4.4.1.
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3. INSTRUMENTATION AND CALIBRATION.

5.1. Punch Vibration Instrumentation and Calibration.

5.1.1. Punch Amplitude Measurement.

Oscillatory amplitude was to be measured by monitoring the
ouzrut from a piezo-ceramic crystal. The piezo-ceramic crystal
had Tine wires soldered to its silvered faces and this assembly
was insulated with a léyer of epoxy resin, After curing, the
ervstzl was bonded to the side of the punch located as close to
trte ond as possible. In this position the alternating stress
within the material resulting from the ultrasonic 6scillations
was of a very small magnitude (since the end corresponded to a
sirecs node in the standing wave régime). It was reasonable,
therefore, to assume that the only stress within‘the crystal was
that caused by the acceleration of its own mass. The oscillatory
motion closely resembled simple harmonic motion and therefore the
acceleration was assumed proportiongl to its amplitude. Thus it
was considered acceptable to use this type of sensor for recording
the amplitude. The output from the piezo-ceramic crystal was wired
to a high input-impedance meter, an a.c. milli-voltmeter, so that the
signal from the crystal would nét be distorted by the recording
instruments, Within this meteﬁ the signal was rectified, after
ampliTication, for display on t?e integral meter. This provided a
convcenient means of recording tﬁe signal on the ultra-violet
recor lcr,

The output from the amplif%er was, after rectification, dis-
connected from the internal moving-coil meter and wired to a jack
pluz let into the meter casing.; Thus it was possible to display
the input on the internal meter or, when the jack plug was in posi-
tion, to take this output and use it, after a suitable damping

resintor network, to drive an ultra-violet galvanometer, This

lazier procedure gave a permanent record of the amplitude variation

durin:- the drawing process.
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‘1.2, Punch Amplitude Calibration.

e electrical signal obtzined from the vibrating crystal had
to te related to oscillatorj amplitude. The amplitudes normally
asso;iated with ultrasonic frequencies are quite smali, typically
0.3CC5 in. Some means of measuring this amplitude had therefore
to be devised, an additional complication being that the signal for
the crystal was only obtained during vibration, it not being possible
to obtain the limits of the oscillatory motion statically. At this
time, two methods of calibration were available, The first nmethod
relied upon the change in capacitance of the variable air gap between
the punch.surface and the capacitance probe obtained when the system
was vibrating. This system, however, was not very reliable because
of the effects of stray capacit#nce which affected the readings given.
A second method which was more peliable but less convenient was an
opticz2l one. This involyved tﬁe observation of a line scribed at
ri-ht angles to the direction oé the motion. When observed during
the a=plication of the high—freduency oscillations the line was
movin i too rapidly for the eye to distinguish. This resulted in
the line appearing.as a blur, the distance between the limits of the
biur corresponding to the ampliﬁude of the oscillations. The
anolitude of the system was too-small to observe with the naked eye
so a “ravelling microscope was used. The microscope was a
conventional one which was modified by the fitting of a different
base which could be clamped to the subpress with the optical system
in the correct position for viewing the end of the punch.

“he normal rotatable objective lens carriage was removed and an
adartor holding a single objective was fitted to enzble the nmicro-
scope to fit into the available space. The magnification obtained
with the microscope was checked by measuring the distance apart of

the lines scribed on a diffraction grating. This distance was

compared with the known ruling of the grating and it was found that
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%,
the rctual and quoted magnification of the microscope werz not the

B2ml. Tt was therefore necessary to calibrate the microsccpe
scaarately. Prior to this calibration it was decided to calihrate
the runch amplitude and retain these microscope settings whilst

s
o
'y
L)
L

~minz the secondary calibration.
7o facilitate the punch calibration a small section of stainless

st20l was lavped and polished on a diamond lap to produce a hizhly

rcilzctive, scratch free surface. This piece of material was
Yondci to the side of the punch as near to the end as pocsible on the
ouzorite face to the piezo-ceramic crystal. A number of very lisht

scriy: marks were made on this surface parallel to the end of the

L]

punch with a new scalpel blade. The finely scribed lines were
views 1 through the microscope and the line which gave the most
urnifzrm image was selected as the datum line. -On switching on the
ultrzsonic power this line became a blur. The various objective

lennes were tried in turn in order to achieve a compromice of large
anou~h band-width, determined by magnification, and an acceptable
standard of edge definition of the scribed line, which deteriorated

with increasing magnification. Having selected the magnification,

[
[«%

~nd-width was measured by means of a traversable cross-wire in

[$+]
[

*3cal plane of the eye-piece lens. This was traversed from one
¢ of the band to the other by turning the micrometer thimble.
“unch amplitude was set at various levels by adjustment of the

Jari-:' variable transformer which controlled the output of the ultra-
“ scuiz senerator. For each of these individual settings the anpli-
tuic was neasured by the travelling microscope and the signal corres-
iinz to this amplitude level was recorded on the ultra-violet
rotcriere Thus these primary neasurements were in units of length
ac i:iicated by the micrometer on the microscope eye-piece. The
‘seccniary calibration was carried out to determine the microscope

mconilication. This was achieved by bringing the lines of a
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diffrzction grating into focus, keeping the objective and eye-plece

lens: s in the position that wer? used during the punch calibration.
The cross-wires within the eye-ﬁiece were positioned over one of the
lincc and the micrometer readinés noted. A suitable nunber of
lines were traversed before theimicrOmeter was re-read and knowing
the ruling of the grating a magnification factor of the microscope
was d2terminedes This factor wés used to convert the oscillatory
am»li'ude readings previously obtained into standard units., Thaus,
the runch oscillatory amplitude was determined under conditions of
no lczdinge

Zn plotting these results the relationship, over the amplitude
level: tested, was linear. It was noticed, however, that after
prolonged vibration the crystal did heat up slightly and the output
from :he crystal in this condition no longer behéved linqarly. The
intermittent nAture of the testing during deep drawing and the rapid
recovery of initial properties on switching off the power were
censidered to minimise any non-linearity problems during the actual

t

(34
et

S

(]

i :“.E‘,‘. .'-

Seleda Die Amplitude Measurement,

the die amplitude was to be monitored in the same way as the
punc!: amplitude, that was with the signal from the piezo-ceramic
crystals. Both of the crystals which remained from the previous
resezrch project were damaged and were replaced after the wedge-dies

1241 been reconditionede These crystals were located on the end

L)

aces of the dies, beside the protruding die radii where the signal

wculd only be dependent upon the oscillatory velocity as explained

in the section on punch amplitude.
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2.

S5.l.4. Die Amplitude Calibration.

“he calibration of the die oscillatory amplitude was performed
in ar. identical manner to that of thepunchvibration except that the
seccnlary determination of the microscope magnification was omitted
because the objective lens and microscope settings were not varied
from the positions determined during the calibration of the punch

vibrationse.

S5eleTe Punch Load Cell,

The punch load during the drawing operation was to be measured
by a strain-gauge bridge and recorded on a channel of the ultra-
violet recordere.

One of the problems in attaching strain-gauges to the surface
of co:ponents in the ultrasonic system was that ﬁf over-heating
czusei by the vibration. ‘ Non-metallic materials were particularly
prone to this phenomenon and - altﬁough strain gauge elements are
metallic they are set in an epoxy resin backing and bonded to the
surfzce with another epaxy resin. Consequently, they became very
ho: unless carefully located at a stress node,

it was possible to build into strain-gauge bridges temperature
cceponsation and although this was the normal procedure it was
consiicred good practice to try and avoid heating effects, if
possible, rather than compensate for them after they occurred. For
this reason it was considered undesiréble to attach any strain-gauge
- brid -2 to the punch system itself and in this instance the mount
systz1 was used, In addition, the bridge was located at a stress
noie 30 that the alternating stress, and hence hysteresis loss, were
at a ninimum,. This was advantageous both for fatigue and heating
minimisation. It was only planned to measure the mean stress with=
in the test piece mainly because of the difficulty in attributing any
measurement of alternating stress to the alternating stress within

the t:st piece itself, Obviously the alternating stress could be
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‘mensucad on the strain-gauge bridge since it was only a matter of
usin recording equipment with a sufficient response. This, how~
ever, would be very difficult to relate to the stresses within the
test niece with confidence. Attempts to record the stress situa-
tion within the test piece could be approached by direct measure-
ments, by means of strain gauges attached to the test piece. Any
testing of this nature is both costly and time consuming because
the auges can be used for only one drawinge.

Punch load measurement was therefore recorded by means of a
full bridge with temperature and bending compensation all built on
to th2 tubular active mounting system, Protection of this once
it rad been built and wired up presented a slight problem. The
normal method of protecting with layers of insulating tape was not
accep:able because of heating which developed wifh the ultrasonic
oscillations. The solution adopted was to use a very thin layer of

polyur-ethane lacquer to provide protection against atmospheric

corrc:ion and rely upon the remote location of the bridge to protect

e

t from mechanical damage. The galvanometer signal from the strain-

aure bridge was taken through a suitable amplifier because of the

Uy

low otrain within the punch systenm. After amplification the signal
went through a suitable damping network compatible with the galvano-
neter used in the ultra-violet recorder.

"his complete bridge was built on the active mount before final

assex»ly of the punch system described previously.

5eleba Punch Load Cell Calibratione

The punch load cell which was built into the mounting system
was calibrated in-situ using a hydraulic jack and hand pump to apply
a cc-pressive load to the apparatus. The compressive load applied
2z indicated by means of a proving ring which was positioned between
the punch and the jacke Spherical seatings were used at both ends

of tha proving ring to achieve pure axiality of loading. The cali~-
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bration was made after cycling the load cell a few times to ensure
gcoi reproducibility. The loading was taken to a value of 400 1bf
in ircrements of 50 lbf.. Unloading was done by similar decrements,
tke I1oad being indicated by the deflection of the proving ring and
measuredlby a dial gauge integral with the ring. The hydraulic
testizg machine was not used for the calibration because of the low
loads that were required in comparison with the capacity of the
press. This meant that the machine was set on the lowest scale
setting of 5 tonf and even then 400 1bf was only a small proportion
of thise Therefore, it was considered more accurate to use a
proving ring for this calibration which had the added advantage that
the loading was regulated by a hand pump. This.method was easier

than holding a constant load on the testing machine.

¥

5.1e76 Friction Load Cell.

The friction load cell which waé interposed between the two
hblank-holder blocks was also defective in that the strain-gauge
bridge did not function.. This was caused by several of the
zaugcs on both the load cell and the dummy block of steel being
damzrzd and there were no replacements of that particular type of
gauze available.

A similar bridge was built with a small gauge that was available
but on testing the completed assembly there was a serious problem of
2lectrical interference on the galvanometer trace. This problem
was nct helped by the fact that a small gauge was being used with a
consecuential small level of bridge excitation that could safely be

us:zd. In order to obtain a higher signal-to-noise ratio a zauge

i

larger than the original one was next trieds This was too large
to vori to the edges of the load cell and so had to be bonded to the
zida Tacese A full bridge was used to eliminate any possibility

of nick-up between the active gauges and dummy block located in the

vicinity of the load cell which may have occurred previously. This
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‘uze ¢” these larger gauges wi;h'the consequential higher voltage that
cculi be safely applied to the bridge did have a slightly beneficial
effect upon the pick-up, but it was still too severe to cnable any
meaningful results to be obtained from the friction load cell. In
acdition, the load cell was now very sensitive to stresses other
than direct tension and compression. This was not unexpected
because some of the gauges were closé to the corners of the load
cell where the stress system was complex. Also it was noticed
that the temperature compensation was not particularly good even
with 2ll the gauges of the full bridge built onto fhe load cell.

This was attributed to the fact that the side sections of the
load cell were thin and connected together by other thin sections.

‘The thermal capacity of these sections were small and so it was
considered possible to have a temperature.differéntial across the
load cell. This destroyed the advantage of having the complete
briige on the load cell and, thereféfe, because of the very limited
stace available it was decided to revert 1=: . to the dummy-block.
svsten for the passive gauges, as shown in Fig. 5.1.1.

smaller gauges, slightly larger than the original ones, were
ncu available; By carefully trimming these gauges it was possible
to fit them on to the edges of the sections, well away fronm the
COrnirSe The dummy-block was made an equal mass and of similar
tnicxness to the sections of the load cell so that its thermal
behaviour would be similar to that of the load cell. This load
cell with the higher signal-to-noise ratio was better than the first
ore and so attempts were made to_reduce the amount of interference
ohtzined on the bridge signal.

It was determined that some of the pick-up was generated before
the cignal from the load cell was amplified to an acceptable level,
In acdition, the amplifier itself added more noise since, when the
irput was shorted out, the output still contained some interference.

~Little could be done about the noise generated within the amplifier
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and s> attempts to minimise tie interference had to be directed
tcwer is minimising pick-up in ‘the other elements of the systen. All
tha 1:adé from the load cell were screened, aé were leads from the
arslifier to the ultra-violet recorder. Various combinations of

eariiing the screens were used; sometimes all the leads, sometimes

just the galvanometer signal. The facility was built into the

earthinge This was éenerally the amplifier although various
earthing points were tried in practice. Sometimes earthing the
screcns made matters worses This pick-up did seem to vary day-by-
day and one of the most effective ways of dealing with this was to
move the amplifier and control box around to an orientation that
gave least interference. Obviously there were several sources of
interference and several pick-up points but the élaborate precautions
taken to prevent or eliminate the problem did not have much of an
effecte. From these series of testé undertaken the conclusion was
reached that the fault lay mainly with a too small signal-to-noise
ratio and some thought was given to the use of other devices for the
load measurenent, such as semi-éonductor strain-gauges. These
devices were considered but the:disadvantages seemed to outweigh the
advantages in this particular aﬁplication.

The selection of galvanome%er combined with the gain of the

arplifier had some effect upon the magnitude of the recorded
|

irnterference. A high-gain setﬁing on the amplifier combined with
- a stiif galvanometer was preferable to a low=gain setting and a
sensitive galvanometer.  This Tas no doubt because the amplifier

sizn:l-to-noise ratio was at its best when the gain was set at its

hishzzt, since in this position the interference was proportionately

-

ess from the amplifier onwardse. Obviously if the interference
was on the signal before input to the amplifier the above reasoning

wculd be no longer applicable,

i new amplifier, purpose built for strain-gauge amplification
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aired, with better noise characteristics but this was found
orly a slight improvement.

After this it was evident that
meacures to prevent this interference were only partially effective
and recourse was made to filtering out the unwanted signal from the

load cell signal. Previous tests had established that the fre-
quency of the pick-up was approximately 100 Kz.

A tunable filter
was cobtained and this was connected across the galvanometer
terrminals,

The filter was adjusted until the optimum filtering
of the interference was affectede.

filter in the circuit,

The values of capacitance and
resistance used at this setting were noted and a simnle filter was
constructed to this specification and substituted for the variable

Obviously any sort of filter cannot
and
hai b2en exhausted,

=2 the use of a filter was only accepted after all other avenues
W2

3w

distinguish between wanted and unwanted signals of the same freguency

Fortunately the interference frequency, however,
«211 below the drawing frequency since measurements at the ultra-

very unlikelye.

scnic frequency could not be made using the ultra-violet recorder.
The risk of filtering out useful information was therefore considered

These combined measures resulted in a signal from the friction

cell of an acceptable standard for the work envisaged.
Z.1.8.

Friction Load Cell Calibration.
- 0f a

the

calibration was performed by applying a tensile load by means
Jenison dead-weight tester.
ernhl

The load cell was located within
aws of this machine by specially made mild steel adaptors which
>d the wedge jaws to grip securely.

pr

-y

“hiy

Connection to the load
ccil was by means of polished dowel pins so that thé loading was axials
ter cycling a few times a calibration curve was plotted for both
leoadiag |

and unloading up to 60 1bf in increments of 5 1lbf,

Addi-

tionally, the load cell was fitted into the blank-holders and
calizrated using the master load cell technique used by Young, in
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whicr the master load cell was held down by the blank-holders in a
simil-r manner to an actual specimen. The master load cell was
shortened by means of a turnscrew such that the friction load cell

was cubject to a compressive force, applied in the same manner as

tn2 r2rtly drawn specimens would load the blank-holders during the

W

ctu-l drawing process. The compressive force acting on the blank-~
holdsrs was balanced by the tensile force on the master load cell.
Thus b5y calibrating the master load cell in tensioh in the dead-
weirnt tester it was possible to relate the compressive forces on

the ‘riction load cell to a reproducible standard. A comparison

was ~ade between the two methods of calibration and after making an
allowvance for friction between the blank-holders and the blank-holder

pressure plate, the surfaces being separated by linear roller-bearings,

ck

her> was no difference to the final result whichever method of cali=-
bration was used.s The allowance for friction was made by recording

tre ‘orce required to move the blank-holder and die in the direction

of

drawing against the two sets of linear roller-bearings, one on the
top surface of the blank-holder, the other on the bottom surface of
tr2 ie (the die was separated from the conical concentrator). One

hzlf of this frictional force could then be attributed to each set of

rcllars and could be used to modify the friction load cell calibration

This dual approach to calibration was to determine a reliabdle
metihcd other than the in-situ calibration used by Young.® This was
nec2csary because the other areas of investigation planned required
a sirilar sort of calibration. The increased complexity of the
arvaratus would preclude any attempt to calibrate in-situ because of
tre lack of access to the subpress. On examination of these two
methods the dead-weight tester calibration with an allowance for
the friction introduced by the roller-bearings proved to be as
relintle as the in-situ method, Having established the reliability

of tre calibration using the dead-weight tester this method was used
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s,
in =-calibrations that were performed periodically.

5eleTs Punch Velocity and Punch Displacement.

Tn order to obtain a relationship between oscillatory velocity

andi “rawing velocity it was necessary to record the punch velocity.

o=

t tnis time, a direct velocity measuring device was not available.
A dizolacement potentiometer which had been used by Young.for
disnlacement measurements was available and it was decided to use
this for both displacement and velocity measurements, the velocity
bein= deduced from the gradient of the displacement/time record which
was produced upon the ultra-violet recorder. In order to make this
ccnvorsion simply it became a requirement that the displacenent trans-
ducer should give a linear output with displacement. The method
uced previously of applying a constant voltage to the potentiometer
coil and applying the varying voltage obtained at the potentiometer
slidie to an ultra-violet recorder galvanometer did not give the
potontiometer a linear output. This, after some consideration,
was scen to be due to the fact that the galvanometer was taking a
current to operate it and was thus disturbing the linearity of the
potcrniioneters |

The requirement was for a very high input-impedance into which
trhe siznal from the potentiometer could be taken so that there would
be no current flow to disturb the linearity. The signal was, there-
fore, connected to an oscilloscope, which had the required input-
irpediance and the signal to the ultra-violet galvanometer was taken
fror the output of the internal amplifier of the oscilloscope. In

this way a linear displacement record was obtained on the ultra-

viol~t recorder.
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:,1,10. Displacement Transducer Calibration.

The displacement transducer was calibrated by constructing a

impl2 clamp to hold the body of the transducer whilst the inner

1]

L4}
H
£

l1idor was indexed along by contact with a vernier height gauge so
that the displacements given to the slider could be meacsured
accurately. This calibration was continued over the complete
lenstn of travel of the slider because in the drawing operation the

majority of this travel was going to be used.

5.le1l, Blank-holder Load Cell.

The blank-holder loads were measured by strain-gauge bridges
cuilt onto the pistops of the hydraulic cylinders which applied the
blan-holder pressure. These had been used in the previous project
put cne of the strain-gauge bridges had been damaged. The lead
wires had become detached and éince the bridges were protected with

a potting compound it was necessary to completely remove and rebuild

the strain-gauge bridge using a full 4-gauge bridge configuration.

5.1.,12., Blank-holder Load Cell Calibration.

The blank~holder cells were calibrated when they were removed
from the subpress during the rebuilding., They were loaded in com-
oprezzion using a hydraulic jack and a proving ring to indicate the
load on the blank-holder. . The signal from the strain-gauge bridge

was cufficient to drive an ultra=-violet galvanometer directly with-

o}

ut awplification and each blank-holder was calibrated by loading

s
3

1 5C 1bf increments up to a maximum load of 1000 1lbf and unloading

in sinilar decrements.
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5.2, Blank~holder Vibration Instrumentation and Czlibration.

Se2.1la Blank-holder Amplitude Measurement.

3lank~holder oscillatory amplitude was recorded by monitoring
the siznal from a piezo-ceramic crystal bonded to the end of each
blank-holder. Two crystals were bonded to each blank-holder, one
to th2 end face and one on the side, because, as a result of vast
exverience it had been found that these crystals were susceptible
to breakdown due to fatigue of the fine lead wires. This »roblem
was alleviated, to some extent, by supporting the metal foil, which
was connected to each face of the crystal, in c¢lose fitting P.V.C.
sleeving and embedding this sleeving in epoxy resin. This method
hadi the advantage that if the lead wireé did fracture it was usually ‘
close to the point where the encapsulation finished so it was possible
to curefully strip away the epoxy resin and remake the connection,
The crystals at the end face of the blank~holders were subject to only

accelerative forces of the simple harmonic motion, whilst those

)
«

o

on th: side were subjedt to the additional oscillatory stress trans-

end the effect was considered and, subsequently, shown to be
neslizible.

“ne output from each crystal during oscillation was an alter-
natin cha%ge. In order to record this signal it was necessary to
amoli’y it with an instrument with a high input-impedance. Two
valve-voltmeters were obtained, one for each blank-hnolder. The out-
“put rom each instrument was displayed on a conventional moving-coil
moter, The voltmeters were modified slightly by inserting a change-
ovaer circuit into the instrument.$ This circuit was to be operated
remz::ly with a micro-switeh controlled by the movement of the
hydiraz:1lic presse. This switch trggﬁferred the output from thcfgiter-

nal moter to a suitable matching eircuit for an ultra-violet galvano-

i3]

cter “o enable a permanent record of the oscillatory amplitude during

tho *-2w to be made,



" 125
: 5e2e2¢  Blank-holder Amplitude Calibration.

The crystals gave an output proportional to amplitude and this
was calibrated using atbistec'displacement sensor. This device was
a non-contact sensor operating on the eddy-current loss principle,
which gave a voltage signal, directly proportional to the displace-
ment of the sensor from the endgof the blank-holder. The sensor
position from the end face of tﬁe blank~holder was adjusted until the
reference voltage output was ob#ained. This ensured that the datunm

point was within the linear out#ut range of the sensor., When switch-
ing c2 the ultrasonic generator:an alternating voltage was obtained.
An occilloscope was used to diaﬁlay this signal and peak-to-peak
measurements could be related to the actual displacement by means of
a calidration curve plotted usipg static displacements of the sensor
measurad by the appropriate mecéanical device fof the range being
censiiered, |

In this application the static calibration of the ‘Distec’ semsor
was obtgined by attaching the sensor to the head of a vernier height

gauze and measuring the .voltage change as the sensor distance from a

bleck of the die steel was varied,

5e2e3e Punch Load Cell,

The punch load was to be measured using the same load cell as
had bzen used for the punch vibrations. After checking the load
cell for damage it was recalibrated using the hydraulic jack and
" proving ring as previously described in section 5.1.6. A number of
lcading and unloading cycles were undertaken with the readings
plotted graphically and compared with the earlier calibrations made
when punch vibrations were being investigated. Good agreement was
obtained, long term drift was insignificant and the hysteresis pres-
ent in the system was also negligible, both these factors indicating

the strain gauge installation to be in good condition.
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5.2.4. Die Separating TForce Load Cell.

The two wédge dies were pinned together by the die separation
force load cell. This load cell was constructed from En 30E a
hizh-nickel die steel and it was made very slender to increase the
strains within the measuring arms. The strains were to be measured
by means of a strain gauge bridge bonded to the two tension members

f the load cell, A half-bridge with four gauges was used on the
lcad cell which had bending compensation in a vertical plane built
into it by wiring gauges attached to the top and bottom surfaces of
the load cell in series in one arm of the bridge. Bending compen-
sation in the horizontal plane was achieved by wiring gauges of oppo-
site tension members of the load cell into the same arm of the bridge.

A considerable amount of trouble was experienced when the load
cell was being built, due to faulty bonding of the gauges. The
first adhesive, a polyeétﬁr recommended for the gauges proved to be
very brittle and the gauges lifted ;s the tane used to hold them in
position during bonding was removed. A different adhesive was tried,
an epoxy resin, but this failed to harden despite repeatéd attempts.
It was finally concluded, howevgr, that the mixing instructiorns
supplied with the adhesive ueregin error after a number of test mixes
were prepared, each with a different proportion of hardener and ad-
hesive ranging from the 10 per éent hardener given in the instructions
to a 50 per cent hardener. It?was found that only the mixes con-
taining almost equal amounts of;adhesive and hardener cured under the
recor:ended conditions, the other mixtures being much more difficult
to cure, higher temperatures than specified being required., The
mix containing the 'recommended? proportiong never cured. The
adhesive finally used was 'Araléite' epoxy resin which proved to be
very reliable,

Temperature compensation was obtained by mounting the dummy
gseuges upon a block of similar thermal capacity as the load cell and

locating this dumﬁy block in the immediate vicinity of the load cell.
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Pr2 conflicting requirements of thick sections for greatest bending

rzsic*ance and thin sections for maximum strain resulted in the

"

tr2z5 levels within the load cell being of quite small magnitude
eni hence the signal produced from the load cell needed amplifica-
tion. Unfortunately, the use of an amplifier aggravated the problen
of tihe electrical noise and interference on the signal coming from
the tridge. This problem was recurrent throughout the test programme
end was caused by the signal-to-noise ratio being small. This was
fundamental to the strain gauge installation and the only improvement
that could be made was by’increasing the bridge supply voltage.
There is a limit, however, to the amount by which it can be raised
before detrimental effects are noticed; these usually appear as a
general deterioration of the stability of the system rather than a
catastrophic failure, |

A combination of inc?eased supply voltage, screening and posi-
tioning of the lead wires and finali& small capacitors across the
terminals of the ultra=violet galvanometer were used to obtain an

accertable signal from the load cell.

DeleSe Die Separating Force Load Cell Calibration.

This load cell was calibrated in tension using 2 ‘Denison’ dead

weizht tester and two adap?ors pivoted to the ends of the load cell
arnd with parallel ends for gripping in tﬁe wedge jaws of the tester.
Calisration consisted of cycling the load cell a few tires and re-
coréizg the galvanometer deflection for various loads both during

the loading and unloading cycles. Two sets of calibrations were
obtained initially by varying the amplifier gain to cover the range
o loads anticipated. The calibration curves were retained in order

tc cnable periodic checks to be made on the condition of the installa-

tion by comparison of the calibration curves.
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5¢2.6. Punch Displacement Transducer.

The punch displacement was determined by the same linear
potcrntiometer which had been used previously. The longer punch
entziled a lower drawing position and the adjustable stop was there-
fcre repositioned. The transducer was recalibrated in accordance

with section 5.1.10.

5.2.7. Punch Velocity Transducer.

Punch velocity measurement was obtained by using a linear
differential transformer. The body was attached to the subpress
mount and the magnetic core was attached to a long rod connected to
the fixed cross=-slide, the length being arranged so that in the mide
draw position the magnetic core was in the middle of the shielded
coils.,

The differential transformer produced a voltage proportional to
the linear velocity of the core within the coils which was monitored
using a valve-voltmeter with the meter circuit modified to obtain an
output for an ultra-violet galvanometer, By selecting the appro-
oriete range the output of the éeter could be matched to the output
of the transducer. In additio%, when the press was lightly loaded
and m:ving slowly there was a pulsating load caused by the hydraulic
purip. This pulsating was dete;ted by the transducer but when using
the volve-voltmeter the pulsations were smoothed out, thus preventing
the galvanometer trace from swamping the ultra-violet chart.

This transducer was calibr%ted indirectly by running the press
at various drawing speeds whilst;the output from the velocity trans=
ducer was recorded on the ultra-violet chart along with the punch
displacement signal.

The punch velocity was determined from the punch displacement

anc the timing marks on the ultra-violet chart for each of the draw=

ing sreceds selected.
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5.2.8. Blank-holder Load Cell.

The blank-holder load cells used previously for the punch
vidration section were recalibrated before being re-assembled into
the zubpress. This recalibration was in accordance with the pro-

cedure described in section 5.1l.12.

5.2.9. Press Operated Controls,.

When the main ram of the press was raised to the position where
drawing would normally commence a microswitch was closed which in
turn operated the relay within the ultrasonic generator which applied
the high voltage alternating cu;rent to the magneto-strictive trans-

ducer coilse. Simultaneously, two more microswitches were operated

to transfer the output of the left and right hand blank-holder piezo=-

viol:t galvanometers. Oge of the contactors of the ultrasonic gen-
eratcr relay carried mains voltage thch was used to energise another
relar located remotely from the generator. This second relay
operz:ted the motor of the ultraiviolet recorder so that the paper
drive of the recorder was started. A second relay was used because
it was considered undesirable to have the controlling leads of the
recorder within the cabinet of the generator because of the poss-
ibility of pick-up which in turn could be transferred on to the
gelvanometer traces. Having switched on the ultrasonic generator
anéd the ultra-violet recorder the microswitches were kept closed by
the use of a spring loaded plunger which had sufficient travel to
accon~odate the movement of the ram during the drawing process. As
an acditional safeguard, as the press reached the end of the draw,
the ultrasonic vibrations were switched off. This on~off switch
was cperated by the opposite end of the plunger of the spring loaded

- devic2. In addition, the lever arm of the switch was on a flexible

coupling so that once it had been operated further travel of the

“plunger forced the lever out of the way thus preventing damage as the
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press continued upwards to the end of its stroke. The length of
this plunger was adjustable by means of a hollow sleeve to accomnodate
the shorter press travel requiréd when drawing at the lower-ratios.
The hydraulic pump of the Leating machine was arranged to stop
by the fitting of an adjuatable!trip to operate the limit-switch on
tre rress. This limit-switch ?as operated just before the punch
came into contact with the base of the dies, a suitable clearance
beins allowed for the specimen fnterposed between the two. As the

hydrzulic ram returned and approached its lowest position cords

jen

attached to the lever arms of the switches became taut and reset the
switches to the closed position just as the ram bottomed, in read-

iness for the next drawing cycle.
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He3e Draw Ironing Die Vibration Instrumentation and Calibration.

Za3.1. Draw Ironing Die Amplitude Measurement.,

‘he draw ironing wedge dies were prepared for amplitude
measurenent before assembly onto the conical concentrators by bonding
piezo-ceramic crystals to the surface of the dies. This was
acccermvlished in a manner similar to that employed for.the blank-
holéers as described in Section 5.2.1. Two crystals were azain
used and particular attention was paid to the bonding of the lead

wires from the crystals.

50542 Draw Ironing Die Amplitude Calibration.

The oscillatory amplitude of the dies was calibrated by the use
of a 'Distec' displacement sensor as described in Section 5.2.2.

Trhe cutput from the piezo-ceramic crystals was proportional to the

L]

oscillatory amplitude at low levels of ‘excitation but at the higher

levels the output levelled off as described in Section 5.1.2. This
was not considered to be a problem because the amplitude under
drawinz conditions would not reach the maximum amplitudes obtained

-

when calibrating the unloaded dies,

5.3.3. Draw Ironing Punch Load Cell.

"ne punch load cell was built onto the mounting flange in the

centre of the uniform tubular wall section. A conventional strain-

augz dridge was built using eight gauges positioned equally around

03]

LY
n

he paripherye. Diametrically opposed gauges were connected into

ct

ot

k2 cane arm of the bridge so as to give bending compensation, these

o

wo ne2irs of axially aligned gauges providing the majority of the
reziszance change, the four circumferentially aligned gauges compen-
satin; for temperature variations and also increasing the bridge
sexcitivity as a result of the Poisson effect.

‘he gauges were bonded with an epoxy resin adhesive and, after

wiring, environmental protection for the gauges was provided with a

.
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'bolyurethane lacquer.

Mechanical protection was afforded by wrapping the complete

installation with P.V.C. adhesive tape.

S5e3elte Ironing Punch Load Cell Calibration.

“he output from the punch £oad cell had to be amplified in
order to obtain a suitable signal for the ultra-violet galvanometer,
Th2 load cell was calibrated whén positioned on the cross head of
the tosting machine using the hydraulic jack- and proving ring method

described in Section 5.1.6.

SeBeDe Die Separating Force Diaphragm Load Cell.

In order to measure the die separating force on the oscillatory
draw ironing dies it was decided to make use of the deflection of the
diaphragm plates which, when assembled, formed the nodal flanges of
the ccnical concentrators, In order to build a full strain-gauge
brid -2 on each of the diaphragm plates it was necessary to attach
strain-gauges to both sides of these plates. Four equi-spaced
gauges were attached to each side, and these were aligﬁed in a radial
direction. Difficulty was experienced with the bonding of these
strain-gauges to the diaphragﬁ plates which was originally considered
to be caused by the chromium plating on the surface but after removal
of tha chrome at the gauge posiéions there was still a poor bond
between the gauge and flange. This problem had been experienced
previously with the friction locad cell, Section 5.1.7, when using
polycster adhesives, The reasons for vpoor bonding were not ascer-
teined since instructions regarding mixing and application were
closcly followed and different batches of adhesive andlhardener were

used on these occasions. These bonding failures necessitated the

reduilding of the bridge and finally an epoxy resin adhesive was used

whicnh proved successful,
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‘ne spacing of the gaugeé around the flange and on both sides
of it involved the use of fairly long interconnecting wires. To
avoiZ any temperature effects with these long wires they were all
cut tc the same length before wiring commenced.. A groove was
machined in the flange clamping ring to enable the wires to pass to
the cther side of the flange . .when this was clamped in position.

The strain-gauge bridge'was/protected from the atmosphere by
coats of polyurethane lacquer but mechanical protection was mainly
provided by the remote location since there was insufficient space
for any protective layer to be applied to the gauges., This proved
satisTactory since the major danger of damage occurred during the

assemndly of the equipment.

5.3.6. Diaphragm Load Cell Calibration.

The load cells were originally calibrated with the flanges
clannad around their periphery by tﬁé mounting rings. The flange
wes lsaded centrally through a stepped plug which was placed into
trhe c:atral hole in thsrilange. This plug was a close fit in the
hole and its outer diameter was the sam; as that of the locking ring
uced when the concentrator was assembled onto the flange.. Calibra-
tion was performed using the hydraulic jack and proving ring as
described previously.

Jn comparing the deflections obtained with some preliminary
test results it was realised that there was no edge constraint
proviied by the central plug and therefore the deflections obtained
were larger than would be obtained were the flange assembled in the
SUDDreSE.

This problem was overcome by calibrating the completed assembly
in pcsition on the subpress., By removing one complete concentrator
asceroly sufficient space was created to position the hydraulic jack
and proving ring 5orizonta11y to apply the load to the end of the

wedge die, using spherical seatings at each end of the proving ring.

L]
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In addition, the studs h;lding the diaphragm plate in position
were tightened to a predetermined torque as was the locking ring on
the conical concentrator in order to apply a uniform and reproducible
pressure to the inner and outer edges of both diaphragm plates.

The load cell was calibrated by loading and uploading increment-
ally up to the maximum load and observing the galvanometer deflece-
tions. These diaphragm load célls did not give am output which was
proportional to the deflection and in addition, on unloading, the
values of strain were higher than the ones reccrded on loading. It

was considered that this hysterﬁaia was introduced by the movement
of tn: ends of the plates under the clamping pressure.

‘imen the diaphragm was 1oaded its deflection was reduced from
trat 27 a 'free end! system by frictional constraint at each edge.
Or unloading the diaphragm retained its loaded pésition until the
aposli:d load had fallen aﬂfficiﬁntly for the force differential to
be groat enough for the plate to movﬁ once more against the
frictional constraint, Whilst this situation was not ideal it was
cenzitared reasonable tq-accept this load cell characteristic
yreviled it was reproducible over many cycles and between recali-
braticnse. The calibration was performed a number of times and the
lozd cells were left for a few days and recalibrated. On comparing
the calibrations, however, no changes were detected. These results
were -herefore accepted ;nd two values of load for each galvanometer
deflection were provided, the correct value to use being determined

by the overall trend of the die separation force trace, a rising

trace using a 'loading' value and vice versa,

Se3e7e Friction Load Cell,

The load cell which had been used for the recording of the blank-
hoider frictional force in the punch vibrations series was available

for further use once it had been recalibrated in accordance with

 Section Sele8e
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5.i4.  Blank-holder Swaging Instrumentation and Calibration.

5.4.,1., General Description.

Tae instrumentation réquired on the subpress was that. .. -
uced in the previous sections although with the absence of any
ultrzsonic vibrations the instrumentation problems were simplified.
No zttenpt was made to monitor the blank-~holder amplitude but the

oscillatory force was recorded by the blank-holder load cells, the

lveaometers used having sufficient frequency resvonse to enable

v
o

the oscillatory load to be displayed upon the ultra-violet trace.
The control unit for the hydraulic pressure supply was
coun:cted to the servo-valves which controlled the o0il flow to the
actuntore. The oscillatory frequency for this unit was derived
frorm an external oscillator. A small transistorised oscillator
was available and this was used to set the osciliatory frequency,

its output being checked with the frequency counter previously

used on the ultrasonic generator.
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O. ST PROCEDURE,

5.1 Punich Vibration Test Procedure,

“.141. General Testinpg Procedure,

‘he testing vrocedure adopted was to examine a series of draw-
reticz for the effect of punch oscillatory amplitude on the punch
loaé z2nd limiting draw=-ratio,

A supply of specimens was prerared from one sheet of 0.028 in.
thick, commercially pure aluminium, the longitudinal axis of each
specimen being orientated in the rolling direction. The prepara-
tion of these specimens is described in Appendix A.2. The lubri-
caticn used throughout this series of tests was Shell 'Macoma 45°¢,

a hir viscosity mineral oil with 'Extreme Pressure' additives.

This o0il gave a uniform lubrication film when the snecimens
were immersed in it and when the excess o0il had Been allowed to
drain awvaye

The draw-ratio under test was sélected and the blank-holder
presziure adjusted so as to give an initial compressive stress on the
undeormed blank of 450 ;bf.inﬁz. Details of the selection of blank-
hcléer pressure are to be found in Appendix A.%. The lubricated
specinan was placed into the wedge dies and the wedge blank-holders,
sesarcted by the friction load cell, were placed on top of the speci-
men, :<he rale form of the blank~holders locating in the female form
of tho dies. The blank~holder pressure plate was replaced on top
of th:s blank-holders and locked into place by inserting the dowel
pins through the corners of the subpress sides into the nlate housing
the blank-holder hydraulic pistons, The load range on the 'Avery'
Hydraulic Testing Machine was set to its lowest scale of 5 tonf.
mazizun and ihe nodified by~pass valve opened to bring the subpress
up to the punche On reaching this position the by-pass valve was
closed. The load cells were re-zeroed and the oscillatory amplitude

required was selected by setting the 'Variac' of the ultrasonic

generator. The ultra-violet recorder was started followed by the
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clozing of the spool-valve to.apply the hydraulic pressure to the
blant-nolders. Simultaneously the by-pass valve was opened to the
desir:d draw velocity setting and the subpress moved towards the
punch,. Before drawing began the ultrasonic power to the punch was
switcied on. The ultrasonic system was tuned manually before the
drawing process began,‘resonance of the punch system was detected by
observing the output from the piezo-ceramic crystal displayed on an
oscilloscope.

During the draw, all the data were recorded on the ultra-violet
recorder with the exception of the oscillatory frequency, which was
displayed on a digital counter. On completion of the draw the
specimen was removed and a seriél nunber was allotted to both the
specimen and the ultra-violet trace so that both would be easily
associated for future referencei A typical ultra-violet chart which
shows the effect of the punch vibrations on the recorded parameters
durins the drawing operation isirepréduced in Fig. 6.1.1.

'he procedure for testing é particular draw=-ratio involved tests
at zcro amplitude and at. a number of different oscillatory amplitudes
up tc the maximum amplitude avai}ahle, which was obtained when the
tWWarizce! was at its maximum settgng.,

The tooling was wiped to remove excess oil after each specimen
had been drawn in order to maintain the consistency of lubrication
which had been achieved by the controlled method of lubrication,

(n completion of the testing of a particular draw-ratio the
blaniz-heolder oil pressure was re-adjusted to maintain the standard
initial pressure on the undeformed blank. A periodic re-adjustment
of the oil pressure during prolonged testing periods was required
due to the drop in pressure within the system as the oil warmed up
and zs a consequence became thinner,

The above procedure waslapplied throughout the drawing of the

complete range of draw-ratios and oscillatory amplitudes.
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5ele2. Low Velocity Tests.

k-4

The majority of the specimens were drawn at the maximum drawing
specd available from the hydraulic press. A limited number of
srecizens were, however, drawn at low velocities in order that the
ratic of oscillatory velocity to drawing velocity could be increased
above that normally achievables This increase in the velocity
ratioc enabled the effectiveness of high ultrasonic energy input to be

exanined.
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6.2. Blank-~holder Vibration Test Procedure.

S.2.1. General Testing Procedure.

‘rior to an experimental programme commencing the blank-holder
hydrs:lic unit and hydraulic testing machine were left with the
motcrs running for at least 30 minutes to enable the hydraulic oil
to sttain its normal working temperature and viscosity.

The instfumentation was allowed a similar warm-up period, which
was particularly beneficial to instruments using thermionic valves
and tnhe strain-gauge bridges. The ultrasonic generator low-tension
circuit was switched on during this warm-up period but not the high-
tension circuit because under conditions of imperfect matching larger
currents flowed resulting in higher tempratures within the two main
pentode valves,

The specimens which had been prepgred beforéhand as described
in Arpendix A.2 were lubricated with an Edgar Vaughan lubricant,
1Zvodraw 43577, reconmend;d for deeﬁ;drawing aluminiun,

“reliminary tests were carried out which involved dipping samples
of muzerial of a known size into the o0il and allowing to drain, The
comparison of the mass of a lubricated sample with that of an unlubri-
cet=d one enabled the o0il coating per unit area of sanple to be calcu-
latecd, This mass was taken after various lengths of draining time.
It wa: found that after draining for approximately one minute, the
mass of lubricant remaining became virtually constant.

“his procedure gave a reproducible lubricant film thickness on
the s:ecimen and the above procedure was adopted as standard; the
sp2cinens were lubricated in batches and suspended on wire through
trke c'ntre hole to drain before testing.

After lubrication the specimen was placed in position in the
wedg: dies, These dies, pinned together by the die separation force
lcad cell, were free to move on linear-roller bearings on the base of
the cubpress. The blank-holders attached to the counter-balanced

box ware brought down into contact with the dies and the position of
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the dies was adjusted until the male wedge shape of the blank-holdarc
mated within the female shape of the wedge=-dies. The blank-nolder
pracoire plate was located on t%p of the blank-holders and was secured
in tris position by four dowel pins through the subpress vertical
platcs. The specimen is shown?in position in Fig. 6.2.1.

“hen locked in this position the blank-~holders were able to move
with the application of hydraulic pressure but apart from this move-
ment the complete subpress asse$bly, including the box section, now
acted as one unit when the hydraulic testing machine was operated.

The testing machine was raised from its normal lowest position
by or=ration of the manual by-pass valve. This modified by-pass was
fist-d4 with an indicator plate with various valve openings, any of
wnich could be selected depending upon the press speed required.

When the press was a few inches from the positioﬁ at which drawing
conmenced the by-pass valve was closed to hold the press in this
position. This delay was to enable all the instrumentation to be
checked for correct functioning and the ultra-violet-galvanometers
were re-zeroed if necessary.

The ultrasonic generator was switched on manually and the blenk-
nolder load applied by closing the slide-valve in the hydraulic
syvsteme In this loaded position with the blank-holders vibrating
the cscillatory outputs were displayed upon the valve voltmeter scale
which enabled the relative amplitude of both blank-holders to be
chected readily and, if necessary, adjusted by a slight change in
orerating frequencye. This tuning was carried out as rapidly as
pcssidble to prevent the specimen from welding to the blank-holder.
Hzvin completed this tuning operation the ultrasonic generator manual

over-ride switch was put to the automatic position and the by-pass

valve opened to the required position. As the specimen approached

the 4

(o

es the ultra-violet recorder paper drive was operated followed
by the switching of oscillatory amplitude output from the display

meters to the ultra-violet recorder and the switching on of the ultra-
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scnic generator., The subpress continued to move upwards as the
specimen proceeded to wrap itself around the punch as the draw con=-
tinued as shown in Fig., 6.2.2. When the draw was complete, as
indicated by the blank-holders moving into direct contact with the
dies as the specimen disappeared over the die radius, the hydraulic
pressure to each blank-holder piston was released by operating the
slicde valve,. The vibrations w%re switched off as the press
approached its limit of travel followed by the ultra-violet recorder
and the hydraulic press motor, é The draw was now complete, the by-
pass valve was opened in the opéosite direction to reverse the flow
of cil and the subpress slowly returned to its starting position.
The drawn specimen was easily rémoved from the front of the press
throu~h the holes in the box and subpress vertical member. In the
event of a specimen failing the.partly drawn wedges were easily re-
meved oncé the dﬁwellpin had be;n extracted and the box member con=-
tazining the blank-hoiders raiseﬁ taﬁing the pressure plate with it.

After removal of the speciﬁen the tools were wiped to remove the
used lubricant thus preparing the press for another cycle.

nhen a specimen failed the test was stopped immediately, the
ultrasonic vibrations were switched off manually in order to prevent
the w21lding to the blank-holders of the broken portion of the speci-
men whaich was now stationary within the die. |

ror every draw-ratio several specimens were drawn without ultra-
sonic vibrations at the commencement and conclusion of each batch in
- order to act as a control on the consistency of the many press var-

S The other specimens were drawn with various blank-holder

p=t

izb
arpiitudes, These amplitudes were varied by operation of the
'Vériac' variable transformer on the ultrasonic generator, For the
main testing programme four amplitude settings were generally used.
The coscillatory amplitude was not proportional to the voltage obtained
from the 'Variac' transformer; therefore, the amplitude levels chosen

.were not simple ratios of the applied voltage.
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Figure No. 6.2.3.
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Zenerally, two specimens-were drawn at each amplitude setting

until there was a failure when % few more were drawn to establish a
beiter idea of whether the conditions were closer to a draw situation
or a fail situation. At the eﬁd of a particular draw-ratio the
vdrzulic blank=holder pressurelwas adjusted in accordance with
Appendix A.4 for the next batch before testing could recommence.

Each trace was allotted a serial number containing information on the
process, draw-ratio and oscillatory amplitude. The frequency of the
ultrasonic vibrations was also noted down. This serial number was

repcated on the drawn specimen in order that the two could be asso-

ciatced easilye A typical ultra-violet chart is shown in Fig. 6.2.3.

54262 Intermittent Testinge.

Some testing.was performed with the ultrasoﬁic vibrations only
applied intermittently. This switching of the generator was auto-
natic with equal on and off periods; The device for this switching
was 2 nminiature sub-micro-switch complete with a roller lever. A
suitable toothed profile was designed so that the on and off periods
were aquale The necessary tooth shape was reproduced along a tem-
plate of length in excess of the drawing stroke. A change-over
switcnh incorporated enabled the on-off periods to be inter-changed so
that the draw could commence with the vibrations either on or off.

Two cuch templates were manufactured, one with a rapid switching

sequchce, the other with three changes during the drawing stroke.

Delede Lubricant Testing.

"he procedure adopted was to first select a critical draw-ratio

as inlicated by the general tests with the standard lubricant. This

particular size of specimen was tested with various other lubricants

e

n order that their effectiveness be ascertained. During this pro-
gramme the tools were degreased with a chlorinated solvent after each

irdividual lubricant had been used so that there was no contamination
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of i5: various lubricants applied to the specimen. The lubricants
testo i were molybdenum disulphide in a variely ' of oils and in a

volz:ile solvent, colloidal  graphite in o0il and volatile solvent,

f

noti:r mineral oil for drawing aluminium, lanoline and P.T.F.E.

ile
- -

H

D2l Low Velocity Tests.

Tow velocity tests were performed during which ultrasonic
vibrztions were applied to the normal amplitudes. Tne purpose of
these was to effect an increase in the velocity ratio beyond the
levels that could be achieved by increasing oscillatory amplitude
alone. These tests were applied to one draw-ratio and they went
from the normal (maximum) speed of testing down to the lowest speed
that was consistent with a reas%nably smooth velécity from the
testing machine. Normally the;velocity was quite smooth with a
slight ripple due to the pulsat;on o} the oil pump. As the speed
wes Trogressively decreased, ho%ever, the pulses increased in magni-
kv i¢, =2specially at Very;loﬁ velocities. This pulsing was recorded
or. & velocity and load tracesj therefore extremely low velocities
were oot tested for this reasons In addition, there was a very

~eniency for the specimen to weld to the oscillatory tools, at

[
H
i
L5
PEs

(1
)
h
1]
o

-c low drawing velocities, thus causin remature failure.
' |
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6e3s Draw Ironing Die Vibration Test Procedure,

6.%s1. General Testing Procedure.

The testing procedures used for the draw ironing die vibrations

which combined drawing and ironihg dlosely fo}lowed those described
for the punch and blank-hol&er vibrations, Sections 6.1 and 6.2.

A batch of specimenslwas prepared as described in Appendix A.2
and after deburring were 1ubricated wifh 'Eﬁodrﬁw 435?'. The widtﬁ
of the expanding punch required for a particular ironing reduction
was determined and both sides of the expanding punch were shimred
equally to obtain this width. The clémping of the punch side pieces
into place concluded the initial setting up operati9ns and the wedge
specimens were located in the wedge dies in preparation for testing.
Starting with the lowest draw-ratio, testing continued through
increasing draw-ratios until failures were obtained at all the levels
of oscillatory amplitude used. Having completed one series of tests
the ironing punch was altered to change.the ironing reduction and the
testing“progedure repeateds A typical ultra-violet chart showing the

effect of draw ironing die vibrations is reproduced in Fig. 6.3.1e

6.%3e2« Intermittent Testing.

For one draw ironing reduction a limited number of tests was
performed in which the vibrations were applied intermittently to

each sample. The method is described in Section 6.2.2.

6.3+3. Lubricant Testing,.

A series of different drawing lubricants were examined for one
particular draw ironing reduction in order to determine the effects
of ultrasonic vibration on the lubricants and also to compare the
effectiveness of lubricants with ultrasonic vibrations. Various
luhricants were tested including P.T.F.E. film. The use of P.T.F.E.
film required the wedge specimené to be moaified slightly in order

that the film could be used on all faces of the specimen,
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.

‘lormally specimens were a close fit in the wedge dies and
thereciore it was not possible to include a solid P.T.F.E. film along
the cdge of the wedge specimens. The solution to this problem was
to elongate the central'portion of the wedge specimen to enable the

P.T7..3. film to be inserted along the edge. The method chosen

to achieve this local elongation without affecting the wedge

0]
o

cticns of the specimens was to subject the central region to a
lisnt comoression between flat platens. Using well lubricated
platens it was possible to elongate the specimens by plane strain
deforiation, until they were long enough to allow the insertion of
the *.T.F.E. sheet,

“n use, wedge shaped pieces of P.T.F.E. sheet were cut fron a
shret. The bottom piece was placed in the wedge die and the
speciien placed on top so that the sheet wrapped.around sides of the
spacinen, A second piecq was used on top of the specimen so that
all of the surface in contact with éither the die or blank-holder
was s2parated by the P.T.F.E. film.

-

5.3.4, Low Velocity Tests.

“n order to attain a higher ratio of oscillatory velocity to
drawins velocity a limited number of low velocity drawing tests were
ur.ier-anken as described in Section 6.2.4. These followed the same
pattera as the normal ﬁests, the standard drawing lubricant was .

usz:¢ throughout.

5e3.5. ' Tests Using Automatic Frequency Control.

“he resonant frequency of the system was dependent upon the
loading on the wedge dies and therefore the resonant frequency
varied with the changes in load on the dies during the drawing
operation, Normally the oscillatory frequency was set d;ring the
tuning operation immediately prior to the draw commencing this

frequency being maintained throughout the draw,.

] -
!

1
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in order to maintain the.oscillator system resonant thereby
mavizising the oscillatory amplitude throughout the draw a series of
trsts were performed using an automatic frequency control on the
ultrasonic generator. The a.f.c. unit was.built onto & 'drive
chassis' which was substituted for the existing chassis in the

generatore. The a.f.ce was controlled by a feedback signal from a

\b\senscr unit which monitored the oscillatory amplitude and varied the

A"
.

frequzncy to kecep the system resonant, In use the frequency was
-get manually at the nominal resonant frequency and the drawing
’process was carried out as before, the feedback signal for the a.f.c.
beirng cderived from one of the piezo-ceramic crystals on the draw

ircning diese.
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D.k. Blank-Holder Swaging Test Procedure.

:.b.1l. General Testing Procedure.

e general procedure for %pecimen preparation,lubrication and
loz:idivy into the apparatus was éimilar to that used previously.

The * .ank-holder pressure was applied to the specimen by the use of
the r-draulic hand punmpe. This:initial pressure required upon the
unde formed blank was expressed as a blank-=holder load and the system
was pressurised until the required blank-holder load was obtained as
indicited by the blank~holder load cells. Having applied the
regquired pressure the hand pump was isolated from the hydraulic
systcn by the shut-off valve.

“"he subpress was advanced to within a few inches of the drawing
opera:ion commencing and at this point the instrumentation was re-
checkz2d for correct functioning. The hydraulic power supply was
start=d and the actuaﬁor piston which had béen set at its mid-
position for the initial blank-holdér pressurisation was oscillated
at the desired frequency by the operation of the control systen.

The ultra-violet recorder and the press were started simul-
tanecusly and the draw commenced. On completion of the draw the
oscillatory oil pressure was shut off and the static pressure
released prior to removing the specimen in preparation for another
aycla. The procedure was repeated for various oscillatory preésure
levels throughout a range of specimen sizese. A typical ultra-violet
chart showing the effect of blank~holder swaging is shown in Fig.6.4.1.

S22, Low Velocity Tests.

The use of low frequency oscillations of the blank-holder pres-

surc supply meant that there were considerably fewer cycles during

the oraw than when ultrasonic vibrations were used., For this reason

scverzl tests were performed using low drawing velocities to increase
the number of cycles and therefore increase the effectiveness of the

oscil atory blank-holder pressure.
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Graph No. 7.1.2.

Blank-holder Friction Force v
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Graph No. 7.1. 3.
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Fige 7+121. P240 Top x 160 Fige 7¢142. P240 Top x 1.6k

Fige 7.1.3. P240 Bottom x 160 Fige 7e1e4. P240 Bottom x 1.6k
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Graph No. 7.2.1.
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Graph No 7.2.2.

Effect of Blank-holder Oscillatory Amplitude
on the Limiting Draw-ratio

( Ibf )

Maximum Punch Load

400 ———&
//c.;
350
300 Non-vibrated / 4/
\4\ /I’
250 =
/' '
200 2 ¥
d:// _,
4
v
150
g= Draw
©= Failure
100 Blank holder Oscillatory
Amplitude  in x 1078
A= 100
& = 200
50 V= 300
0
1,50 1,60 1,70 1.80 1,80 2,00

Draw-ratio




162

Graph No. 7.2. 3.

Reduction in Die Separating Force v

Blank-holder Oscillatory Amplitude
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Intermittent Tests Results

Table

NO 7-2.1.

Tezz No. Max Punch Die Sep Force D 1bf 3.H. Amp}iyude
Loadq? 1bf at P max at D max "1§_§ 1;:;'
Osc Non Osc Non Osc Non L.ii. | Z.H. | Mean
Osc Osc Osc

Ei=-150-140I} 168 | 235 2.0 0 27.3 | 39.1 | 223 | 4328 | 331
Eq-"30-200I| 179 | 240 3.9 | 2.0 35.2 | 48.8 |26k | 433 | 349
£i-130-2601| 163 | 237 5.9 | 2.0 | 35.2| 52.7 | 264 | 428 | 345
2-155=1401| 184 | 269 3.9 3.9 37.1| 46.9| 328 | 318 | 323
2i-155=-2C01] 211 | 291 3.9 2.0 39.1|50.8 | 328 | 363 | 346
EH-1355-2601| 189 | 269 9.8 | 5.9 39.1| 50.8 275 | 383 | 329
ZH=1%0-1401I] 219 | 312 0 7.8 | 35.2 | 48.8 | 352 | 328 | 3k0
ZH=150-200I| 213 | 301 0 3.9 | 35.2| 50.8 | 293 | 4oz | 248
EE-120-260I| 208 | 301 3.9 3.91| 37.1| 52.7 | 352 | 464 | 408
ZH-135-1401| 251 | 339 5.9 17.6 | 33.2| 43.0| 311 | 333 | 322
EH=135=-200I| 224 | 328 o} 9.8 | 48.8 | 62.5| 293 | 454 | 374
EH-155-2601| 224 | 342 0 117 | 371 | 56.6 | 293 | 454 | 374
EH{-170-2001| 245 | 352* | 2.0 | 15.6 | 52.7 | 65.5 | 264 | 438 | 359
EH-170-2601| 240 | 366* | 2.0 | 15.6 | 48.8| 62.5| 264 | sy | 359
BE-175-140I| 275 | 368* | 13.7| © 54,71 62.5| 264 | 252 | 258
BH-175-200I| 261 | 360* | 13.7 | 3.9 | 46.9 52.7 | 293 | 252 | 273
3H-175-2601| 283 | 379* | 17.6 | 13.7 | 54.7 | 64.5| 352 | 353 | 353
BH-175-2601| 267 | 374* | 17.6 | 9.8 | 44,9| 58.6 | 293 | 388 | 341
BH-180-200I| 291 | 379%| 35.2| 9.8 | 58.6| 64.5| 234 | 202 | 218
3H-130-200I| 253 | 366 | 21.5| 7.8 50.8| 58.6 | 234 | 378 | 306
BH-180-260I| 304 | 374+ | 9.8 2.0|43.0| 54.7| 381 | 353 | 367
BH-180-260I| 293 | 374+ | 19.6 | 9.8 | 52.7| 60.5| 293 | 353 | 323
BH-185-200I| 310 | 371* | 19.6 | 2.0 | 54.7| 58.6 | 264 | 202 | 233
BE-185-260I| 318 | 374% | 15.6 | 0 |46.9| 52.7 | 264 | 202 | 233
E¥-170-200I| 280 | 368+* | 25.4 |23.4 53.5| 58.6 205 | 126 | 166
Bi-100-260I| 256 | 360 | 25.4 ‘23.# 56.6 | 60.5| 176 | 126 | 151
£i1-1"2-260I| 275 | 360* | 21.5 19.6 | 52.7 | 56.6 | 176 | 126 | 151
Ei-1 5-200I| 293 | koqe | 64.5| 68.4 | 205 | 101 | 153
Bii=175=-2601| 304 | 4O1» 68.4 | 72,3 | 234 | 126 | 180
Eii-1-5-260I| 301 | 398+« 68.4 | 72.3 | 234 | 126 | 180
Bi-273-200I| 304 | 392+ i 68| 72.3 |1 205 | 126 | 166
El-273=260I| 307 | 392+ 74.2| 78.1 {527 | 252 | 390
SH-202-2€60I ) 307 | 398+ 68.4 | 74,2 | 234 | 176 | 205

-

= Specimen Failed

Drawing Speed = 0.35 in.s~1




164

Tests using Different Lubricants.

Tablzs Ho. 7.2.2.

Lubricant Maximum Punch Load
Oscillatory Non-Oscillatory
Draw ratio = 1.80
1. Colloidial Molybdenum Disulphide 316 350"
ir Toluene
2. Colloidial Graphite 308 349+
ir oil
3. Lazoline 288 347
4. Aludraw No.8 290 350
5. T2 45 292 _ 258+
6. Cindolube 4573 294 355+
7. P.Z.F.E. Sheet 284 295
Draw ratio = 1.85
E.0.F.E. Sheet 307
‘ Draw ratio = 1.90
P.[.F.E. Sheet 338
Draw ratio = 1.95
P.T.F.E. Sheet 390+
* = Specimen Failed Drawing Velocity = 0.35 in.s-1

Lubricant Suppliers

142 Acheson Colloids Company
b, Allcard & Company
5.6 Edgér Vaughan & Company
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Low Velocity Tests Results. Table No. 7.2.3.
Test No. Drawing | Max, Osc. | Max.Osc. Die | B.H. Amplltude
| M| S |l T T
Draw ratio: 1.90
5d=160=260 0.35 344 k5.0 176 | 101 | 139
E3-190-260V7 0.30 347 48,8 205 | 176 | 191
33-190-260V5 | 0.23 3hk4 50.8 234 | 101 | 168
£3-190-260V3 | 0.09 355 56.6 47 | 101 | 124
BH=190-260V3 | 0.09 350 52.7 205 | 51.| 128
BH-190-260V2 | 0.01 331 58.6 147 51 99
Draw ratio: 1.95
BH-195-260 0.34 290 58.6 147 60 | 104
BH-195-260V5 | 0.2k 390 | 62.5 147 | 60 | 104
BH-195-260V3 | 0.09 ‘387 E 58.6 117 51 8L
BE-195-260V2 | 0.01 368 64.5 70 | 20 | 45
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BH260I Dull x 600 Fige 7e2.14. BH260I Dull x 1.6k

BH2601 Bright x 600 Fige 7e2e16e BH260I Bright x 1.f

Fige 7.2.18. BH260I Dull x 1.6k
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Graph No. 7.3.1.
Blank-holder Friction Force
Draw Ironing Die Oscillatory Amplitude

for various Draw-ratios
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Gre - No. 7.3.2.
Maximum Punch Load v

Draw Ironing Die Oscillofory Amplitude
for various Draw-ratios
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Graph No. 7. 3. 4,
Draw Ironing Die Separating Force Vv

Draw Ironing Die Oscillatory Amplitude

at the Maximum Punch Load (Ironing)
for various Draw-ratios
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Graph No. 7.3.5.

Maximum Punch' Load (Ironing) v

Draw Ironing Die Oscillatory Amplitude
for various Ironing Reductions
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Graph No 7 3. 6.
Draw Ironing Die Separating Force v

Draw Ironing Die Oscillatory Amplitude
for various Ironing Reductions

( Ibf)

Die Separating Force

100C
+ __-—-_-“"“"\
+ 25per cent
90(

- 16 per cent
80¢ . \
70( '

' ﬁ\N \ 12,5per cent
——-—__1‘_- R N ™~
50¢ \“\‘-\\\
\ 3.5per cent
NN
50¢ . ' N N
‘ 3,5per ceﬁwh
40( : |
Clearance
Y
30C
-\
e
\ 1Sper cent
9
™~
10C
Draw-ratio
1,55
C
SO 100 150 200 250

Die Oscillatory Amplitude { inx1075)




O1}DJ- MDJ(Q]

06°l S8l 8._‘ SL'L 0L G9'l 091 SS'l 0s’l

T T o

001

S g aining A} ssaoong
Va4 >

_\ r

’ ’ .

' L

;o juad1adgyl y

\L‘
o
-]
~

] / /
Juad Jad gl &u / ,
\ ! \
- | ) ’
" Vi

175

ey
o
o
o™

Y] / |
! 3o Jadg'e. \ _ '

‘-\\_

e 20t / 007
L
22UDJD w_o\ \ .. :
Uolonp3y Juao Jad gy /
> juaoJad gz

00S

suooNpay BUIUOJ] SNOIIDA 1O
013pJ-mpig Buipwig ayj uo spnydwy Al10ip)1osp alg Buiuod] mbdg Jo 30943
'L°€°L 'ON ydoug

(4-0Lxut) 2pnyjdwy Kioyojisp aig




176

Low Velocity Tests. No.7 3.
Test Numbere. Maximum Ve  acity

Punch Load R: 3o
4o DI-175-180 V7 294 33
40 DI-175-260 V7 275" 20
40 DI-175- 60 V5 332* 7
40 DI-175-120 V5 310* 55
4o DI-175-140 V5 287+ 38
40 DI-175-180 V5 310* 38
40 DI-175-200 V5 302* 75
4o DI-175-260 V5 283+ 6
40 DI-175-140 V3 302+ &30

Draw Ratio

Ironing Reduction

* -

12.5 per cent.

= Specimen Failed.

i
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Tes:s Using Different Lubricants. Table lio. 7.3.2.
Luoricant Maximnum ' Velocity
Punch Load. Ratio
1. Colloidial M.D.S. 325* 57.2
in Toluene 344‘_ 34.5
2. Lanoline ' 298+ 51.2
302* 57.8
3. Colloidial Graphite 313* S5h.1
in c¢il ' 313+ 55.9
L, Aluiraw No.8 298*. 55.1
= 34’4“ 1?08
5. ™D 45 343 18.0
5. Zindolube 294+ 52,7
7. P.7.7.E. Sheet 298+ 66.0
toy surface ‘ ..
Draw Ratio = '1.75

Ironing Reduction = 12.5 per cent

* = Specimen Failed.

Lubricant Suppliers s

|
1,2 Acheson Colloid% Company.
L, Allcard & Company.

5,6 Edgar Vaughan & Company,




Fig. 7.3%.5. DI260 Edge x 600 36 2 Edg
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Gro:h No. 7 4.1.
Maximum Punch Load v

Blank-holder Oscillatory Load
for various Draw-ratios
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8e DISCUSSION OF RESULTS.

8.1. Punch Vibrations.

The effect of punch oscillatory amplitude upon the maximum
punch load recorded during the drawing operation is shown in graph
7e1e1e For éach particular draw-ratio as the oscillatory anmpli-
tude is increased the maximum punch load decreases in an almost
linear manner, the reduction occurring more rapidly at the lower
levels of excitatioﬁ with a tendency to display a more linear
relationship as the oscillatory amplitude is increased. The oscilla-
tory amplitude is represented by the velocity ratio which is the
ratio of maximum oscillatory punch velocity to the normal drawing
velocitye. '

This trend is repeated for the wholg range of draw-ratios
tested up to fhe limiting draw-ratio, i.ee, the maximum size of
specimen that could be drawn successfullye

The influence of punch oscillatory amplitude upon the blank=-
holder Irip?ion force is demonstrated in graph 7.1.2. This series
of curves is obtained at the minimum value of the blank-holder
friction force. Comparing the minimum friction force obtained at
the hipgher oscillatory amplitudes with that obtained in the non-
vibrated case it can be seen thaé there is-a marked reduction at the
higher amplitudes. This reduction in the friction force is not
reflected in an improvement in the limiting draw-ratio however
because this minimum value of blank-holder friction force does not
occur simultaneously with the peak punch load.’ The ultra;violet
record reveals that the minimum friction force occurs early in the
draw before the punch load has reached its peag value,

Graph 7.1.3. demonstrates the results of punch oscillations upon
ghe die oscillatory amplitude since it was energy transferred from
the oscillatory punch that caused the wedge dies to oscillate,
Comparing the die amplitude with the punch amplitude of graph 7.1.2

the low level of energy transfer‘becomes apparent, the die oscillatory

Sy i

ot .
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28 being less than one tenth of the punch amplitudes. At

-~ levels of die excitation the blank-holder friction force

-onstant at the non-oscillatory level but as the die ampli-
-s beyond a certain level a reduction in blank-holder

force is obtained, this reduction being more marked at the

This observation can be explained by considering

2 of maximum die oscillatory velocity to drawing velocity

:5r the particular drawing velocity used in this series of

‘-5 unity value at a die oscillatory amplitude of approx-

Jx 10-61n. At values of die amplitude below this the blank-

riction force remains cﬁnstant whilst the few results which
|

| .
arger die amplitudes doj indicate a reduction in the friction

. 1ich agrees qualitatively with the theoretical model proposed

The larger

reducticas of blank-holder friction force obtained ét the higher draw-

ratios ¢
loading
loads ¢
tion by
reductic

strip t-

dies fou

Tr.
frictic
usefulr
drawing

limitirn

draw-rz.

in the
the amyp’
the cur

This lc.

[

Jraw=ratio results in a linear increase in the draw load,

-

an be considered to be a cohsequence of the higher punch
necessary for these dra;-ratiOS. The larger blank-holder
use a greater f;ictiongl force which, on proportional reduc-
the oscillating dies, will give greater friction force

1s at the higher draw-ratios. In addition, higher drawn
asion will result in a better energy transfer to the wedge

a given punch amplitude.

effect of punch and die vibrations on the blank-holder

.21 force has been shown in graphs 7.1l.2 and 7.1.3 but the

;s of this system of applying oscillatory energy to the deep=-
srocess must be judged by the effect of the vibrations upon the

draw-ratio. Graph 7.l.4% of the maximum punch load against

1o shows,from the experimental data obtained,that an increase

As

<tude of punch vibration is increased so the displacement of

* to a lower range of maximum punch loads becomes more marked.

1

.

was recorded by an ultra-violet galvanometer, as previously
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‘describc i in the instrumentation section, and was therefore the mean
lcad reyresenting the mean state of stress in the partially drawn
product :nd not the instantaneous stress within the specimen. An
indication of the existence of an instantaneous stress can be de-
duced f .m a consideration of the limiting draw-ratio. Both the non-
vibrated and punch vibrated specimens at a draw-ratio of 1.80 failed
whilst <:e 1,75 draw~ratio specimens were successfully drawn in both
cases. The limiting draw-ratio for these specimens therefore lies
somewhe: : in this range and leads to the conclusion that the reduc-
tion ir ,unch load recorded is largely caused by superposition of

the alt:.-nating stress,due. to tool vibration,on that which is steadily
applied 2y the moving punch, thg sum of these stresses being that
requirec to draw the non-vibrat%d specimen. Some contribution to

the reduction in the draw=-load ?ill be made by the reduction in

blank-ncider friction force but' this is not sufficient to have a
noticeaie effect upon th; limiting-&raw-ratio.

Gr:"h 7.1l.5 represents the:reduction in maximum punch load
against iraw-ratio for various die oscillatory amplitudes, the
oscilla’ory energy being applieﬁ to the dies directly, Comparing
with gr.oh 7.1.% the apparent fall in the mean punch load can be
observe-. but in this case there is also an increase in the draw=
ratio f. °m a value less than 1.80 to a value between 1.85 and 1.90.
This irc rease in the draw-ratio’ is clearly beneficial and it also
shows t. .t the decrease in punch load is caused by something other
than su_ :rposition. Comparing the die oscillatory amplitudes
obtaine. with those from graph 7.1.3 the largest amplitude obtained
with puich vibrations was below the lowest amplitude used when the
wedge~d. s were oscillated directly which serves to demonstrate
further cthe reason for this oscillatory punch system being in-
effecti =,

It :as noticeable that the drawing oil used to lubricate the

specime: ; which were drawn with ultrasonic vibrations was, on removal

.
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from th: wedge dies, discoloured. This discolouration arose from a
suspension of metallic particles in the oil and was evidence of sur-
face abrusion caused by the oscillatory motion of the partly drawn
specime:r . As a result of this appearance a limited number of
drawn s;:cimens were examined in more detail using a stereoscan
electror microscope; these photographs are reproduced in the
previouc section as Fig. 7.l.1 to Fig. 7.l.6. The photographs of
the sur’:ce only cover a .fraction of the whole specimen but care was
-taken tc ensure that the section of surface was representative of the-
whole, t=th in the preparation of the stereoscan electron microscope
sanple c..d in the selection of the particular area of the sample for
examinallon. |

Cor :aring the surfaces of the drawn specimen which were in
contact /ith the blank-holder and die surfaces, fhe surface in con=-
tact wii.: the blank<holder appears to have been subject to more
surface »gitation than the surface iﬁ contact with the die, The
surface Zinish of both die and blank-holder was similar and there-
fore thi: surface condition is attributed to relative movement be-
tween s: 2cimen and blank-holder in excess of that occurring between
specimer and die. This condition occurs when the specimen and die
oscillati: whilst the blank-holder remains stationary. This surface
elfect v..s most noticeable when using the higher punch oscillatory
amplituc :Se

Dur .ng the testing at the higher draw-ratios it was observed
- that whilst the specimen drawn under non-oscillatory conditions drew
success: :11ly, specimens drawn under oscillatory‘conditions did
occasior . 1lly fail at the punch profile radius. The drawing of the
srecimer through the wedge dies is caused by the tensile stress at
the die “hroat which is provided by the punch and transmitted through
the parily drawn specimen to the die throat. The material is bent

under te.sion over the die profile radius between the die throat and

the punc: profile radius which results in a frictional constraint over é
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“the die -adius, The use of an oscillatory punch induces oscillatory’
stresse. into the drawn material which are transmitted up towards the
die thrc .te The peak oscillatory stress is damped out by both
interral shear and external friction over the die radius so that the
drawing stress at the die throat is less than that at the punch
profile radiuse. Thus the peak oscillatory stresses can cause
failure of the strip adjacent to the punch nose radius whilst the
stress «: the die throat is not greatly affected because of this
danpzd c:perposition of stresses effect and therefore the drawing of
the spec men does not respond to this peak oscillatory stress.

The observation of the signal outputs from the piezo-ceramic
erysials on the wedge dies indicated that some ultrasonic power was
beinz t:.nsferred from the punch to the wedge dies. This amplitude
wzs mucy smaller than the pupch amplitude, and s§ consideration was
given to ways of increasing the effectiveness of the transfer of
energy I-om the punch to the dies.

Dur .ng the first series of tests it had emerged that the
resonan—: frequency of the punch system was effectively kept constant
by the :z>tive mounting system. The resonant frequency of the die
systenm 1 :s seen to vary according to the drawn length of the
partiall - deformed specimen despite the very small amplitudes being
mcnitore e

This variation in the resonant condition of the specimen was
seen to zorrespond to the length of the ultrasonic path., To take
- advantar : of the resonant effects it was decided to re-tune the
punch svstem to match the resonant frequency of the'die system when
ar unde’>rmed specimen was in position in the dies and the blank=-
holder : -essure was applied. Under these conditions the resonant
frequen: r was different from that of the unloaded dies due to the
changed :ature of the boundary conditions for the conical concen=-
trators. Thus the new resonant frequency was determined and the

_punch s. :tem retuned, (the tuning process as described previously), f

.
.
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the resonant frequency of the loaded dies.

Resonant condi-~'
the veginning of the draw were considered to be the best
2 since the frictional constraint between the specimen and
-holder was at its greatest value soon after the draw started.
~rvation was noted from the friction load traces of specimens
shout the application of ultrasonic vibrations.
3 new system was now testéd in the same manner as the old

The punch was vibrated at essentially the same range of

-

‘s as before but now the resonant frequency was slightly

e The amplitude as transferred to the dies was observed
scilloscope as previouslye. The retuning of the system di@
_aprovement in the amplitude and the oscillatory amplitude
.re sufficient to give a noticeable effect upon the fric-
.rce; however, this improvement was not feflected by any

in the limiting draw-rétio.

ughout all the work on;the'éscillatory punch, the mean punch
observed to be reduced%by an amount which was dependent upon
cry amplitude. . This réduction in punch load was suspected

caused by the stress-superposition effect in which the stress

drawing was reached cyélicly and thus if the peaks of this

v :re at the drawing stress then obviously the mean stress was

-1 somewhere below this drawing stress.

7 the ultra-violet recorder galvanometer being unable to

Consequently, as a
.0 this rapid variation in stress only the mean stress was

punch load cell strain-gauge bridge did respond to the ultra-

cquency as observed on the oscilloscope. Attempts were not

~ecord this variation in punch loading because of the diffi=
interpreting the results. Instantaneous readings of stress

-ad cell were likely to be of little use, i.e.,

the stress

The approach to this

e been to measure the stress directly with strain-gauges



-, 187

"bonded ¢ .»ectly to the strip, but in this particular_piece of appara-

tus it © s not practicable because of the very limited space into
which g¢ zes could be bondeds  In addition, the very short travel
that war available for further drawing once the partly drawn specimen,
completc with gauge, hadlbeen replaced in the wedge dies for drawing
weuld nc: be sufficient to obtain any meaningful results.

Inc :sad the less direct method of assessing peak stress levels,
that is, the effect of the vibrations upon the limiting draw-ratio
was selc:ted as being the most reliable method of determining the
effecti- ‘ness of the process. This method was based upon the concept
that un¢ .r oscillatory conditions the specimen responds to the instan-
tancous .:tress levels rather than the mean level. Thus a real effect
upon thc drawing process will be one which leads to a lower drawing
stress, -hich in turn will mean that a larger draw-ratio can be used
before ° .e drawing stress becomes high enough to cause failure in the
drawn r:. tion of the speci;en.

Fr. : the results for the punch vibrations it can be seen, how-
ever, t' :t over the range of conditions tested no increase in the
1imitin; draw-ratio was detected, despite the slight reduction in the
frictio: force between blank-holder and specimen. The cause of this
was ine: ficient oscillatory amplitude of the wedge dies, a factor
that wa. realised as being critical to the success of the operation.
The res. .ts, in this respect, wére disappointing since the work by
Youns d. :ected, by means of a tuned punch system, a useful amount of
- power b .ng transferred from the vibrated wedge dies up into the
punch; : : was a natural consequence to see if the converse was true,

Th. analysis of the conditions within the drawing zone during
punch viorations has shown the conditions necessary for friction force
reducti:. 1 to be present, albeit for a smaller proportion of each cycle
than th : obtained when using die vibrations but despite tﬁis the
rosulte -=nly indicate the presence of a stress-superposition mechanism

_ which i: licates the effectiveness of inducing oscillatory stresses
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wl‘
"into th: work piece in the region of contact around the punch nose.

The ene: y available for die vibration was unfortunately much below
this le: 1, as indicated by the very low level of die excitation with
the cor: sponding lack of effect on the limiting draw-ratio. This
problen .f energy transfer was realised to be serious but despite
this it ''as hoped that sufficient energy would be available to
vibrate . he dies with an amplitude sufficiently great to give a
frictior-vector effect, especially since the work of Young on die
vibratic ‘s had indicated that the friction-vector effects were
dotectal .e at quite low levels of die excitation.

Pur.-h vibrations were from the outset considered to have only a
limited :hance of successe The process depended upon the transfer
of suff’:ient energy to the tuned die system through the small
section .f the drawn specimen. This system has as its basic weak-
ness th. use of a thin metal specimen, under conditions of plastic
deforma-. .on, for energy t;ansfer. .Devices in which use i3 made of
thin fl: zes are used extensively as systems which prevent the escape
of ultr . onic energy, sgch as the flange portions of active mounts
and nod: . flanges, both types of system being used in the equipment
for the: drawing tests and by the same token it is an ineffective

way of + ansmitting high powers from one large system to another.
|

I ——



189

v

8e24 Blank=holder Vibration.

The effect of 'radial' blank-holder vibrations on the deep-
drawing process is summarised ia Graph 7.2.1. which shows the influence
of blank-holder oscillatory amplitude upon the maximum punch load for
each draw-ratio under investigation. It can be seen that at the
lower draw—ratlos the maxlmum punch. 1oad 13 reduced from 1ts non=-
osclllatory value as the ﬁiané-holder oaclllatory amulltude 1ncr;ases,
thelreductigns being less marked at the higher oscillatory amplitudes.

| At the higher draw-ratios the specimens begin to fail under
non-oscillatory conditions whilst under oscillatory conditions,
providing there is sufficient oscillatory power, the maximum punch
loads are reduced to a level which enables the dfaws to be suc=
Icessful. This trend continues with failures beginning to occur at
the lower oscillatory amplitudes and finally failures occurring
under all drawing conditions at the highest draw-ratios since fric-
tional assistance alone cannot reduce the tensile drawing stress
sufficigntly to avoid failure. In Graph 7.2.2., ﬁaximum punch load
against draw=-ratio the effect of-the vibrations in reducing the
maximum punch load to below the pon-oscillatory value and thus reducing
the severity of the drawing operation can be clearly seen. From
both of these graphs it can be seen that the greatest effects of the
vibrations occur at the 1ower amplitudes, the maximum punch load .
showing little change wlth amplltude at the highest amplitudes tested._

The non-vibrated specimens fractured at a draw-ratio of 1.70
whereas when the blank-holders were oscillated the specimens at a
draw-ratio of 1.90 could be drawn succéssfully provided the oscilla-
tory amplitude was high enoughe.

At the draw-ratio of 1.95 all of the samples failed apart from
sorie of those drawn at the highest oscillatory amplitude, Thus the
limiting draw-ratio using ultrasonic vibrations was somewhere between

1.90 and 1.95, this being an increase of over 12 per cent. The maxi-

mum punch load varied with oscillatory amplitude and as the limiting
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‘draw~ratio was approached reductions of up to 30 per cent wvere

recorded. The reductions in punch load at the highest draw-ratios
tested were quite small because of the premature failure of the
specimen,

The effect of blang-holder oscillatory amplitude on the die
separating force is shown in Graph 7.2.3. The maximum compressive
force was reduced with increasing oscillatory amplitude because of
the effective friction reduction on the top surface of the blank-
holder. The results obtained from this load cell exhibited some
scatter which is attriﬁuted to the fact that the load cell was not
measuring the blank-holder friction in isolation but as a combination
of forces including the !force necessary to deform the material, which

was larger than the friction force being monitored.

For the same 'Variac' setting on the ultrasonic gencrator, i.e.
similar electrical energy input, lower oscillatory amplitudes were
obtained when drawing the la;ger spc;imens. This observation was
attributed to the greater initial loading on the blank-holders
caused by both the higher blank-holder load necessary to maintain a
constant initial pressure on the blank and the higher forces necessary
to defornm these larger specimens.

The influence of blank-holder oscillatory amplitude on the
reductions in the die separation force obtained was reduced at the
higher oscillatory amplitudes because of the large oscillatory
velocity to drawing velocity ratio which existed at these amplitudes.
Referring to Figs. 3.3.2 and 3.3.3 the influence of a dfawing velocity
several hundred times less than the peak oscillatory velocity can be
seen to have little influence upon the proportion of the half-cycle
during which friction reversal can occur. Thus the friction
;eduction obtained was virtually at its maximum value at the higher
Qlank-holder amplitudes tested.

Further information on the maximum effect of the blank-holder

vibrations was obtained from the limited number of low-velocity tests
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‘undertaken. The results of low-velocity tests upon draw-ratios of
1.90 and 1.95 which had been found to .be near the limiting drawing
conditibns under oscillatory blank-holder drawing at normal velocities
are presented in Table 7.2.5.

The use of low velocities in these tests enabled greater
oscillatory velocity to drawing velocity ratios to be examined. No
improvements in the limiting draw-ratio or the die separation force
reduction were obtained. This confirms the observation made at
nérmal drawing speeds that the blank-holder vibrations have a rapid
effect at the lower amplitudes which becomes almost constant at the
higher amplitudes. At the lowest drawing velocity tested the speci-
mens failed because of galling of the strip in contact with the
blank-holder surfacee. |

The die separation force load cell recorded the component of
the drawn strip tension in the horizontal direction. Initially,
as the punch contacted the qndeforméd wedge specimen the central
portion of the specimen was displaced from its horizontal plane as
it was formed over the punch nose and die radii. This process also
rotated the direction of the strip tension force from horizontal to
almost vertical, the vertical direction only being achieved in zero
clearance'tooling.

Initially, the die separation force load cell was subject to a
compressive load which reached a maximum at about 0.25 in. of punch
travel at which point the specimen was established over the punch
nose. As the punch advanced further the specimen was drawn over
the die radius and the strip tension increased as a result of the more
severe bending and unbending operations. At the same time, the line
of action of the strip tension moved towards the vertical plane.

This resulted in the compressive horizontal force acting on the die
separation force load cell being reduced because of the changing

‘direction of the strip tension. In addition, the resultant force

from the pressure of the drawn strip over the die radius had a tensile
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rcomponent in the horizontal direction. The effect of this force on
the die separation load cell was to reduce the initial compressive
force and this continued as the force became tensile acs the maximum
punch load was reached.

Under oscillatory conditions changes in frictional conditions
were indicated by variations in the die separating force. The effect
of blank-holder vibrations was to reduce the effective friction force
on the top surface of the blank which reduced the drawn strip tension
and in so doing the initial compressive stress on the dic separating
force load cell was reduceds Further into the draw, when the strip
tension was producing a tensile die separation force, the reduction
in the strip tension caused by the vibrations lowered the tensile
stress acting on the die separating force load cell.

The results of the intermittent tests carried out on the whole
range of draw-ratios demonstrated the effects of the application of
vibrations on each particulaf speciﬁen, Table 7el2.le The switching
mechanism was arranged to apply the vibrations for periods of 0.l sec.
with equal periods without vibrations interposed between, the drawing
process starting without vibrations.

The non-oscillatory punch loads recorded in the intermittent
tests were greater than the corresponding loads recorded during a non-
vibrated test, which was considered to be caused by the transition
from sliding friction during oscillatory drawing to the static fric-
tion, which had to be overcome during the non-oscillatory period.

The intermittent tests could not be used to determine the
effects of vibrations on the limiting draw-ratio because the speci-
mens all failed when the vibrations were switched off once the non-
oscillatory limiting draw-ratio was exceeded. Failure did occur
with the intermittent tests at a lower draw-ratio than when drawing
without vibrations, This was considered to be caused by the effect

of the suddenly applied load, when the vibrations were switched off,

giving rise to greater stresses in the drawn strip than those during

.
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‘the normal non-oscillatory processe

Under these experimental conditions the draw-ratio was reduced
from 1.70 for normal non-vibrated drawing to 1.65 for drawing with
intermittent application of blank-holder vibrations.

The results of the tests using various lubricants are shown in
Table 7.2.2. The draw-ratio chosen for the oscillatory tests was
1.80 so that the drawing operation would be quite severe. The use
of different lubricants under oscillatory conditions did not have any
marked effect upon the punch load, all the specimens were drawn
successfully when the oscillatory amplitude was similar to that using
the normal drawing oil. Under non-oscillatory conditions the speci-
mens all failed with the exception of those drawn using a film of
P.T.F.Z. between the top surface of the blank and the blank-holder.
This use of P.T.F.E. film was extended to determine the limiting
draw-ratio under these conditions. It was found that using this
method the improvement in thg.limiting draw-ratio was almost as great
as that obtained with blank~holder vibrations.

From these tests it was concluded that using P.T.F.E. film gave
a friction reduction effect on the top surface of the blank similar
to that obtained when using blank-~holder vibrations.

The effect of 'radial' die vibrations applied to the wedge dies

has been reported by Young‘ss)

to give increases in the depth of draw
of approximately 20 per cent. This was attributed to a reduction in
the frictional force on the top surface of the specimen and also the

* friction over the die radius was shown to be reduced by the die oscill-
ations. The assumption made during this drawing process was that the
specimen and die moved with the same oscillatory motion. When the
dies were moving towards the punch the friction force acting on the

top surface acted in the conventional direction whilst when the dies
were moving away from the punch the friction force on the top surface

was reversed, The reversal of the specimen motion was ensured by

‘the wedge of the die which prevented relative movement of the specimen
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"in the die. This mechanism is unique to the wedpge drawing process

because in the cup drawing operation there is not the same positive
constraint on the sample forcing it to move away from the punch
during the half-cycle when the drawing takes place, Thus in the cup
drawing operation the blank may not move away from the punch with the
same amplitude of oscillation thus reducing the friction vectdr

|
reversal effect on the top surface of the specimen.

The criticism that wedge drawing with ‘'radialt' die vibr%tions
could be a more effective process than the corresponding axi-symmetric
operation because the different methods of causing the blank to oscill-
ate does not apply to the application of *‘radial' vibrations to the
wedge blank-holders. This is because with blank-holder wvibrations
the blank-holder is free to oscillate over the surface of the speci-
men in both the wedge and axi-symmetric drawing processes.

The surfaces of the drawn specimens were examined using a
Stereoscan Electron Microé;ope, in order that the proposed oscillatory
mode could be further substantiated. Samples from the top, bottom
and edge of drawn specimens were examined from both the vibrated and
non-vibrated tests.

The non-vibrated samples showed similarities between the top and
bottom surfaces after drawing, the bottom surface which was in con-
tact with the die showing slightly more surface disruption because of
the additional contact over the die radius, The surface at the edge
of the specimen still retained the markings characteristic of the
milling operation used in the production of tﬁe wedge specimens,
despite the drawing through the wedge dies. These photographs are
reproduced in Figs. 7.2.1 to 7.2.6 respectively.

Under oscillatory conditions the underside of the specimen in

contact with the die retained the rolling marks present on the un-

deformed blank as in the non-vibrated case. The top surface had

little original surface marking because of the oscillatory motion of

the blank-~holder which was in contact with this surface. The

.
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‘condition of the edge of the specimen apprared unchanged, again
retaining the machining marks from the specimen preparation. The
photographs of these surfaces are reproduced in Figs. 7.2.7 to
7.2.12.

A difference betwecen the drawing process with and without
vibrations was demonstrated by the appearance of the samples drawn
during fhe intermittent testing. The drawn samples had bright aﬁd
dull bands across the top face corresponding to the periods with and
without vibrations. The photographs of these bright and dull bands,
however, do not reveal any noticeable difference in the surfaces at
high magnification which demonstrates that during intermittent
testing the surfaces are only slightly affected because of the short
time interval for which the vibrations are applied. The Stereoscan
pkotographs are reproduced in Figs. 7.2.13 to 7.2.18.

Eardness tests were performed on specimens drawn with and with-
éut the application of u1£;a§onic viﬁrations.. The details of the
testing procedure are contained in Appendix A.5.2 and the results of
the tests on specimens drawn with blank-holder vibrations are shown
in Tables A.5.2 to A.5.2.3 of this Appendix.

For a draw-ratio of 1.55 the complete range of samples which
were drawn at various blank-holder oscillatory amplitude levels were
hardness tested at intervals of 0.1 in. along the specimen, The
hardness of all the samples increased with the distance up the ‘'wall!
of the specimen which was due to the increasing amount of deformation
-which the material high up in the cup wall had undergone.

On comparing the hardness at the same point for samples drawn
with different levels of ultrasonic excitation there was no noticeable
difference between the specimens ‘drawn either with vibrations or with-
out vibrations.

These hardness tests were carried out immediately after deforma-

tion and they were repeated a few days later. This was to ascertain

;f any temporary changes were made to the material properties during
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oscillatory drawing.

Hardness tests were performed on the 'bright' and 'dull?
banded specimens obtained when drawing with vibrations appliéd
intermittently. Once again no changes between the two sections
were detected, only the increasing hardness as the height up the
'wall' of the specimen increased.

Thus, within the linitations of the hardness test as a measure
of mechanical properties, all the tests performed indicated that the
vibrations had no£ overheated the samﬁles or affected their
subsequent mechanical properties.

The processesof wedge drawing with both die vibrations and axial
punch vibrations are discontinuous drawing processes. Draving,
with dié vibrations, only took place during the half—cycie when the
dies were moving apart the oscillatory velocity being greater than
the draﬁing velocity for the majority of the other half-cycle when
the dies were moving togeéhg?. Thé blank~holder frictional force
was, therefore, always assisting the drawing process since when it
was acting in the conventional direction the specimen was not being
drawne The tensile stress in the drawn section of the specimen ﬁas,
therefore, always below the normal drawing stress because of the
frictional force assistance.

The drawing process with blank-holder vibrations is continuous
since the velocity of the specinien within the wedge dies is not
affected by the blank-holder oscillatory movemcnts. Thus the
drawing process is assisted by the fricfion force for up to one
half of the oscillatory cycle, the friction acting in its normal
dirgction for the other half-cycle. The drawing stresses are there-
fore acting conventionally for over one;half of each oscilla%ory
cycle. The increase in the limiting draw-ratio shows that blank-
holder vibrations have a real effect on the process despite the
period of peak stresses during each cycle. It is therefore as if

the material responds to the mean drawing stresse.

]
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'8.3. Draw Ironins Die Vibration.

The effect of 'radial' die vibrations upon the frictional force
acting between the fop surface of the specimen and the blank-~holder
is shown in Graph 7.3.1l. Once the velocity ratio between the maxi-
mum oscillatory veloci?y and the:drawing speed was increased beyond
its unity valub, corresponding aoproximately to an oscillatory
amplitude of 9 x 10-6in; at the normal (maximum) drawing speed, the
friction~vector reversal mechanism commenced. With further increases
in the oscillatory amplitude the effective frictional force Qas
rapidly eliminated.

This rapid reduction of the frictional force with increasing
oscillatory amplitude is reflected in the maximum punch load curves,
Graph 7.3.2. For the ironing reduction selected of 12.5 per cent
of nominal starting gauge, the maximum punch load recorded was that

primarily associated with the drawing operation. A secondary peak

resulting from the ironing operation also occurred,at a later stage
of the drawe. The levels of oscillatory amplitude achieved at the
lower draw-ratios were sufficient to maximise the reduction in punch
load that could be achieved by the 'radial!' vibrations.

As the draw-ratio increased, the maximum amplitude that could
be achieved with the higher loading on the dies was reduced and this
prevented the maximum reduction in the punch load that was possible
from being obtained.

As the specimen size and hence maximum punch load was increased
" the specimens began to fail, first under non-oscillatory conditions
and, finally, at the highest draw-ratio, under all drawinsz conditions.

The effect of die oscillatory amplitude on the improvements in
the limiting draw-ratio is more readily seen in Graph 7.3.% which
demonstrates the higher punch load necessary as the draw-ratio was
increased.

The increase in the punch load as the draw-ratio was increased

caused failure in the non-oscillatory case at a draw-ratio of 1.65.

.
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As the velocity ratio was inc;eased the assistance this gave to the
process reduced the punch load thus enabling the limiting draw-ratio
to be increased to bripg the punch load back to its former level.
At the highesf velocity ratio tested the limiting draw-ratio was
1.85, an increase over the non-oscillatory case of 12 per cent.

In the ironing part of the process the die separating force
increased towards the top of the specimen 'wall' as a conseqﬁence
of the natural thickening due to 'radial' drawing within the;wedge
dies. The application of oscillatory amplitude had little effect
upon the die separating force as shown in Graph 7.3.4. A reduction
in the die separating force with increasing oscillatory amplitude
is shown but this is considered to be an apparent reduction. This
reductign resulted from stress-superpdsition effects within each
oscillatory die system giving a mean load ‘lower than the peak
oscillatory load. .

As the draw-ratio was inprease& the increases in the die
separating force observed were due to the heavier ironing reduction
undertaken. This increased reduction was necessary because the
maximum specimen ‘wall' thickness increased with the higher draw-
ratiose.

The values of die separating force obtained from these two load
cells did exhibit some scatter. This was considered to be due, in
part, to the characteristics of the load cells which, as explained
in Section 5.3.6., were affected by hystergsis effects.

The effect of die oscillatory amplitude upon the maximum ironing
punch load is shown in Graph 7.3.5. The family of curves were
obtained with a draw=ratio of 1.55 which was chosen in order that a
wide range of ironing reductions could be obtained without specimen
failure. The reduction in the maximum ironing punch load has an
almost linear relationship with the oscillatory amplitude although
the relationship at low oscillatory amplitudes was not examined.

There could be some non-linearity caused by the finite oscillatory
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velocity necessary before the reversed flow mechanism described in
Section 3.6.2. could occur. The maximum ironing punch load at the
light reductions was much smaller and separate from the maximum
punch load due to the drawing process. " As the ironing reduction
increased thé maximum ironing pdnch load increased more than the
drawing load, initially, because the ironing reduction at the
maximum drawing load was reduced by the natural thinning which occurs
during the drawing operation.

The corresponding family of curves which relate to the die
separating force at this maximum ironing punch load are shown in
Graph 7.3.6. These have the same form as Graph 7.3.4.

Assembling the data from all the various ironing reductions
tested onto one graph, Graph 7.3.7., the dependence of the limiting
draw-ratio upon both oscillatory amplitude and the ironing reduction
can be seen. .

The draw-ratio of 1.90 was onlf attained when the tooling was
set to give a clearance of 15 per cent of the nominal starting gauge.
At this clearance there .was no ironing, initially, because of
thinning due to bending and unbending over the die radius. Ironing
bégan approximately three-quarters of the way up the *wall' of the
drawn sample, Comparing this result with those of the blank-holder
vibrations, Graph 7.2.1., it can be seen that using blank-holder
vibrations, a draw-ratio of 1.95 was accomplished. The effects of
.'radial' die vibrations, therefore, appear inferior to blank-holder
" vibrations, but, a direct comparison between these results is not
considered valid mainly because of the different wedge dies that were
used in each case. Different batches of specimen material were used
which, although of the same commercial specification, could differ
sufficiently to affect the results in this way. 'Radial' die vibra-
tions are considered to be more effective because of the friction
reduction over the die radius, which was demonstrated by Young. In

addition, when examining blank~holder vibrations it was shown to be
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possible to eliminate the effect of friction by causing it to act
both in the drawing direction and opposite to the drawing direction,
for equal periods. Die vibrations, in wedge drawing, however,
caused intermittent drawing with the majority of the drawing taking
place when the frictional force }as assisting the drawing operation,

The examination of the surfaces of a specimen leaving the wedge
die using a Stereoscan Electron Microscope revealed marked dif-
ferences between the top and bottom surfaces. The top surface,
Figs. 7.3.7. and 7.3.2. can be seen to have been subjected to a
greater degree of surface disruption than the bottom surface, Figs.
7.3.3. and 7+3.4. This is attributed to the motion of the specimen
which under the action 6f die vibrations was forced to reciprocate
over the blank-holder (top) surface. The bottom surface in contact
with the die was only subject to the radial drawing in action and
thus retains more of the qriginal surface markings.

At the light ironing reﬁgctioné examined it can be seen thét
because of the iatural thinniﬂg in the drawing operation, increases
in the ironing reduction only affect the ironing punch load maxi-
mum and, therefore, the limitiﬁg draw-ratio is not affected.

The maximum ironing reduction that was successfully under=
taken was 25 per cent. At this reduction the use of 'radial!' die
vibrations increased the limiting draw-ratio from 1.55 to 1.70, an
increase of 10 per cenﬁ. The ﬁeight of the 'wall' of this ironed
specimen was increased by over 33 per cent.

The highest ironing reduction examined was 55 per cent although
no specimens were successfully drawn at the draw-ratio of 1.55,
which was the only one tested. The apglication of die osciylations
did, however, extend the period of drawing and ironing befor;-failure
occurred.

The results of the tests during which the oscillations were

applied intermittently followed a similar pattern to the normal

tests. When the vibrations were switched off the punch load rose



T

- 201
to a value equal to that obtained in a non-vibrated test. Once the
specimen sizes were above the non-vibrated limiting draw-ratio the
specimen failed during the intermittent tests when the vibrations
were switched off, demonstréting the lack of any vermanent effects
upon the specimen. Under both non-vibrated and intermittent tests
the limiting draw-ratio was the same. These observations differ
slightly from those made during blank-holder vibrations when
intermittent testing was found to lower the limiting draw-ratio
occasionally. This difference could be due to the lower blank-
holder frictional forces which acted in the draw ironing process as
a result of the operation being limited to smaller specimen sizes.

A typical ultra-violet trace obtained during an intermittent
test is reproduced in Fig. 6.3.1. The reduction of the punch load
obtained on the application of the die.vibrations can be seen to
become much less effective as the die separation force was increased.

.

In this ironing region the loading on the dies caused a considerable

reduction in the oscillatory amplitude which could not be entirely

compensated for by increasing the output from the ultrasonic

generator.

In order to examine the effects of increasing the oscillatory
work done on the system, a limited number of low drawing velocity
tests.were perfornmed. The results of these tests are presented in

!
Table 7.3.1. :A combination of ironing reduction and draw-ratio that

- was critical was selectﬁd in order that improvements to the process

“would be reflected by an increase in the limiting draw-ratio. This

increase in the velocity ratio was primarily intended to enlarge thé
vropertion of oscillatory work in the iponing process, although the
effectivenesé of the drawing process also was increased. The
increase in the velocity ratio was not sufficient to affect the
limiting draw-rafio, however, although at the highest velocity ratio
obtained the punch travel was increased before failure occurred.

Some tests were perfcrmcd in which the oscillatory frequency was
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%,
altered manually during the drawing operation. On analysing these

results it was found that the resonant frequency of the loaded die
systen varied throughout the drawing operation. An automatic
frequency control unit for the ultrasonic generator was available
and this unit was temporarily fitted in order to determine if the
resonant conditions could be maintained. Tests performed with the
oscillatory féequency automatically controlled by this unit were
found to result in failhre, however, whilst the same test performed

using the resonant frequency set at the beginning of the dray was
|

successful,

This deterioration in the limiting draw-ratio was considered to
be caused by a number of factors, some of which were not the fault
of the automatic control unit.

In use the fluctuation in the oscillatory amplitude was reduced
in comparison with a normal test although it was evident that the
overall level of oscillatorx gmplitﬁdé was reduced. The greatest
fault, however, was that the two die systems had slightly different
resonant frequencies. .This difference was normally compensated
for by driving the fransducers at the frequencylwhich was midway
between the two systems, so that both dies were operating at a
slightly off-resonant frequency. | With the automatic frequency
control, however, the feedback signai was taken from a piezo-ceramic
crystal on one of the dies. Thus the resonant frequency of one of
the dies was maintained but the other die, which did not control the
system, was forced into a non-resonant condition and consequently
the oscillatory amplitude was reduced considerably. This partic-
ular problem would not arise in the cuderawing operation since
there would be only one oscillatory systems Another fault with the
system was that it was sensitive to transient vibrations. 'When the
dies were momentarily relieved of the blank-holder pressure as the
veriphery of the specimen disappeared over the die radius, the

oscillatory amplitude rose rapidly. This rise could cause the



_ 203
a.f.c. unit to operate at'muléiples of the resonant frequency with
2 resultant reduction in the oscillatory amplitude.

The use of this unit was therefore discontinued, mainly because
of the problems outlined which were peculiar to this wedge drawing
apparatus. Such a system;if it was controlled correctly could-
provide useful assistancé”to the drawing operation.

The method of increasing the height of the ironed wall by
increasing the blank size is limited by the maximum draw-ratio which
can be used. This range of blank sizes is reduced with increases
in the ironing reduction as shown in Graph 7.3.7. As the ironing
reduction is increased from zero, light reductions can be undertaken
without affecting the drawability of the material since the
additional work is only required after the maximum punch load has
passed. Once the ironing reduction exceeds the natural thinning
which occurs at the bottom of the wall the maximum drawing load is
increased. This affects thp.limiting draw-ratio because the ironed-
wall can no longer support the total tensile load required and
failure therefore OCCUTrSe

The reversal of ma%erial'flow over part of the ironing die
proposed to account for the improvements to the ironing procéss can
on consideration of Figs. 3.6.6. and 3.6.7. be seen to have 1i:he
ability to decrease the work done by the drawing stress and iﬁstead
introduce this work throggh the oscillatory dies. Under conven-
tional conditions the force within the die resulting from the
* frictional constraint over the surface and the die pressure normal
to the surface acts against the drawing load, If the direction of
the friction force is reversed the component of the resultant force
which acts in the upstream direction will be reduced. For low die
angles and a high coefficient of friction this resultant, inclined
at the angle of friction, would have a component acting in the
downstream direction thus assisting the ironing process by forcing

the material through the die. Thus, providing there is a reversal
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of flow within the die thefe will be some assistance given to the
ironing process. The secticn within the die over which flow
reversal occurs is éffected by the drawing velocity and the oscil-
latory amplitude since both of these parameters affect the rate of
chaﬁge of the volume of material in the die. For a large oscil-
latory die volume change and a low drawing velocity the flow reversal
would occur over much of the die surface thus giving a large
~reduction in the drawing stress. _This effect was considered to be
limited onlf.by the‘amount of work which could be introduced through
the oscillatory dies. The limitation on the maximum reduction
possible was therefore considered to arise in the drawing operation,
therefore attempts were made to improve this part of the process.

The results of draw ironing tests using ;arious lubricants are
shown in Table 7.3.2. The same ironing reduction and draw-ratio
as used in the low velocity tests was used in order that any real
improvements in the limiting @raw—ratio could be easily seen, The
sane range of lubricants as had been used in the blank-holder
vibration tests was used. No improvements in the limiting draw-
ratio were obtained however, demonstrating the similar effectiveness
of all the lubricants under these conditions.

The use of P.T.F.E. sheet on the top surface of the specimen
which had been of assistance in the blank-holder vibration process
had not, however, resulteﬁ in any improvement to the draw ironing
process. It was considered that this difference arose because the
" blank~holder vibrations effectively eliminated the frictional force
whilst die vibrations used this frictional force to assist the
drawing process. Therefore, the virtual elimination of the fric-
tional force on the top surface was detrimental to the draw ironing
process.

At the same draw-ratio and ironing reduction as the lubrication
tests a samvle was successfull& drawn without vibrations when the

top and bottom faces were lubricated with P.T.F.E. film. This
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improvenent was attributed to the reduction in the friction force
acting between the blank and die and therefore furthef tests using
various combinations of P.T.F.E. and lubricant were performed. The
results are presented in Table 7.3.3.

These results all ref}ecﬁ changes in the frictional conditions
acting on each of the specimen faces. The use of P,T,F.E. on the
bottom and oil on the top surface of the specimen enabled the draw=-
ratio to be increased from 1.70 to 1.80 wheh frictional assistance
was provided by the oscillating dies.

On extending the P.T.F.E. lubrication around the edge. of the
specimen the frictional conditions were further eased. This
enabled a sim%lar incréase in the limiting draw-ratio to be achieved
without the use of vibrations. This pariicular test demonstrated

|
the important influence that edge friction has in the wedge drawing

process which was demonst{ated in section %.2.1. !

This final series of teﬁysfurtﬂer illustrated the-influence
of the drawing operation within the draw ironing process and also
the frictional constraints which still apply even when friction on
the top surface of the blank has been eliminated by the die
oscillations._

Hardness tests performed upon samples ironed with and without
vibrations using both oil and P.T.F.E. lubrication are listed in
Appendix A5 Table A.5.2.4.

The hardness increased up the 'wall' of the specimens becaﬁse
"of the increased deformation but the comparison between the four

specimens produced under different conditions did not reveal any

major differences in hardness.
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8.4. Blank-holder Swaging.

The effect of applying a low frequency oscillatory blanke
holder pressure to the deep-drawing process is shown in Gravh 7.k.1.
This shows the effect the variations in the blank-holder load have
upon the maximum punch load for various draw-ratios.

In use the static blank-holder pressure was set to some inter-
mediate value and the oscillatory pressure increased until the peak
pressure was equal to the static pressure normally applied. The
"effects of such oscillatory blank-holder pressures were to reduce
the maximum punch load according to the pressure amplitude used.

The pressure p;oduced by the hydraulic jack did not reproduce the
sinusoidial motion of the actuator piston rod, but was distorted to
become a series of sharp pressure peaks, each peak corresponding to
the compressive movement of the jack. During drawing the increase
in the blank-holder pressure produced a corresponding rise in the
punch load and friction load cell réadings. The marginal improve=-
ment in the limiting draw-rgtio which was increased from 1.75 to 1.80
was considered to result from changes in frictional forces within

the wedge dies.

The oscillatory blank-ﬁolder pressure never exceeded the static
pressure that was normally applied and therefore the friction force
considered over a complete oscillatory cycle would be reduced both
on the top and bottom surfaces of the specimen. When considered
over the complete cycle the effective friction force would therefore
* be reduced from its nonloscillatory value. The yielding situation
within the wedge dies would not be assisted by the oscillatoéy
blank~holder pressure since this never rose above its non-oscil=-
latory value. The effect of this pressure was to reduce thelload
on the deforming specimen within the wedze dies with similar results
to those shown in Appendix A4, Graph A.4.1. The periodic re-
application of the blank-holder pressure up to its non-oscillatory

value was sufficient to resist the formation of wrinkles.
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This system although effective was different to that described
in section 3.6. In this section a blank-holder swaging mechanisn
was described which would enable the punch load to be reduced not
only by the reduction in blank-holder pressure as previously
described but also by maintaining the thickness of the deforming
blank at its starting gauge whilst still in the wedge dics. The
effectiveness of this system was limited by the amount of extrusion
which could take place. This was dependent upon the thickening of

the blank at any position in the draw, since if there was no
thickening the vibrations would be ineffective. Such a system
would not function with the hydraulically controlled blank-holder

pressure because the rigidity necessary to deform the blank could
not be achieved with the hydraulic system.

The low frequency pressure pulses used in this series of tests
were not, therefore, considered to create a situation truly repre-
sentative Qf oscillatory metg} defogmation. Their use was considercd

because only simple modifications to the wedge drawing apparatus were

required to enable this system to be examined.
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9. CONCLUSIONS.

9.1. Punch Vibration.

The application of axial punch vibrations to the deep-drawing
process resulted in reéuctions of up to 30 per cent in the mean
punch load being obtained. These reductions were attributed to
stress super-position effects because such reductions in punch load
were not reflected by any improvement in the limiting draw-rétio
established under non-oscillatory conditions.

When the punch and dies had the same resonant frequency the
application of oscillatory power to the punch did result in a trans-

fer of power to the wedge dies but this was not sufficient to make

any noticable improvements in the process.

9.2. Blank=holder Vibration.

The application of 'radial' blank-holder vibrations resulted
in a friction reduction effqp? upon'the top surface of the specimen
in contact with the blank-holder. This friction reduction reduced
the punch load and also .enabled the limiting draw-ratio to be
increased.

Over the range of draw-ratios and oscillatory amplitudes
tested reductions in punch loads of up to 30 per cent were recorded

whilst the limiting draw-ratio was raised from 1.75 to 1.95, an

increase of 12 per cent.

9.3. Draw Ironing Die Vibration.

The use of 'radial' die vibrations in the draw ironing operation
increased the reduction that could be achieved. At a gauge reduction
of 25 per cent of the nominal starting gauge, which was the highest
ironing reduction successfully attempted the limiting draw-ratio
was raised from 1.55 to 1.70,an increase of 10 per cent. The
corresponding increase in the depth of the drawn specimen was over

33 per cent.
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The increase in the reduction attainable was shown to be caused
bj improvements in the frictional conditions over the top surface of
the specimen when in the wedge dies. Improvements in the ironing
process were considered to be caused by a reversal of friction within
part of the ironing die. This effect was not quantified but the
conditicns under which the mechanism could operate were determined

and the experimental tests were shown to operate within these limits,

9.4. Blank-holder Swaging.

The use of a low frequency oscillatory blank-holder pressure
enabled the draw-ratio in the deep-drawing process to be increased
from 1.70 to 1.75, an increase of 3 per cent.

Whilst blank-holder swaging vibrations are considercd to be a
useful and important mechanism, this low frequency system which has

been exanined is not thought to be a viable process.



210
10. RECOMMENDATIONS FOR FURTHER YWORK.

The application of axial punch vibrations to the deep~drawing
process has been shownTto enable a slight friction reduction effect
to occur at the interface of the specimen and blank-holder.
Theoretical considerations predict that such a system can on}y, how-
ever, give a marginal improvement to the drawing process. In
addition, for this effect to occur the drawing die must bde radialiy
resonant at the punch oscillatory frequency. The transfer of
energy from the punch to the die system was only sufficient to
achieve an extremely small die oscillatory amplitude and it was
difficult to increase this because the energy transfer was dependent
upon the drawn strip tension which variéd throughout the draw. The
necessity of having a tuned die system in addition to the resonant
punch introduces an additional complication to a system which is
limited in its ultimate effectiveness by the effectiveness of radial
die vibrations which are prqdyced aé a consequence of the punch
vibrationse.

For these reasons the use of axial punch vibrations as a means
of increasing the limiting draw-ratio are not considered to be
worth investigating further although they could find a use in assis-
ting the stripping of thin=walled ironed shells from the punch.
| The 12 per cent increase in the limiting draw-ratio obtained
with 'radial' blank-holder vibrations is considered to be a worth-
wnile improvement to the process. Therefore it is recommended that
such a process could be applied to a cup drawing operation if a
sinilar improvement in the drawability of a material is required.

The use of either blank-holder or die vibrations in the deep-
drawing process result in a friction vector reversal mechanism on
the top (blank-holder) surface of the specimen. Friction acting
over a similar section of the bottom (die) surface of the blank can-

not be reduced by this system of vibration, even if both components

are vibrated simultaneously. Nevertheless, this frictional
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constraint in the deep-drawing process is a sizeable proportion of
the total drawing stress and therefore its elimination, even over one
surface, gives these useful improvements ip the limiting draw-ratio.

The assistance that radial blank-holder vibrations can give to
the deep-drawing process is limited to the effective elimination of
friction constraints on the top surface of the blank, The use of
blank-holder swaging vibrations could however prove to be an effe;-
tive means of furthér reducing the necessary drawing load by altering
the yield situation within the radial drawing-in portion of the
cupping operation. |

The system obtained using low frequency vibrations was not
considered to have reproduced the conditions necessary for the pre-
dicted effects to have occurred because of the lack of rigidity in
the hydraﬁlic system used to apply the blank<holder pressure. It
is considgredbthat”an_gxamination ngﬁbe deep~-drawing process with

| - _ i R T b T R A e
'Blaﬁkiholder swaging vibréfioﬁg applied to a fixédééieafance sfé%em
should ing‘useful improvements to this processe. This is because
in éddition to the friction reduction caused by surface separation
the drawing load will be reduced by the extrusion of the specimen
by the blank-holder causing flow reversal within a section of the
die. The frictional force within this reversed flow region will
thus assist the drawing process because of the zero die angle
between blank-holder and die.

In the application of radial vibrations to the draw ironing
process the effects on the two component parts of the system,
namely deep-drawing and wall ironing, can be considered separately.
The punch load due to the drawing operation can only be reduced by
an amount corresponding to the e%imination of friction on the top
surface of the specimen. In the wéll ironing process such a limit
does not apply and providing the tensile streng£h of the drawn cup
wall is sufficient, the only limitation under favourable conditions

n

to the reduction in the punch load is that this reduction in the
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inc?eése in the work done by the oscillatory die. Thefe'is al
lim{t in thg amount of energy that can be introduced into the

system through the die due to fatigue problems which become apparent
when undertaking heavy reductions. This was noticeable in the
wedge drawing operation when during ironing, the system could not
maintain the required oscillatory aﬁplitude due to the power input
being insufficient.

The drawing load acts as a back tension in the ironing
operation which the ironed strip has to suﬁfort. The maximum
iroqing reduction possible is therefore determined by-the drawing
load father than the irbning load which thus limits the maximﬁm
reFuction possible in the draw ironing process. In order to obtain
the maximum reductions of area i% igs recommended that wall ironing
should become a séparate ad&itional operation to the deep-drawing
process in both the analogue and the axi-symmetric cases,

In'%he_ironing proceés the fpictioﬁal forcélaéfing within fhe‘
die constrains the process and therefore increases the ironing load.
The friction force acting between the punch and material assists
the ironing process because the punch always moves with a greater
velocity than the material within the die, The friction force
resists the flow of materia} up the punch and thus ﬁelps to push
the material through the die. The use of radial die vibrations
to reduce the frictional force are therefore only effective at the
die interface. The ironing process is thus improved to a lesser
extent by radial vibrations than a process in which all the fric-
tional forces oppose the drawing, such as tube drawing over a pluge
Despite this the driw ironing process warrants further investigation
due to its commercial importancee.

At this stage in the development of oscillatory metalworking
techniques the recommendations for further work involve studying

the commercial implications of these processese Broadly speaking

/
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-,
the reduction in the draw forces obtained when using oscillatory
déformation enables the area reduction at each stage to be increased
thus reducing the number of operations which saves time and possible
interstage anneals. Alternatively processes which were not possible
conventionally, or required expensive routes, can be attempted and
the savings in the processing réutes being used to offset the capital
cost of the equipment.

It is recommended that when using vibrations in the swaging of
the material much consideration is given to the losses within the
oscillatory system. This is necessary in order to maximise the
oscillatory amplitude because compared with friction vector reversal
systems the tools are heavily loaded. This was demonstrated in
the draw ironing process by the large reduction in the die oscil-
latory amplitude as the ironing process_began. Poorly designed
mounting systems have been found to be an important source of

energy loss. y
Finally the oscillatory systems must be designed to resist the
effects of fatigue since any stress concentrations quickly lead to

failure at the ultrasonic frequencies used.

!
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A.7. Design of the Oscillating Punch System.

N I IS Design of Conical Concentratore.

Assumz plane wave propagation

kl

2
(kL)T N + 1
(1-N)2

At resonance for Conical Concentrator, tan kil =

E c{z
W= 2Tf is the angular frequency of the vibration.
C. = longitudinal wave velocity in material.
D
N = 3

Selecting ¢ D = 4 in. d =1 in. giving N = &
| £ = 12.75 kHz
From graﬁh No. #.1.1. |
il = 3,63
also L = 04Ok
thus siving L= 9 in,
The nphysical dimensions of the conical concentratof are thereforé
'detcrmined.
These dimensions can be substituted into the resonance equation

for the loaded concentrator in order to determine the load impedance

necessary ¢

Xh
con kL o K@U Cal + 1) + €t ,
Xh Q
auch *k(al-"“')‘i'-‘i"‘



Graph No. A.1.1.
Conical Concentrator Resonant Conditions

Variation of kl and N against (Tl-llﬁ)z
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Wave impedance at narrow .end of conical concentrator,

5

ol
s
I

Load impedance

_ R-1 - 2 -
@= - g =

k = 0.404

Wil

L =9 in.

Xh
0.’4’0!{' ‘.UO[ (ll’ -+ 1)
1 Xh

Tan kL = 0.532 = -
3 ol * 0. 404 (4) + CER R

wol' = SJYEp = _T!,E— X 5.73 x 104 1b. g
Wol = 4.5 x 10*1b. 8~

Substituting for W.l

6 532 = 0.404 Xh

== x L 41
4,5 x 10 .
1 Xh 1

L,5 x 10 .

A

_ 0.359 Xh x 10" ' + 1
 Xh 7.42 x 107 + 1.891
Xh = 6 x 10-3 -
31 -96 x 10-

thus load impedance Xh = 187.5 1b 3"1 for resonance.
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felelea Design of Punch.

The mechanical impedance of any vibrating system can be
exvressed as a complex function of the form
Zh = Rh :{Xh Rh = Resistance

Xh

Inertia and elastic
Assume the rectangular punch constitutes an "ideal' rod system
i.e. a system without resistive losses

For such a system
Oscillatory force Fm = Fml cos ax + i ¥ ml wosin ax
Oscillatory velocity Fm = EmL cos ax + L Fml sin ax

Wo
= phase shift constant 210

A

Now for a free-end system, oscillatory force at end FmlL = O

So Fm = L Eml wo sin ax
fm = Eml cosax '
Zin = -EF%:— = lWotan al
= (Xin
where wave impedance We =E—-i- - my = mass / unit length
e = .flexibility / unit length
also ¢y = ﬁ%ﬁ" . mq = Sp . S = cross sectional area
= density
E = modulus of elasticity

Hence load impedance Zin of the punch can be expressed

2in = lS,'pE tanw‘%L sy Bince Q = 1

I+

Thus Zin of punch =

5 _ b5 in.
&, Bg' in2 | 0.283 Z_L_b_3, x 30 x 105 Lo [32.2 1b fta] [1;111]
in in 1bf s

- _ .2 2 |
x tan 2W x 13 x 107 | 2283 S LR 8 [lbf 5. H-"i— ] L
- 30x10° in® 1bt | 32.2 1b £t) [ 12 in
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tan 0.4035 L

|
|
::::l
|
.Il
I

Thus since Zin is a tan function of length,l,any value of Zin can
be obtained by choosing the appropriate 1ength as can be éeen from
the graphe

The punch constitutes # reactive load only for an "ideal "
systen which becomes the load on the intermediate rod section.

1.
Tor such a systen i

Fnl >

-‘-——Xh = EEIL

So Fm = Fml [coa oax + L Wo ainax]
- b -— xh .

Fm = Fml cos Ax cosP + s8inQax sinyY
cosy

m = ol cos{Ox =@ )
cos P

FmL sin (L -9 )

Similarly Em = L

Wo cos
- - -1 wo
hence 2in = = {Woecot (al - ¢ ) where @ = tan” ——

Comparing with a fixed end system.
Zin = - L Wo cot al

A system with a reactive load can be made equivalent to a gystem
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- Graph No. A.1.2.
Variation of Zin with Punch Length

From Zin = 5,79x10%1b xtan 0,4021 L
. in

Z in (Ibgh

]

BE

(03]

0 Length [L (in) .
1 2 |3 4 5 6 / 8
-4 |
-8
4
-16




_ A7
-
with a fixed end if its length is such that

cot (al. -9 ) = cot alg

al -

= ale
tan™ -—-—?}Z\
L -
le = 2T
1 Wol
or difference between systems iz tan” Xh
2T
Zin of rod system for reactive load
‘= = lWeeot (AL =P ) = Xin
where tang = -—%‘j—— (Xh = load)

From Graph of Zin v L (A.1.2.) |
select L = 7.88 in. in order that the load impedance on the next
section Zin = O. Thus the system corresponds to that of a free ;
ended one. ‘ ' S | | -
Zin of rod system = = ilwcot (alL =¢ )

If L =389, Xin=o0

so cotal =0

Thus for a fastened end system load impedance on next section is

Thus for rod systenm

Zin = - Lwocot (al = %-) since Xh = O

Wo
ta.ngp = Xh - = O
thus ¢ = —';-- , 2=  etc.,
2 |
EZquating to Zh of conical horn : i
137.5 lb = Wocot (AL = “"TL) I- I:
8 e |
448 x 100 -
tan (0.4035 L - )
So 259 = tam (0.4035 L - =) 0.40351 = 3.136

or L = 7.77% in. = length of parallel rod.
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fele3e Tuning of the Punch System.

For a loaded conical concentrator

Xh 2
tan Bl = k'—um-. (aLl + 1) + o”L

2

"+ k (al + 1) + L

Xh
a K

for #hne tuned conical concentrator

L: 9-2 :?.n - M_ - 2.046
N o= L.ok6 L 9'?
xl = 3.636 j a= 0.3311

k = 0.3952

C

0.53844 = 0.3952 “EEU (4.,046) + 1.068
Thus tan kl = Wo

. 2
0.3311 —ips + 0.3952 x (ho046) + G222

0.3952 —; 4,046 + 1.008

- 045384 = 0
0.3311 o+ 1599 + 0.2774
wl' = SJEP = -x5.73x 10" 2
wel' = '4.5 x 10“ 1b.g™"

0.3952 —~ Xh % x 4.046 + 1,008

4.5 x 10

O.
22310 xn =2 4 1,599 + 0,277k

4,5 x 10

0.5384 =

0.538% ( 7.357 x 100 4

Xh + 1.873% ) = 0.3553 Xh x 10" + 1.008

3-961 x 10-‘6 l‘.

Xh + 1.008 = 0,3553 Xh x 10" + 1.008

thus Xh = O
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Thus the input impedance to the intermediate rod section
is 2aiso = O
For this system

Zin - lWecot (AL -9 ) = O

tan (Ql =9 ) =@ - |
' T i ! '.
or AL -9 = = , 22— etc.,y |
thus al =T since = tan”! —%{- = tan '@
.
| 2
now = 2_th"' i
E_
)
80 él—fnt Tt \
P
1 E
L = 33 5
6 3 .
L - 1 . 30 x 10° 1bf in” [32.2 1b £t | [12 in
2 x 12.75 x 10° | 0.283 1b in° 1b2 8° £t

L = 7.9368 in.

Lengta of intermediate rod = 7.937 in.
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h.E. Preparation of Wedge Specimens.

“.2.l. Production of Blanks. _ %

The specimen requireménts for each particular seriesibf tests
were ostimated and sufficient material was obtained. For any
individual series of tests the specimens were all taken from one
sheet, and in every case the longitudinal axis of each apecimen'was
align:d with the rolling direction. These precautions were taken
to ensure a supply of specimens with uniform drawing properties.

The specimens were produced by shearing the sheet material into
rectangular oversize blanks with the longitudingl axis being aligned
with the rolling direction. These blanks were sorted into packs
containing approximately 20 blanks and assembled into a drilling Jig,
in order that a i% in, diameter hole could be drilled through the
mid-point of each blank. The purpose of this hole was to locate
the svecimen for subsequent machining operations and also to position
the specimen on the punch nose duriné the establishment of the speci-
men around the punch in the drawing operation.

After drilling the locating hole in each specimen the blanks
were cleaned to remove any burrs produced by this operation.

A.2.2s Milling the Wedge Shape.

The production of the wedge shape was achieved by pack milling
on a numericélly-controlled milling machine. This machine was
capable of position control to within 0.0002 in. and straight line
motion between co-ordinate points. The simplest specimen shape
‘consisted of two wedges connected by a strip of material of width
equal to that of the die throat. This shape, however, was not
satisfactory because of the stress-raiser caused by the central
location hole. To prevent fracture at this point the width of the
materizl in this region was increased. This modification to the
gecmetry of the centre of the specimen was of no consequence to the
drawins process because the region of stretch-forming over the punch

nose was not being examined during any stage of these investigations.
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Wedge Specimen Milling Jig

Drawing No A,22,

8,25
|
/,-\ ! ’ ’l'“'\
\ o
) - | 7 \
~ R s‘ . ” \.‘ ~
SR PGy
al .1 . . T _
. NF
- 3 D
inB.S.F. ia
'1'(-.»"_”IB 16
Cap Screw
7,25
6.25
B 5,50 .
y 1 :[: L1
— ey | e S
8 !;=D . ! | 1 IE'E F-‘J\
S R f T o
T ¥ I S
Hlﬂl»fl | RN |
;lnDiQ/
Cap Screw ¢ ‘5’00

Scale = Half Size

All dimensions in inches
All Tolerances # 0,01
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Machine Programme

A13

for Milling Yedge Specimens

G54 X-0028981

G

G

=4

55

54

X-0009466
X0009466

X0028981

X0009466

X-0009466

X=-0028981
X-0028981
X-0009466
X0009466

X0028981

X0009466
X-0009466
X-0028981

X0000000

Y001178%

YO006892
Y0008142

Y0006892
Y001178k

Y-0011784

Y-0006892
Y-0003142

Y-0006892
Y-0011784

Y0011734

Y0006842
Y0008092

Y0006842
Y0011734

Y-0011734

Y-0006842
Y-0008092

Y-0006842

Y-0011734

YO000000

TOO1

TO0O

TOO1

TO0O

TOO01.

TOOO

TO01

TO00

R-0015000

I
i

ROO00000

R=0015000

ROOQO000

R-0015000

ROO00000

R-0015000

RO000C00

liote: Operations.N001-NO16 Roughing Cut
NO17-N033 Finishing Cut

Co-ordinates in 0.0001 in.

Units

MO3
M08
F01000

F01000

MO5
M30

Programme suitable for Aluminium Specimens.

2z
38

in.

Milling Cutters necessary.
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A gradual:transition in specimen width from the central to the
wedg2 sections;was necéssary to avoid the effects of streés concen-
trations which could cause premature failure at the narrow section
of th2 specimen. A large radius was desirable but the numerically-
controlled milling machine was unable to reproduce curves other than
by generation from a large number of flat surfaces. This difficultiy
was avoided by selecting a milling cutter with its radius equal to
that required on the specimen, From the required shape of the
specimen and the diameter of the milling cutter it was possible to |
lay out a series of co-ordinates for the machine controller and work
out a suitable proéramme. This programme was punched onto the
paper tape input which controlled the machine. Two cycles of the
nachine were used, the first was a roughing cut to produce an over-
size specimen and, the second, a finishing cut brought the specimens
doun =o the correct dimensions.

During the initial stages of production of these specimens many
were r2jected because of 'chatter' marks along the milled edges. The
procecs of machining these specimens was studied in an attempt to

llevinte these problems and three modifications to the process were

5

1

nade vhich proved very effective in eliminating this problem. A
shorter spindle was fitted to the milling machine to give greater
riricity and a new milling cutter was obtained which was inter-
chanred with the old one after the roughing cycle had been completed.

Tme inconvenience of the tool change mid-way through machining
‘a2 batch was tolerated because of the necessity to have a sharp tool
for the final cut and the fact that the geometry of ‘the finished
article was dependent upon the diameter of the milling cutter. Once
a cutter was worn and reground it could only be used in the roughing
operation because of its now smaller diameter.

The final modification was that of reversing the direction of
cutter travel so that the tool was cutting against the direction of

novement, rather than with it;aa had been the former practice.

.
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- +2.3. Preparation of Specimens of Various Draw-Ratios.

The wedge shaped specimens thus produced by fhe numerically-
centrolled milling were all too long and a further nmachininz
operation was necessary before they were ready for use. The
sheared ends of the specimens had to be reduced to an arc of
radius equal to the requirement for the particular draw-ratio under
test. The procedure was to shear off the majority of the excess
and mzke up a pack of approximately 20 as before. This pack was
lccatsd by the central hole and mounted into a simple clamping rig
which was in turn attached to a circular table, The circular table
was used on a vertical milling machine where an end mill was used to
remove the final amount of material. The clamping plates used were
of the same diameter as the specimen size required so that the pack
had as much support as possible during the milliﬁg operation. The
jig was rotated on the circular table during the milling which
generated the circular arc required;. On completion of one end the
table was rotated through 180 degrees and the other end machined
likewise,

In order to speed the production of these specimens and also to
produce a better machined finish on the specimens another method was
developed. The machining was carried out on a lathe which had the
added advantage that the cutting tools used could easily be main-
tained in a sharp condition, which gave the best results. This jig
was mounted on a spigot which was mounted in the lathe chuck. The
- specimens were located on another spigot concentric with the first.
A cover plate of the required diameter fitted over this spigot and a
clarring plate was tightened over this cover plate thus holding the
pack oI specimens firmly in place,

Cn completion of the manufacture of a batch of specimens, they
were deburred if necessary and washed in a degreasing agent to remove

the mixture of cutting oil and metal fines remaining from the

machining operations,
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A.3. The Ultrasonic Generator.

Ae3.le General Description.

The ultrasonic power unit, comprising the high frequency
electricél supply and the magneto-strictive transducers used to
conve-t the electrical signal into mechanical ultrasonic vibrations,
was 2 RAPICLEAN 3000 unit supplied by Ultrasonics Ltd. This unit
had originally been built for an ultrasonic cleaning bath but the
rcbustness of the laminated nickel magneto-strictive transducers
made such a unit ideal for oscillatory metal working. The
transducers had a resonant .frequency of the order of 13 kHz and the
eiectrical components of the generator were designed to operate at
this Irequencye

“he oscillatory frequency was determined by the resonant
frequ2ncy of the R-C network which controlled thé oscillator valve.
The output from the oscillator circuit, after amplification, was
connected to the grids of the two oﬁtput valves, where it generated
the nizh-frequency, high-voltage output. Output power was supplied
by a 3 KV output, mains input transformer. The mains supply into
this transformer was controlled by a Variac variable trénsformer which
in turn regulated the high voltage applied to the output valve anodes.
This nigh-frequency, high-power oscillating supply was linked to the
mapn:-o=-strictive t:angducers by an output transforﬁer which also
reduced the voltage across the transducer coils. This circuit
cont:ining the transducer coils was another resonant circuit, resistors
* and capacitors within the generator being varied to make this circuit
resonant.

The magneto-strictive effect is independent of polarity and Fhere-.
fore the mechanical oscillations would occur at twice the generator
frequency if only the alternating supply was applied. This
undesirable effect was prevented by gpplying a low voltage large bias
current to the magneto-strictive coils thus preventing the reversal of

the current flow associated with the oscillatory voltage.
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iede2e Rebuilding of the Generator.

The generator had initially been used with the individual
chassis wired up on a large bench. This arrangement eventually
becans unsatisfactory because of space requirements and an
original manufacturer's cabinet was obtained to rehouse the unit.

After reconditioning this cabinet and whilst the generator
was bSeing rebuilt into it, the opportunity was taken to alter some
of th: circuitrye. These alterations enabled controls used during
the drawing operation to be located adjacent to the press and blank-
holder controls. All these external controls were wired through an
additional connector so that the generator could be removed quickly
in the event of any fault developing, a situation not unlikely
considering the age and service of the generator.

This new arrangement was more satisfactory ﬁecause the
energising of the high-voltage circuit ﬁas now dependent upon the
doors of the cabinet and the thermailcut-outs being closed. These
thermal cut-outs were used to protect the output valves and magneto=-
strictive transducers from excessive temperature rises.

The use of the metal cabinet had the further advantage of
screzning some of the electrical and elgctro-magnetic interference
produced within the generator from the rest of the instrumentation.
This croduced an improvement in the quality of the signal traces

obtpined from the ultra-violet recorder.
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AePeP. Tuning of the Generator.

The oscillatory frequency of the generator was varied by
chan;ing.the resistance within the oscillator circuit with the
fraquency control rheostat. This control was used to tune the
oscilliatory system during the metal working operations.

The output of the generator, whilst controlled by the Variac
varizble transformer, had to be tuned to obtain its maximum output.
The output from the oscillatory circuit was maximised by driving the
oscillator walves until the sinusoidal waveform waﬁ almost beginning
to distort. The final tuning adjustmenf possible was that within
the magneto-strictive transducer circuit, This circuit was tuned
bj varying the capacitance within the circuit until it was resonant
and the maximum oscillatory output was obtained. This tuning
operation was necessary whenever the tranéducer_éystem in use was

altered.
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Ae3elta Specification of the 3kW RAPICLEAN Generator.

Tyoicz2l OQutputse.

E.H.”. Primary Current o 12 a

E.H.7. Secondary Current | . 350=-450 ma

Mzgnetisation Current . ’ 9«13 a

Hagnetisation-?bltage ' "~ 18-35 v

Drive H.T. | 400 v ;
|

EF 91 Anode D.C. Volts 60-180 v |

SF 91 Anode P. to P. Volts | 150-200 v |

EF 91 Screen Volts | 380-350 v

EF 91 Cathode D.C. Volts . ° ) oy

807 Anode P. to P. Volts - 650-1100 v

807 Screen | 220-250 v

807 Grid Pe to Pe = - 50 v

Output Valve Grid P. to P. Volts 250-300 v

Output Valve Grid Negative -90 to =100 v

Output Valve Screen D.C. 450-550 v

'R/F Curremt 2.k g
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External Connectors on Ultrasonic Generatorf

Qu B

(Blue) to 3 Pin 6
(Blue) to Relay Coil

oW

01 .3 05 07 -9 .11
.2 "l!' .6 08 -10 .1

(Red) to Relay Contact 1
(Brown) to Anode Transformer

(Black) to Relay Contact 3

(Blue) to Anode Transformer

O 0O~ O

(Coaxial,Blue) to Freguency
Counter Red Plug Pin 5

10 (Coaxial,Red/Black) to Frequency
Control ‘Red Plug Pin & ’

11 (Coaxial,Red/Black).to Tuning
Lamp Circuit

12 Earth

Red Plug (Drive Chassis)

5 1 Amplitude Pot Windings (Brown)
o1 .6 i 2 Amplitude Pot Windings (Blue)
.2 g 3  Amplitude Pot Slider (Green)
.3 -7 E 4 Frequency Control (Coaxial Red/Black)
.y . 5 TFrequency Counter (Coaxial Blue)
ol 6 - :
7 -
8§ -
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Ak, Standardisation of Blank-holder Conditionse.

A.4b.l. General Introduction.

The purpose of a blank-holder during deep drawing is to control
the movement of the material during the radial drawing-in process.
The material in this region is subject to a biaxial stress system,
i.e., a tensile radial stress and a compressive circumferential stress.
This circumferential stress causes the partly deformed blank to be in
a state of instability because buckling can occur ﬁore readily than
normzl compression. This instability reveals itself as wrinkling of
the tlank at the circumference before drawing over the die radius.
For a given draw-ratio this problem is more severe in thin gauge
materials; conversely, heavy gauge materials can often be drawn with-
out the use of a blank-holder, especially if special forms of die
profiles, i.e., tractrix, are used. This is ba;auae of the greater
bending resistance of thicker material.

The blank-holder controls this problem of wrinkling by not
allowing the material to form the corrugations. 1In doing so, by
arplying a third compressive stress to the normal plane of the
material, it also introduces a frictional force which adds to the
drawing load.. If the blank~holder load is too high, excessive
thinning, or even fracture, of the material will occur. There
exists, thefefore, the desirability of keeping the blank-holder load
at a level just sufficient to prevent wrinkling. The interfacial
frictional force is also dependent upon the lubrication between tool
" and blank and, additionally, the amount of lubricapt applied to the

blank can affect its susceptibility to wrinkling independently of
tze blank-holder load. |
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hAelta2a Standardisation of Lubrication and Blank-~holder Pressure.

in order to determine the effect of ultrasonic vibration of the
tcoling upon blank-holder friction, it was desirable to eliminate the
varizbles which could be introduced by lubrication and blank~holder
lcad. Lubrication was standardised by dipping the specimens into
the drawing o0il and allowing the excess oil to drain away for a pre-
deter=zined period of time. This time period was initially deter-
mined by recording the time taken for the mass of a lubricated sample
to become constant, indicating that the draining away of the oil was
complete. | |

The blank-holder load was to be set so that the initial pressure
on the undeformed blank remained constant for each individual draw-

ratic under teste.

A4.3. Selection of Standard Blank-holder Pressure.

The graph A.4.1 shows the effect of blank-holder load upon the
punch load for what was determined éo be a near critical draw-ratio
for tais test with standard lubrication conditions. At the very low
specific pressures there was virtually no radial drawing in before
the material folded badlye. With increasing pressure the folding
gradually became wrinkling and at a pressure of 400 lbf.inﬂa it was
virtually non-existent. At 500 lbf.:i.mm2 the specimens were frac-
turinge. The operating pressure was thus standardised at 450 1lbf.
in“2 at which wrinkle-free specimens were produced., This pressure
was the one applied initially to the undeformed blank. Naturally,
in the absence of an oil pressure controller linked to the current
area of blank in contact with the blank-holder, the specific pressure
increases during the drawe Draw-ratios greater than 1.70 which were
above the limiting draw-ratio under these conditions could not be
evazluated in this screening but they were considered unlikely to
present any wrinkling problems because of the higher blank-holder
loads. Cdnversely, the lowest ratios could be considered more likely

to .cause problems but on examination this problem did not arise.
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Graph No. A.4.1
Selection of Blank-holder Pressure

Maximum Punch Load v

Blank-holder Pressure

Material: Aluminium
Draw Velocity: 0.35in.s™
Draw-ratio: 1.70
350 —3
S
5300
ST
-
[®]
€250 :
a <«—1—Wrinkling —> <Fractuje——
e
2200
=
O
=
150
100
50
0 00 200 300 400 500 600

Blank-holder Pressure (Ibf.in")
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SELECTION OF STANDARD BLANK~HOLDER LOAD
Hate?igl: Draw=-RrRatio: Punch V?locit{: Table Nunber:
Aluminium 1,70 0¢35 in.s A4,
Tect Number: }1,70-0-BH 100 1,70-0-BH 200 | 1,70-0-BH 300
;iigz; Right Hand 45 98 138
ig?d Left Hand 46 92 138
Punch Punch |Die Sep.| Punch |Die Sep.| Punch |Die Sep.
Travel Load Force Load Force Load Force
in. P 1bf | D 1bf P 1bf | D 1bf P 1bf | D 1bf
Max.P 296 2¢ 309 | o 328 6t
Yax.D 128 70¢ 144 70¢ 147 S57¢
0.1 35 L5e¢ 35 39¢ 43 29¢c
0.2 96 68¢ | 99 66¢c 112 53¢
0.3 181 6he 192 66¢c 200 49¢c
R | 251 33¢ 261 33¢c 280 21c
0.5 283 lhe 299 12¢ 323 e
0.¢ 296 20¢ 307 2¢ 328 6t
S0 285 2t 304 2t 325 8t
0.8 259 8t 283 6t 299 12t
0.9 221 10t 245 10t 261 12t
1.0 173 10t 197 10t 22l 14t
1.1 69 10t 123 10t 155 12t
1.2 19 19t ko 16t 4o | 12t
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SELECTION OF STANDARD BLANK~-HOLDER LOAD

Material: Draw=Ratio: Punch Velocity: Table Number:
Alurinium 1.70 0.35 in.s * Akl
Tzst Number: } 1.70-0-BH 400 1.70-0-BH 500 1.,70-0-BH 600
Blank-1o: vt Hand 187 228 277
Holder|” g
022 |Left Hand 184 230 276
Punch Punch |[Die Sep. Punch |Die Sep.| Punch |Die Sep.
Travel Load Force Load Force Load Force
ine P 1bf | D 1bf P 1bf | D 1bf P 1bf | D 1bf
Max.P 349 12t 357 '16t 349 10t
Max.D 155 Lge 133 L3ze 160 blc
0.1 53 25¢ 48 23¢ 43 16¢
C.2 136 k7¢ 125 blec 120 39¢
0.3 229 37¢ 221 35¢ 216 35¢
Sl 296 12¢ 301 lhc 304 10c
0.5 336 Lt 341 6t *349 *10t
*Failed at
0.6 347 12¢ 355 1ht 0.5 ii travel
0.7 347 16t *357 *16¢
*Failed at
0.8 520 18t 0.65 4n travel
0.9 280 18¢
1.0 237 18¢
1.1 184 16t
l.2 67 20t
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feltelts Standard Blank-holder Loads.

The blank-holder loads required at the standard initial
pressure of 450 Zl.bf.i.:::.""2 were calculated from a consideration of

the initial area of the undeformed blank.

D ]
2in o
'| --_,-"-‘
- .g_.-""""--‘i . =
___;gh___h‘“‘ i | :
‘-"“c‘“--..‘:
” 2 2
Area of 1 section = 7t D x 28 = 1 in
% 3% %

D Area of One Load at

(in) Section pressure of,

' 450 1bf.in
3.0 0.299 135
3.1 0.337 152
3.2 0375 169
3.3 0,415 187
3. | 0.456 - 205
345 0,498 224
3.6 0541 24

347 0.586 264
3.8 0.632 284
3.9 0.679 306
4,0 0,727 327
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“.4.5. Determination of Lincar Roller Bearins Friction.

“he blank-holder and dies were separated from the blanic-holder
prexsvré plate and subpress base respectively by the use of lincar
rcil-r bearings. - The purpose of these bearings was to minimise
tt2 “rictional constraint on these two cbmponents by any other part
of tha.system, in order that frictional forces on the load cells
~would be essentially that at the tool-workpiece interface.

In order_fo detefmine the frictional force, duec to the linear
roller bearings, acting upon the blank-holder and die these two
comnonents were loaded between the roller bearings and the force to
move the tools against friction was noted.

The load on each blank-holder to aﬁply an initial blank-holder

pressure of 450 1bf. in°

to the specimen was determined and this load
was applied fhrough the roller bearings to the biank—hclder and die
assembly with an hydraulic jack and proving ring. The frictional
force was measured by increasing th;.tension on a spring balance

until the assembly began to move, the maximum force being noted.

This was repeated for a variety of loads corresponding to cach

drnw-rntio and the frictional force as shown in the table.
‘raw-ratio Blank~holder Proving ring | “riction force

load (1bf) deflection (1bf)
1.50 . 134.9 38 .42 0.8
1455 : 151.6 ' 43,48 0.8
1.50 ~ 169.0 48,14 0.9
1,85 186.8 53.21 C.9
1.70. 205.3 58.48 0.9
1.75 22k ,2 6%,86 0.9
1.20 243,7 69.42 0.9
1.55 263.,8 75414 0.9
1.0 284 .4 81.01 . 0.9
1.95 1305.6 87.05 0.9
2.00 327.3 93.23 | 0.9
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i
A.S. Material Properties.

AeDele The Tensile Teste.

Specimens suitable for the preparation of tensile test pieces
were taken.from the sheet material with their longitudinal axis
orientated to the rolling dire;tion. The test pieces were prepared
in accordance with British Standard 18 and had a width of 0.5 in.
and a gauge length of 2.5 in. Several samples frém each sheet of
material used in the drawing tests were prepared and the tensile
tests were performed on an Instron Universal testing machine. The

results of these tests are summarised in Table A.5.l.

Table A.5.l.

Material: Commercially-pure Aluminium

Deep-drawing quality

Strain rate 0.2 in.min™*

Proof-stress taken at 0.2 per cent strain

Test No. Gauge Width U.T.S. Elongation|Proof-stress
in. in. lbf/in2 per cent lbf/in2

Sheet 1

) 0.0281 0.49% | 11.74x107 | k2.4 4.68%10°

2 0.,0282 | 0.495 11.82x107 La2.2 !+.51x103

3 0.0281 0.49% 11.88x10” - 4.39%10°
Sheet 2

4 0.0280 | o0.49% 11.85x10° |  44.0 4, 48x10°

5 0.0280 0.49% | 11.77x10° |  ¥1.9 4.69x10°

5 0.0280 0.49% | 11.85x10° - b1 55%10°
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.

Tensile Load (lbf)

(1bf )

Tensile Load

| Graph No. A.5.1.
Tensile Tests

Tensile Load v Elongation

Material: C.P. Aluminium Sheet 1
Strain rate: 0,2 in.min™
Gauge length: 2,5 in.

2
————————————— Lo - -
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_ Graph No. A.5.2.
Tensile Tests

Tensile Load v Elongation

Material: C.PR Aluminium Sheet 2
Strain rate: 0,2 in min’

Gauge length: 2,5in
20C
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w
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AeDele Hardness Tests. . ’

"%

Preliminary hardness testing was performed on samples of the
sheet aluminium, which were likely to be of lower hardness than the
drawn specimens, in order to determine a reliable method of hardness
testing.

Two hardness testing machines were available, a Rockwell 30T
ball indentor and a Vickers Pyramid Diamond indentor. The Rockwell
was initially preferred because of the ease and rapidity of performe
ing multiple hardness tests. Hardness tests were made on samples
of the material, using both machines and the hardness numbers were
compareds

The results using the Rockwell 30T were consistently higher than
those using the Vickers Pyramid Diamond, and when comparing the inden-
taticns it could be seen that the Rockwell indentation had marked
throush to the reverse (anvil) side of the sample in some places, thus
affecting the hardness number.

The indentation from the Vickers Pyramid Diamond testing showed
much less penetration amd therefore this machine was used for all the
subsequent hardness testing despite its slower operating procedure,
When testing drawn samples the two drawn sides of the 'U' shape were
separated from the centre of the sample to enable each part to be
positioned under the indentor. Hardness tests were performed at
intervals of O.1 in., from the punch profile radius to the top of the

specinen, the average of three indentations being taken at each posi-

. tiono
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SURFACE HARDNESS TESTS
Table Number: A.5.2.1.
Material: Aluminium
Draw-Ratio: 1.55

Punch Velocity:

0.34 in¢5-1

Zrecuency:

12.55 kHz

r:
i1

3]

Y
(3]

Hardness Number Scale:

1.0 kg

pistance Drawing Test Nunbers:
;:gjle BH-155-0 to BH=155-260
3a:e
in. -0 | -20 | -60 -140 | =180 | -220 | 260 | URdeformed
3.1 28.0 | 30.9 | 29.3 2644 | 29.0 | 27.9 | 28.6 23.7
0.2 28.7 | 29.7 | 29.4 26,0 [ 29.4 | 28.2 | 29.8 25.4
0.3 339 | 30.9 | 3245 31.2 | 307 | 30.3 | 31.2
0.4 33.9 | 34.2 | 34.8 3249 | 313 | 3248 | 32.4
0.5 35.4 | 3k.2| 345 33.0 | 33.6| 32.7 | 32.5
0.5 36.6 | 3346 34.8 32.6 | 34,3 | 34,0 | 35.1
0.7 | 36.6 4.2 36.3 34,0 | 35.7 | 35.7 | 32.5
0.3 35¢1 | 34.5] 35.7 34,2 | 35.8| 36.3 | 34.8
0.9 38.3| 33.9| 351 351 | 36e2| 3242 | 3564

NOTE: Tests completed within 4 hours

of drawing.
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SURFACE  HARDNESS TESTS

Tatzle Number: - A.5.2.2.
aterial Aluminium

Draw-latio: 1.55

Tunzh Velocity: 0.34% in.s" |

Zresuencys: 12.55 kHz

Ticlzers Hardness Number Scale: 1.0 kg

Diztance

Drawing Test Numbers:

;:;;Le BH-155-0 to BH=155-260
3aie
in. -0 |'-20 | -60 | =100 [ -140 |-180 | ~220 | -260 U;Ziiiigif
0.1 28.0 | 30.9 | 29.2 | 27.8 | 26.5 2837 27.8 | 28.7 | 2k.4 | 23.7
0.2 28.7 129.7 | 29.4 | 28.1 26.6 29.4 1 28.2 129.8 | 25.8 | 25.4
0.3 | 33.9]30.9|32.5]32.5 | 31.2 | 30.7 | 30.3 | 31.2
0.k 33.9 | 34.2 | 34.8 | 32.2 | 32.9 | 31.3| 32.8 | 32.4
0.5 | 35.4| 3h.2| 3.5 | 3307 | 32.2 | 33.6 | 32.7 | 52.5
0.5 36.6 | 33.6| 34.8 | 32,7 | 33.6 | 34.3| 34.0 | 35.1
Q.7 36.§ 4.2 36.3| 33.9 | 34.0 | 35.7 | 35.7 | 32.5
C.: 35.1 | 34.5| 35.7 | 35.1| 34.2 | 35.8| 36.3 | 34.8
0.5 38.3 1 33.9| 35.1| 37.0| 35.1| 36,1 37.2| 35.4
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o
SURFACE HARDNESS TESTS
Tf.’.‘:;le Number: Ao502030
later-ial: Aluminium
Drau=2atios 1.65
Punch Velocity: 0.35 in.s~
Yre-uency: 12.63 kHz

Viclkers Hardness Number Scale:

1.0 kg & 2.5 kg

Jistarnce Drawing Test Number: -

5;;;18 BH-165-2601

3aza
in. 1.0 kg scale Mean 2.5 kg scale Mean

' value value
2.1 3 | 35.2 | 35.1 | 3540 | 35.2 | 35.0 55.1 1 35.0 | 35.2 3.3 | 34.9
0.2 D | 3640 | 3549 | 34e2 | 3549 [ 3545 | 35.5 | 34.2 | 33.5 [34.2 | 34.0
Ge3 B | 37.0 | 3567 | 3640 | 3643 | 3643 | 3643 | 34.2 | 33.3 |34.2 | 34.0
0.4 D | 36.6 | 370 | 35.4 | 36.0 | 34.5 | 35.9 | 35.8 | 35.8 | 37.2 | 36.2
0.5 B | 35.4 | 3541 | 35.3 | 36.0 | 37.6 | 36.0
.56 8 | 36,0 | 38.0 | 38.0 | 36.0 | 37.0 | 36.8
0.7 B | 37.4 | 37.6 | 35.1 | 34.8 | 36.6 | 36.1
0.8 B | 37.3 | 37.3 | 36.6 | 38.0 | 38.0 | 37.7
Note, B = Bright surface

Dull surface
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SURFACE  HARDNESS TESTS

Tatle Number:

A.5.2.4,
llaterial: Aluminium
Draw-Ratio: 1.60

Punch Velocity:

0.33in.s'1

reguency:

12.84 kHz

Victers Hardness Number Scale: 1.0 kg
Jistance Drawing Test Nunbers:
g;g;le LODI-160-0 to 40DI-160-180
3ase
in. -0 | ~ . =180 -180Vh
2.2 39.7 | #0.5 | 40.1 | 39.7 | 39.0 37.3 | 38.0 | 40.5 [41.7 [40.1
0.h 39.7 | 40.5 | 39.7 | 41.3 | 40.9 |40.5 | 40,1 |42.5 |L2.5 |42.1
c.h 28.7 | 29.4 | 40,5 [ 40.1 | 39.0 |40.1 | 39.5 | 40.5 |40.9 [41.3
. 39.7 | #0.5 | 39.4 | 39.4 | 29.4 | 39.7 | 39.6 | 42.1 |39.7 |4o.5
1.0 40.8 | 41.6 | k0.5 46.1 | 30.4 |42.1 ‘.39.0' 41.3 | 39.4 |Lo.9
- =OP=1 P.T.F.E. Lubrication. -260P-1
[ s2a 4303 | bour [ 4.3 ] 36.6 | 31.9 | 36.1 | 35.0
D4 40,5 | k0.2 | 40.1 | ko.2 4bo.5 1 41.7 | 41.7 | 40.9
Q. 39.0 | 39.7 | k0.5 | 40.3 L2,1] 40.5 | 41.3 | 41.3
0. Lo.1| 52.5]| 43.3 | 45.9 | 4o.1| ho.5 | 41.3 | 41.0
1.0 40.1 39.4 | 43,7 | k2.1 41.7 | 40.9 | 39.7 | 40.1

e Eea i
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A.5. The Hydraulic Oscillator.

t.6.1., General Description.

The unit was operable over a frequency range of O to 500 Hz
with 2 thrust of 4,500 1bf. and stroke of 0.25 in.

The oscillator was controlled by a single-channel servo system,
the position of the piston being indicated by means of a rotary
transducer. |

The transducer was an a.c¢. pick-up, the feed-=back signal from
this being demodulated prior to amplification in the d.c. amplifier,
The output from the transducer was proportional to the actual dis-
placcnent. Negative feed-back was employed to maintain;stability
in th2: system.

Acbe2. The Actuator.

The actuator was a double~-acting jack with a rod extension at
each ~nd. Hydraulic fluid under pressure was delivered from the
powernack vi; servo valves to the ac£uator. The total movement of
the jack was 0.25 in. and its cross-sectional area was 1.5 in®,

Yhen supplied with oil at the maximum flow rate of 6 galnin"l at a
pressure of 3,000 1bf.in"%, the maximum dynamic thrust was 3,000 1bf.
with a velocity of 18.5 in.s.‘l. Under static conditions a thrust
of 4,520 1bf, was available,

Atebe3s Hydraulic Power Supply.

The unit comprised a pressure-compensated variable-delivery
pucp criven Sy an electric motor, The pressurised fluid was
de_ivcred to the actuator via an accumulator and a filter, The
return flow passed through a fan driven oil-cooler back to the
reservolr. |

Servo Unit =~ The Servo Unit controlled the actuator and power
was suvolied from an oscillator, 'Gain' was in switched increments

with 2 'fine' control spanning the set increments.

A balance control ensbled the jack to be located at any position



pricr

to vibration being superimposed,

Jarrier Generator Unit =

A4

This unit supplied a 24 volt R.M.S.

at 2.4 kHz to the feed-~back transducer and demodulator.

for op

2owver Supvly Unit -

erating the servo unit.,

febe5. Specification.,

Actuator.

Zearing type

7requency Range

Stroke

ffective Ram Area

laximum Thrust

Thrust at Maximum Velocity
Maximum Velocity

lounting

Piston Rod

Hydraulic Power Supply Unit.

Fluid Type

Fluid Ggpacity

Tilter

Fump Delivery

System Pressure
Zlectronic Motor (Pump)
Zlectric Motor (Cooler)
Accunulator

=lectronic Control Unit.

Internal Oscillator Range.
Zxternal Signal Input,

Input Impedence

This provided a stabilised 12 volt supply

Drained Gland
d.c. to 500 Hz.
: 0.125 in.

1.5 in®*
4,500 1bf. . |
3,000 1bf.

18.5 in.s"l
Flange at end drilled

with 7 holes 17/32 in.dia
on a 7 in P.C.D.

1 7/8 in.BSF. thread by
13/16 in. deep with a 1 in.
dia hole drilled through

the piston centre along its
axis,

Shell Tellus 27
15 gallon -
5 micron
6 gal.min.'l
3,000 1bf.in~2
15 hp.

0.5 hp.

Charged at 1500 1bf,in‘2

0.01 to 1000 Hz,
5 volt peak

20 x 10° ohms.
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Punch Amplitude Calibration
Distec Output v

Crystal Galvanometer Deflection

Output (mv peak-to-peak)

Distec

Re

3

Galvanometer M6294 Channel 7

v f.s.d. r m.s. meter

istec Output _ 0.403 mv.(mmgalvo defln]’
Galvo Defln

(@)}

S

~

o~
o

20

A

0 20 40 60 80 100 120

Galvanometer Deflection { mm)

140

T



Die Amplitude Calibration
Distec Output Y

Die Crystal Galvanometer Deflection

(mv peak-to-peak)

Output

Distec

Galvanometer P 731 Channel 6

v f.s.d. r.m.s. milivoltmeter

Distec Output _ 0,0676 mv.({mm galvo defin]’
Galvo. Defin.

6 /

A

1/

0 20 40 60 80 100 120

Galvanometer Deflection (mm)

140

‘e




Punch Load quibrotion
~ Punch Load v

Galvanometer Deflection

Galvanometer R1707  Channel 1
Bridge Volts = 10v  Amplifer Gain =50
Proving Ring 1321

Compressive Load = 2.67[bf.fmmgalvo defln]
Galvo. Defln.

/

Compressive Punch Load (1bf)

/

100 . //

0 20 40 60 80 100 120 140
Galvanometer Deflection (mm)

T _ . o _ e



Friction Load Cell
Compressive Load

Vv

Calibration

Load Cell Galvanometer Deflection

Compressive Load (lbf)

Galvanometer M 711
Bridge Volts = 8

Gain=1000
_Load =

Galvo Defln

Channel 5

1.02 IbfJ{mm galvo defln—)"

/

/

R

&

&

10}

10 20 30
Galvanometer

40 50
Deflection {mm )

60 70

T




Friction Lood: Cell Calibration

Compressive Load Vv

Load Cell Galvanometer Deflection

( Ibf )

Compressive Load

10

Galvanometer M 711 Channel 5
Bridge Volts = 8v
Gain = 2000

Load __ _ 0,476 Ibf.(mm galvo defln]

Galvo Defln

40

p

v
/

/

20 40 60 80 100 120 140,
Galvanometer Deflection (mm)

Ta



Punch Displacement Calibration
Punch Displacement v
Galvanometer Deflection

Galvanometer Z 589 Channel 3
Transducer Voltage =5v

Oscilloscope Gain  1v.cm?

Punch Disp. - 0.0125 in.{mm galvo defln)
200 Galvo. Defln.

175

—
h

—

(]
~]
n

Punch Displacement ( in)

0 20 40 60 80 100 120
Galvanometer Deflection (mm)

140

‘%




L H. Blank-holder Load Cell Calibration
Compressive Load v

Load Cell Galvanometer Deflection

Galvanometer Z 8248 Channel 10
Bridge Volts = 10v

Proving Ring 1321

i -1
Compressive Load  -11. l
Galv‘ 5 Defln. 11.5 Ibfimmgalvo defin)

/

700}

(o)}
o

N

~

=
AN

Compressive Load ( lbf)

/

&3
AN

/

0 10 20 30 40 50 60
Galvanometer Deflection ( mm)

T

100 /

70
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RH. Blank-holder Load Cell Calibration
Compressive Load v

Load Cell Galvanometer Deflection

Galvanometer Z 621 Channel 11
Bridge Volts = 10v
Proving Ring 13'21

Compressive Load
Galvo. Defln.

= 9.87 Ibf (mm galvo deﬂ_r%

700

600

/

>

(1bf)

Load

400

Compressive

10 20 300 40 50 60 70

Galvanometer Deflection (mm)
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L.H. Blank-holder Amplitude Calibration

Galvanometer Deflection (mm)

Distec  OQutput v
Crystal Galvanometer Deflection
Galvanometer S$8329-2 Channel 8
3v f.s.d. ac. millivoltmeter
Distec OQutput -1
Salvs Defin 1.09 mv(mm galvo defln)
80
70+
6

S 60) /
[¢}]
& /
O
150 e
@]
3 /
g d
5 /
a
a 30 Va
(8]
Q
o 20
a /

1 y,

0 10 20 30 40 50 60 701 -
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'R.H. Blank-holder Amplitude Calibration

Distec Output v
Crystal Galvanometer Deflection

(mv peak-to-peak)

Distec Output

Galvanometer S524 Channel 9

3v f.s.d. a.c. millivoltmeter

Distec Output _ 0938 mv.(mmgalvo c:lefln)_1
Galvo. Defln.

&

~]
o

N

o))
o

//

&

|

A

10}

0 10 20 30 40 50 60
Galvanometer Deflection (mm)

70

‘e




Distec Displacement Sensor Calibration

Output of Probe v

Distance from Material

Material En 30B

Distec Qutput
Probe Movement

- 7.32v.mm"’

=0.186 mv.{ inx10"°) "

1%

12

10

—

Distec OQutput ( Volts )
(0]

[Datum
/ 8v Output
6 //
2
Vd
a7
2
o
7.8 8.0 8.2 84 86 &8 90

Height Gauge Reading (mm)

92

5.



Die Separation Force Load Cell Ca_libration

Tensile Force v

Galvanometer Deflection

(Ibf)

Tensile Load

Galvanometer M 711

Channel 5

Bridge Volts = 8v
Amplifer Gain =100, 200

Tensile Load . 3.80, 1.95 Ibf.[mm galvo defin]

Galvo Defin

140

120

-
o
o

-

gain
=200

Vi

/.

/.

20

40

10

20

30 40 5
Galvanometer

0 6

0 70

Deflection (mm)
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Punch Velocity Calibration
Punch Velocity Y

Galvanometer Deflection

Punch Velocity (mm.s™)

Galvanometer M150 Channel 4

Transducer 6LV3 Valve VM. 3v dc fs.d

Punch Velocity 4445 mm. s/mm galvo.defln) ™’

Galvo. Defln. -0 00454 in. s (mmgalvo. defln)

i 117
6 _ /
RN

4 / /

3 /

2 //

1 Wi

O T — 3040 50 B0 70

Galvanometer Deflection {(mm ) -
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L.H. Ironing Die Amplitude Calibration

Distec Output Y

Crystal Galvanometer Deflection

(mv peak-to-peak)

Distec Output

—
N

—
(]
o

Galvanometer S 8329-2 Channel 8
3v f.s.d. a.c. millivoltmeter

Distec OQutput _
Galvo. Defin.

3.46mv.(mm galvo defln]’

160
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R.H. Ironing Die Amplitude Calibration

Distec

Output

\%

 Crystal Galvanometer Deflection

Galvanometer

3v

f. s. d.

Distec Output _ 2 38 mv.(mm galvo defln]

S 524 Channel 9

a.c. millivoltmeter

Galvo. Defln.
140 / //
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Ironing Punch Load Cell Calibration

Proving Ring Deflection v

Galvanometer Deflection

10° mm)

—
~
(@]

Proving Ring Dial Gauge Reading (2

Galvanometer R 1707 Channel 1
Bridge Volts =10v Amplifier Gain= 20
Proving Ring 2249s 3.510 Ibf. (division )’

Compressive Load _1.088x3.510 =3.821bf Emmgu[vodeﬁﬁ%

Galvo Defln
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L.H. Die Diaphragm Load Cell Calibration

Proving Ring Deflection v

Galvanometer Deflection

Proving Ring Dial Gauge Reading (2x10~mm)

&~

&

3

2

N

Galvanometer M40, 9418 Channel 6
Bridge Volts =10v
Proving Ring 2249, 3,510 Ibf. (division]

Compressive Load
Galvo Defin

= 2,6 x3510 =9,13(bflmm galvo defln]’
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R.H. Die Diaphragm Load Cell Calibration

Proving Ring Deflection v

Galvanometer Deflection

Galvanometer P 300-3 Channel 7
Bridge Volts = 8v | Amplifier Gain = 20
Proving Ring 2249, 3.510 Ibf(division)”

Galvo Defin.

Compressiveload _, ;. 3 510-15 41bf(mm galvo defln].

400 @

a
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Proving = Ring Calibration

Compressive Load v

Proving Ring Deflection

1600

Proving Ring

2248

Dial Gauge 2249 1division= 0,002mm

Compressive Load

Ring Deflection

= 3,5101bf.({division)

1600

/
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Compressive Load
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Test Nuxzbers Materials Draw-Ratio: Tadle liurter:
P-150-0,1 Aluminjium 1.50 P.1
Punch Velocity: Blank=liolder Force lbf, 'requeseys
0¢35 dn.st Loft Hand Right Hand - Kz
130 154
Punch Punch Load P, B~H Friction Oscillator:s | Velozity
un 1be Force Fo 1bf, [Amplitdue Ratio
Travel in,» 10’6
ine Osce| Non |Osce | Once | Non |Osce e - .
Osc. |Compe Cac. |Conp. Punch | Die |[Punch | Dio
P-gax 267 7.1
F.max '
o3 61 18.4
F,min
1,05 251 6.1
Test Numbert Katerials Drawv-Ratiocs Table Number
P-150-0,2 Aluminium 1.50 pP.2
Punch Velocity: Blank-lolder Force 1lbf, frenuencys
0.35 4in.s™t Loit Hand Right Hand , Kiz
140 130
Sunch Punch Lozd P, Bel Friction Oscillatery | Veleocity
ibt, Force Fo 1bfe |Amplitude. zatio
Travel in,x 10 =°
in. Osce| Non |Osce | Osce| Non | Osc .- ..
08c.|Compe Osc. Com; Punch| Die | unch| Die
> ,max
h D35 25 10,2
T e max
P emin
1.05 eal 7.01




Materials

Test Number: Draw=-Ratio: Table Number:
P-150-100 Aluminium 1.50 P.3
Punch Velocity: BlankeHolder Force 1lbf, Irequency:
0e35 fin.e"t Left Hand Right Hand 12.75 kEo
130 135
Punch Punch Load P. B-H Friction Oscillatory | Velocity
unc 1bf Force Fe 1bfe |Amplitdue Ratio
Travel in.x 108
in. Osce| Non |[Osce | Osce| Non |Osc. - .

' Osce| Compe Osce|Compe Punch| Die | Punch} Die
i'?ax 227 | 256 | 29| 9.2 | 8.7 | 0.5] 91| o 10.5| ©
Fomax 29 | 45 8| 22.4 |18,4 |-4.0| 74| o© 8.5| ¢
0.25
g-g;“ 184 | 236 | 52| 2.6 | 6.6 | 4.0| 119 | © 13.6| ©
g'g‘max 131 4,1 132 | © 15.1] ©

Tect Numbers Material: Draw-Ratiog Tzole Number
P-150-160 " Aluminium 1,50 DL
Punch Velocitys Blank-Holder Force 1bf, Freguency:
0e35 in.s"l Left Hand Right Hand 12,81 kHz
130 150
punch Punch Load P, B=H Friction Oscillatory | Velocity
1vf, Force Fo 1b{f, Amplitud96 Ratio
Travel in,x 10 =
in. Osc.| Non |Osce | OBca.| Non | Osc,
Osc.|Comp. Oac.| Comp|Funch | Die |Punch| Die
Pamax | aou | 256 | 32| 9.2 | 8.7 | -0.50 175 | 8.3 | 19.8] 1.0
F.max
o 3 51 b5 | - 6 |21.4 |18.4 | -3,0] 126 | 1.3 14,51 0.2
F.min 8 6
1.0 1561 23 55 1.6 6.6 5.0 217 6.9 24,91 0.8
g:g'ma 147 2.0 225 | 5.5 | 25.9| 0.6




Test Nunmber:
P-150-220

Material:
Aluminium

Draw=Ratio:
1.50

Table Munber:
P.5.

Punch Velocity:

-l
0.35 in.s

Blank-Holder Force 1lbf,.

Left Hand

Right Hand

"reauency:

12.?5 %Hz
141 135
Punch Punch Load P. B=H Friction Oscillatory| Velocity
1bf. Force F. 1lbf, Amplitude Ratio
Travel in.x o6
in. | Osc.| Non | Osc, | Osc.| Non | Osc. |, .
Osc. | Conp. Osc.| CompJ-2ch | Die | Punchi Die
Pumax| 500 | 256 | 56 | 9.2 | 8.7| 0.5| 247 | 13.5| 28.4| 1.6
1.35
g-géx 29 | 45 | 16 |20.4 |18.4| -2.0| 167 1.3| 19.2| 2.0
i,gén 179 | 236 57 | 3.1 | 6.6| 3.5| 290 | 12.4| 33.3 | 1.4
P.A.m} L.1 294 8.7| 33.8 ] 1.0
0.85 i
Test Number: Material: Draw-Ratio: Table 'fumber:
P-150-270,1 Aluminium 1.50 P.5

Punch Velocity:

ine.s

Blank-Holder Force 1bf.

Yreguency:

0.35 Left Hand Right Hand 12.77 wi=
130 185
punch Punch Load Pe. B-H Friction Oscillatcry| Velocity
unc 1bf. Force F. 1bf, Amplitude Ratio
Travel _ ineX 10'6
ine Osce | Non Osc. Osc.| Mon |0Osc, . .
Osc. |Compa. Csce.|Compe Punch| Die (lunch| Die
i-;gx 200 | 256 56 7.1 8.7] 1.6| 264 | 18.2| 3¢.3| 2.2
g-gax 37 | 45 8 | 16.3|18.4| 2.1 | 180 | 4.2 | 2¢.7| €.5
{-gin 168 | 236 | 68 | 2.0 6.6 4.6| 293 | 14.2 | 33.6| 1.7




Test Kumber: Material: Draw-Rétio: Table Nunmber:
P-150-270,2 Aluminium 1.50 Pa7
Punch Velocity: Blank-=Holder Force 1bf. Frequency:
0e35 in.s Left Hand Right Hand 12.75 Kkiiz
132 183
Punch Punch Load P. B-H Friction Oscillator;y | Velocity
une 1bf. Force F. 1bf. [Amplitude Ratio
Travel in.x 10-6
in. Osce | Non Osc. Osc.| Non Osc. : .
oOsc. | Comp. 0Osc.| Comp. Punch Die Punch| Die
11>:§§x 203 | 256 53| 9.2 | 8.7 [-0.5 | au5| 20.% | 28.2| 2.3
g:gax 32 4s 13 | 13,3 |18.,4 | 5.1 223 . 25.6| 0.L
F.min
1.05 165 | 236 71| 2.0 | 6.6 | 4.6 2931 18.2 | 33.6| 2.1
Test Number: Material: Draw-Ratio: Tabie llumber:
P-155=0 Aluminium 1.55 2.3

Punch Velocity:
1l

Blank-~Holder Force 1lbf,

Tresuenc::

0.35 in.s Left Hand Right Hand - kiz
151 155
Sunch | Furch Load P. B-H Friction Oscillatory | Velocity
- 1bf. Force F. 1bf, | Amplitude Ratio
Travel . -6
in.x 10
in. Osc.| Non Osc. Osc.| Non | Osc. - . . .
Osce | Comp. Osc.| Comp. Punchj Die | Punch| Die

P.max
1,k 280 13.3
F.nax
0.35 23 20,4
F.oin




_Test Number: Material: _Draw-Ratio: Table Number:
P=~155-100 Aluminium 1.55 P.9
Punch Velocity: Blank=Holder Force 1lbf, Srequency:
0.35 in.s~t [ Left Hand Right Hend 12.80 kiiz
16k 146
h Punch Load P. B-H Friction Oscillatory | Velocity
Punc - 1bf. " Force F. 1bf. Amplitude xatio
Travel - inux 10—6
in. |[Osc. | Non |Osc,. Osc.| Non | Osc. : . .
Osc. |{Comp. Osc.| Comp.| FuBch| Die jPunch| Die
TR 251 | 280 29 |12.2 | 13.3) 1.1 | 100 | 5.3 | 11.4] c.7
g*gax 27 | 53 26 [18.4 | 20.4| 2.0 | 106 o | 12.2) ¢
g.$;n 155 {200 45 | 1.0 | 9.2| 8.2 | 154 | 5.5 | 17.7 | c.6
P.A.mR: 5 ol o=
065 ’T 133 2.0 156 4,7 { 17.2| 0.5
Test Number: -Material: Draw-Ratio: Table Numnber:
P-155-160 Aluminium 1.55 F.10
Punch Velocity Blank-Holder Force 1lbf. -- Irequencys:
0.35 in.s-l - Left Hand Right Hand 12.75 kEg
160 165
Sunch Punch Load P. B-H Friction Osecillatory Velocity
* 1bf. Force F. 1bf, Amplitude Ratio
Travel . -6
- in.x 10
in, [Osce. [Non |[Osc. Osc. | Non |Osc. . . .
Osc. |Comp. Osc |Comp. Punch | Die {Funch | Die
i-ggx 240 | 280 5o (12.2 | 13.3| 1.1| 139|7.3 | 16.0|0.8
o129 | 53 | 24 [13.3 |20.4| 7.1] 169 {1.1 | 19.% |0.1
oops [139 [200 | 61 | o | 9.2 9.2| 238 8.0 | 27.3 |0.9
P.A.nm - '
0.65 |22 0 241 16.9 | 27.7 0.8




Test Number: Material: Draw=Ratio: Table llumber:
P-155=220 Aluninium 1.55 2,11
Punch Velocity: Blank-Holder Force 1bf. Trequency:
0.35 1in.s™* | Left Hand Right Hand 12.83 kilz
146 176
b h Punch Load P, B-H Friction Oscillatory | Velocity
unc 1bf. Force Fo 1bf. |Amplitude Ratio
Travel fnex 10—6
in, Osc, | Non |[Osce. | Osc.| Non |Osc, . .
Osce |Comp. Osc. |Comp. Punch | Die Punch| Die
i-g;x 237 280 | 43 [13.3 [13.3| o | 202 | 13.1 | 23.2] 1.5
g.gax 35 | 53 | 18 |16.3 [20.4 | %.1 | 210 | 3.0 | 24.1| 0.3
g'”‘%" 152 | 200 48 o) 9.2 | 9.2 | 308 | 14.5 5.4 1.7
Test Numbers: Material: Draw=Ratio: Table Number:
P-155-270 Aluminium 1.55 PLl2
Punch Velocity Blank-Holder Force 1lbf, Frequency:
0.35 in.a"l Left Hand Right Hand 12.73 kiz
150 170
bunch Punch Load P. B=H Friction Oscillatory | Velocity
1bf. Force F. 1bf, |Amplitude Ratio
Tr:;el in.x 10-6
* Osc. | Non |Osce Osc.| Non |[Osc, Punch 5 .
Osc. |Comp. Osc.|Comp, une Die | Punchf Die
ig;x 216 [ 280 | 64 | 11.2[13.3| 2.1 247 | 15.% | 28&.4| 1.8
emax ) 21 | 53 | 32 |12.2|20.4 | 8.2| 245 | 3.3 | 28.2 0.4
peTitla28 J200 | 72 | o | 9.2| 9.2 325 | 13.1| 37.3| 1.5




Test Number: Matorial: Draw=2atio: Table Nhurbher:
P-160-0 Aluminium 1.60 .13
Punch Velocity: Blank-llolder Force lbf, Trequenc::
0.35 in.s'l Left Hand Right Hand - kiz
184 175
Punch Punch Load P, B-~H Friction Oscillatory | Velocity
une 1bf. Force Fo 1bf. |Amplitude “atio
Travel in.x 1070
in. |Osc, |Non |[Osce Osce| Non | Csce : - g
Osc. |Conpa Osc.| Comp. Punch Die |Funch | Lic
P.max 6
1.5 29 12.2
F.max
0.5 32 21.4
F.uin
1.0 237 9.2
Test Number: Materials Draw=Ratio: Table Number:
P-160-100 Aluninium 1.60 P11k
Punch Velocity Blank=llolder Force lbf, requencys
0.35 in.s”™ | Left Hand Right Hand 12.91 iz
175 165
sunch Punch Load P, B-H Friction Oscillatory | Velecity
1bf,. Force Fo 1lbf,. Mplitude Ratio
Travel in.x 10.6
in. |0Osc. |Non Osce Osce| Non | Osce - e
Osce |Compe. Ose | Compe Punch| Die |Punch | Die
f'gax 264 | 296 32 | 9,2 |12.2| 3.0 117 | 6.9 | 13.4]c.8
Fmax) 35 | 32 |- 3 (143 |20k 72| 59 | o© 6.7| o
i-g;” 221 {237 16 | 4.1 | 9.2 | 5.1} 150 | 5.5 | 17.2 | 0.5
P.Aom}t
0.85 176 Se.l 156 | 4.C 17.9 | 0.5




Test Numbers Material: Draw=Ratios Table llumbers:
P-160-160 Aluninium 1.60 P15
Punch Velocity: Blank-Holder Force 1bf, rrensuencys:
0.35 4ines™> | Left Hand Right Hand 12.73 ki
185 170
h Punch Load P, B~H Friction Oscillatory | Velocity
Punc 1bf, Force Fo 1bf. |Amplitude Ratio
Travel in.x 10-6
in, Csce |[Non [Csce | Osce | Non |CUsce e s
Osc. |Comp. Ose. |Comp. Punch | Die Funch| 2ie
T |26k | 296 32 | 12.2 |12.2 | © 165 | 9.1 | 10.0| 1.1
g-gax 51 32 -19 {18.4 |21.4 | 3.0 83 0 9.5 0
Teoin 1216 | 237 21| 3.1 | 9.2| 6.1 | 204 [ 7.6 | 22,4 o.9
g.g.mx 194 b1 208 | 6.9 | 23.9| 0.8
Test Numbers: Material: Drawe-Ratios Table lumbder:
P~160-220 Aluminium 1.60 P.16.
Punch Velocity Blank~Holder Force 1lbf, Treguency:
0.35 in.s-l Left Hand Right Hand 12,23 kiz
170 180 '
sunch Ffunch Load P, B-H Friction Oscillatory | Velocity
n 1bf. Force Fo 1bf., |Amplitude Ratio
Trg:el _ inux 10'6
* Csce |Non |OscCe Osce | Hon {Csce _ . .
Osc. |Compe Osc. [Comp. Punch | Di- Punch| Die
i';ax 256 | 296 4o | 22.4 |12.2 | -10.2| 281 | 12.4 | 27.7 | 1.k
§°§§x 32 | 32 0115.3 |21.4| 6.1 113 | 1.3 | 13.0| 0.2
F.zin
0.95 200 | 237 37 | 1.6 | 9.2 7.6| 262 8.7 | 30.1| 1.0
P.A.mX
0.85 |67 2.0 273 | 8.0 | 31.4| 0.9




Test Numbers Material: Draw-Ratio: Trole Number:
P-160-270 Aluninium 1.60 P.17
Punch Velocity: Blank-Holder Force 1bf. Frequency:
0.35 ines™> | Left Hand Right Hand 12,75 iz
180 175
Punch Punch Load P. Be«H Friction Cscillatory | Velocity
8 1bf, Force Fe 1bf, [Amplitude Ratio
Travel ine.x 10~6
in. Osce | NOn Osce | O5Ce | NOn Osc 4 . o3
Osce | Comp. Osc. COmr.Punch Die Funch| Die
E-gax 227 | 296 69 | 7.1 [12.2 | 5.1 293 | 20.0| 33.7] 2.3
g-gax 29 | 32 3 |16.3 [21.4 | 5.1 182 1.3| 20.9] 0.2
g-g;n 192 | 237 45 | o | 9.2 | 9.2 293 | 15.6] 33.7| 1.8
J
Test Numbers: Materials Draw-Ratio: Tadble Number:
P-165-0,1 " Aluminium 1.65 P.18
funch Velocity Blank-Holder Force 1bf, Freguency:
0.35 ines — | Left Hand Right Hand - Kz
176 184
bupch | Punch Load P B-H Friction Oscillatory | Velozity
: 1vf, Force F, 1bf, Anmplitude Ratio
Travel -6
4 5 q 5 in.x 10
Ne 8Ce on | Osc, sc Non | Osc,
Osce | Comp. ¢ Osca | Compe Punch| Die |Funch| Die
P.mex. 328 18.4
F.nax
o % 69 31,6
Fomin 275 16.8
1.0 °




Test Numbers: Material: Draw=Ratio: Table Number:
P_]_GS_O,Z Aluminium 1.65 P.1l9
Punch Velocity: Blank-Holder Force 1lbf, Frequency:
0.35 1in.s~' | Left Hand Right Hand ) KHz
176 190
bunch | Funch Load P. B-H Friction Oscillatory | Velocity
1bf. Force Fe 1bf., |Amplitude Ratio
Travel . -5
in.x 10
in. Osce | Non Osce. | Osc, | Non Osc. - -
Osce | Comp. Osce Comp.Punch Die | Funch) die
P.
1 b 317 18,4
F.
ol 75 26.5
F.nin
Speciban Fajled
Test Number: Material: Draw=-Ratio: Table Number:
-165- " Aluminiu
P-165-100 uminium 1.65 P.2¢C
Punch Velocity Blank-Holder Force 1bf. Frequency:
0.35 in.a-l Left Hand Right Hand 12,£3  xHz
190 200
Punch Load P. B=H Friction Oseillatory | Velocit
Punch ry| Velocitly
1bf, Force F. 1bf, Amplitude Ratio
Travel g n=b
in.x 10
in. Osc.| Non | Osce | Osc. | Non Osc. .
Osc. | Comp. Osc. | Compe Punch| Die | Punch| Die
P.max
1.75 288 | 328 ko |17.3] 18.4 1.1 76 | 5.5 8.7| 0.6
F.max
0.25 | 37 | 69 | 32 [25.5| 31.6| 6.1| 85 0 o.8] o
F.min
0.9 | 208 | 275 | 67 | 5.1|16.8]11.7| 128 | 4,0 | 14.7| o.5
P.A.ox
0.65 | 163 10,2 143 | 3.3 16.4] 0.4
D.Aunmx 6.6 0.8




Test Number: Material:. Draw-Ratio: Teole lumber:
P=165=160 Aluminium 1.65 F.21
Punch Velocity: Blank-Holder Force 1bf. Freguency:
0.35 in.s“l Left Hand Right Hand 12.75 KAz
190 200
ounch | Punch Load P. | B-H Friction Oscillatory | Velocity
1bf. Force F. 1bf. Amplitude Ratio
Travel ine.x 1 =6
in. Osc. | Non | Osc. | Osc. |lion Osc. Punch| Die Tunch| Die
Osc. | Comp. Osce Comg.
1007|280 328 | 48|19.4 [18.4 |- 1.4 87 | 5.5 | 10.0| 0.6
g.;;x 51 | 69 18 [ 23.5 [31.6 | 8.1 137 | 0.7 | 15.7] 0.1
g'sin 208 | 275 67 | 6.1 |16.8 | 10.7] 141 | 4.7 | 16.2] 0.5
g-é- m 141 17.3 160 2.1 18.4 0.2
D.A. 6.9 0.8
‘Test Number: Materials Draw-Ratio: Teble Number:
P=165=220,1 * Aluminium 1.65 P22
Punch Velocity Blank=Holder Force 1bf. Frequency:
0.35 in.s™% | Left Hand Right Hand 12.83 iz
195 190
- n Punch Load P. B-H Friction Oscillatory |Velocity
-unc 1bf. Force F. 1bf. Amplitude Ratic
Travel in.x 10-6
in. Osc. |Non |Osc. |Osc. |Non |Osc. - . .
Osc. |Comp. Osc. |Comp. Punch | Die |Punch| Die
i-ﬁ;x 240 | 328 88 | 7.1 [18.4 | 11,3 245 |10.¢ | 28.2( 1.3
Fomax | 4o | 69 29 | 20.4 |31.6 | 11.2] 180 | 2.1 | 20.7] 0.2
i-gin 184 | 275 91 0O |16.8 | 16.8] 293 9.¢ | 33.71 1.1
Ee 8 I 157 1.0 210 | 7.2 | 35.6| 0.8
Specipan fafiled




Test Numberg Materials Draw-Ratio: Table Nurber:
P-165-220,2 Aluninium 1.65 P,23
Punch Velocity: Blank-Holder Force 1lbf, rresuencys:
0.35 4nes~Y | Left Hand Right Hand 12.59  Kix
193 198
Punch Punch Load P, B=H Friction Oscillator; | Velocity
unc 1bf, Force Fo 1bf, |Amplitude Ratio
Travel n.x 10-6
in. | Osce | Non |Osce. | Oscs| Non | Osc. ., e
Osc. | Compe Osc.| Comp. Punch|Die unch| Die
i'fax 251 | 328 72 l11.2 [18.4 | 7.2| 262 |10.2 | 30.1] 1.2
g,gaz 37 69 32 |21.4 |31.6 10.2 158 1.3 18.2| 0.2
g'gin 187 | 275 88 | 3.1 |16.8 | 13.7| 288 | 7.6 | 33.1| 0.0
Pdﬁ.mmf .
0.3 168 L, 295 | 6.6 | 33,9/ 0.8
Test Number:_ Material: Draw-~Ratio: Table MNunber:
P=165=270 Aluminium 1.65 P.2b

Punch Velocity:

Blank~Holder Force 1bf,

Irequency:

0.35 4in.s™t | Left Hand Right Hand 12.75 kiz
189 195
Punch Punch Load P, B-H Friction Oscillatory | Velocity
1bf, Force F, 1bf, | Amplitude Ratio

Travel in.x 10'6
ines | OsCe | Non | OBce | Osc.| Non |Osc,. - )
Osce | Compa 0sc.|Comp. Punch| Die | “unch| Die
E-ﬁéx 235 | 328 93 11042 [18.4 | 8.2 | 295 | 9.5 33.91 1.1
gemax | 32 | 69 37 |16.3 |31.6 [15.3 | 245 | 3.0 | 28.2] c.3
E’?@“ 147 |275 | 128 | o [16.8 [16.8 | 329 [10.2 | 37.8] 1.2

Specimen fafiled




Test NHumber: Material: Draw~Ratio: Table Number:
P-170-0,1 Aluninium 1.70 P.25
Punch Velocity: Blank-Holder Force 1bf. frequency:
0.35 i1:1.rss"l Left Hand Right Hand - kHEz
210 220
D h Punch Load P. B-H Friction Oscillatory Velocity
unc 1bf. Force F. 1bf. |Amplitude Ratio
fravel inex 10-6
in. Osce [Non |Osc. | Osc.| Non [Osc. . Senen] T
Csc. |Comp. Osc. |Comp. Punch | Die Funexy bie
P.max 4 22,4
1.65 il |
F.nax
0.’4 80 39.8
Fomin 304 18,4
1.15 ° I o
Test llumber: Material: Draw=Ratio: Table Number:
P-170=0,2 Aluminium . 1.70 P23
Punch Velocity Bluonk-Holder Force 1bf. Srequenc:s
0.35  in.s Left Hand Right Hand - kiz
210 220
bunch Punch Load P. B-H Friction Oscillator: Velocity
n 1bf. Force F. 1bf. |Amplitude Ratio
Trg:el in.x 10'6
° Csc. |Non |Osce. Osc.| Non |Osc. . .
Osc. |[Comp. Osc. |Comp. [FURCR | Di¢ | Punchl Die
Pcmax
1.70 344 20,4
g'ﬁax 108 32.6
Fomin 304 14,3
1,20 °




Test Number:

P-170-100,1

Material:

Aluminium

Draw-Ratio:
1,70

Table Number:

P.27

Punch Velocity:

Blank-Holder Force 1bf,

1

Frequency:

0.35 in.s” Left Hand Right Hand 12,79  kHz
215 220
Punch Punch Load P, B-H Friction Oscillatory | Velocity
un 1bf Force Fo 1bf. |Amplitdue Ratio
Travel in.x 10-6
ine. Osc.] Non | Osce Osc,| Non |Osc,. Dy .
osc.| Comp. Osc.|Comp. Punch| Die Punch| Die
i*’g;x 31| 3u6| 5 | 214 [21.4 | © 22 | 1.3 2.5( 0.1
g-ﬁgx 72| o4| 22 |35.7]36.2] 0.5] 22| o 2.5 ©
i.ﬁén z04 | 30k 0 | 17.3 |16.4 | -1.0 26 | 1.3 3.0 0.1
PoAama| ooz 20,4 28 0 3.2 ©
0.9
-Specijmen fgiled
Test Number: . Material: Draw-Ratio: Table Kumber
P-170-100,2 Aluminium 1.70 P.28
Punch Velocity: Blank-Holder Force 1bf, Frequencys
0.35 in.s"t Left Hand Right Hand 12.83  yagz
210 215
Punch Punch Load P. B-H Friction Oscillatory | Velocity
1bf,. Force F, 1bf, Amplitudes Ratio
Travel in.x 10 =
in. Osce.] Non | Osce Osce| Non Osce s
Osc.| Comp. osc.| Comp Puanch| Die | Punch| Die
i’?éx sb1| 36| 5 |19.4f21.3) 2.4 20| 1.3 | 2.3 0.1
Fepax 85| 94| 9 f20.7|36.2| 6.5| 20| o | 2.z o
Teort | 27| sou| 27 |13.3|16.4 3al 28| 1.3 | 3.2 0.1
o5 253 14,3 30 o | 3.5] o




Test Number: Material: - Draw=2atio: . Table Number:
P-170-160,1. Aluminium 1.70 P.2¢
Punch Velocity: Blank-lolder Force 1lbf, Frequency:
0.35 in.s™>| Left Hand Right Hand 12.85 kHz
210 215
Punch Punch Load P, B=H Friction Cscillatory| Velocity
1lbf. Force Fo, 1lbf, | Amplitude Ratio
Travel in.x 10-6
in. |[Usce |Non |[Osce Osc{ Non | Osc. . .
Osc. |Compe Oscd Comp. Punch| Die| Punch| Die
Popex | o6k | 346 | 82 | 15.3| 2L.k| 6.1f 113| 5.5] 13.0 0.6
Pomax | 95 | 9k | 19 | 23.4| 36.2|12.8| 195| 3.0| 22.4 0.3
E.rgin 235 | 304 69 8.,2| 16.4| 8.2 160 | 6.2 1&.4 C.7
P.A.mx " Lo c.a 0.5
0.65 152 11{‘.3 23 2 ,! )
Specimen fTiled
Test Number: Material: Draw-Ratio: Tatkle lunber:
P-170-160,2 Aluninium 1.70 F.30
Punch Velocity Blanke«liolder Force 1lbf. Sreqguency:
0.35 in.s”>| Lleft Hand Right Hand 12,79 iz
212 218
Punch Punch Load P. B-H Friction Oscillatory | Velocity
1bf. Force F, 1bf, | Amplitude matio
Travel \ -
in.,x 10
in., |Osc., [Non Psce. Osce Non | Osc, . . .
Osc. [omp. Osc | Comp.) Punch| Dic | iunch| Die
iﬁgx 284 |346 62 | 15.3| 21.4| 6.1| 156 | 6.¢ | 17.9| 0.C
mim 2wy 3ok | 93| 6.1] 16.4[10.3| 212 | 6.9 | 2k.k | 0.8
Pohonx =
0.75 160 10.2 249 | 5.5 | 28.6 | 0.6
Specimen ffiled




Test Number: Hateriasl: Draw Ratio: Table luxmbex:
P-170-220 Aluminium 1,70 I'.31
Punch Velocity: Blank-liolder Force 1lbf, I'requencyt
0s35 1n.s'l Left Hand Right Hand 12.83 kilz
215 215
Sunch Punch load F, B-H Friction Osecillatory | Velocity
1bf, Force Fo 1lbf, |Amplitude Ratio
Travel in.xllo-s
in. Osc.| Non |Osce. Osc.] Non | Osc. .
Osc,e |Compe. Osc.| Comp. Punch | Die | Punch| Die
E'gax 269 | 346 | 77 010.2|21.411.2| 212 ] 8.5 | 24.a | 1.c
g.gax 59 o | 35| 23.4|36.2(22.8| 204 | 2.1 | 27.4 | 0.2
g'gén 197 | 304 | 107| 4.1 |16.4]12.3| 299 | 8.0 | stk | 0.0
P.Aumax ¢ 6.1 2 6.6 | kx| .8
0.8 1 3 . 99 . s Ta™ /-
Test Number: Materials Drav-Ratios Table Number:
P-17C-270 Aluminium ' P32

Punch Velocity:

Blank«Holder Force 1lbf,

-1

Irequency:

0e35 in.s Left Hand Right Hand 12.8% klz
210 215
Punch Punch Load P, B=H Friction Oscillatory | Velocity
1bt, Force Iy 1bf, | Amplitude Ratio
Tr:vel in.x 10-6
Ne Osce| Non |Osce Osce| Non Osce.
Osc. |Comp. Osc. | Comp. Punch| Die | Funch| Die
E-g;x 2371 3486 | 109| 5.1 |21.4]16.3) 295 |10.9 33.9] 1.3
IF.max L L L 6 a
0.3 53 9 1] 24.5 | 36.2 ll.? 199 1.3 22.91 0.2
i'gi“ 200| 304 | 104} 3.1)16.%|13.3] 295 [10.2 | 33.9 1.2
Specimen fdiled




Test Number: Material: Draw Ratio: Table MNumber:
P-175-0,1 Aluminium 1.75 P33
Punch Velocity: Blank-lolder Force 1bf, Irequency:
0.35 in.s™" Left Hand Right Hand 12,7¢  kiiz
230 235
bunch Punch Load P. B-H Friction Oscillatory | Velocity
unc 1bf, Force F, 1bf, Amplitude Ratio
Travel in.x 10~
in. Osc. | Non |Osc. Osce | Non |Osc. . .
Osc, |Comp. Osc. |Comp. Punch | Die Funch | Die
P.max
] LI' .
Femax
0.55 149 b1.8
F.min
- I+ .
1.35 349 22.4
Specipen fajled
Test Number: Materials Draw=-Ratio: Table llumber:
P-175-0’ 2 Aluminium 1 .75 P, 3’4
Punch Velocity: Blank-Holder Force lbf,. Irequency:
0.35 in.s™" Left Hand Right Hand 12,83 kiiz
225 234
Punch Punch Load P. B-H Friction Oscillatory | Velocity
1bf. Force ¥, 1lbf, Amplitude Ratio
Travel in.x 10-6
in. Osc.| Non | Osc. Osc.|Non | Osc. . - .
Osc.| Comp. Osc. | Comp,| FWa¢h| Die [ZFunch| Die
Pemax 60 22,4
1,35 3 )
F.max 149 .
S 377
T.min
135 360 22.1}
Specifien fgiled

\



Test Numbers
‘P=175-1C0,1

Material:
Aluminium

Draw Ratio:
1.75

Table hunher:

Fa.35

Punch Velocity:

Blank-iiolder Force 1lbf,

.requencys

0.35 ines™t Leit Hand Right Hand 12,72  kilz
220 223
Punch Punch Load i, B-H Friction Oscillator::| Velocity
unc 1bf,. Force Fe¢ 1bf, Amplitude Ratio
Travel in,x 10-6
ines | OBc.| Non |Osce | Osce| lNon | Osce - o
Osc.| Comp. Cac.| Comp. Punch| Die funch| Dlie
i-g;x 221 | 355 | 24 |19.4|22.4 3,0| 67 | 3.0 | 7.7 | 0.3
g-ﬁgx 99| 149 | 50| 33.6 | %0 6. 85 | 0.7 | 9.3 | 0.1
f'fén 309 355 | 46| 18.4]22.4] .0l 781 2.1 | 9.0 0.2
P.A.maX -
0.65 176 30.6 111 | 1.3 | 12.8 | 0.2
{
Test Numbers Material: Drav-Ratio: Table NHumber:
P-175-100,2 Aluminium 1.75 P.35
Punch Velocity: Blank«~Holder Force l1lbf. Frequencys
035 ines™t Left Hand Right Hand Kliz
210 215
Punch Punch Load P. B=H Friction Oscillatory | Velocity
1vet, T'orce I'e 1bfe | Acplitude Ratio
T‘r:?el in.x 10-5
Ne Osces| Non | Osce Osce| Non Osc.
Osc,.| Comp, Osc. | Comp,| 7URC¢B| Die | Punchi Die
i‘??x 320 | 355| 35| 20.4|22.4| 2.0 7% | 3.¢c | 2.5 0.3
A 75| 19| 74| 31.6 | Lo 8.4l 721 0.7 | 3.3 o
105 | 293| 355| 62| 19.4|22.4| 3.0 87 | 3.0 [1c.0| 0.3
P.Aem
ply 1 211 26.5 106 | 1.2 [12.2| o.2




Test Number: Material: Draw Ratio: '“able liurser:
P-180-0,1 Aluminium 1.80 T3
Punch Velocity: Blank-iiolder Force 1lbf. .reguenc::
0.35 in.s + Left Hand Right Hand 12,78 kis
248 254
P h Punch Load P. B~H Friction Oscillator: Velccity
unc 1bf. Force F. 1bf. |Amplitude Ratio
Travel in.x 10-6
in. Osc.| HNon | Osc. Osc.| Non | Osc. . .
Osc.| Comp. ose.| Comp. Punch| Die Punch| Die
P.max
. 0.6
1.05 > >
Fomax 4
0.45 101 29
F.min u
Specirfen failed
Test Number: Haterial: Draw-Ratio: Table Hunber:
P—180-O . e Aluminium 1.80 b . 58
Punch Velocity: Blank~Holder Force 1bf, “reguency:
0.35 in.s™t Teft Hand Right Hand 12,81 ki
250 253
Punch Punch Load P. B-H Friction Oscillatory | Velocity
1bf. Force F. 1bf, Amplitude Ratio
Travel . ~6
in.x 10
in. Osc.| Non | Osc. Osc.| lion | Osc. Punch| Di ~ 1 e
Osc.| Comp. Osc. | Comp.| ~"2° i€ | sunca] Die
P.max |
P.r 3hk 26.5
Fomax 60
0.55 1 41,8
Fomin
- q_ .
1.2 34 26,5
Specimen fgiled




Test Number: Material: Draw=-Ratio:; Taoble liunber:
P-180-100,1 Aluminium 1.80 F,.30
Punch Velocity: Blank-Holder Force 1bf, :'reguency
0.35 in.a_I Left Hand Right Hand 12,72  klz
250 260
unch Punch Load P. B-H Friction Oscillatory | Velocity
F 1bf Force F. 1bf. |Amplitdue Ratio
Travel . -6
- in.x 10
in. Osc.| Non |Osc. Osc.| Non |[Osc. . .
Osc.|Comp. Osc.| Comp. Punch | Die Funch | Die
P.max 8 I !
1.05 291 343 52| 23.4 | 28.5| 5.1 | 15 3e3 17.7| 0.k
Femax | 69 | 131 | 62|35.7|43.8] 8.1 8 | o 2.2 o©
i-g;n 291 | 343| s2|23.4]28.5| s.u| ask | 3.3 | 17.7] o.u
P.A.max
080 237 26.5 176 | 3.2 2C.2| 0.4
Specinen failed
Test Number: Material: Draw-Ratio: Toble llumber
P-180-100,2 Aluminium 1.80 )
Punch Velocity: Blank-Holder Force 1bf. rrecuency:
0.35 in.sﬁl Left Hand Right Hand 12.81 Kiiz
248 255
bunch Punch Load P, B-H Friction Oscillatory | Velocity
1bf. Force F. 1bf. Amplitudes Ratio
Travel in.x 10 -
in. . Osc.] Non |Osc. Osc.] Non | Osc. Punch . .
Osc.| Conmp. Osc.| Comp| unch| Die Punch| Die
_ i-?gx 293 | 343 50| 24.4 | 28.5 L,y 145 | 3.7 16.7| 0.4
g°ﬁax 112 131 19| 31.6| 43.8]| 12.4 74 | o.7 8.5| 0.1
Foudn | a10| 43| 233 2t.4| 28.5| kaf a5 | 3.7 | 16,7 o.b
P.A.max
229 2645 167 | 3.5 | 19.2| 0.k
0,85
Specinen fajled




Test Number: Material: Draw Ratio: Tatle Humber:
BH-150=0-1 Aluminium 1.50 35 1
Drawing Speed: Blank-holder Torce: Frequency:
0.31 in.s") Le;;3H?§$ ]- Ri?tg ?g%d _ kiz
Punch Punch Load Die Separating Slank-h:ldcrn, ‘2l.
Travel | _? lbf 1 Fozfe D -}bf __Amp:-in:i1f“~ ~Tic
in Osc. h’on-q Osc.} Osc. Non. Usc. |LeH.§Rei.{im an
osc.jcomp OBC. comp
Do.22 | - |17 - - | 48.8 - - | - - -
20,46 228 3.9t
0.10 Lo 31.3
0.20 105 4L8.8
0.30 183 39.0
0.40 220 78
0.50 224 11,7t
G.50 198 21.5t
0.70 157 244t
G.30 87 21.5t
7490
1.00
1.10
Test Number: Material: Draw Ratio: Tatle Nurbser:
BH-150-20 Aluminium 1,50 BHE 2
Lrawing Speed: blank-holder rorce: freguercy:
051 1a.e7! | FefpMend [ mighgtama |
Punch | Punch Load ! Die Separating t Blank-holder | vol.
Travel | P 1bf | Force D 1Ibf | Amp. dinx10-f|a-zi-
in .Osc:..1 Hon-}0sc.} Osc. §} Non- } Osc. .L.H."R.E."f{ea::
osc.|Ccomp 0SC. comD
50.21 | 107| 117| 10]s52.7 [ 48.8 | 3.4 [23 | 8 |15 | 2.0
PoJul | 200|228 | 28| 7.8 3.9t | 11.7 |29 8 |19 2.4
0.10 | 37| 40 3] 35.2 | 31.3 3.9 |23 8 |16 2.0
0.20 99 | 105 6|50.8 | 48,8 2.0 |18 5 |12 1.5
0.30 | 160|183} 23| 41.0 | 39.0 2.0 | &1 5 |23 2.9
0.LO 197 | 220 23| 15.6 7.8 7.8 | 35 5 |20 2.5
0.50 | 192 | 224 | 32| 3.0 |11.7t|12.7 |29 8 |19 2.3
0.60 | 1631198 35]11.7t|21.5¢) 9.8 |29 8 |1¢ Ze3
0.70 | 125 | 157 32 | 15.6t | 24.4¢ 8.8 23 8 16 2.0
0.20 48| 87| 39| 10.7t| 21.5t | 10.8 |29 8 j1¢ Z.8
C.S0
1.00
1.10




Test Number: Material: ‘"Draw Ratio: Tatle Humber:
B5-150-60 Aluminium 1.50 3K 3
Drawing Speed: Blank-holder Force: 4 r-equency
o3 ine™ | Tefpfend T Tt | 6w
Punch Punch Load Die Separating 31ank-h.1dca Vzl.
Travel P 1bft Force D 1bf Amp. inx T T |l zic
in FOac."Non-qPOsc.“ Osc. T Non. T Osc. TL.H.- Re T «:ar.—
oscC.|CcOomp O8C. comp
Bo.21 99| 117 | 118 | 44.9 | 48.8 3.9 64| 20| 6| 5.6
£0.43 | 195 228 | 33| 9.8 3.9t | 13.7 82| zc| 36| 7.1
- 0.10 32| 4o 8] 27.3 | 31.3 4,0 47 s | 38| i&,5
0.20 91| 105| 14| 43.0 | 48.8 5.8 64 27| 45| =.¢
0.30 | 152} 183| 31| 35.2 | 39.0 3.8 6L ==z | 4ol £,.2
0.40 | 189 220 31} 15.6 7.8 7.8 82| 3¢ | 56| 7.1
0.50 | 181 | 224 43| 2.0t | 11.7t| 9.7 88| 33| 61| 7.7
0.50 | 1411198 57| 9.8t 21.5t| 11.7 | 100} L= 70| ¢t.o
0.70 99| 157 | 58| 13.7t | 24.4t | 10.7 | 117]| 81| 29{ 1:=.5
0.30 | 27| 87| so|15.6t] 21.5t| 5.9 | 117] 131|124 15,6
0.90
1.00
1.10
Test Number: Material: Draw Ratio: | Tatle liurber:
EH=150~100 Aluminium 1.50 BH 4
Drawing Speed: blanli-nolder Force: Frequency:
031 dmas™h | Teftgend T mightdand |, g5,
Punch Punch Load Die Separating . Blank-holder Vel.
Travel i ..? 11:-1‘ 1 Fo::_ce D “lbf 1 Amre 1nx 1077 Rectic
in Os¢c.}Non-]0sc.} Osc. } Non-~ } Osc. L.H.FR.E.“Heag
0SC. | COmp 0SCe. comp
50.25 | 99| 117] 18| so.o | 48.8 | 8.8 | 217|122 169 21.7
Po.us | 175 228| 53| 11.7 | 3.9t 15.6 | 229 131 180| 23.1
0.10 27| &o| 13| 17.6 | 31.3 | 13.7 | 176} 116 | 146 18,7
0.20 721 105| 33| 37.1 | 48.8 | 11.7 | 205 121 | 153]| 20.¢9
0.20 128 | 183] 55| 35.2 | 39.0 3.8 | 223} 121 | 172]| 22.1
0.40 | 168 | 220| 52| 19.5 7.8 | 10.7 | 229 | 125 | 178 22.¢
0.50 | 165| 22k| 59| 3.9 | 11,7t 15.6 | 234} 13| 135| 23,7
0.60 | 131| 198| 67| 5.9t| 21.5t| 15.6 | 229{ 175 | 203 | 2:.1
0.70 991 157 | 58| 11.7t| 2b.4t| 12.7 | 229| 297 | 263 | 33,8
0.30 37| 87| 50| 13.7t| 21.5t| 7.8 | 229} 227 z28] 25.3
0.90
1.00
1.10




Test Number: Material: Draw Ratio: Tatle Humber:
BH=-150-140 Aluminium 1.50 BH 5
Drawing Speed: Blank-holder Force: cecuency
0.31 in.s”" " 152 1be T "L 1ot 12.62 iz
Punch Punch Load Die Separating Elankth:ldifé _?ey.
Travel | ?' 1bf 1 Fozge D _}bf «'Amp:’ il L’” neis
in Togc.[Non-Josc.] oOse. | Non. | 0se. JL.i.[r.z.]zear
oscC.|COTp OS5Ce. conmp
D0.25 99 {117 | 18| 36.1 | 48.8 | 12,7 | 246|262 | 254 2.1
20,42 | 157228 | 71| 7.8 | 3.9t |11.7 | 334|307 | =21 Lkn,s
- 0.10 24} bLo| 16]19.5 | 31.3 | 11.8 | 176 | 327 | 250 | 31.6
0.20 69| 105| 36| 35.2 | 48.8 | 13.6 | 217 | 30z | 250 | =2.¢
0.30 | 123 | 183| 60| 31.3 | 39.0 7.7 | 299 | 222 | 261 | 23.C
0.,0 | 155|220 | 65| 9.8 7.8 2.0 | 328 | 302 | 315 | 39,8
0.50 | 144 | 224 | 80| 2.0t | 11.7t | 9.7 | 340 | 33f | 339 | L2.g
0.50 | 1201198 | 78| 9.8t | 21.5t | 11.7 | 328 | 362 | 346 | k3.7
0.70 91 | 157 | 66| 13.7t | 24.5t | 10.8 | 322 | 383 | 353 | L4,6
.20 | 27| 87| 60| 15.6t| 21.5t| 5.9 | 281252257 33.7
©.90
1.00
1.10
Test Number: Material: Draw Ratio: |} Tarle Nu-ze-:
BH-150-180 Aluminium 1,50 3E 6
Drawing Speed: blank-holder Force: Traguencr:
052 tn.g™l | LeftHand T omight Band |, qp
Punch Punch Load Die Separating l Blapkehcolder | Voll
Travel | RIS Force D 1bf | Amr. in 70707 ed
in O8c.}lion=- Osc.r Osc. | Non= | Osc. [L.H.|R.E.|¥“=an
0Sc.|comp OSC. como
Do.22 | 88| 117| 29| 36.1 | 48.8 | 12.7 | 322 358 | 240 oLt
Po.bo | 163|228 65| 5.9 | 3.9t| 9.8 | 4h4s| 3ci | k22| 52,6
0.10 32| 40 8] 21.5 | 31.3 9.8 | 281 | 35% | 320 3.0
0.20 83| 105| 22| 35.2 | 48.8 | 13.6 | 216| 35| 337| L2.0
0.30 | 136| 183| 47| 25.% | 39.0 | 13,6 | 410| 382 | 235} L2 ,7
0.40 | 163| 220] 57| 5.9 7.8 1.9 | 445 362 | t22] 3206
0.50 | aut| 224| 80| 5.9t| 11.7t| 5.8 | 451| 39: | L35 =520
0.60 | 112198 86| 13.7t] 21.5¢| 7.8 | 428| soz! Lig] =1.c
0.70 75| 157 | 82| 15.6t | 24,4t | 8.8 | 387 365 | =78 L7.1
0.80
C.50
1.C0
1.10




Test Number: Mat:rialz Draw Ratio: Tatle Humber:
EH-150-220 Aluminium 1.50 3E 7
Drawing Speed: Blank-holder Force: ' Frequercy:
0.30 in.s” ) Le;;B?i:: Rii;; ?:gd 12,562 kiz
Punch Punch Load Die Separating 3lank=-= :duQ Tel.
Travel i _? 113:‘.’ 1 Fo::ge D ‘zbf‘ "Amp.“ iz :E"lt"“_‘;--:‘.;;
in Osc.{Non-|0Osc.{ Osc. Non. | Osc. fL.H.{Res.{drarn
0oscC. CO:'.':p OB8C. comnp
Do.23 | 88| 117 29| 39.1 | 48.8 | 9.7 | 428 | 363 | 406 | 52,9
Po.uh | 167 228 | 61| 7.8 | 3.9t 11.7 | 498 | 413 | us6 | so,u
-0.10 27| 40| 13| 19.5 | 31.3 | 11.8 | 334 | 363 | #31 | 45,7
0.20 721 105] 33| 37.1 | 48.8 |11.7 | 410 | 37° | 324 | 51.%
0.30 | 131|183} 52| 33.2 | 39.0 6.8 | 481 | 4oz | Ls2 | 57,8
0.0 | 15| 220 | 551 11.7 7.8 3,9 | 492 | 41= | L33 | ®a,1
0.50 | 155} 224 | 69| 2.0t | 11.7t| 9.7 | 510 | &1= | k32| 0.2
0,60 |123]198 | 75| 11.7t | 21.5t| 9.8 | 486 | 412 | 30| 53.¢
0.70 93| 157 | 64| 17.6t | 24 bt 6.8 | 475 | 417 | Luk | =~
0.20 | 29| 87| 58 13.7t| 21.5t| 7.8 | so4 | 36f | L36 | 500
490
1.00
1.10
Test Number: Material: Draw Ratio: Tat e Nurzer:
BH-150-260 Aluminium 1.50 EH 8
Drawing Speed: blan}:—llolder Yorce: Frequency:
0.31 in.s™ - Leigoﬁigi ]- Ri%;g E:;d 12.52 xEz
Punch } Punch Load Die Sepérating } Blankeholder | Vel.
Tr§ve1 i -f 1?; 1 befe D _}bf -.Amp:_ i::i1f': Tutin
in tOsc.}{lion-40sc.} Osc. } Non- | Osc. jL.H.|R.E.{¥2an
0Sc.|comp 05Ce comp
D0.23 | 93|117| 24| 39.1 |48.8 | 9.7 | 44| 393|419 53.8
Po.t2 | 171|228 57| 7.8 3.9t | 11.7 | 850 | 416 | 634 | €14
2.10 26| 40| 14 19.5 | 31.3 | 11.8 | 369 383 ) 376 | LEL3
0.20 751105 30| 37.1 [48.8 |11.7 | 363 393|378 us.6
0.20 | 133|183 | 50| 33.2 | 39.0 6.8 | 346 | 4o& | 377 | 4Z .4
0.40 | 169|220 51| 11.7 7.8 3.9 | 334 | 41E | 376 | 4&,2
0.50 | 160} 224 | 64| 3.9t | 11.7t| 7.8 | 328 | 423 | 278 | 43,6
0.60 | 123198 | 75| 12.7t | 21.5t | 8.8 | 334 | 416 | 375 | k3.1
0.70 991 157 | 58| 18.6t | 2k 4t | 5.8 | 328 418 | 373 | 47,0
(.80 32| 87| 55]19.5t( 21.5t| 2.0 | 346 403 | 275 4.1
0.0
1.00
1.10




m‘ — ___
Test Number: Material: . Draw Ratio: Tat-le umber-:
BH-155-0 Aluminium 1.55 384 9

Drawing Speed: Blank-holder Force: rrequency:
. -1 Left Hand Right Hand .
0.33 in.s 149 1bf ]- 158 1bf -oreE
Punch Punch Load Die Separating 2lank-h ldon ) el
Travel P 1bf Force D 1bf Amp., iz T fL i
in Oac."Non-“Osc." Osc. T Non. T Osc. "L.'ri.“ﬁ..-..“:;--a:.q
osc.|comp osc. comp
bo.21 - | z31) - - 43.9 - - - - -
20o,uk 251 | . 3.9
-0.10 48 29.3 -
0.20 123 43,0
0.30 203 31.3
0.0 245 9.8
0.50 245 3.9t
0.50 219 7.8t
0.70 181 7.8t
0.30 125 19.5t
0.90 Lo 31,3t
1.00
1.10
Test Number: Material: Draw Ratio: Tatle liusmber:
BH-155-20 Aluminium 1.55 BH 10
Drawing Speed: Elaniz-holder Force: Frequercy:
033 tn.sTh | Feftent [ mene et | a2ss i
Funch Punch Load Die Separating L Blank-holder | Vel.
Tr§vel i -? 1?? 1 befe D _}bf __Anp. in x 10-¢ Zostiz
in lOs8c.}lion-}0sc.} Osc. } Non- } Osc. .L.H:”R.E.“Heag
osc.|comp osc. comp
Do.22 [123|131| 8| su4.6 |43.9 |10.7 6] s| 6| o.7
P0.46 | 251 | 251 0| 13.7 3.9 9.8 21 5( 13| 1.5
0.10 4z | 48 S| 37.1 | 29.3 7.8 6 5 6| 0.7
0.20 | 117|123 6| 54.7 | 43,0 |11.7 6 5 61 0.7
0.30 | 200|203] 3|u44.9 |321.3 |13.6 s| 7] o.8
0.40 | 245 | 245 01} 21.5 9.8 | 11,7 18 S| 22| 1.4
0.50 | 245 | 245 0| 7.8 3,9t | 11.7 21 51 13| 1,5
0.60 | 219 | 219 0| 3.0 7.8t | 10.8 23 s1oas| 1,7
0.70 | 181181 0 0 7.8t} 7.8 23 51 14| 1,7
0.80 |125]|125| O} 13.7t| 19.5t| 5.8 23 s| 14 1.7
0.90 | 37| 40| 3|27.3t|31.3t| 4.0 | 23| 5| 4| 1.7
1.00
1.10




| Test Number: Material: Draw Ratio: Ta:zle Nuzter:
BH-155-60 Aluminiunm 1.55 By 11
Drawing Speed: Blank-holder Force: resuencs
0.3k in.s™" Fe s ane T Rigat Jand 12.55 wiz
Punch Punch Load Die Separating 3lank-! l.l-0n N
Travel i -? 1?5 1l Fo:se D _}hf “-Amp:.i:'i‘" .
in Osc.{Non-{0Osc.{ Osc. Non. Osec. jL.H.{X.: a.
OEC. jCOTp O5C. conp
50.24 | 1281} 131 3| 54.7 | 43.9 | 10.8 64| 7 | 46 13
£o.43 | 211 | 251 | 4o 23.4 3.9 | 19.5 70 51 53] 6.2
- 0.10 351 48| 13| 27.3 | 29.3 2.0 70| = be | 5,7
o0.20 | 101|123 22| 52.7 | 43.0 9.7 b 2 he | 5,3
G.30 | 171 | 203 | 32| 48.8 | 31.3 | 17.5 59| 32| 45| 5.2
0.40 | 208 | 245 | 37| 27.3 9.8 | 17.5 6L | = be | 5.7
0.50 | 203 | 245| 42| 13.7 3,9t | 17.6 64 = 51| 5.9
0.20 | 173]| 219} 46| 9.8 7.8t | 17.6 76 | Lo s&) &7
0.70 121] 181 s0| 5.9 7.8t 13.7 76 Sl Y 7.7
0.20 64| 125] 61| 9.8t| 19.5t| 9.7 €2 1f1 | 122| 5.4
£.50 |
1.G0
1.10
Test Number: Material: Draw Ratio: Tatle Nu-zor:
BH=155-100 Aluminium 1.55 EY 12
Drawing Speed: blank-holder rorce: Irecuencyr:
0.3%4 in.g™" belgo and T Righg tand 12.56 iz
Punch } Punch Load Die Separating l Blank-rclder | Vol
Travel | .f 1?; 1 bege D _}bf __A:p: ir 513'" Tekd
in Osc.{hon=-10sc.} Osc. Non- Osc. .L.H.-R.E.-Hea;
osc¢.|comp OSC. comp
50,23 117 | 131 14| 53.7 | 43.9 9.8 | 170| 247 | 20% | 24,2
o.41 | 193 251] 58| 27.3 | 3.9 | 23.4 | 252 277 | 263 | 0.7
0.10 271 48| 11 33.2 | 29.3 3.9 | 141 | 247 | 19.| 22,4
0.20 991} 123 24| 52,7 | 43.0 9.7 | 6L} 257 206 =3,°
0.30 | 165| 203| 38| 46.9 | 31.3 | 15.6 | 199§ 22| 221 | 23.%
0.40 | 192] 245] 53| 29.3 9.8 | 19.5 | 246| 277 | 262} 9.z
0.50 | 179{ 245| 66| 17.6 3,9t | 21.5 | 252| 2%2| 272| =1.3
0.50 | 149| 219| 970/} 17.6 7.8t 25.4 | 2u6| 22 | 282 =2.5%
0.70 1 112] 3181) 69 13.7 | 7.8t]| 21.5 | 234] =z | 281} =2.5
0.0 | 48} 125 77| 9.8tf 19.5t| 9.7 | 199| 22| 25| 20.5
0.50
1.00 .
1.10




Test Number: Haterial;-r- Draw Ratio: Tatle lHumder
BH-155-140 Aluminium 1.55 3% 15
Drawing Speed: Blank-holder Force: renuenc:
036 dn.e™! | oLt and T might fand | 2255
Punch Punch Load Die Sepérating ‘jlank-:-hsldcrs “'-"":1‘.
Travel | R 1bf 1 Fox:::e D _]:bf “Amp. in x"‘!C" JFetis
in Osc.{Non~{Osc.{ Osc. Non. ) Usc. L.H.“R.H. Mean
osc.|comp osc. comp
Do.2k | 128|131 | 3| 68.4 | 43.9 | 24,5 | 193|292 | 243 | 20.4
£0.43 | 200|251 | 51| 43.0 | 3.9 | 39.1 |252 333|293 | 34.3
0,10 | 35| 48| 13| 37.1 |29.3 | 7.8 | 147|338 |2Lk3| 28,k
0.20 91| 123| 32| 66.5 | 43.0 | 23.5 | 188 | 302 | 245 | 23.7
0.30 160 | 203 L3 | 66.5 31.3 | 35.2 | 205 ] 282 | 244 | 28.5
0.0 | 195| 245 | 50| 46.9 9.8 | 37.1 | 234 | 328 | 281 | 32.°
0.50 189 | 245{ 56| 33,2 3.9t | 37.1 252 | 312 | 282 33,0
0.60 | 157] 219| 62| 25.4 | 7.8t ] 33.2 | 258 | 338 | 298 | 34.¢
0.70 128 181 53| 11.7 | 7.8t| 19.5 | 252| 382 | 318 | 27,2
0.20 | 69]125| 56| 9.8t| 19.5t| 9.7 | 422 32¢ | 375| 43.9
.90
1.00
1.10
Test Number: Material: Draw Ratio: Tat e Nu ser:
BH=155=180 Aluminium 1.55 BH 1
Drawing Speed: blank-holder Force: Fraguercy:
0.34 in.s™ " " lco 1og ]- e oot 12,54 xEz
Punch } Punch Load Die Sepérating } Blank-hclder | Vel.
Travel i qi’ 1131‘ 1 For-ce D _lbf Amn. ir ‘1?““E Trokic
in L Os¢.{Non- ['Osc.. Osc. -‘. Non- -. Osc. -.-L.H."R.E.“:-fean_‘
osc.|comp osc. comp
Do.21 | 107|131 24| s1.0 | 43.9 | 2.9 | 258 4ot | 333 32.5
Po.,40 | 2189| 251 62| 3.9 349 o | 381 | u4u | Laz| L7,
0.10 351 48| 13| 23.4 | 29.3 5.9 | 205 36c | 297 | 34,3
0.20 99| 123| 24| 41.0 | 43.0 2.0 | 252 40% | 230 zZ.2
0.20 165| 203| 38| 23.4 | 31.3 7.9 228 | b2: | 278 L3,7
0.40 | 189) 245| 56| 3.9 9.8 5.9 | 381 4&4 | L1z L7,7
0.50 | 168] 2451 77| 13.7t| 3.9t| 9.8 | 363| 42°| 336| 43.¢
0.60 [ 125] 219| 94| 19.5t| 7.8t| 11.7 | 340| L2z | z32| 4,2
C.70 93) 181| 88 21.5t( 7.8t| 13,7 | 311 4ki| 378 4z .7
G.c0 2k} 125] 101 19.5t| 19.5t 0 | 258 3Lz} 301| 34.8
C.%0
1.00
1.10




Test Number: Material: Draw Ratio: Tatle Numbe-
BH=155=220 Aluminium 1.55 BE 15
Drawing Speed: Blank-hozfer Torce: ‘requency
0.35 in.s™" Feleoine | e top 12.55 k=
Punch Punch Load Die Separating 3lank-h . Zdorn f Vel.
Travel P 1bf Force D 1bf Amp. inu1 7" %3
in -Osc. -Non-POsc." Osc. T Non. T Osc. “L._'ti.-r'rt.‘ T ‘..'3.:'_—‘
0scC.|COmD OSCe conp
Bo.20 | 104|131 27 43.0 | 43.9 | 0.9 | 305 41z | =39 30,0
20,40 | 189] 251 | 62} 5.9 | 3,9 | 2.0 | 387 )4l |uig| e,
0.10 | 39| 48| 11]27.3 | 29.3 | 2.0 |2s52| 817|333 37,1
0.20 | 104|123| 19| 43.0 | 43.0 0 | 305 | 41= !359 20,0
0.30 | 163 ] 203 | 40| 25.4 | 31.3 | 5.9 | 363|427 | 336 | Lu.a
0.40 189 | 245 | 56| 5.9 9.8 3.9 | 387 | Lbi | L16 | LE,3
0.50 | 165 245| 80| 6.8t | 3.9t]| 2.9 | 398 | 4hi | 21 | &5 8
0.50 | 125{ 219 94| 16.6t| 7.8t | 8.8 | 393 | 4s4 | Lp4 | b7,2
0.70 | 88]181] 93] 15.6t|19.5t] 3.9 | 340 | 433|337 | L43.1
0.20
.90 .
1.00
1.10
Test Number: Material: Draw Ratio: Tatle Nusbher:
BH=155-260 Aluminium BH 16
Drawing Speed: Elank-holder E‘or'ce_: Frequezey:
055 tn.s™t | Lefr et T might mend |y sy ke
Punch } Punch Load Die Sepérating b Blank-hcldaer | Vel.
Travel| P 1bf |  Force D 1bf | Amn. inx12-fnctic
in Togc.|tion-Josc.] Osc. | Non- } 0sc. JL.H.[R.E.]vean
osc.jcomp 0scCe. comp
00.20 | 101|131 30| 4.0 | 43,9 2.9 | 428 | 464 | 416 | 50,0
fo.40 | 187|251 | 64| 2.0 3.9 1.9 | 539} 509 | 524 | 55,
0.10 37| 481 111 23.4 | 29.3 5.9 | 369 | 469 | ka9 | 47 8
0.20 | 101 {123| 221} 41,0 | 43,0 2.0 | 428 | LeL | L6 | 50,¢
0.0 11651203 | 38| 23.% |31.3 | 7.9 | 481 |ust|Lig]|ss,.;
0.40 1187 J245) 58| 2,0 9.8 | 7.8 1539|509 |524] 50,8
0.50 | 1681 2k5| 77| 13.7t| 3.9t| 9.8 | 516} 4t |s05! 57,97
0.50 | 128 1219] 91}19.5t| 7.8t 11.7 | 486 4go 4oz | e,z
0.70 11011181 | 80 21.5t| 7.8t 13.7 | 428 | 4go | b4l s= ¢
0.80 | 21]125] 104 23,4t | 19.5¢| 3.9 | 381 413 | 357 | 45.%
0.50 |
1.00 |
7.10 i




F—
‘Test Number: Material: Draw Ratio: Tatle Lurber:
BH=-160-0 Aluminium — 1.60 3z 17
Drawing Speed: Blank-holdgg_iorce: Iregyency:
0 in.s~1v Left Hand | Right Hand i
.35 in. : 161 1bf 188 1br oo

Punch Punch Load Die Separating 3lank=holder | Vel

Travel P 1bf Force D 1bf Amp. inx 177 flotio
in Osc.{Non-{0Osc.} Osc. Non. UsCc. fLeHs{Ran. ! ear

osc.|comp osc. comp

Po.u7 288 5.9

- 0.10 59 37.9

0.20 144 56.6

0.30 235 . Lz ,0

0.40 283 15,6

0.50 286 5.9

0.60 267 0

0.70 224 15.6¢t

0.20 165 15.6t

G.90 51 23,4t

1.00

1.10
Test Number: Material: Draw Ratio: Tatls Nu-zer:
BH=-160=160 Aluminium 1.60 BE 18

blank-holder Force:

Drawing Speed:
Left Hand ]- Right Hand

0.35 in.s" '

Irequerncy:
12,61 k=

173 1bf 198 1bvr
Punch } Punch Load Die Separating } Blank-holder | Vel.
Travel P 1bf Force D 1b%f Anr.e in x2S Rrsin
in -Osc.'plion-.I-Osc.—: Osc. -',- Non=- -: Osc. -.-I..H.“R..Z-E."?I—:*ar.-J
0sc.|comp osc. comp
S50.22 | 123] 147 24| 50.8 | 56.6 5.8| 387 | 307 | 347 35.¢
Po.43 | 211 | 288] 77| 18.0 | 5.9 | 12.1| 527 34z | 435] 45,6
0.10 L3l 59| 16| 29.3 | 37.1 7.8 357 312 | 338 37,8
0.20 | 112 1u44| 32| 48.8 | 56.6 7.8 381 307 | 4| 35,4
0.30 | 184} 235| 51| 39.1 | b3.0 | 3.9 416] 307 | 352 k0.5
0.40 | 208 283| 75| 21.5 | 15.6 5.9) 504| 333 | 419| 5.8
0.50 2081 286) 78| 15.6 59 9.7| 533| 357 | 443 Lo.S
0.60 | 173 267| 94} 15.6 0 | 15.6] 574| 362 | 59| sp.4

0.70 136| 224 88 O | 15.6t) 15.6] S74| 36:| L7l

uiun fun
A%
.
e

0.20 51| 165 114| 11.7t| 15.6¢ 3.9) 586 353 470

n
.
A

0.90

1.C0

1.10




Test Number:
BH-160-200

Material:
Aluminium

Draw Ratio:

1.60

Table NHuzbher:
BH 19

Drawing Speed:

Blank=holder Force:

Frecuencv:

0.35 in.s” L°§;3H§gg ]- Hifgg ?:;d 12.60 kkz
Punch Punch Load Die Separating Blank-h.ldsi Yoel.
Travel | .f 1?! 1 Fotge D _}br -FAmp.Fix iﬁ:’“ﬂ“ati:

in Osc.{Non-{Osc.{ Osc. Non. Osc. L.H.ﬂx.n..xea:
osc.|comp 0OSCe. comp
Bo.22 | 120|147 | 27| 56.6 | 56.6 o | 375|373 | 574 | 51.8
20.43 | 208 | 288 | 80| 27.3 5.9 | 21.4 | 481 | 40& | &45 | 29,7
“0.10 bo| 59| 19| 33.2 | 37.1 L,g | 340 | 378 | 339 { Lo,
0.20 | 109|144 | 35| 56.6 | 56.6 0 | 375|373 | 374 | 51.8
0.30 | 1791 235 | 56| 46.9 | 43,0 | 3.9 | 410 | 3EC | 329 | Li,5
0.0 | 208} 283 | 75| 31.3 | 15.6 | 15.7 | 457 | b0z | &30 | 44,1
0.50 | 205| 286| 81| 23.4 5.9 | 17.5 | 539 41z | L76 | 33.2
0.60 | 173| 267 94| 17.6 0 | 17.6 | 533 | 425 | L31} 53.7
0.70 139 | 224| 85 0 | 15.6t| 15.6 | 516 | L2t | Ly2f 22,7
0.20 | 8ol 165 85| 7.8t 15.6t]| 7.8 | 4s1| 37| Lis]| Lo,z
7.90
1.00
1.10
Pest Numbers: Material: Draw Ratio: Tai e Nu-ner
BH=-160~260 Aluminium 1,60 BH 20
Drawing Speed: Elank-holder rorce: _ Traguerc

0.35 in.s™ - BEL T T Righg Fand 12.58 kzz
Punch | Punch Load Die Separating L Blank=hclder | Vel.
Travel| P 1bf |  Force D 1bf | Amr. in:10-fnosi:

in 1 08c.}iion-}0se.} Osc. r Non- | Osec. ,L.H:HR.;.“’ea:
osc.|comp OsScC. corp

90.21 | 123] 47| 24| 62.5 | 56.6 | 5.9 | 4k | 403 | Loz | hr.7
Po.t3 | 200| 288] 88| 38.1 5.9 | 32.2 | 498 | 432 | 68| 52,0
0.10 Lo| 59| 19| 44.9 | 37.1 6.8 | B10| 40E | &g | L3,2
0.20 | 117/ 144] 27| 60.5 | 56.6 3.9 | B4O| 423 | k32| L3,8
0.30 | 176 235| 59 58.6 | 43.0 | 15.6 | 469 432 | 451| 50,9
0.40 | 200| 283| 83| 41,0 | 15.6 | 25.4 | 486 Lk | 435 s2.5
0.50 | 197| 286 89| 31.3 59 | 25.% | 527 45L| 431 | 55,
0.60 168 267| 99| 27.3 0 | 27.3 557 | 454 | 506 57.2
0.70 | 136| 22k| 88| 7.8 | 15.6t| 23.4 | 545 398 Ly2| s53.3
0.80

C.S0

1.00

1.10




Test Number: Material: Draw Ratio: Tatle lLu=ter:
BH-165=0 Aluminium 1.65 By 21
Drawing Speed: Blan%k<holder TForce: { requency
0.3k in.s”" Left Hand T Rigat Hand R
Punch Punch Load Die Separating Elankfh":iif‘ﬁ ‘:l_.
Travel P 1bf Force D 1bf Amp. iz x1C iz
1n -Oac."h'on- -Osc." Osc. T Non. T Usc. “L.H.TH.EE.“.":«:ar.-‘
osc.jcomp OBC. comD
90.23 | - 181 =~ - 5247 - - - - -
£0.52 326 2.0t
0.10 53 29.3
0.20 147 50.8
0.30 251 43,0
0.40 310 13.7
0.5 323 0
0.50 318 2.0t
0.70 280 7.8t
0.20 243 21.5t
0.90 187 25.4t
1.00 80
1.10
Test Number: Material: Draw Ratio: Tat 2 Nu-ne
BH~165-160 Aluminium 1.65 3H 22
Drawing Speed: Llank-helder Force: Freguercy
0.35 in.s™ - Leigqﬁigi ]- Rig%g ?;;d 12,58 ki
Punch Punch Load Die Separating } Blank-hclder | Ual
Travel P 1bf "Force D 1bf Amne im xiI7F|0-zin
in :.OBC..‘-NOH-.-OSC-“: Osc. T Non- T Osc. -,-I..H.“R.} | I-E~a:—
OsSCc.|CcOomD 0SC. comp
D0.21 | 125| 181| 56| 44.9 | 52.7 | 7.8 | 258| 272} 255] 23.9
Po.47 | 213| 326 113] 15.1 | 2.0t| 17.1 | 2uo| auz| 21| 27.2
0.10 431 53| 10| 29.3 | 29.3 O | 2kO| 302} 271 | 20.6
0.20 | 115| 147] 32| #4.9 | 50.8 | 5.9 | 252] 277 265] z0.0
C.30 | 184) 251 67| 35.2 | 43.0 7.8 | 264} 277 | 271} 27.E
0.40 | 211 310] 99 19.5 | 13.7 5.8 | 234| 237 | 236| 26,6
0.50 211 | 323| 112 13.7 0 | 13.7 | 264} 237} 231} 25.3
0.60 | 195{ 318| 123 9.8 2.0t| 11.8 | 311| 227| 229 20,4
C.70 ] 155 2380] 125{ 3.9t| 7.8t| 3.9 | 228] 262 295| 33.3
0.20 120 243| 123 7.8t| 21.5tf 13.7 | 369| 398 384 43,4
C.350 4o| 187 147
1.00
1.10




_

Test Number: Material: Draw Ratio: Tatle Nuwber:
BH-165-200 Aluminium 1.65 34 23
Drawing Speed: Blank-holder Force: ) Freguerc
.35 in.s™ | Teft et [ migncHad | a5 s
Punch Punch Load Die Separating 3lank-x. ldors, i.
Travel P 1bf Force D 1bf Amp. in 2 1T" ti
in -Osc.“Non-“Osc.“ Osc. T Non. T Use. -rL.H.-r.'-z.;-;.“ z:a_—.-
0SC. | COmp O8Ce. comt
B0.22 | 1331181 | 48| 56.6 | 52.7 3,9 | 410 | 45& | &32 | L1,o
P0.45 | 227 | 326 | 99| 25.4 | 2.0t | 23.4 | 352 | 417 | 355 | £3.5
0.10 481 53 5| 37.1 | 29.3 7.8 | 375 | 47+ | L25 | LiLd
0.20 | 120|147} 27| 54.7 | 50.8 .| 3.9 | 398 | Leu | k31| Lo.7
0.30 | 189 251 | 62| k6.8 | 43.0 3.8 | 410 | b2z | L17 | L£7.1
0.4k0 | 221 | 310| 89| 29.3 | 13.7 | 15.6 | 363 | 422 | 333 | &4,k
0.50 | 221 | 323 | 102| 25.4 0 | 25.4 | 346 | 418 | 3321 43,1
0.£0 | 205] 318 113| 15.6 2.0t | 17.6 | 334 | 372 | 354 | L2 ,C
0.70 165| 280 | 115 o] 7.8t 7.8 | 322 2ki | 335 37,8
0.20 | 131] 243| 112]| 2.0t 21.5t| 19.5 | 311 | 312 | =15 35.6
7.60 481 187] 139] 21.5t| 25.4t| 3.9 | 340 | Lot | 374 L2,2
1.G0 21| 8o 59
1.10
Test Number: Material: Draw Ratio: Tat_e Nurzer:
BH=165=260 Aluminium 1.65 3H 2L
Drawing Speed: Glank-holder Force: rrequency:
0.35 tn.s™ | Leffiand T might fana 12.60 vix
FPunch } Punch Load Die Separating b Blankehclder | Veol,
Travel | P e ] Force D 1bf | S L N BN
in - fosc.|uon-Josc.| osc. | Non- | osc. L.m.[R.E.Jvear
osc.|comp osc. comp
50.20 | 104|147 | 43| 46.9 | 52.7 | 5.8 | 4ok | 38z | =04 | Lk.6
0,48 | 216 | 326 ] 110| 9.8 2.0t | 11.8 | 510 432 | L72] 53,4
0.10 35| 53| 18] 33.2 | 29.3 3.9 | 381 352 | 287| L35
0.20 | 10hk| 147 | 43| 35.2 | 50.8 | 15.6 | LoL| 383 | zo4| LL £
0.0 {1764 2511 75| 19.5 | 43.0 | 23.5 | 393 383 | z:8| L=, ¢
0.ko | 208 310 102 13.7 | 13.7 0 | 434| W18 | L2g| L2 2
0.50 | 216} 323] 107| 9.8 O | 9.8 | 557| 423| k35| 5.1
0.60 | 203 318] 115] 5.9t| 2.0t| 3.9 | 680 ki | =55] 63,0
0.70 160 | 280) 120| 9.8t| 7.8t} 2.0 | 604| Lho| =57) 854 ¢
0.80 | 125] 243| 118| 17.6t| 21.5¢) 4,9 | 563| Lew| =a9] 57,5
C.G0 4o| 187 147 29.4t| 25.4t] 4,0 | L451| L&4isg Lu8| sa.7
1.00
1.10 T




Test Number:

BH=170=0

_
Material:
Aluminium

Draw Ratio:

1.70

Tatle

34 2%

Suzber:

Drawing Speed:

Blank-hold~r Force:

Frequercy:

035 ins™ | Beft ot T g fae -
Punch Punch Load Die Separating 3lank-k ldez, 2l
Travel P 1bf Force D 1bf Amp. in 7Y ti

in .Osc."Non-"Osc.“ Ose¢. T Non, T Usc. “L.h'.“:f. T -151:._1

csc.|comp O8C. conp

$0.20 - {61 - - 5646 - - - - ~
£0.53 350 10.0
-0.10 61 39.1

0.20 155 5646

0.30 256 k1.0

0.40 320 17.6

0.50 347 9.8

0.50 344 59

0.70 323 0

G20 280 9.8t

5.90 232 9.8t

1.00 147 2.0t

1.10 32 3.9t

Test Number: Material: Draw Ratio: Ta: e Nu-zer:

BH-170-160 Aluminium 1.70 BE 26

Drawing Speed: blaqk—holder Force: rreqguerncy:

10435 in.s™ - ey e ]- Right Hand 12,61 kiz

Punch Punch Load Die Separating } Blank-hclder | Vel,
Travel I ? 1?; 1 szge D qlbf -_Amp:_ inm 10 n- =4

in .Osc.qNon- Osc.} Osc. | Non- r Osc. }L.H. R.E.“Hoa;

o0sc.jcomp 0SC. comp _

Do.22 |141| 61| 80| 50.8 | 56.6 | 5.8 | 264 | 287 | 276 | 31.2
Po.52 | 259|350 | 91| 17.6 | 10.0 | 7.6 | 299 34z | 521 | 26.3
0.10 4Lo| 61| 21| 29.3 | 39.1 9.8 | 252 302 | 277 | 31.3
0.20 1117} 155| 38| 48.8 | 56.6 7.8 | 264 | 287 | 275 | 31.2
0.30 | 200 256 56| 41.0 | 41.0 0 | 270 287 | 279 | 31,6
0.40 | 243] 320| 77| 23.4 | 17.6'| 5.8 | 258 287 | 273 | 3c.c
0.50 256 | 3471 91| 15.6 9.8 5.8 | 293 33¢ | 316| 25.8
0.60 | 251 3u4| 93] 13,7 5.9 7.8 | 340) 353 | 3471 39,3
0.70 | 213| 323 110| 9.8t 0 9.8 | 375| 363 | 359} 11,8
0.60 | 173| 280 107| 2.0t| 9.8t| 7.8 | 387| 36| 275 h2.5
0.¢0 133 232 99| 5.9t 9.8t 3.9 393 | 350 | 3768 | Lz.t
1.C0 43| 147] 104| 7.8t| 2.0t| 5.8 | 34o| 4Cz| 372 L2.1
1.10




o —————————— ——
Test Number: Material: Draw Ratio: Table Huzbexr:
BH-170-200 Aluminium 1.70 BH 27

Blank-holder Force: !

Drawing Speed: Frequenéy:

0.35 in.s" Le;;GHigg ]- Rigg; gigd 12.62 kEz
Punch Punch Load Die Separating 3lank-hclder, VDN
Travel P 1bf Force D 1bf Amp. inx1T° |Zaiic

in .Osc ."Non-"C}sc.“ Osc. T Non. T Usc. "L.H."i-i.}i.“.'{eu;
0SC.|COTD OBC. cOoTp
S0.22 | 1s1| 61] -80]54.7 | 56.6 | 1.9 | 316|328 |22 36.5
£0.50 | 264 350 | 86| 23.4 | 10.0 | 13.4 |375] 363|259 L1.8
0.10 | 43| 61| 18] 29.3 | 39.1 | 9.8 | 305|328 | 317 | 35.¢
0.20 | 117|155| 38| 52.7 | 56.6 3.9 | 311 | 323 | 317 | 35.¢
G.30 | 208 | 256 | 48| 46,9 | 41.0 5.9 | 322 | 322 | 528 | 37.2
0.40 | 251 | 320 69| 29.3 | 17.6 | 11.7 | 311 | 333 | 322 | 3c.5
0.50 | 264 | 347 83| 23.4 9.8 | 13.6 | 375 | 363 | 359 | L1.8
0.50 | 248 344| 96| 15.6 5.9 9.7 | 440 | 37 | L12 | LEL7

0.70 211 | 323 | 112 7.8 0 7.8 Lsy | 3a5 | Le2 | L7.0

0.20 | 171| 280) 109| 3.9t| 9.8t| 5.9 | 451 413 | &32 L9Lo

6.950 | 128 232 104 23.4t| 9.8t 13.6 | 410 | 423 | t17 | L7.2

1.C0 Lo | 147 107

1.10
Test Number: Material: Draw Ratio: Tatle luzer:
RH-170-260 Aluminium 1.70 3E 2¢

blank~holder X*orce:

Drawing Speed: . ¥Frequercy:
Left Hand ]' Right Hand

0.35 in.s™ - 12.61 kE=

196 1bf 200 1bf
Punch } Punch Load Die Separating L Blank-hbclier | Vol
Travel P 1bf Force D 15f Amp. dinx12-8{3o-i-

in T . ..
.OBC. Iu‘OI’l— OSC. 3 030- 3 NO!I.- L OSC. rLoHo R-I’:. Mean
osc.|comp osc. | compd

Do.23 | 141| 61| -80| k.9 | 56.6 |11.7 | 363|363 | 353 4.2

$0.50 | 245 350 | 105| 19.5 | 10.0 9,5 | 422 | 4135 | 428 7.3
0.40 37| 611 24| 31.3 | 39.1 7.8 | 346 | 37¢ | 352 L1.0
0.20 | 109 155| 46| 43,0 | 56.6 | 13.6 | 357 | 365 | 333 L2,1

0.30 {192 256| 64| 46.9 | 41.0 5.9 | 263 | 367 | 353 | 41.1
0.40 | 235| 320| 85| 27.3 | 17.6 9.7 | 3751 385 | 252 L3,2

0.50 | 245| 347 102| 19.5 9.8 9.7 | k22| 41z L1} k7.3
0.€0 | 235 344| 109| 17.6 5.9 | 11,7 | 463 | 416 | Lia | Lo,s
C.70 | 200 323| 123| 11.7 0 | 11.7 | 486 | k23| 435/ 51.5
0.80 | 165} 280} 115 o] 9.8t] 9,8 | 504 438 471 53,3
0.S0 | 131 232| 101| 7.8t| 9.8 2.0 | 516 | 44S | 453 54,7

1.00
1.10




-T;:;:-;;;;:;:---;;terial: Draw Ratio: Tatle liumber:
BH-175-0 - Aluminium 1.75 BH 2¢
Drawing.sﬁéédg Blank-holdg# Force: { Freguercy

ozt an.s™ | Feftian [ Mgt fane - s
Punch Punch Load Die Separating BlankThOIdiis -‘;.
Tr§ve1 i .? 1?! 4 Fozce D -}bf _-Amp: 1n:§1u ] 1tic

in Osc.{Non-{Osc.}{ Osc. F Non. Usc. L.H.rR.H. Hean
osc.|comp 08C. comp
po.22 | - |176| - - | 48.8 - -1 =-1-1 -
P0.49 363 0
0,10 51 29.3
0.20 149 Lé.9
C.30 259 371
0.40 33L 11,7
0.50 363 0
0.50 Specijmen Faifled.
0.70
0.20
0.90
1.00
1.10
Test lumber: Material: Draw Ratio: Tat le Nu-ber
BH-175-160 Aluminium 1.75 3E 30
Drawing Speed: Elanli-holder Force: : Fregiency
0.35 in.s™ Leggoﬂigg ]- Rigg; fand 12,58 iz
Punch Punch Load Die Separating b Blanke-rhclder | Vel,
Travel A ‘? 1?; 1 Fbgce D _}bf d-kzp. in w375 3051
in }Osc.fNlon={0sc.} Osc. : Non- } Osc. .L.H:“R.E.“Hea;
osc.|comp osc. comp

Do.22 | 152|276 | 24| 56.6 | 48.8 | 7.8 | 205|212 |z00] 250

P0.53 | 286 | 363 | 77| 21.5 0 |21.5 | 211|318 |z2485) 3.3
0.10 L8 1 51 313%.2 | 29.3 3.9 11931292 | 243 27,8
0.20 | 136 [149) 13| 54,7 | 46.9 | 7.8 | 205|217 |21 2.2
0.20 | 219|259 4o | 44,9 | 37.1 7.8 | 211 | 222 | 227 | 2%:.¢
0.40 261 | 334 | 73] 25,4 | 11.7 | 13.7 | 199|217 | 228 | 27.¢
0.50 | 280 | 363| 83| 19,5 0 | 19.5 | 188|267 | 228 24.2
0.60 | 280 19.5 234 | 388 | 201 | 23,3
0.70 | 261 7.8 270 | 34¢ | 209 | 35.3
0.50 | 224 3.9 305 | 35¢ | 332 | 38.0
0.50 | 181 2.0t 293 | LoS | 351 | 4o,2
1.00 | 123 3.9t 334 | 398 | 3¢6 | 42,9
1.10 27




— 7 oL AT
Test Numéz:: " Material:s. Draw_Ratio: -l Tatle lumber:
BH-175-200 — 1 - Aluminium 1.75 BH 31 .
Drawing Speed: Blank-holder Force: ) equensy
o3 an.a” | et T g i | 52058
Punch Punch Load Die Separating 3lank-t ldor 22
Travel P 1bf Force D 1bf Amp. in 1o 6 1
in -Osc.‘ Non- |-OSo:!. i Osc. T Non. T Osc. "L.H.“R.;*:..[f:s:a:.—.
osc.|comp OBC. comp
D0.23 152|176 | 24| 58.6 | 48.8 9.8 |270 |31z | 271 | 23.%
£0,55 | 278 | 363 | 85| 29.3 0 |29,3 |217 [34° |z73 | z2,b
-0.10 Lo | s1| 11 35.2 |29.3 5.9 | 258 | 3k> | z01 | 3L,k
0.20 | 117 | 149 | 32| 56.6 | 46,9 9.7 | 270 | 318 [ 234 | 33,6
.30 | 208 | 259 | 51| 5247 | 37.1 |15.6 | 275|307 |z21 | 33.3
0.40 | 259|334 75| 33,2 |11.7 |13.5 |270 |2¢z | 231|222
0.50 | 272 | 363 | 91| 25.4 0 | 25.k 223|287 | 255 |2¢%.2
0.% 272 27.3 223 | 365 | 236 | 33.9
0.70 | 253 21.5 264 | 363 | 229 | 37.¢
0.20 | 219 11,7 328 | 4oT | =38 | k2,1
0.50 | 176 5.9 346 | 423 | 337 | LL.3
1.00 | 117 9.3 398 | 435 | 418 | L7,8
1.10 27 2.0
Test Number: Material: Draw Ratio: Tatle lu-der:
BH-175-260-1 Aluminium 1.75 BH 32
Drawing Speed: tlank-holder -orce: Frequercy:
0.36 in.s"" Le§§OH§E§ ]- Rigﬁ; Eggd 12,60 kEz
Punch Punch Load Die Separating Blank-=holder L?el.
Trgvel{_ _E 1?; 1 Fbrge D -lbf Amr. in x 12-%|2stis
1n Osc.}lion-}{0sc.} Osc. i Non- T Osc.'“L.H.(R.E.hxea;
0Sc.|comp osc. comp
5o.24 | 147|176 | 29[ 56.6 | 48.8 | 7.8 | 850 | 363 | 596 | 65.¢
£0.56 | 264|363 | 99| 21.5 0 | 21.5 | 850 | 403 | 627 | 69.2
C.10 4Lo| 51| 11| 35.2 | 29.3 5.9 | 850 353 | 02| 66.4
0.20 | 115| 149] 34| 54,7 | 46,9 7.8 | 850 343 { 557 | €5.8
0.30 | 195] 259 | 64| 48.8 | 37.1 | 11.7 | 850{ 338 | 504 | 65.5
0.40 | 240 | 334 | 94| 29.3 | 11.7 | 17.6 | 850 333 | 502 €5,3
0.50 261t 363 102 | 21.5 0 | 21.5 | 850 373 622 é7.5
0.60 | 261 21.5 850 | 40% | 629 63.L
0.70 | 248 15.6 850 | 427 | 5271 75,z
0.20 | 227 2.0 850 | 43=| &2 70,8
0.90 | 184 0 850 43| 644} 711
1.00 | 136 2.0 850 | 438 | suh| 71,1
1.10 L3 3.9 850 | 36 [ 6291 67.2




Test Number: Haterial:? Draw Ratio: Table Nuzber:
BH=-175=260=2 Aluminium, 1.75 3H 33
Drawing Speed: Blank-holder Force: ‘ Fregiency
0.3 tn.s™ | LeftEand Tomignt dand |y, g
Punch Punch Load Die Separating 2lankx-nL:ld-r (2l.
Travel P 1bf Force D 1bf Amp. in i7" i
in Osc."Non-“Osc.“ Osc. T Non. T Osc. -['L.E.“R.::.“,n:-a:.q
osc.|comp osC. comp
Do.oh | 152 176 | 24| 48.8 | 48.8 0 |316]35:]:z37 |20
Fo.56 | 278 | 363| 85| 25.4 0 | 25.4 | 340 k27 | 232 L3,
0.10 | 37| 51| 14| 27.3 | 29.3 | 2.0 |3bof37¢| 339 b1z
G.20 109 | 149 Lo | 46,9 46,9 0] 334 ) 367 | 5L} =2,
0.30 | 197| 259| 62| 4.9 | 37.1 9.8 | 322 | 35C | 340 | 23.¢
0.L0 | 256 334| 781 29,3 | 11.7 | 17.6 | 340 | 367 | =3k | Lo, 5
0.50 | 275| 363| 88| 21.5 0 | 21.5 | 334 | 41z | =274 | &2~
0.60 | 272 23.4 352 | 43z | 295 | 45,2
0.70 | 253 19.5 381 | kb | L15 | L7.5
0.20 | 224 9.8 451 | 45 | 455 | 2.1
5.90 | 181 3.9 L75 | k64 | k70| 53.¢
1.00 | 131 5.9 Ls7 | 455 | 458 s2.b
.10 3?
Test Number: Material: Draw Ratio: Tatle Nunier:
BH-180-0 Aluminium 1.80 BE 34

Drawing Speed:

Elank-holder Force:

034 tn.s”! | Feffand T Right fana - ki
Punch | Punch Load Die Separating |} Blank-hclder |} Vel.
Travel P 1bf . Force D 1bf Amnpe din x 107 fontis

in :-Cié-c_.“lio'n:LrOsc..-: Osc. -r Non- -.- Osc. q:-L.H.“R.H.".‘{ean-
osc.|comp osc. | comp -
Dowas | - [197] - | - 74,2 - |- - -1 -
Po.us 355 29.3
0.10 48 371
0.20 1541 68.3
0.20 256 68.3
0.40 23h 43,0
.50 355 2903
C.£0 Specimen fajled
0.70
0.30
G.90
1.00
1.10




[ Test Number: Material: Draw Ratio: Tatle Nunber:
BH-180-160 Aluminium 1.80 3N 35
Drawing Speed: Blank-holder Force: Frejaency:
o5 ame” | Lottt TR Bt | s
Punch Punch Load Die Separating Eiznkenzlder Je”
Travel P 1bf Force D 1bf Amr. in x107- |Fatic
(in) -Osc."Non-"Csc.q— 6sc.. T Non- T Osc. “L.H.TR.‘:-'.“I-’.-:ar:-
osc. |comp OBC. comp

50.95 | 173| 197 | 24| 70.3 | 74.2 3.9 170|132 | 251 | 17.3

P0.58 | 299] 355| 56| 33.2 |29.3 | 3.9 15811 | 137 |15.5
.10 29| 48] 19| 35.2 | 37.1 1.9 (152|222} 287 | =1.t
75.20 | 125 141 | 16| 66.4 | 68.3 3.9 | 164 128 50| 17.2
0.20 | 219| 256 | 37| 66.4 | 68.3 3,9 | 170 13| 151 ] 17.2
0.0 | 270| 334 | 64| 43,0 | 43.0 O | 164|125 45| 15.¢6
0.50 | 294] 355 61| 33.2 | 29.3 3,9 123|111 217 ] 13.4
©.50 | 296 33.2 182|122 | w56 | 27,8
7.70 | 286 31.3 287 | 1= 22z | o5,
fLE0 | 264 25.4 33417 235 .
0.0 | 235 15.6 287 | 11| 20¢ | 23,2
1.00 | 176 19.5 29G | 141 22¢ | 23.2
1.10 | 101 21.5 252 | 32:| 2sC| 3.2
Test Number: Material: Draw Ratio: Ta-le Nu=ber
B4-180-200 Alunminium 1.80 31 26
Drawing Speed: Blank-holder Force: ~equerc

0.3 tn.e™ | TefpNand T mighe sana | o5

Punch. Punch Load Die Separating Blznk-nh:lder PN

Travel P 1bf Force D 1bf Amy. in x12-¢ |2atic
(iz;) -Osc.vl'ion-"Csc .“ bsc .. T Non=- T Osc. “L.H.“R.}-'.v?".'-a:-

osc.jcomp osC. comp

50.24 1163] 197 34| su.7 | 74.2 19.5 | 217 [ 102 | 205 | 23.7

£0.56 | 254| 355| 61 29.3 188 | 162 | 175 | 20.53
0.10 | 45| 48 3129.3 | 37.1 7.8 12111328 270 | 31.3
0.20 | 128|141 | 13| 52.7 | 68.3 J15.6 | 217|197 207 | 24.0
0.20 | 2131 256 | 43| 48.8 |48.3 [19.5 | 217|197 | 207 | 2.0
0.-0 § 2671 334%| 67| 31.3 | 43,0 |11.7 |211 172|101 2201
9.0 | 288 355] 67]23.4 | 29.3 | 5.9 | 176|155 | 146 10.2
.20 | 291 19.5 211 | 17< | 1ok | 22,5
©.70 | 283 17.6 322 | 187 | 254 | 23,
°.70 f 261 9.8 352 | 16¢ | 259 | =0.1
0.70 | 232 5.9 346 | 165 | 256 | 22,7
1.C0 | 168 11.7 257 | 207 | 282 | 32.7
1.10 | 104 11.7 316 | 47¢ | 298 | L5.2




| Test Number: Material: Draw Ratio: Tatle lumber:
BH-180-260 Aluminium 1.80 RH37
Drawing Speed: Blank=holder Force: Freguencs
o ina” | efttend T might wmad |10 i
Punch Punch Load Die Separating ﬂla‘ﬁth -f;% _?e;.
Tr?vel ! .? lb! 1 Fotse D _lbf i Amp: A ntic
in Osc.|Non-|0Osc.} Osc. Non. Osc. fL.H.{Re=x ¢an
osc.|comp O8C. comp _
Do.24 | 149|197 | 48] 60.5 | 74.2 13.7 | 322 37| 33§ =9.C
f0.62 | 280|355 | 75]27.3 | 29.3 2.0 | 352 39| 375 =k.1
-0.10 Lo | 48| 8]31.3 | 37.1 5.8 | 34of 393 367 43.2
0.20 | 109|141 | 32| 56.6 |68.3 11.7 | 334 358 346 L40.7
0.320 | 197|256 59| 54.7 | 68.3 13.6 | 311} 353] 333 39.1
0.0 | 251 | 334 | 83| 35.2 | 43.0 - 6.8 | 293 348 3221 37.8
0.50 | 278 | 355| 77| 25.4 | 29.3 3.9| 279 338 307 36.1
0.60 | 280 273 328 3293 38y L2.5
0.70 | 278 25.4 Lbg LL4 4Lkdq 52,4
0.20 | 261 13.7 533 Lsq Lod 58,4
.60 | 232 11.7 6ol Le4l s34 62,5
1.00 | 181 11.7 S74 LeS] 5220 61.5
1.10 | 128 19.5 5270 474 501 59.0
Test Number: Material: Draw Ratio: Tatle lupter
BH~185=0 Aluminium 1.85 55 38
Drawing Speed: ‘Blaqk-holder Force: Freguezcy:
0.35 inus™h | Pefgiiand | Right Hana -
Punch Punch Load Die Separating b Blank-hclder | Val.
Travel P 1bf Force D 1bf Amp. inmx12-8fmoas
in Togc.Jron-Josc.] osc. | Non- } Osc. jL.H.[R.t.[%2an
osc.|comp osC. COED
50.22 | - |192] - | - 56.6 - - | - | - | -
P0.39 352 19.5
0.10 6l 21.3
0.20 165 54,7
0.20 283 L4, 9
0.40 352 19.5
0.50 Specimen failed
0.60
0.70
0.20
0.S0
1.00
1.10
e



e S A o —
mmber: Material: Draw Ratio: Tatle Number
BH~185-160 Aluminium 1.85 3H 39
Drawing Speed: Blank~holder Force: Frequency
o5 ine” | Lefpiend [ Mg et | o s
Punch Punch Lead Die Separating Blank_-h:‘;der‘ Jel
Travel P 1bf Force D 1bf Amp. in x72°° |=E-tic
(in) -Osc.TNon-YCsc .“ 6sc.. T Non- T Osc. “L.H."R.E{.-lr."‘ea:-‘
os¢c. jcomp osc. conmp |
50.24 116511921 2762.5 |56.6 | 5.9 |186]121 {155 |18.0
$0.60 | 326 | 352 | 26 19.5 141 | 8¢ 114 |1=.2
0.10 51 64| 13) 39.1 | 31.3 7.8 | 182 1131|137 |12.2
.20 | 133|165 | 32| 60.5 | 54.7 5.8 | 188 | 121|155 |1Z.0
0.%0 | 224 | 283 | 59| 58.6 | 44.9 [13.7 | 188 |11 {152 ]17.6
0.0 | 286 | 352| 66| 39.1 | 19.5 |19.6 }188}1ci {145 |1E.6
0.20 | 312 29.3 176 &< 1131 | 15.2
.20 | 326 273 141 ¢ |11k | 13,2
5.70 | 320 25.4 275 €4 1131 2.0
.70 | 307 25.4 346 | 106 | 226 | 20,2
0.0 | 288 17.6 352 1111 | 232 | 22.9
1.50 | 237 234 363 | 116 | 240 | 27.8
1.10 | 189 234 369 | 132 | 250 | 28.0
1.20 | 101 19.5 264 | 182 | 225 22.1
1.30 19 0
1.40
1.50
1.20




Test Number:
BH-185=-200

Material:
Aluminium

Draw Ratio:
1.85

Tatle Nuzber:
BE 40

Drawing Speed:

Blank-=holder Force:

Freguency:

0.35 in.s | Lef;é;i‘g‘; T Riags%t f:‘;d 12.6C kiz
Punch Punch Load Die Separating Blank-h:ldm& el
Travel P 1bf 1 ?orce D {Pf q.Am;:’in ij‘—dEatio

(in) .bsc.mhon-"csc. Osc. q Non- Osc. |L.H.|R.E.|¥ear
osc.|comp osc. comp
Do.24t | 160|192 | 32| 56.6 | 56.6 o |2u6 1361191 |21.9
£0.60 | 301 | 352 | 45| 52.7 |19.5 | 33.2 | 246 |1kl | 194 | 22.2
0.10 37| 64) 27| 27.3 | 31.3 Lo | 234 | 302 258 | 30.7
0.20 | 117 | 165 | 48| 52.7 | 54.7 2,0 | 246 | 1L1 |19k | 22.2
0.70 | 219 283 | 64| 52.7 | 44.9 7.8 | 246 ) 1Lk1 | 194 | 25,2
0.L0 | 272 352| 80| 35.2 | 19.5 |15.7 |20 }131 | 156 | 21.3
0.0 | 296 23.4 211 | 125 | 109 | 1%.3
.6 307 21.5 156 | 122 | 140 ) 15.2
5.70 | 296 19.5 293 | 1L1 | 217 | 25,8
n.70 | 283 19.5 1o | 162 | 321 | 24,5
a.c0 | 259 13,7 LE6 | 17:¢ | 331 | 37,0
1.00 | 216 13,7 16| 3¢ | 291 33,3
1.10 | 163 17.6 L3k ) LE: | Lsa i 1,8
1.20 88 15.6
1.30 19 3.9t
1.40
1.50
1.£0




R — ___
Test Number: Material: Draw Ratio: Tatle Nu=zber:
BH-185-260 Aluminium 1.85 32 41

Drawing Speed:

Blank-holder Force:

ogp an.at | Leftiand | mant it | 105
Punch. Punch Lead Die Separating Blank-holder Tel
Travel P 1bf Force D 1bf Amp. in x20=5 |2:tic

(in) Osc."llon— .Csc.“ bsc.. T Non.- T Osc. "L.H.TR.'~.“'\*'f:a.::h1
osc. jcomp oBC. conp
Do.2k | 176 192] 16| 60.5 [56.6 3,9 | 240 | 197 | 216 | 25.4
£0.60 | 320 352| 32| 54.7 [19.5 35,2 | 246 | 102 | 219 | 25.4
2.10 501 64] 13| 31.3 |31.3 O | 240 | 4oz | 222 37.3
n.20 | 136| 165 29| 58.6 |54.7 3.9 | 240 | 202 | 221 | 25.©
0.20 | 235]| 283 | 48| Sk.6 |h4.9 9.7 | 246192 | 219 25.%
0..0 | 291| 352] 61} 33.2 [19.5 13,7 | 252 | 165} 209 | 25.2
5.0 | 315 25.4 252 | 155 ] 20k | 23.%
.20 | 320 234 234 | 184 | 195 | 22.5
5.70 | 315 21l.5 305 12| 249 2°.9
0.0 | 302 19.5 410 | 217 | 314] 2o.b
o0.70 | 280 15.6 4si| 20z 327 7.4
1.00 | 229 19.5 381} 202 292 23.8
1.10 | 176 21l.5 4aL} 272 553) &0.¢
1.20 | 104 17.6 334 3801 301 41.€
1.30 21 5.9t
1.40
1.50
1.€0

S ——
e e et




Test Number: Material: Draw Ratio: Tarle Hurber:

BH-190-0 Aluminium 1.90 B 42
Drawing Speed: . Blank-holder Force: Ireguency:
o5 tna” | Fefpioe T M Ing - i
Punch Punch Load Die Separating 3lank-hclder, | Val.
Travel P 1bf Force D 1bf Amp. irn x17’5~,1:i;
in  Togc.non-Josc.] 0sc. | Non. | osc. JLoH.[&es.]svan
osc.|comp OBC. conmp
Doot | - | 213 - - |538.6 - I
£0.37 331 35,2
0.10 61 ' 25.4
0.20 160 54.7
0.30 280 S5ha7
0.40 32] : 35,2 .
0.50 Specilmen faifled.
0.50
0.70
0.0
.60
1.00
1.10
Te¢st Number: Material: Draw Ratio: Ta: _e Lz ber
Bi-190-160 Aluminium 1.90 35 43
Drawing Speed: Elank-holder fForce: | Frequercy:
0.3k in.s™ - Legiaﬂigi ]_ Rigﬁ; figd 12.60 kEz
Punch } Punch Load Die Separating Blank=holder | Vel.
Travel P 1bf Force D 1bf Amn. in s 12-5 Eztio
ia .-Osc.:-Non--Osc.‘: Osc. q.- Non- -: Osc. “L.H.-l-R.E.“I{ean-
osc.|comp osc. comp

50.23 | 189 213| 24| 72.3 | 58.6 | 13.7 | 193] o1 142

0.10 56| 61 5] 41.0 | 25,4 | 15.6 | 1704 91| 131 1%,

12,5

20.63 | 347 331] -16| 31.3 | 35.2 3.9 | 152} 6%} 109| 12.6
15,2

2

0.20 1471 160 13| 68.4 | 54,7 | 13.7 | 188 91| 140 16,
5

0.20 | 245| 280| 35| 66.6 | 54.7 | 11.9 | 193 1] 1k2{ 16,5
0.40 | 307 331| 24| 41.0 | 35.2 5.8 | 188] 86} 137/| 15.9
0.50 | 334 33,2 182 761 12¢| 1,0
0.60 | 347 35.2 1641 721 1181 13,7
0.70 Specimen fajled,

0.20

0.90

1.00

1.10




Test Number:
BH=190~200

Material:
Aluminium

Draw Ratio:

1.90

Table Number=:

ity
1

Drawing Speed:
0.3k in.s” "

Blank-~holder Force:

Right Hand
296 1bf

Left Hand

288 1bf

I

Fregquerncy:

12.50 kEz

Punch Punch Load Die Separating Bl;ﬁgfttld‘az Jel

Travel P 1bf Force D 1bf Amp. ip x707° |2atic
(in) -Osc .H-Non-wCsc .-- Osc.' T Non- 1 Osc. “L.Ei.TR.“.""“a::d

oscCc.|comp oscC. comp

So.24 | 1761 213) 37| 58.6 | 56.6 0 |223 |1kx | 152 21.1

po.64 | 350] 331} -19)15.6 | 35.2 |19.6 |152 101|127 | 14,7
0.10 L8| 61] 13| 31.3 | 25.h4 5.9 | 217 1461152 | 21.2
0.20 | 136 | 160 | 24| 54.7 | 54.7 0 | 223 |11} 152 | 21,2
0.20 | 235| 280 | 45| 50.8 | 54.7 3.9 | 217 |12 | 172 | 21.1
0.0 | 302} 331 | 29| 29.3 | 35.2 5.9 | 205 j1Lk1 1722701
5.0 | 331 23.4 188 121 | 15511,
0.5 347 19,5 147 110 127 | 14,7
n.70 | 34k 13.7 170 | o | 133 | 1:.L
n.20 | 328 17.6 L2 91| 257 | 2%.¢
n.70 | 315 13,7 533 | 11£ | =25( 37.7
1.00 | 288 21.5 L4s | 124 | 256 | 23.2
1.10 | 237 21.5 363 | 121 242 2°.1
1.20 | 184 17.6 k16§ 124 271 ] 31.5
1.30 | 128 15.6
1.40
1.50
1.€0

¥




Pm—— E—
Test Number: Material: Draw Ratio: Tatle Nu=mber
BH-190-260 Aluminium 1.90 27 45
Drawing Speed: Blank-holder Force: Freguercy:
0.35 in.a”t | Lefgfend | might dand |y 50 v
Punch Punch Loaid Die Separating 2lank-nzlder el
Travel P 1bf Force D 1bf Ampz. in x"2-% [F-tio
(in) Osc.q-Non-TCsc." bsc.' T Non=- T Osc. “L.H.TR.E Tv ;ra;
osc.|comp O8C. comyp
50.25 | 187|213 | 26| 66.5 | 58.6 7.9 1299 |151 | 225 | z23.&
£0.63 | 334 | 331 3| 23.4 |35.2 [11.8 |2ko |13+ | 133 |z1.5
0.,70 | 48| 61| 13| 31.3 | 25.4 5.9 |275 | 227 | 251 | 2%.7
0.20 | 136 {160 | 24| 60.6 | 54.7 5.9 | 299 {146 | 223 | 27.5
0.70 | 237 | 280 | 43| 58.6 | 54.7 3.9 {299 |156 | 2228 | 27,1
0.40 | 296 | 331 | 35| 35.2 | 35.2 0 |275 |146 | 211 | 2t.2
.20 | 320 25.4 270 | 141 | 206 | 23.6
0.20 |.334 234 240 {136 | 188 | 21.5
~.70 | 326 234 299 | 136 | 218 | 25.0
.00 | 315 25.4 498 | 161 | 330 | 37.8
0.70 | 307 19.5 592 | 192 | 392 | 44,9
1.00 | 275 273 598 | 212 { 405 | 46,4
1.10 | 219 254 568 | 222 | 395 | 45.3
1.20 | 165 23.4 533 | 252 | 393 | k5.1
1.30 | 104 7.8
1.40
1.50
1.€0




-ﬁ;:;:-;:;;:::- Material: Draw Ratio: Tatle Nu=her:
Bli=-195=0 Aluminium 1.95 38 L&
Drawing Speed: Blank-holder Force: ‘ Freguency:

0.5 in.e™ | Telt Hand T wight fanc - nez
Punch Punch Load Die Separating 3lank=-kolder, Fe2l.
Travel P 1bf Force D 1bf Amp. inx 177 |Zztis

in .Osc..rNori-TOsc.‘b Osc. T Non.‘“ Osc. "L.H."R.l-‘..T;{ea.;
0scC.|cOomp osc. corp
Do.os | - | 248] - - 68.35 - - - - -
£0.37 382 37.1
-0.,10 67 273
0.20 187 66.5
0.30 326 60.5
0.40 382 37.1
0.50 Spedimen Fgiled.
0.60
0.70
0.20
0.90
1.00
1.10
Test Number: Material: Draw Ratio: Tatle Nubher:
BH-195-160 Aluminium 1.95 ZE L7
Drawing Speed: Elanz-holder Force: Frequercy:

0.34 in.g™ " Leé;QHigi 1- Ri%gg Eg?d 12.57 kEz
Punch Punch Load Die Separating | Blankenclier | Vol.
Travel P 1bf Force D 1bf Amm. in :.:13"'5 Sn+in

in -Osc .-‘-Non-.POsc .-: Osc. T Non- -.- Osc. -:-L.H.“R.E.“f{ea;
osc.|comp OSC. comp

50.25 | 221 | 248 | 27]80.1 | 68.5 |11.7 [182] 91| 127|171
Po.47 | 382 382| of 41.0 | 37.1 3.9 |170| 6~ | 115] 1z.5
0.10 61| 67 6| 43,0 | 27.3 | 15.7 | 152| 10t | 1291 13,1
0.20 157 | 187 30| 76,2 66.5 9.7 182 86 | 134 | 15,7
0.20 { 275 326 51| 76.2 60.5 { 15.7 | 188 96 | 1421 15,6
0.40 | 360 382| 22| 52.7 | 37.1 | 15.6 | 176| 86| 131 | 15.4
0.50 | 382 41,0 1701 601} 115} 13,5
0.60 Specimen Failed

0.70

0.£0

0.S0

1.00

1.10




Test Number:
BH=195=220

Material: Draw Ratio: Ta* e Huzber:
Aluminium 1.95 3E L

Drawing Speed:

Blank-helder Fcrce:

Freguercy:

0.35 in.s" Leéggﬂigg 1- Rigg: E:?d 12,58 kiz
Punch Punch Load Die Separating Blankth:ldc:é '?ey.
Trgvel | -II_’ 113:? 1 Foz;fe D _}bf “Amp:F in f_‘lO" _J.-.a’::..c

in Osc.|Non-{Osc.| Osc. Non. Osc. JL.H.{R.d.{rear
osc.|comp OBCe. comyp
So.24 | 205] 248 | 43| 72.3 | 68.4 | 3.9 | 205|126 |166|19.0
£0.57 | 282 382 0} 27.3 | 37.1 9.8 | 164 | 96 | 130 | 14.8
- 0.10 51| 67| 16| 35.2 | 27.3 7.9 | 188 | 252 | 220 | 25.2
0.20 | 149 187 | 38| 68.4 | 66.5 1.9 | 205 | 126 | 166 | 19.0
0.320 | 264| 326 62| 66.5 | 60.5 6.0 | 199 | 131 | 165 | 18.9
0.40 3391 382 43| 41.0 | 37.1 3.9 | 176 | 131 | 154 | 17.€
0.50 374 273 170 | 126 | 148 | 15.G
0.50 | 3282 27.3 164 G€} 130 14.8
0.70 Specimen failed.
0.20
5.90
1.00
1.10
Test Number: Material: Draw Ratio: Ta® .2 Ny zer:
BH=195=-260-1 Aluminium 1.95 3% Lo
Drawing Speed: Elank-holder Force: ‘requency:

0.34 in.s™ - Leg"g;;:‘; T Ri%%ta ﬁz‘;d 12,58 k&=
Punch | Punch Load Die Separating Blank-hclder | Veol.
Travel | P 1bf Force D 1bf Amp. ir xATT | Tcocic

in Osc .“I\‘on-"Osc.d.- Osc. -: Non- T Osc. “L.H.“R.E.“.‘Eea::
osc.|comp osc.-[ comp

50.23 | 200 2u8| 48| 7u.2 | 68.4 | 5.8 | 229f 111 170] 12.7
£0.60 | 384] 382 2| 25.4 | 37.1 8.3 | 217 21152 17.¢
0.10 56 67 11| 39.1 27.0 12.1 211 141[ 176 | 20.k
0.20 | 155| 187 32| 72.3 | 66.5 5.8 | 229 11| 173 22.1
0.30 | 272 326] 146 | 66.4 | 60.5 5.9 | 229 111 ] 170} 1.7
0.40 | 347 382) 35| 39.1 | 37.1 2.0 | 223|111 ] 157} 15.3
0.50 | 374 21,3 223| 105 | 135 12.1
0.60 | 384 25.4 217| &£ 132 17.€
0.70 Specimen Fajled.

0.60 |

G.90

1.00

1.10




T
‘J

v
P
i X

Test Number: Material: Draw Ratio: Tatle Number:
BH-195=260=2 Aluminium 1.95 3% 50
Drawing Speed: Blank-holder Force: Frequency
055 in.s” | Wit | Mghtdamd | e
Punch Punch Load Die Separating Blank:hzldea Vel
Travel P 1bf Force D 1bf Amp. in x7C~~ [Eztic
(in) -OSc.TNon-"Csc.-- 63::.. T Non- T Osc. -'-L..H.WR..E*f.w.‘-'.r_‘--z'x_—.-4
osc.|comp osc. comp
So.24 | 208 248 4o |86.0 |68.4 |17.6 [|270 ]217 |ask fav.o
50.69 | 384 | 382 2129.3 |37.1 | 7.8 |a1s2 116 |15 [1s.3
0.10 56| 67 11| 41.0 | 27.3 6.3 217 | 357 | 235 | 72.¢
n.20 | 160|187 ] 271 82.0 | 66.5 |15.5 |229 | 197 | 213 | 24,4
0.70 | 278 58,6 | 60,5 |21.5 | 234 {18¢ | 210 | 24.1
0.-0 | 347 50.8 | 37.1 |21.5 | 229|131 |130|2C.£
.50 | 374 41.0 223 | 111|157 | 1.1
0.-0 | 382 29.3 193 | 116 | 155 | 17.&
5.70 | 384 27.3 152 | 116 | 134 | 15.4
n.70 | 382 29.3 164 | 116 | 140 ] 1+.0
0.70 | 376 29.3 334 | 151 | 243 | 27.b
1.00 | 352 k1,0 316 | 181 | 249 | 28.5
1.10 | 315 43.0 340 | 192 | 256 | 0.5
1.20 | 253 41.0 363 | 176 | 270 | 32.9
1.30 | 197 14.0 287 | 192 | 290 | 32.2
1.40 | 117 5.9
1.50 53 7.8t
1.€0




Test Number: Material: Draw Ratio: Tatle Nuzher
BH-195-260-3 Aluminium -~ 1.95 34 51
Drawing Speed: Blank-holder Force: Froguency
0.34 in.s™" bethe and .[ A 1op 12.58 k2
Punch. Punch Load Die Separating Blankenzlder. T2l
Travel P 1bf Force D 1bf Amp. in x10-% [2tio
(in) l.Osr:."‘-Iulc:un--.rCsc.-.lm bsc.. T Non- T Osc. “L.H.“R.':{.“.\f‘.r_-anq
osc.|comp OBC. comp
50.25 | 205|248 | 43| 76.2 | 68.4 7.8 240|155 | 128 | z2.¢
20.68 | 387 | 382 51254 | 37.1 |11.7 {193 |121 | 137 [1:.2
2.10 L3 671 19| 37.1 | 27.3 9.8 211 |35 |25 2.
2.20 | 147 | 187 | 40| 70.4 | 66.5 3.9 | 234|162 | 198 | 22.¢
0.20 | 267 | 326 | 59| 70.4 | 60.5 9.9 | 229 |1é2 | 195 | 22.¢
0.-0 | 336 | 382 | 46| 44,9 | 37.0 7.9 | 223 |1LE | 155 | 21,4
5.0 | 371 33.2 223 | 1ke | 125 | 22,k
5.20 | 384 2943 223 |13 | 120 27.¢
.70 | 384 25.4 193 | 126 | 150 | 18.¢
~, -0 | 382 27.3 205 | 152 | 173 | 22,1
n.70 | 371 21.5 387 | 227 | 307 | 35.¢
1.G0 | 347 31.3 L8 | 197 | 313 5.3
1.10 | 318 41,0 k10| 171 291 | 2=.7
1.20 | 267 39.1 451 | 186 | 219 | 37.0
1.30 | 205 35.2 451 | 212 332 | 33.5
1.40 | 136 7.8
1.50 67 5.9t
1.€0




Test Number: Material: Draw Ratio: Table Nuzber:

BH-200-0 Aluminium 2.00 BH 52
Drawing Speed: Blank-holder Force: Frequency:
o35 in.a™ | Teftfene T wight none -
Punch Punch Load Die Separating BIankTholdc:é I?g;.
Travel i .? 1Ef 1 Force D 1bf Amp. inx 177 |iatic
in Osc.{Non- I-Osc:. Osc. T Non. T Usc. TL.H.TR.E.T:'{S&.:.-
osc.|comp osc. comp
So.24 | - 25| - - | 5hk.7 - - -1 -1-
£0.37 376 29.3
0.10 6L 21.5
0.20 176 48.8
0.30 320 48,8
0.40 376 29.3
0.50 Specimen Failled
0.590
0.70
0.20
0.90
1.00
1.10
Test Number: Material: Draw Ratio: Tazle Nu ber:
BH=-200-160 Aluminium 2.00 3¥ 5%

Drawing Speed: Llank-holder Force:

o34 tns”! | Beftiend [ Right fand | a5p e
Punch | Punch Load Die Separating Blank-hcldier { Vol
Travel i P 1?; 1 Force D 15f 1 Amp. i::itf‘i.“ o

in } Osc.}lion-}0sc.} Osc. | Non- T Osc. jL.B.|R.E.}¥=2an
osc.|comp osc. cory

D0.25 | 229 245| 16| 76.2 | 54.7 | 21.5 | 170| 201 | 136 15.¢
Po.us | 392 376| 16 37.1 | 29.3 7.8 | 158 7¢| 117 13.6
0.10 61| 64 31 35.2 | 21.5 | 13.7 | 152 111} 132 13,3
0.20 | 163| 176| 13| 68.4 | 48.8 | 19.6 | 158| 10=| 130} 15.1
0.20 | 296| 320 24| 70,3 | 48.8 | 21.5 | 176} 10| 139 2.2
O.4O | 376| 376 o| 46.9 | 29.3 | 17.6 | 16L] o1 | 128] 1t.¢
0.2 3921 37.1 N 1581 751 1171 13.5
0.£0 Specimen Fajled

0.70

0.30

C.co

1.00

1.10




[ Test Number: Material: Draw Ratio: Ta>le Nurber:
BH-200-200 Aluminium 2,00 IE S4

Blank-holder Force: )

Drawing Speed:
Left Hand ]‘ Right Hand

0.3k4 in.s”"

Fregquercy:

12.58 kEz

334 1bf 340 1bf
Punch Punch Load Die Separating Blankiholdffé _?e%.
Travel i _E’ 1135' L Fo::fe D __J_.bf "Amp.- in x-‘lu JFacis
in fogc.Tvon-Josc.] osc. | non. | 0sc. |L.s.[r.d.[ieax
osc.|comp 08C. comp
50.26 | 229 | 25| 16| 7%.2 | 54.7 f19.5 ]193 111|152} 17.6
20.50 | 298| 376 | 22| 33.2 | 29.3 | 3.9 |164]| 76]120]13.9
2.10 53| 64| 11| 35.2 |21.5 }13.7 | 170|136 |153]17.7
0.20 | 160 176| 16| 68.4 | 48,8 | 19.6 | 188|106 | 147 | 17.1
c.30 | 283) 320| 37| 68.4 | 48.8 | 19.6 | 188]116| 152} 17.€
0.40 360 | 376 16 | 43,0 29¢3 13.7 182 ] 101 | 142 | 16.5
0.50 398 33,2 164 | 76| 120 13.¢
0.50 Specilmen Faijled
0.70
0.20
$.90
1.00
1.10
Test Humber: Material: Draw Ratio: Tac.e hurter:
BH-200-260-1 Aluminium 2.00 3 55
Drawing Speed: blank-holder Force: Frecuency:
o3t sn.a”h | Peftind [ g it | e e
Punch Punch Load Die Separating Blank<hclder | Vel
Travel P 1bf Force D 1bf Amn. IR R BT
in -Osc ."Non-"Osc .-.- Osc. T Non=- .:. Osc. -.-L.H.-PR.F..“:-fea;
osc.|comp OSC. comd

- .
D0.25 222 | 245 23| 82.0 54.7 27.3 2341 116 | 175 | 20.

[l RAEZ

Po.so | 390 376 | 74| 37.0 | 29.3 7.7 | 205|105 | 156§ 1&.

0.10 531 64] 11| 37.0 | 21l.5 | 15.5 205 167 | 201} 23.

A

0.20 | 155} 176| 21| 74.2 | 48.8 | 25.4 | 229 121 175| 22.7

0.20 | 275| 320| 165| 76.2 | 48.8 | 27.4 | 234 122 | 178 | 22,

0.40 | 358] 376] 18] 48.8 | 29.3 | 19.5 | 223] 11¢| 170 15,
0.50 | 390 37.1 2051 10€ | 1356| 1:.
C.€0 Specimen Fajled
¢.70

G.C0
C.G0
1.00

pr =11 -3

1.10




Test Number: Material: Draw Ratio: Ta: 2 Nu-bor:

BH-200-260-2 Aluminium 2.00 RH 55
Drawing Speed: Blank-holder Force: 1 Frenuency:
. -1 Left Hand Right Hand
0.34 in.s 33£+ 1bf T 330 1bf 12-58 K.
Punch Punch Load Die Separating Slank-n:ldsx | Vel
Travel P 1b¢t Torce D 1bf Amp. inx Tl aziz

in . . . .. T. T..
Osc.|{Non-|0sec.} Osc. Non. Osec. u.h.vn.:.{gcax
osc.|comp OBC. comp

B50.25 | 205| 245| Lol 78.1 | sk.? | 23.4 | 246 | 1cl | 2ok | 2,0

20.57 | 295|376 | 79| 37.1 | 29.3 7.8 [193 |1z 152 |19z

c.10 | 48| 64| 16| 33.2 |21.5 |11.7 |2ko | L1 |27 | 2.5

.20 | 144|176 | 32| 70.3 | 48.8 |21.5 [246 |37 |12 | i.7

0.50 | 334|376 42| 52.7 | 29.3 | 23.4 | 217 |15 |z02 | :7.:

0.50 379 39.1 205 | 152 | 178 | 20.¢

0.50 395 37.2 193 | 171 {521 15,1

0.70 Specijmen Faifled

0.20 .

e




Punch Punch| Die Separating | Frict | Die A=zlitude Tel
Travel Load | Force 9 1bf | Torce in x 10-5 Tatio
in [P 1bf] L.H. R.H. F lof | L.H. | 3.H. | Kez=r
Test Number: .aterial: Zraw Zatio: Tz3%le liumter:
30DI-150-0 Aluninium 1,50 ° DI 1
drawing Specd: Zlan%-older Force: Treguensy:
0.%2 in 5-1 Left Liund Rizght land - kg
3 * 115 1bf 123 1b% o
D max 1.34] 160 767 862 0 - - - -
Pd max O0.,40| 294 137 246 6.19
Fi maz 1.20{ 206 694 8c1 0 |
Test liumber: l.aterial: Uraw Ratin: Tztle lurber:
30DI-150-60 Aluminium 1 50 DI 2
drawing Specd: Zlask-nolder Force: Srejusacy:
. -1 Left [luad Right land .y
0.33 in.s 121 1bf 119 1bf 12.84 iz
.D max 1.36| 115 785 839 0 56 51! sS4l 6.6
Pd max 0,50 225 201 293 0 74 64 | 69 3.5
Pi 72t 1l.20( 210 712 785 0 56 bs = 51 | 5e3
Test Liumber: l.aterial: Zraw 22*io: Tetle lgmben
30DI=150-120-1 Aluminium 1,50 DI 3
Srawinz 3peed: Slanv-wlder Zorcce: “resuency:
. -1 Left iHand Rijht Iand
D max 1,35} 130 730 785 0 149 § 128 | 139 !15.9
Pd ~ax  0.40| 195 32 92 0 298 | 307 ' 303 i35.9
Pi rmaz 1,20{ 183 648 72k 0 121 | 10¢ 115} 1&4.0
Test lLiurter: .aterial: Jraw Ratio: Tztle liurie-
30DI-150-120-2 Aluminium 1.50 DI &
= w10l 3 - ae
Jrawing 3Specd: lang-nolder Force: Frezurnct:
. -1 Left Eund Rirht Zand —
0.32 in.s 127 1bf 119 1be 12.84 =
-D_max 1.3k} 130 703 739 o) 140 | 1281 134 15.8
Pa -ax  0,40] 191 18 77 0 279 | 307 | 293 25.7
Pi ~av 1,20{ 183 630 708 0 112 102{ 107| 13.%
Test fiumbders: raterial: Sraw Ratio: Tadle lunter:
30DI-150-180 Aluminium 1.50 DI 5
Drawing 3pecd: 3lank-holder Force: Trequency:
0.32 : -1 Left Hund Right Hand -
3 iN.S 121 1bf 123 Inf 12‘8!+ Lo
D max 1.36) 130( 703 | 739 0 186 | 154, 170 | 21.4
24 max 040} 195 27 92 0 372 | 3331 353 | 4k.S
Pi ma:  1.10] 180 530 | 631 0 121 115; 128 14,9

L2




Punch Punch| Die Separating | Frict| Die Aszplicuin | el
Travel Load Torce O 1h' Torce in ¥ “"-n Tatie
in P 18] L.Y4. Reile Flef | L.H. | R.H. ¢ “lear
Test Number: i.aterial: raw 3atio: T2l Numter:
30DI-150-220 Aluminium 1.50° 21 6
drawing Specd: Zlanx<lolder Force: Fresusane
_ -1 Left Iiund Right lland y
0.32 in.s 115 1be 119 1ue 12.84 vz
.D mex 1.35| 134| 776 708 0 186 | 192 | 189 | 27.8
2d max O.40| 199 128 92 0 409 | 333 | 371 | k.8
i =ne 1,20 176 685 647 0 158 |- 154 . 156 | 19,7
Test liumber: l.aterial: row Rz2tieo Ter L2 twoker
30DI—150-260 Aluminiun 1.50 DI 7
2 gl de 7 ~r
Drawing Speed: slan#-nolder Force: Troguonecs
-1 Left Eund Right land .
0.35 in.s 121 1bf 123 bt 12.85 & 2z
.D max 1l.34| 126 666 693 205 § 166 ! 126 :122.5
£d zax 0.40| 191 27 77 0 428 | Z45 t 237 1 LE,7
Pi =ar  1.20f 176 593 662 0 149 | 154 152} 1.k
Tost Lwumber: l.aterial: Zraw Rz2tio: T2l Numter
30DI-155=0 Aluminiunm 1.55 DI 8
Drawinﬁ Speed: 3lank=-nolder rorce: meag oo
-1 Left lund Ri~ht land
.D =ax 1.42| 164 730 | 788 0 - R
5d ~2x 0.50| 325 657 262 714 : i
! 1.28| 218| 173 | 739 0 | |
Test humter: llaterial: Draw Ratio: Terlin Numiors
30DI-155-120 Alunminium 1.55 DI 9
= P\‘.F...‘l 1 5 _aw- o e
Srawing Specds Zlank%-holder Force: fregusners
) -1 Left Iund Rizht Zand .
0.32 in.s 161 1b* 188 1n# 12,85 iz
D max 1l.42) 126| 730 | 739 0 130§ 115} 123 15.2
?d ~ax 0.40| 214 27 (a4 0 279 | 243 | 261 | 32.2
Pi ~avx 1,30 176 676 724 0 121 | 109} 115 1k.2
Tegt dlumber: raterial: raw I2tio: T2t lLuoter
30DI~155-180 Alurinium 1.55 DI 10
Drawing Speed: 3lanx-"o0lder Forcc: Feeauenc
in g~ Left Iiund Right land ' .
0.52 in.s 161 1ibf 188 1nf 12.84 iz
D max 1.43) 138| 730 | 770 0 149 | 141 ] 145)18.2
Fa max  0.40| 214 27 77 0 391 | 282! 337 | 42.2
Diomat 1.30f 183 657 | 739 0 130 | 128 129 15.2

e




- Punch Punch| Die Separating | Frict | Die Amplit:uis el
Travel Load | Force 9 1bf | Force in ¥ 17-5 Tati
in P 1bf} L.i. R.H. T 1lof§ L.il. | R.H. zun
Test Number: i.aterial: Zraw Fatio: Tt Luter:
30-DI-160-220 Aluziniusm 1.60 DI 16
Jrawing Specd: lanx-holder Force: Frezuezcy:
. -1 Left iiund Rizght land -
0.32 1N.8 16? 1b¢ 227 1 12.8“‘ Lo
D max 1.52| 126 | 717 | 739 0 195 | 179 | 187 |23.4
Pd max O.42| 225 55 | 108 502 | 358 | 430 |53.9
Pi =az 1.40| 176 | 666 | 724 0 186 | 166 | 176 |22.1
Test Nunmber: l.aterial: Draw Ratio: TolUTr lumbes:
30DI-160-260 Aluminiun 6 JI 17

Drawing Speed:

3lan¥%~"0lder Force:

Trejuenc e

aey -1 Left Eund Right land L VU
0.52 in.s 167 1bf 217 1nt -2.0% iz
.D max 1.60) 122| 694 | 739 o 112} 96 ! 104 l13.0
Pd ~ax O.46| 225 27 77 0 335 | 294 . 315 i 39,5
Pi =2 1.,46] 203| 603 | 678 0 130 | 102 | 116 | 1%.5
Test Lumder: i.aterial: Zraw Ratio: Tzbla Numzer
30DI-165~0 Aluminium 1.6 DI 18
A Zlanx-h1older Zorce: .
Jrawing Speed: Trezuency
. =1 Left Hund Rizht land 3
0.33 in.s 184 1bf 237 e - iz
.D max 1l.65) 172 803 847 0 - - ! . -
Pd ~2ax 0.57 367 164 231 10.23
i ~nw 1.53| 229 758 816 0 |
Test hiurmzer: s.aterial: Draw Ra2tin: Tzzle Number:
30DI-165-120 Aluninium 1.65 DI 19
iy nwl'val 3 Tarecoa s
Orawing 3pecd: clank-holder Force: Crajusneys
s -1 Left Iund Rizht and . -
0.52 in.s 173 1bf 237 1t 12.83 iz
.D max 1.64] 149 785 832 0 130 | 128 | 129 | 16.3
Pd ~ax O0.54| 252 73 139 0 298 | 282 | 290 | 35,6
(i mav .42 218| 676 | 739 0 93 | 64| 79 |10.0
Test liumbder: raterial: Jraw Zatio: Tzt e lumies:
30DI-165-180 AMuriniunm . DI 20
Drawing Speed: Slank~holder Torce: Tregusnoys
s -1 Left Eund Right Zand .
O. - N aris . .
>3 in.s 184 1bs 237 1ns 12.83 sz
D mex 1.64) 11| 776 | 801 0 149 | 154 | 152 {18.6
Pd ma2x 0.53| 252 73 139 0 558 | 320 b 539 153.8
(it 1090 199) 730 | 770 o | 167 | 154 1°1 {147

‘e




Punch Punch
Travel Load

Die Separating | Frict | Die

in P 1bf

Test Number:
20DI-165-220

Toree O 1% Terce in

L.i. 2.H. T lof | L.H.
.aterial: raw 3atin:
Aluminiun 1.65

Jrawing Speed:

Zlan%-li0lder Force:

0.34 in.5-1

.D max 1.64

Pd ~ax 0.57

i =a+ 1.50

Test NLunher:

30DI=165=260

0«33 1ine.s

Drawing Speed:

D max 1.72
D2d maw 0.46

Pi -~ 1,57

Test Lumber:

30DI-170~0

Jrawing Speed:
0.31 in.s™

Left Iiund [izht Iand
184 vt 247 1ne
785 816 0 167
73 123 0 614
721 785 0 112
.aterial: Draw Ratio:
Aluminiun 1.6
3lanx="10lder Forece
Left Iluad Right fand
190 bt 237 15t
758 770 0 130
27 77 0 372
694 739 0 167
terial: _raw R2tio:
uminiunm 1.70
3lank-holder Zorce:
Left Eund Rizht land
‘196 ibf 326 1he

Pd ~ax 0.48

100 123 10.95 -

Specimeny Failed

. .
Test Liumber:

30DI-170-60"

Aluminiunm

terial: tio:

Zraw
) 1 .

-J
O

Orawing Specd:

Zlan<«-"0lder Force:

0.31 in.s")

D omax 1,72

Test Humder:

30DI-170-120

0.31 in.s""

Drawing Gpecd:

.D max Ll.73

pd max 0.58

i omacr 1,48

Left @Iunid Right Zland
196 1bf 346 1<
831 909 0 47
137 216 ) L7
676 739 o] b7
terial: Zraw Zatio:
uzinium 1.70
3lank=l0lder Force:
Left Eund Right Zand
207 1br 341 1nf
813 862 0 112
82 | 139 0 149
685 739 0 24




30DI-170-220

Aluminium

Punch Punch| Die Separating Frict Die A=plictuis z
Travel Load Torce 7 1hf Tcrce in y 47-9 Taxtie
in P 1bf] L.ii. R.H. Flof | LoZe 38500 zan
Test HNumber: i.aterial: Traw Fatio: TooT2 Numias:
30DI-170-180 Alu=minium 1.70 DI 26
Zlank-=holder Forc -
Drawing Speed: ~lan<-holder Force resusnc
. -1 Left Iiund Right land =
0:32 in.s 213 1bg 336 1ns 1285 niz
D max 1,76| 88| 785 | 801 0 112 § 128 | 120 {171
Pd rax 0.50| 267 | 46 | 97 335 | 192 | 254 |=3.3
Fi =az 1,441 199 603 662 149 | 102 ! 126 |15.9
Test Lumbher: i.aterial: Sraw Ratin: T i cher

Drawing Speed:

0.32 in.g”"

3lan%="10lder Force:

-

Left Eund

Right and |

- e

219 1bf 336 1bf
.D max 1,77} 130 776 816 0 130 § 141 ' 136 11?.2
Pd =ax 0.53| 271 29 62 0 279 | 269 . 274 | 34,6
‘i va: 1.60] 2104 703 | 755 0 93| 77 35 ]10.7
Test Luzder: lLaterial Sraw 2ztio: T lnnies
30DI-170-260 Aluminiua 1.70 DI 23
Drawing 3peed: 3lanx~holder Force: Freguencr:
. =1 Left liund Rizht Iand
0.31 . : : et - . >
>t in.s 230 1bt 336 Tpe 2.5 ks
.D =max 1.78| 126 758 785 149 | 154 | 152 2¢C.1
Pd ~ax 0.50| 260 37 77 0 279 | 256 | 268 | 35.4
Pi maz 1,50| 199 612 678 0 149 | 115 | 132 | 17.4
Test fiumzer: Laterial: Jraw Ratio: Tzhle lumbar:
20DI~175=0 Alurminium 1.75 DI 29
Drawing 3peed: 3lanx-"0lder Force: Fresuercr:
. -1 Left Hund Richt Zand -
0.30 in.s 219 1pf 306 1Iye = =Xz
.D max [
Pd ~ax O.40| 424 27 Lo 10.95 - - - ~
Ti mav Specimen Faile f |
Test Lumder: i.aterial: Jraw Ration: Tt lurtems
30DI~-175=-60 Aluziniunm 1.75 DI 30
= LAl tar T rcoe
Drawing Speed: Slask-hollsr Fore Trezusner:
. -1 Left Kund 2ight and N .
0.3l in.s 219 1be 336 - 12,05 iz
.D max 1.82| 183| 8= 893 b7} 261 37| 4.9
2d max 0.57| 355 100 154 0 47 381 431 5.7
Pi rar le60| 248 785 832 0 Lo 26 | 37| k.9
' Ta




Punch Punch| Die Separating | Frict | Die Ampliui- a
Travel Load Torce 9 1bF Tcrce in x “C-> Tatic
in [P 1bff L.ii. R.H. | F lof [ Lud. | R4, | 7o on
Test Nuzmber: aterial Zraw Xatio: Tzl NurTer:
30DI-175-120=-1 Aluminium 1.7 oI 21

Jrawing Speed:
0.31 in.s""

Zlan«-older Force:

Left Kund
219 1bf

230 ibf

326 1b¢

D max 1.80| 45| 794 | 832 0 93§ 90 i <2 }11.9

Pd =ax 0.56 287 68 108 149 205 t 177 %22.8

Pi =a: 1.50| 210| 639 | 693 0 93 | 77 | &5 {11.0
Test Lumber: L.aterial: Oraw R2tin: Tai L Tiuruoer
30DI-175=120-2 Aluminium 1.75 21 32
Drawing 3peed: 3lan~-"pldier TFTorce: “mcyuency:

D nmax 1.80| 191] 840 | 893 0 s6] 38 L7l 5.8

Pd rax 0.55] 340] 110 177 0 65 51 581 7.1

pi =n: 1,68 195 785 847 0 56 38 L7 1 5,8
Test Lumber: laterial: Zraw R2tio: mea e Lew

30DI-175-180-1

Aluminiunm

33

. - Zlanx-holder Torce: -
Jdrawing Sgpeeds Trczuency:
=1 Left Hund Rizht Zand U
.D =max 1.84| 160 749 785 74 510! 631 £,2
Pd ~ax 0.60| 290 73 123 0 223 | 166 ' 155 |2=.4

Pi

—— e

1.70

206

685 724

64

79 11c,3

est lvumtTer:

To
3

DI-175-180-2

.aterial:

e w5 4

-

L w T e

34

Aluminium 5 DI
3lank-"0ld Foreca
Drawing Specd: Slanx-iolder Tore Srazuencr:
. =1 Left #und Richt and )

D zax 1.,85] 160| 785 | 832 0 132 § 115 . 114 149
Pd ~ax 0.63| 283 27 77 0 242 | 205 | 224 | 2s.2
Pi =ax 1.73| 233 749 816 0 93 64 79 {10.3

Test Liumber: aterial: Zraw Zatio: Tt T2 oo tes

30DI-175-180-3 Alusinium 1.75 &1 35

Drawing Jpeed:
0.31 in.g™"

3lank-n0lder
Left Iiund Dirn

265 1be

.D m=z2x 1.88

187

803 862

0.64

°d —ax

287

64 123

1.75

D1 o

248

749 816

e




Punch Punch| Die Separating | Trict | Die Amplicuiz e
Travel Load Torce 9 Ihf | Ferce in y “C-7 Tat
Flef !

in b? lbf L-H- R.Ho

Test Number: .aterial: Zrow 3atin: Tolla Lurter:
30DI-175-220 Aluminium 1.75 21 36

Jrawing Specd: ~lanz-nolder Forse: STeguencr

. -1 Left iiund Risht sand ' .

0.32 in.s 219 1bf 506 Tpe 12.85 =iz

.D mex 1l.92| 103 703 678 0 112 | 141 ! 127 {14.0

Pd ~ax 0.60] 271 27 62 0 2k2 | 230 |

z
Pi ~ae 1.77] 191| 612 | 631 0 149 | 179 | 1

o e

Test Liumter: .aterial: Traw Aztio: Tt Noshor:

30=DI=175=260 Alu=iniun 1.75 0T 37

. - 3lanx=<"older Force: .
Orawing Speed: N Smosuenov:

0.32 i -1 Left ilund Rizht fand
e/c 1.5 219 1bf 306 1b¢

D max 1.92) 115| 921 | 708 0 120 | 1s4 . 142 l1%.0

pd ~ax 0.59| 283 18 62 0 260 | 230 zu5 l=z1.1

Pi ~a: 1.78| 180| 666 | 678 o | 167 166 177 |21.2

Test lumber: i.aterial: Zraw FA2tio: Ty urter
30DI-180-0 Aluminium 1.80 I 38
. A Slanx-nolder Forcece: .
Drawing Sgpeed: Jresuency:
. -1 Left Lund Rizht Hand .
0.31 in.s ‘oLp 1bf 206 b - SRS
D max ! !
Pd —2x 0.38| 3286 27 62 1142 - - | - -
P ~av Specimen| Failed] |
Test iurmber: ..aterial: Zraw Ratin: T:hl2 Numler:
30DI-180-20 Aluninium 1.80 DI 39
. " Zlank-"0lder Force: -
Orawing Specd: Trezuency:

. -1 Left iund Richt Iand ve
0.32 in.s 242 1pst 311 1pr <02 ARz

.D max !

Pd ~ax 0.45| 390 73 123 3433 19 131 16| 2.0

ri —ax Specimep Failef
Test llumber: i.aterial: Zraw Fatin: Tzt e Tutzer:
30DI-180-40 Auriniuz 1.80 oI Lo
. . = natinl 2 Tor~oe
Jrawing Specd: 3lank-holder Force: Freczusacyrs

0.31 in.5-1 Lef Iianad Right Zand

247 1be 221 1bf

D max

Pd max  0.52| 359 91 54 0 28 261 271 3.5

|21 e Specimdn Faildd | |

B Y



0.31 in.s™!

Left iiund
2hk2 vt

Punch Punch| Die Separating { Frict Die Azplitude el
Travel Load Torce D 1bhf Torce in ¥ =" Tatic
in P 1bf L.id. R.H. F lef | L.d. R.H.i lewn
Tegt KNumder: i.aterial: orow Ratiog Tuil Nyt ter
30DI-180-60 Aluminium 1.80 DI 41
. Zlan¥-holder Zorce: -
Drawing Specd: lanz-holder Force Frezuencr:
-1 Left Eund Right land 1 e
0.32 1N.86 221{_ Ibf 336 -::):- ---—-85 Fods iu
D =max 1.92| 199 | 84 | 924 0 370 191 23| =.¢
Fd ~ax 0.96 374 128 200 0 37 28 =3 < 8
Ti = 1.78 | 252 785 878 0 37 19 25 | F.é
Test Kumber: L.aterial: Jraw Ratio: Terle Lunte-
30D1-180-80 aluminiun 1.80 I <2
Drawing Specd: Zlan%="0lder Force e qu ne

30DI-180-100

Aluminiunm

1.8

O s

.D ma2x 1.95} 183 876 924 0 56 51 |

Pd ax 0.96| 359 | 164 | 231 0 | s1l sz lora

Pa -2 1.80 260| 821 | 878 0 s6 | 38 7| €.
Teogt Liumber: .aterial: _raw R2tio: Tezrla Tlumber

Drawing Speed:
0.32 in.s-

3lanx-=10lder Torce:

1

Left Eund
253 1bf

Rizht Iand
346 1yue

..........

D =max 1.92| 187 840 909 0 56 38 1 L7 | s.9
rd —2x Ll.01 | 329 173 246 0 1130 96 ¢ 113 i1Lk,2
Fi ~n= 1.80| 260| 794 | 878 0 56 | 38 71 5.9
Test Lumber: .aterial: Jraw Ratio: Tl Clu -
30DI-180-120 Aluminium 1.80 T Lk
- . - 3lanx-"older Force: -
Orawing Specd: srezusney
. -1 Left Iund RAcht Zand )

1.90

145

831

878

74

83 !

79 { 9.8 |

0.63

298

23

46

205

179

102 | 23.8

.D max
Pd ~nx

FS SRR 4

l-??

225

767

832

65

58

82| 7.7.

| mone

225

749

T2t flunder: waterials oraw Iatio: Tztle Nunte-

30D1-180-140 Aluminiua 1.80 DI 45

Jrawing Speed: clank-nolder ?oFcc rezuane)”
D zax 1.90] 149| 831 | 878 0 651 o00:i 781 c.g
Pd ~2x_0.63]| 290| 32 | 68 o | 233 205! 219127.4
Pi =at 1,74 816 s6f 64: s0l 7.5

T



-

Punch Punch| Die Separating | Frict | Die Azplitudle Vel
Travel Load | Torce D 1bf | Torce in_ ¥ “0-9 Tati
in P 16l L.H. Roile | 7 Yof | Lol | 3.H. | eam
Test Numder: .aterial: oraw Ratin: Tztla lurter:
30DI-180-180 Aluminiunm 1.80 DI L6

Zlanx=-"0lder Force:

Drawing Speecd: Jrezusneys

. -1 Left iiund Right Iand 5 L oeesn

0.32 in.s 247 1bf 296 nf 12.8% wiz

.D max 2.04| 105| 821 | 847 84 | 102 | 93 |11.8

Pd max 0.67

302

18 54

230 |

236

pi ~az 1.18 229 712 770 0 65 ?77 + 71 .0
Test liumbher: i.aterial: Draw Rz2tion: Tolle Luber-:
30DI-180-220 Aluminiunm 1.80 DI 47

Drawing Specd:
-1

3lan¥="0lder Force:

Left IIsad

Right Hand

.D max 2.00 157 803 | 847 0 93 115 ! 104 13,2
pd ~ax 0.68] 306 18 62 279 | 256 | 2% 4,0

1.80( 218

785

o

112

I}i wmry e .
Test Lumber: l.aterial: Zraw R2%tio: Tatlae Nurder
30DI-130-60A Aluminium 1.80 i1 L8

Drawinsg Sypeed:

Rlan¥-10lder Forcec:

0.33 in.s~ | Left ILund Rizht land e el
y e 242 1bf 296 1be BeleCeriz
T
D rmax f H
Pd ~ax 0.62 263 27 62 3433 65 77 ¢ 71 [ £.¢
i 7o Specimen| Failed ! [
Test humbter: .aterial: Jraw Ration: Tells lumzer:
30DI-180-1204 AMluninium 1.80 DI 49
3 wlepli Toaw .
Drawing Speeds 3lanx-nolder Force: e zuenay:
. -1 Left Iund Richt land U
D max !
7d ~ax 0.62] 352 128 77 3.331 121 | 154 | 138 | 17.5
Pi ~ax Specimerny Faile |
Test fiumber: haterial: Oraw Zz2tin: Tztle lutter-:
30DI-180-180A=Y 2lurinium 1.80 DI 50
Drawing Spec?: - S3lank=-nolder Force: Frequency:
0.31 in.g" eft Iiund Right land -
s 242 1bs 296 1vf aefecoriiz
.D max [
ra nax ©Q.67| 302 18 62 0 260 | 256 | 258 | 33.7
¥i navt Specimeny Failed|

&




Punch Punch| Die Separating | Frict | Die A=zzl:isu-: el
Travel Load Torce I 1hf Terce in x “7-9 Tatip
in L? 18] L.H. R.H. F 1lbf { L.H. | R.H. | Yezn
Test Humber: iaterial: Zraw Ratin: Tzhle Number:
30D1-180-180A-2 Aluminium 1,80 )I 51
. Zlan%="0lder Force:
Drawing Specd: rrorcee Jrezurncr:

0-33'in.s-1

Left Lund
230 1bf

.D max

Pd -ax O0.64| 336

18 62

109 | 2L.7

'
192 |
i

i =a- Bpecimen| Failed |
Test Lumber: .aterial: Lraw R2tin: Table "lumler:
30DI-185-0 Aluzniniun 1.85 NI 52

Slan%-"o0lder Force:

Drawing Speed:

Srejuency:

Jrawing Sreed:
. -1
Ce33 in.s

-D max ! !
Pd -ax O.42| 397 27 62 0 - - - | -
Pi = Gpecimen| Failed |
Test Lumber: l.aterial: Zraw R2%tio: Tzila llurzer
30DI-185-60 aluzinium 1.85 oI 23
3lank-holder ZForce:

Rizht Iand

316 be

ol L

363

108

0 56

d ~=2x 0.50

Bpecimen

Failed

'.
90 ! 731 &
I

heal e Tt
-2Z20C bumZzer:

.aterial:

Draw Ratio: zol2 Numter:
30DI-185-120 Aluminiuz 1.85 DI Sk
. . 3lank-"013 Tarco:
Orawing 3peecd: ank-~older Force: ‘TesuInoy
-1 ;

0.33 i!‘!.S

Rizht Zand
316

LR-54

.D mzx

Pd ~ax 0.73| 340

0 186

179

i mav Specimen| Faile
Test llumber: haterial: oraw Ratio: mehta Nu-le-s
30DI-185=140 Aluminium 1.85 DI 55
s - . 3lank=holder Forse:
Drawing Speed: : regueacy:
- Left [1und DY L e T,
0.32 in.s 1 Lelv 1ial S Wy .iand . -
299 1bf 12,83 z3z

360 1n¢

D

max

0.80| 336

pd ~ax

5k

0 186

179

Pi ~av

Specimen

Failed

s




Punch Punch| Die Separating | Frict Die Amplitude el
Travel Load Force 7 1hH¥ Tcrce in x “7=° Tatig
in P 1bf L.id. =.H. T lef | LidH. | RLE. | Toun
Test Nunmber: iaterial: Zraw Iatin: Tatla tlu-Ter:
30DI-185-160 Alurinium 1.85 01 56
. Zlan%=holder Force: -
Jrawing Speed: Frezusncyr:

e o= Left Iund Rizhi Iand 12 8% .
0.33 1n.s 299 1bf 326 1n° 12.83 =z
D max 2.10 99 840 862 0 93 77 b 25 1o,k
Pd zax 0.70| 34k 27 77 205 | 179 | 192 |23.5
i =2 1.90) 233 758 816 0 74 6L | 89| .2
Test Kumher: ..2terial: w Rat Tolla Numter
30DI1-185-180-1 Aluminium 1.8 nl 57
Drawing Speed: Zlan¥%="0lder Force: Fresuomer:
. -1 Left IIund Richt fand o .
0.33 in.s 288 1bf 221 1bf 12.03 iz
.p_=ax 2.10} 153| 840 | 893 7h | 83, 79l .7
Pd ~nz 0,70 325 27 69 233| 205 219 28.8
Pi ~nr 1.90) 237 740 816 0 74 64 59| £.5
Test Iumher: s.aterial: Zraw 22%tio: Teh s Tlurher:
30DI~185-180-~2 Aluminium 85 oI 358
Drawinz 3peed: Slanx-holder Force: e rmer o
. =1 Left Eund Ri~ht fand
0' - -y 2.U - -
33 in.s 299 1bf 321 1pe 12.95 2ix |
.D ~zx 2.00}| 203 776 816 0 65 77 0 i &7 |

"Pd - zx

0.70

332

14

39

(o]

0.32 in.s

1

Left Hund

299

1ibf

Pi ~nw 1.90 245 730 770 (o} 65 77 71 8.7
Test hunzer: 2terial: Zraw Rzatio: Tetle umber:
20DI-185-200 Aluzinium 1.85 I 39
Drawing Speed: lanz-molder Force: Srezusncy:

o. -1 Left iland Rizht Zand 83 o
35 in.s 299 1pe 326 1yur 12,83 i

.D rmax 2.00} 172 794 816 o] 93 96 ! 95 [12.6

Pd -2x 0.80 325 27 62 0 233 218 | 226 |27.5

Pi ~2v 1.90| 299 740 801 0 93 | 102 ; 98 |11.9
Tast Liumber: h.aterial: Draw Za*io: T2t e Numter:
30DI-185-240 Aluminiusm 1.85 DI 60
Drawing Speed: slane-nolder Force: ITezusner:

183

794

862

334

18

62

.D max 2.10
?d ~ax 0.77
Pi =2 2.00

237

740

816

T



Punch Punch| Die Separating | Frict | Die Axnplituce el
Travel Load Torce D 1bh¢ Tcrce im ¥y 79 Tatic
in 2 1bf] L.iH. R.H. * lof | L.H. | R.H, | Heonm
Test Numder: naterial: _raw Ratios Tztle Nunter:
30DI-190-0 Aluniniun 1.50° DI 01
= ~raiglde Tamea e
Jrawing Specd: lask-holdsr Force: Tozuanoys
o -1 Left [und R[isht land .
O. 2 - —y - [l
>2 in.s 259 16t 276 1o: |
nax !
pd ~ax 0.37| 394 27 77 9.52 - - | - -
Ti mna Specimeh Failefi l
Test Luzber: l.aterial: Jrow R2tin: Toble Kumber:
30D1-190-260-1 | Aluminium 1.90 DI 62
. - 3lan“-"o0lder Force: —
Drawing Speed: Fresuencr:
. -1 Left iand Ripght Tand .-
0.33 in.s 265 1bf 286 1n+ 12,85 x4z

.D

-
P =

X

o
-

0.62| 355

Tax

14 5k

i o Specimen FailgF
Tegt lunder: L.aterial: _raw R2tio: Jzhle TTunber:
30DI-190-260-2 | Aluzinium 1.0 51 63
. - Zlanx=-10lder Zorce:
Jrawinz Speecd: Tryuency:
. -1 Left Hund Rizht liand .o
0032 1N.5 265 Ibf 286 1b: 12.85 Friim
. max 1
Pd ~ax 0,62 363 23 62 0 242 | 2051 zaul 28,4
Pi ~n Specimdn Failda I
Test Liurnter: .aterial: Draw Rztio: Tables Tumbhe-:
Aluzinium
: . - Zlan%-"o0lder Torce: —
Orawing 3peed: Tresusney
PR Left itund Right land e
s 1bs 1ns s
|
.D rmax b '
Pd -=ax
1 —av '
Tcst hiumber aterial: Craw Zotio: Totle lunters:
Aluminium
Drawing Speed: Slank-nolder Force: Frogzuency:
in.s” | Left Hund Richt fan e
ibf inf T
.D max l l
’d ~ax {
r;i oo O | J




Blank-holder Swaging.

Test Number Max. Punch Load Blank~holder
1bf. Oscillatory Force 1bf,
S5-150-N 256 . -
$-150-L 241 92
5-150-6 256 ' 58
S§=150=-2 225 104
$-150-8 248 ' Le .
S=150-N 252 -
§-150-NV3 267 -
S=150-4V7 245 81
S-150-4V5 245 92
S$-150-4V3 _ 245 92
S~160-4 : 277 ' - 127
S-160-8 294 92
S-160-12 294 - 58
S=160=2 271 ' 138
S-160-N 336 -
§-165-N ' 313 -
S=165=12 Tt 306 58
S-165-8 298 92
S-165-4 . 294 115
S-165-2 | . 290 138
S=165-6 294 115
S-165=N . 332 =
S-170-4 302 127
$-170-6 306 115
$=170-2 313 104
S-170-N 363 -
5-175=N 382 ' -
S=175=4 ' 352 184
8-175-10 : 255 127
S=175-N 374 -
S-175=N . 371 -
$-175-12 Bl " | 138
§=175=11 336 161




