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SUMMARY

In thi's thesis the application of power ultrasonics to metal
processing, along with the mechanisms operating during such processes,

is reviewed, The various techniques used to analyse metal forming
processes are also reviewed,

A detailed description of the apparatus and instrumentation is
given with the experimental procedure.

An upper-bound technique is used to analyse the combined strip-
drawing and swaging process. The analysis shows that modified frictional
conditions are a feature of this process.

It is shown that the drawing process, when augmented by swaging,
reduces the draw force and that this reduction increases with decreasing
draw speed. The swaging effect becomes more pronounced with an increase
in die-semi-angle and decreases with an increase in die land length. By

taking advantage in the reduction in draw force, reductions in area of
80% were achieved.

KEY WORDS: PLASTICITY, ULTRASONICS, STRIP-DRAVWING,
POWER UPPER-BOUND




NOMENCLATURE

1}

coefficient of Coulomb friction
die semi-angle

stress

draw stress

back tension

uni-axial flow stress
fractional reduction of area
strip thickness

strain rate

shear stress

velocitf difference acrossla velocity discontinuit§
friction factor

initial strip thickness

final strip-thickness

initial velocity

final velocity

mean draw speed

instantaneous die velocity

instantaneous plug velocity
angular frequency rad/sec
die-to-plug phase angle
strip width

shear surface
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CHAPTER 1. INTRODUCTION

., In a conventional strip, wi;e or tube drawing operation the drawn
material, under ideal steady state conditions, is subject to a steady
state of stress. This stress, within th capaclity of the draw bench, is
dependent upon die profile; frictional conditions; reduction of area;
back tension; yleld stress at inlet and the work hardening characte;istic
of the metal being drawn. The limiting reduction of area is reached when
the draw stress causes tensile instability in the drawn stock.

Under conditions of homogeneous deformation, -in the absence of
friction or work-hardening, the limiting reduction of area is

approximately 63%(1). Work carried out under experimental conditions has

led to reductions of area, in mild steel, of almost 50%(2). -‘This work -
was carried out at low draw speeds using a soap lubricant deposited on a
grit blasted surface. The close attention which must be paid to
lubrication, and the inherent instability of the process at these high
levels of reduction, lead to lower reductions of area being generally
used in industry; a typical compromise between the possible and the
economically viable, for fixed plug tube drawing, is 30-35%.

The limiting reduction of area can be maximised by optimising the
process with respect to die angle and reduction of area(7)’ (14), thus
minimising the energy expended on die wall friction and redundant
deformation.

Whilst some improvements in lubrication have led to increases in
reduction of area under industrial conditions, the main increases in
productivity have been achieved by using higher draw speeds, and by
developing machines which are capable of processing larger coils of
wire(a). The use of high draw speeds imply the use of bull block
machines and the use of large coils imply the production.of stock on a

fairly large scale. These innovations reduce the time spent, per unit

length of finished product, on any element of a draw'schedule, and/or - : -
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“Iiequency applications, according to Biddell and Sansome

increase the ratio of productive to non-productive time in a production
route. Such innovations are inappropriate for, aay,‘batcﬁ production of
tube or rod on chain béenches and cup ironing in the absence of high
efficiency transfer machines, Under these conditions an 1ndustr1a¥1? -
usable increase in reduction of area is the only practicable means. of

3

improving productivity since, in this manner, the number of elemen@si

in a draw schedule can be significantly reduced.

It is clear that a significant increase in the reduction of area

can be achieved only by a fundamental modification to the drawing

process, Such a modification must be compatible with ‘the relatively low
';peéds, and short cycle times, associated with drawing on chain benches
or ironing on hydraulic presses, Augmentation of the drawing process
was attempted as long égd as 1930 when, according to Biddell and

(29)

Sansome » Nell filed a patent for a hydraulically operated 'percussive

machine' which swaged stock through a longitudinally excited die, They
also report that Simmonds, in 1940, filed a patent for a strip-drawing

machine, that used a pair of dies which were reciprocated laterally, in

'antiphase, by mechanical means., Both of these processes were low . °

frequency applications of vibratory metal-working; the earliest high-

(29), being

that of Vang, in 1942, who used a resonant system of tooling which was

found to give an 1ncre€sed'depth of draw in the production of tubular

components,

The real spur to the development of vibratory metal—working_fﬁ'i
processes came, however, in 1955, when Blaha and Langeneckér(s)l TR
published fhe results of work carried out on the effect of high frequency
vibrations on the yield stress of zinc monocrystals during a tensile test,

which indicated a reduction in yield stress when the vibrations were '

applied. Similar reductions in front tension were observed when = *°

‘vibrations were applied, in various forms, to the wire and tube drawing

B
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a cyclic stress, That is, the peak stress and therefore the true, load
5" ot x‘%
A 1 5
reduction were unknown,  Measurement of the cyclic stress in the drawn £;
N .-sv‘“ 6«%; IQ‘J'.

Ia—"f

Continuing development has resulted in ultralonicllly activated drnwlnt.
dies (radial and axial mode), blank holders for the deep drawing of'cups
and axially vibrated plugs for tube drawing, as well as ultrasonically
dctivated rolls; the value of the resulting increases in reduction of
area is exemplitied(4) b; a ten pass, six anneal schedule which was -
reduced to a six pass, four anneal schedule for the production of brass
tubes by drawing and ironing. This was achieved by replacing the.
ironing dies with an ultrasonically activated radial mode die set, that
significantly increased the reduction of area per pass.

The addition of ultrasonic aﬁparatus to conventional metal R
forming .machine tools may critically affect their operation, For.. . -
instance, radial mode dies and their supports are deeper than a con--'i
ventional die and therefore reduce the daylight when mounted in a - i

conventional press(lal. The addition of similar apparatus to bull blocks

" has little effect on the operation of the machine(17), though. the effect

on chain or hydraulic bénches, because of the limited draw length,
requires further consideration.

Conventional drawing on chain or hydraulic benches, undef 1£du8tria1
conditions, as already stated, is carried out at reductions of area of-
approximately 30% to 35% during the intermediate stages of the draw
schedule, The maximum increase in stock length is therefore between 43%
and 54%. Considering,specifically,. fixed plug tube drawing on a chain

bench, .and assuming that the plug bar to chain length ratio is related-to

the maximum elongation of the tube, then any increase in reduction of '



area reduces the maximum length of tube that could be loaded onto tke glug
bar, | |
If the initial passes in a draw achedula were arranged to give full
utilisation of the chain length, the tube would have to be cut be!ore the
next stage of the schedule could be carried out. In practice, with‘
reductions in area of 30% to 35%, two passes of steel tube are generally
possible before the tube needs to be cut again, though this will clearly
reaﬁlt in only part of the chain leng;h being utilised on the first of
;hese passes, If a 50% or 66,7% reduction of area were possible under
industrial conditions, ;qll chain length would be ut;liaed when drawing
tﬁbes of, respectively, half or one-third of the chain length, though sucﬁ
tubes would have to be cut after each pass. These reductions of area
would, however, minimise the non-productive time per unit length.ot
finished product., Any significant increase in reduction of area would
result in a reduction-in the number of passes required for the larger
schedules based on conventional limit reductions, It may be, thera!o;g,
that reductions of area resulting in non-integer increases in tube length
would prove to Se sub-opiimal, since this would result-in decreasa.ip ‘
the ratio between the productive and ﬁon-productive'porfiona of the
production cycle, This could only be realistically checked bylcompﬂrins

the costs of the whole production route based on both maximum reduction

-
g e

" of area and integer length increase.

The foregoing parameters outline the use, and 1ikely impact, of

g
L
e

power ultrasonic technology in the metal forming industry. These
developments have been based upon research carried out in the U.K.,

U.S.A,, U.S.8.R,, West Germany, Japan, Austria and Rumania; the results

of which have been collated in various general articles and reviews(za-ss).

This work has led to the identification of a number of mechanisms which

operate during ultrasonic processing.



1) Supe:gosition:‘

‘Pure superposition, in a tensile stress, is illustrated in Figure
(1.1). It can be seen that the peak stress is equal to that of the

steady-state flow stress.

Stress

Fig(11) - Superposition Mechanism

Strain T
If the load is monitored on an instrument which has a frequency
response appreciably lower than that of the cyclic stress, the mean
load will be measured, giving an apparent reduction in flow stress.
There is. now generél agreement that superposition was the dominant

~mechanism observed by Blaha and Langdneckerce)

, though they initially
attributed this apparent load reduction to a totally different mechanism, .
The superposition mechanism, and those listed below, are discussed

further in section 2.2,

2) Heating:
Temperature rises do occur during some oscillatory metal working
(25,50) . .
operations which result in'a genuine reduction in material flow

stress, though the efficliency compared with conventional techniques, is

-3 &

10\7. ) e all =5 3 .



-8 =

3) Friction Vector

The friction force between two surfaces in relative motion will
always act in opposition to the relative velocity. The friction vector
is therefore reversed, when the peak tool velocity is greater than tﬁat
of the deforming metal, This mechanism has been used to good eftect in

cup drawing(ls)(zz)(23> and fixed plug tube drawing(lz)(zl)

4) ﬁeduction of Friction

The vibrating tools can cause a reduction in coefficient of friction
which has been attributed to(zs) pumping of lubricant and chemical

activation, separation of surfaces and sottening or melting of

asperities,

5) Metallurgical Effects

It is still not clear whether the application of ultrasound to

metal deformation causes metallurgical changes in the absence of temperature

rise,

6) Swaging Effect

This mechanism is operative when the non-zero component of the tool
velocities is normal to the stock, as in tube or wire drawing with a
radially vibrating die. The swaging effect is ‘so-called, not surprisingly,
because its operation is similar to that of thq swaging process, which is .
widely used for pointing tubes and rod prior to drawing,as well as for the

production of finished tubular products.

Mostlot the work reviewed in references (25-34) has been concerned
with identification of the above mechanisms and the effects of power
ultrasonic; on deformation loads, particularly the drawing process,
Little work, however, has been reported to ahow the extent to which‘a

- . A

real reduction in front tension can be translated into an 1ncreaae in



reduction of area and that which does exist does not givé data in a verf
coherent form,

Dragan(21) states that an increase in 'elongation coefficient' of
30% to 75% was obtained with the use of an ultrasonically activqfod
plug when cold drawing mild steel tube of 12.25 cm (one must assume
that 'cm' should read 'mm') outer diameter and 0,.3-2.2 mm wall thickness.
The increase inl'elongation COerficient' implies a reduction of area,
based upon 30%, of 46% to 60%.

If similar data are to be obtained for radially vibrating dies a
‘very wide range of dies would be required, since account must‘ba taken
of changes in draw force with reduction of area, die angle and the
vibrational amplitude of the die., It was to overcome this problem, and
thus to further investigate the swaging effect, that an analogue of the
above process was devised; the axisymmetric case was replaced by strip
drawing, The radial resonator was replaced with a pair of axial @ode wave
guides which had the drawing dies mounted at their tips, The reduction
of area could thus be varied, at will, by inserting shim steel at the
mounting point of the wave guidea.l These tools are fully described in
chapter 4,

étrip drawing has been used widely for experimental and analytical
research into the mechanics of draé&ng. fhe strip drawing process is of
little commercial impdrtance in comparison with the wire gnd tube drawing
processes, .therefore, this work has been used essentially as an analogue
of the axi-symmetric case, The published work relevant to strip drawing
and its extension to wire and tube drawing is reviewed in section‘2,1.

The use of a plane strain analogue also has the advantage that a
theoretical analysis can be more‘readily attempted because there are

only two non-zero, principal strain components rather than the three

components generally present in drawing operations. The application

L]



of ultrasonically vibrating tooling to a conventional metal forming
process results in a change from a steady-state to a cyclic process.

Any attempt to understand such a process, must therefore involve at .
least a qualitative analysis of a single cycle of the vibrating tools

and their effect on the stress/strain/displacement system, The analysis
cannot be confined to the deformation zone, as is generally the case in

steady-state metal forming operations, since the drawn metal will form aart

- of the vibrating system,

The aim in this thesis:; therefore, is to examine analytically ﬁnd
experimentally the following processes:

(a) strip drawing through laterally vibrating dies. Thus the principal
objective was to determine the effect on the process of die angle and
land length, reduction of area, die amplitude and draw speed, in
order to establish the process loads and limiting reduction of area
for a'given set of conditions,

(b) A subsidiary objective was to investigate a plane strain analogue of

tube-drawing by vibrating the die in a 'radial' mode and axially

vibrating a fixed ;plug'; the phase angle between the plug and dies
to be variable.

The object of this work is to determine the optimum phase angle
between die and plug.

The object of part (a) was largely completed though the experimental
section of part (b) was not carried out, It was intended also to in-
vestigate the mechanics of bi-metal strip drawing through vibrating dies,
The additional equipment required for these tests was designed and part of

it was manufactured; the details are given in appendix (2).



CHAPTER 2 - LITERATURE SURVEY

In the introductory chapter, the limitations imposed upon the
drawing process by the tensile deformation mode were briefly discussed.
The likely impact of power ultrasonics on metal forming processes was
also discussed, as was the mechanisms operating during such processes.

It is the intention in this chapter to review the literature relevent
to the plane strain drawing of tube and strip with special emphasis on the
teqpniques used to analysé these and related processes in order that their
application to cyclic processes may be assessed. Finally, the
development of research into ultrasonic metal forming, and the associated
mechanisms, is reviewed from an historical standpoint, concentrating
initially upon the mechanisms operating under ultrasonic action and

followed by the applications to metal forming processes.

2,1. A REVIEW OF LITERATURE CONCERNED WITH CONVENTIONAL DRAWING OF
WIRE, TUBE AND, ESPECIALLY, STRIP )

The primary reason for investigating the strip drawing process, as
already stated in Chapter 1, is not because of its commercial importance
but because of its importance as an analogue of wire and tube drawing,
since the analytical and experimental treatment of the plane strain
analogue is simpler than the axisymmetric case. This is especially true
in the case of close pass drawing of thin walled tubes since the
deformation mode barely differs from that of the drawing of wide strip:
wide strip is defined“as strip whose width is greater than six times its
undeformed thickness; this ensures that spread during drawing is confined
to the edges of the strip because of transverse frictional constraint, and
may, therefore, be ignored. The use of the plane strainlanalogue also
allows the formulation of exact, though i1doalisod analytical aolutiona(73).

The work which led to these solutions was reviewed by Green(72) in a

paper published in 1960 which consolidated the work carried out by
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various authors, mainly over the previous twenty years, though the work
of Sachs dated from 1927; a detailed review of earlier work, including
584)

that of Sachs, due to Maclella was published in 1948,

Analytical work carried out since then has centred on the use of

76-82 -

bounding techniques( ) and numerical methods(gllaa); these techniques
being especially important where redundant shear is of a high order, as

in the extrusion process.

General reviews of the wire drawing process have been published by
wistreich (&%) in 1958 and, more recently, by rowe ). These reviews
deal, to a gre;ter or lesser extent, not only with the analytical and
experimental assessment of the process forces in wire drawing but also
with die wear, friction, lubrication, temperature, surface finish and
sizing. The primary importanée of the latter work was the comparisons
that were made between strip and wire drawing, and the demonstration of
the variation of draw force with die angle and reduction of area, showing
that optimum die angle increases with reduction of area, This interdepend-

85
ence had already been established by Hill and Tupper( )

for strip drawing;
this will be discussed in greater detail later.

The experimental and theoretical work presented in the following
chapters is concerned primarily with the assessment of process forces for
a given set of conditions and to therefore - establish values for limiting
reduction of area, It is for this reason, therefore, that the following
literature survey is not concerned with the problems of scheduling or
producing a product to a given size and surface condition with apécitied
mechanical properties.

It 18 convenient now to review the literature in terms of their

analytical or experimental approacﬁ rather than the process type since

this enables comparisons to be made more easily,
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2.1.1. Equilibrium Analyseés

In this type of analysis no attention is paid to the theories
associated with plastically deforming metals, beyond the use of a
guitable yield criterion. This technique has been used to analyse all
the basic metal forming processes(l); the prim&ry advantage being
analytical simplicity, though this very simplicity allows the technique
to be used on the more complex metal forming processes, such as the

(87)

_ complete analysis of deep drawing , or'in analysing the effect of
(88)

tool geometry

An early, and typical, example of this type of analysis, which is
relevant to the work shown in Chapter 3, is that due to Sachs, for strip
drawing. This work has been widely reported in the standard texts on
metal forming and was included in the review by MacLellan(84). An

expression for draw stress, which is generally normalised with respect to

yleld stress is given by:

o h B .
EE- & l%E. [;-(Eia ] (See Figure (2.1.)) ’
_a=pCoto<
p\_EB~
s i
c g+ do
- - {h | hs+dh -
Ui' — ——— 0‘3.
1 ‘L S
me“

-

Fig(21) - Equilibrium Forces In_Strip_Drawing_




. A basic assumption made in this type of analysis is that
deformation is homogeneocus, that is, no direct account is taken of
redundant deformation, though semi-empirical additions have been made
to take account of the effect of tool geometry.

The primary advantage of this method of analysis is its relative
simplicity when compared with methods rooted in the theory of plasticity;
the effects of friction can be readily estimated where conditions o;
continuous boundary lubrication prevail. Experimental work tends to
juétify U as a model for friction in cold, well lubricated metal tormiﬁg

processes. The work of Lancaster and Rowéz) has demonstrated this when

drawing strip; Young(zz) obtained very good correlation between theory

and experimental results when investigating friction vector reversal in

deep drawing; Rothman and Sansome(ag) (80)

and Chia have also obtained good
correlation between theory and experiment when using U as a frictional model
in rotating die experiments. This technique therefore accounts for work
done against friction as well as making allowance for t%e homogeneous
deformation of the metal. The accuracy associated with this method,
therefore, relies upon there being low levels of redundant deformation;

the equilibrium method is not, and makes no pretence to be, an accurate
model of the deformation process and is therefore generally applied only

to cold drawing and rolling of metals where die and draft angles are low
and lubrication is good. The reduction of area should not ﬂe too low

since this causes departure from the near ideal deformation mode associated
with higher reductions of area; this phenomenon is discussed further in
section (2.1.2). Work hardening can be accounted xorcl) provided that the

flow stress can be expressed as a suitable function of plastic strain,

though this of course, complicates the solution of the equilibrium equation.
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2.1.2. SLIPLINE FIELDS

The use of slip line field solutions to metal forming problems has

(¥9) and others(75'76). The application of these

been reviewed by Hill
analyses 1s confined to problems in plane strain since their solution is
dependent upon being able to determine the stress and velocity fields

from equations which have the property of mutual orthogonality; such
equations are only known to exist in two dimensions, that 1s, logarithmic
spirals in an axi-symmetric plane(74) and the more generally used cycloids
for the construction of slip line field solutions in a Cartesian plane.

Numerical methods of solution are Dossible(73’ 74)

, though most solutions
have been obtained from geometric construction. The constructions have
utilised either tool /stock configurations which lead to simple feasible
solutions, that is, solutions consisting of straight lines, sometimes with
circular arcs, or a general method of conﬁtruction due to Prager (Reference
75, Chapter 30).

85
The slip line field technique has been used by Hill and Tupper( )

to
analyse the strip drawing process, again as an analogue of the more
important tube and wire drawing processes. This work, for frictionless
conditions showed that one of three modes of deformation will occur
dependent upon the relationship between die angle and reduction of area.
The two most important modes, from a practical point of view are
shown in Figures (2.2), (2.35 andht2.4); Figure k2.3) represents the

limiting condition of Figure (2.2) and occurs when

rE E—-8159——; at reductions of area less than this the deformation zones

142 sina

.asaociated with each die meets at a poin£ on the axiq_ot symmetry, whilst
at greater reductions of area the deformation zone Bpre;ds dver a finite
1eng£h of the axié of symﬁetry.

The third type of deformation mode, Figure (2.5) , is in evidence at
low reductions of area and is conafPtént with the mode of deformation

that occurs when indenting a semi-infinite block(76),'that is, the slip
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line field assocliated with the two dies separate and the deformation zones

spread up-stream of the die giving a standing wave, or bulge, of metal.

This phenomenon has been predicted by Hill and Tupper(ss) and shown to

(83)

exist in experimental work carried out by Wistreich . This mode of

deformation is associated with excessive localised working of the material
and also chip formation, that is, the process tends to become one of
machining with a very high negative rake. Avitzur(14) has treated this
phenomenon using an upper‘bound approach.

) The most important deformation modes, however, are carried out at
reductions of area in excess of that which causes bulging. The range
over which the primary deformation modes occur are given by Hill and

(85)

Tupper , for frictionless drawing, as:

2

o (0.230 + 395 r £ 2sino/(1 + 2 sina)

when r £ 6.23 + E) bulging occurs and when r > 2 sina /(142 sina), as already

stated, the deformation zone extends over a finite length of the axis of

(86)

symmetry. Green and Hill , extended this work to the larger reductions

of area, giving also emplrical rormulae ior draw stress and die pressure

which took account of Coulomb friction.

2.1,3) UPPER BOUNDS

The upper bound technique has been used in various forms, by

. _ 5
Johnson and others(T ), Avitzur(14) and others. Westwood and ‘n'mllacen(8 ),
and Halling and mtcnen(” 79)

(14) ) (81)

Avitzur cites Prager and Hodge as having "formulated the
upper bound theorem", as.

oo

J* = f J—-eu 1) ftlav|ds - TVids

where J* is the upper bound on power;+the'rirgt term' on the right hand

side represents the internal: power of deformation;lthe‘second term .. v -
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represents power loss at velocity discontinuities which may be within the
metal or at a surface traction; the final term represents power supplied
to the system in addition to that given by J*, for example, front tension
in rolling.

Haddow(aca, Halling and Mitchell(so), and Westwood and Wallacecaz)

cite HHill as the source of the expression:

< * g% - * - «
T,U ds & [o, * et v +25| & [U¥]as f T U, *ds
o sd* st

su

This is rather confusing, though the two expressions are, in

’ 14
essence, the same. The expression cited by Avitzur< ) with reference to

page 237 of Prager and Hodge(81) is actually given as:
* = *dg
J* = Kv/2 [#Eij 1 O T,V *ds
°t

in the edition of reference (81), in the possession of the author. There
is no reference to any of Hill's work in the relevant ;ﬂapter of Prager
and Hodge(al); also, Avitzur(14) crédits'fefefence (81} to a different
publisher from that which is in the posse;sioﬁ-of the author., This is

3 ey’ s ;
clarified by Johnson and Mellor( ) (page 286) which states:

"Drucker, Greenberg and Prager (1951) stated three.limit theorems
from which the formulae for obtaining bounds can be obtained. The
theorems we?e, hqweqer, deducible from certain work principles
published by 11 (1950)",
hence the confusion 1ﬁ‘soﬁrCES!II L S AR L
A primary deaﬁtagé of the upper,boﬁnd teéhnhueié'fhat only the
velocity boundafy cquitions qcod to Po anﬁigfied, unliko_thg slip line
field solutions which require that equilibrium conditions are maintained
throughout the deform#tion zone, for a rigid-plastic materiai The upper

bound technique can also be npplied to the. axi-aymmetric state.

L

Hill has proposed also a general method of solution of metal forming
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4
processes which has been used by Lahoti and Kobayashi(g ) to analyse open die
forging that includes barreling, non-plane-strain Steckel rolling and tube
sinking.
(14)
The approach to the upper bound technique used by Avitzur and his
co-workers differs from that of other workers in that it is essentially
analytical rather than graphical and treats the total power of deformation

as being the summation of the ‘'‘ideal internal power of deformation'

]

defined by:

2Go ./ﬁ'l d :
a) W = — YV = L z dv
5 | /3 ) 2 713 "ij

where Uo is the uni-axial flow stress.

'% tijtij is the effective strain rate which, for a Mises material
is given by:
- Eygtyy = %’ltn2 +i222.+ iaszl Bk ei K2
= 12 23 31

i and j can be defined in any suitable coordinate system.
The square root of the effective strain rate must be integrated with

respect to the volume of the deformation zone,

b) Power loas'at-velocity‘discéﬁfinuities due either to shear or
friction, given by:

We = | tlav]es:
sr
where T is the;ahear_strgsé at the velocitj‘discontinuity.‘

At a frictional velcoity discontinuity T-is defined by:

ma . .
T = —= y.m is the frictional factor; this is a scalar

/3 o

the value of which is between O and 1;_/5 1s the shear stress for a Mises

b1

material.

ds defines an element of the. velocity discontinuity and [AVl the
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absolute wvalue of the velocity change across the discontinuity. The
power loss at an internal velocity discontinulty is glven by:
%% = Tlﬁ?lds; this is similar to the expression for frietional

ri

power loss except that 'm' 1s effectivelyfunity.

c) Any power input, such as back tension in drawing, must be
_accounted for, elther in an absolute sense or as a proportion of the
unkfdown input power.

q
The analysis for strip drawing given by ;llnri.t-r.!.rr':1 )

is shown below.
It is first necessary to define a ¥elocity fleld. The geometry of
the strip drawing process lends itself to the use of the cylindrical polar

coordinate system as shown in Flgure (2.6).

Aston University

lustration removed for copyright restrictions

Fig(2:6) - Kinematically Admissible Velocity Field
For Strip_Drawing (ref(14))

The velocity field is described by:

U =V=-VLrt
Ir

P S
i Urnuﬁ=ﬂ
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This enables the evaluation of E-Zij Eij and hence:
5 E(/3/2, a) . .. t
w, = — 0 V t ——— In (—)
i J3 ° £ f.- . sina _ _‘tf_ e

1

where E(J572, o) is an elliptiﬁ idtégfaliof.fhé second kind; for small Qo
the above expression Simpiifies_to
2 oy
w, = — @ V,t, 14 ()
i /3 ° f_f‘ {.tf ‘

The power lost in shear at fi and r, _is-given by:

v

2 OO 4 4 b W I
&= . Pt T
N T NEy Ve
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w = = 0V

r. (l-cosa)
2 /5 o f£1%

The power loss at the die/strip interface is given by:
to

cotay In (—)
tf

mcovftf

n
(A ]
PRI

and J* = vfttcf’ therefore in a simpler form than that given

by Avitzur(14).
9 E(/3/2,0) t
£ : o l-cosg
——— 2 ———In () —_—
20 t sina
(o] sin a 4
)
/3
m to
+ — cotd 1an (—)
2 tf

This analytical technique has certain advantages; some account -
is taken of redundant shear in the inlet and outlet of the deformation
zone; friction can be accounted for in terms of édnstant shear,
Coulomb friction and hydrodynamic lubrication, though thealatter two

models lead to increasing analytical complexity. The whole

rd

103
expression can be minimised with respect to J* where appropriate( 2;

though velocity fields tend to be dictated by the geometry of the
deforming solid and the coordinate system employed in the analysis;
the velocity discontinuity at the inlet of the deformation zone of

the strip drawing analysis shown above is certainly unrealistic.

(104)

Basily and Sansome have overcome the difficulty by using a

numerical method, in conjunction with the basic procedure laid down
by Avitzur, when drawing rod to section.
(76)
The technique employed by Johnson and his co-workers is a
graphical method which plots the change in velocity of the metal as
it passes through a series of prescribed velocity discontinuities,

the object being to determine a series of discontinuities which
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minimise the total power expended upon deforming the metal., Simple
patterns of discontinuities can be expressed in terms, usually, of a
single variable which may be minimised directly, giving a least upper
bound for the proposed velocity discontinuity pattern. More complex
patterns of velocity discontinuity have to be minimised graphically by
trial and error or by numerical methods; not surprisingly the minimum
upper bound is found when the system of velocity discontinuities closely
approximates to the appropriate slip line field solution. The only
frictional conditions that can be accounted for directly are sticking
friction, zero-friction and the intermediate cases involving friction
factor. The use of Y does not give an upper bound(Ts). Oxley(gs) has
proposed a method for taking account of friction by adding terms which

involve the friction angle.

Halling and Mitchell have used this technique to analyse plane-

strain extrusion(73) (78)

80
and axi-symmetric extrusion with an approximatioﬁ )

for work hardening.

82 '
Westwood and Wallace( ) proposed a method of analysing the force

equilibrium on a prescribed system of shear planes, in plane strain, which

was followed by Halling and Mitche11(7 ) for the analysis of axi-symmetric
extrusion,
2.1.4. Numerical Mefhods

As already stated Basily and Sansome applied numerical

techniques to the general approach ‘used by Avitzur and slip-line fields
can be detined numerically. Most of the numerical work, however, has

centred upon the extension of the finite element technique ‘from the study

4

of fluid flow, vibration and elaetic etresses. Gordon and Weinstein(gl)

[}

have analysed the atrip drawing process using the finﬂB element technique,
for an elastic—plastie, linear work«hardening, material. This analysis also

ac iy AN T . wt _", J = * 1] L -".. . . .! ’
took account of Coulomb friction and appears to give a good account of

TEING
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the behaviour of real metals, showing the short-comings in the Sachs

theory at low reduction of area and giving plastic zones similar to that

obtained from slip-line field analyses.

2.2, A REVIEW OF THE LITERATURE RELEVANT TO VIBRATORY METAL

DEFORMATION

The bulk of the work which has been published on the vibratory
working of metals was prompted by the early work of Blaha and
Langenecker(s) which indicated that, under the action of ultrasound,
there was a reduction in the flow stress during a tensile test. This
work was carried out on zinc mono-crystals which were vibrated at 800
kHz by interposing between the test mgchine crosshead and the test piece,
a magnetostrictive ultrasonic drive. The early work on such tensile tests
has been reﬁiewed by Winsper and Sansqme<24): further work was carried
out by Langenecker and co-ygrkers on qonp-crystals of aluminium and
cadmium and with polycr:stglliné_specimens of zinc, aiﬁminium, cadmium,
beryllium, tungsten and 18-8 stainlgss_steel in_the frequency ;ange
15-25 kHz, It was opserved that the stress reduction was dependent
upon vibrational amp;itpde_and inﬂepgndept of frequency within this
range, Similar work gt_;requenc;es u?:to 1 MHz confirmed the above
results; Langenecker,;not}ng that the shgpe of the stress/strain curve
changed, with incregsing levels of ultrasound, in a similar manner to
that observed with 1npyeasjng femperaturef‘ The work of.Nevil}e and
"Brotzen was alsq discussed ip_refergnce(24).' This work confirmed the
results of Langengck;r andhis co—woykers; ghow}ng that the reduction in
flow stress wasling?pendentlot trgquency,‘within the range ;5-800 kHz,
difectly proportioqgl_tpisprogs amplitgdo, pnd, :or_lqw_cpgponﬁgtoel.
1ndependent og_tempgrgrure yithin the range 3o¢5ob°c, The_impoypgnce
of the work o; ﬂgv;ll anq B;otzeﬁ }105 not in its con?irmatipp_ot,ﬁhg_

earlier work, but in the alternative explanation of the underlying
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mechanism, Langenecker had proposed models based upon the interaction of

(66)

acoustic stress waves and dislocations , whereas Nevill and Brotzen

noted that the dynamic stress amplitude was equal to the apparent
reduction in flow stress (Figure (1.1)). 1In tensile tests carried out
by Langenecker et a1(58). very high temperatures were reached after very
short exposure to ultrasonic energy, in fact the generation of
significant temperature rise seems to be a feature of the work of
Langenecker and hié co-workers, though they claim that the efficiency of
generating heat in this manner is greater than that of heat which is
applied by more conventional methods; it is claimed that acoustic energy
is absorbed, preferentially, at dislocations in such a manner that their
movement through the bulk of the metal is eased(ss’ss). Samples of ateel(so)
which were vibrated axially during a tensile test resulted in a typical
ductile fracture whilst a similar sample, vibrated for only two seconds
during the test, resulted in a fracture normal to the principal stress
axis. This fracture occurred away from the centre of the heat affected
zone that was generated at the stress antinode; Langenecker and,Jones(so)
attributed this to 'hardening by sound at the heated region'. Fracture
of the boundary of the heat affected zone is a common mode of failure in
welded joints; weldingltemperaturés were qprtainly reached during these
tests, therefore the failure was more likely to be due to mis-match at the
boundary of the freshly annealed metal and worked metal in the test
piece. The conclusion that 'ultrasonic_hardéning' had occurred could only
be justified if this had been round'ag a result of a ha?dness survey

across the undefdrmed heat affected zone.

The work of Nevill and Brotzen has been directly confirmed by other
(64)

workers and indirectlf_confirﬁed dﬁring the examination of metal

forming processes which have been augmented by ultrasonic oscillations,

Lente1dt®?

hag investigated the tensile test and bending test with
superposed ultrasonicfoscillations in 6rdef to establish the relationship

between the applied dscillatqry energy and its effect upon flow stress.
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In both cases it was found that the indicated decrease in flow stress
was equal to the dynamic stress amplitude. The Hﬂerpretaﬁongiven by
Langenecker has never been fully explained since the essential mechanism
of preferential absorbtion of acoustic energy is not clear; resonance has
been generally rejected as a mechanism since the flow stress reduction
appears to be frequency independent and the vibrational frequency of
dislocations is some three orders of magnitude higher than the frequencies
used in these teststal). This type of reduction in mean flow stress was
célled the "Blaha" effect by Langenecker though it is now generally
considered to be a combination of the superposition and heating effects.
This type of reduction, real or apparent, is present to a greater or
lesser extent in most vibratory metal: forming-operations.
T Ta : IR
The combined phenomena of superpogition and heating, under the

action of ultrasound has been termed the 'volume effect' since they

affect, or seemingly affect, the bulk of the metal., Other phenomena are

: 27
treated as a group, termed the 'surface effect'. Winsper et al( ) cite

five possible mechanisms, namely, surface separation, friction vector
reversal, heating of surface asperities, pumping of lubricants, and

cleaning of surfaces.

Surface separation, which may occur during strain relaxation in an
ultrasonic metal forming operation, may lead to improvement of the
lubrication, in a similar manner to the pumping of lubricant. Cleaning

of surfaces has been noted when drawing wire through dies which were

immersed in an ultrasonically activated oil bath(z?), which could similarly

improve lubrication, whilst heating of surface asperities may lead to

: ¥ 5 A

1ocalisedasoften1ng. These mechanisms all lead to a reduction in the
magnitude of the interfacial shear stresé. thus reducing the magnitude
of the frictional force. Friction vector reversal is a quite distinct

mechanism, in fact, the reduction of friction force reduces the

effectiveness of the reversed friction vector:. Friction vector reversal

A
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occurs when the tool velocity, in magnitude and sense, is greater than the
velocity of the deforming metal, which, under the action of ultrasound is-
a cyclic process, unlike the mandrel drawing of tube. This phenomenon is
primarily in evidence in the drawing of tube with an ultrasonically

activated fixed plug(42) and in deep drawing with a radially vibrated

blank holder(zz) (23) (39). The deformation process, therefore, proceeds
in a cyclic manner; when the friction vector acts in the direction of
de?ormation the metal will deform at a load lower than that necessary
under conventional conditions; as the friction vector is reversed the
deformation will cease until the strain take-up down-stream of the
deformation zone reaches that necessary to re-establish plastic deformation.
In order to gain any real reduction in draw load it is therefore necessary
to totally suppress plastic deformation when conventional friction
conditions apply. The effectiveness of the friction vector reversal
mechanism is therefore heavily ABpendent upon the peak tool velocity in
relation to the steady state deformationspeed. This mekhanism is
discussed further in sections (2.2.2) aﬁd (2.2.4) when reviewing,
respectively, the tube dr#wing and deep drawing processes under the

action of ultrasound.

The other major mechanism is the swaging effect. This phenonenon is
in evidence when there is a non-zero component of tool velocity normal to
the surface of the deforming metal. Provided that this motion does not
cause ejection of the-deforming metal from the tools, the addition of
such a vélocity compdnént ihtfoduces a higher compréésive stress on one
or two of the prinéipal stress axes, whicﬁ:therefore reduces the most ten-
sile xgﬁifﬁﬁél;iStress' This mechanism.would thereforeﬁe of primary
importﬁnee in processes: re}ying upon high.tensile principal stresses.

" such as wire.drawing and tube.drawing, draw ironing Ef cans,and rolling

under conditions of high front or back tension.

. These mechanisms are discussed further in the following section in
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relation to their application to metal forming processes.

2.2,1. Strip Drawing

(53) (54,55)

Severdenko et al and Rozner ! have 1nvestiécted the drawing
of strip through ultrasonically activated dies. Severdenko used a pair
of axial resonators symmetrically disposed about the strip axis at an
angle of 450; cylindrical dies were used with dry soap as a lubricant,

a draw speed of 0.08 m/sec and an oscillatory amplitude of 0.012 mm.

No details were given of the applied frequency; nor was'any mention made
of the method of measuring die amplitude or process forces. Experiments
were carried out on annealed copper strip (2mm x 20 mm) for which a
maximum reduction of area of 71.4% was obtained, and aluﬁinium strip
(1.75 x 30 mm) which was reduced by.87.8%. This waslachieve& when the
concentrations were driven in ‘'anti-phase', giving a hammering effect{
these figures were reduced to 60% and 64% respectively when the con-
centrators were drivcn 'in-bhase', giving a bending effect. When one
concentrator was driven maximum reductions in area of 65.5% and 75%
were obtained. The highest reductions of area have been attributed to
what has become known as the swaging effect and a reduction in coefficient
friction; indeed all thrce vibrational modes resulted in reductions of
area in excess Q: that cossiblc under conventional drawing conditions,
that is, 56. 5% for the cOpper and 58% for aluminium. Since Severdenko
et al present their data in terms of limit reduction of area, the
improvements are real and'evcn in the worst case of 'in-phase’
oscillationsorlthe cic weco recsoncbly significant with improvements of
3.5% and 6% respectively. Friction vector reversal was unlikely to be
in evidence under these conditions- it is probnble therefore that this

1 R ATES T - & AV BN

reduction was caused by triction reduction due to breaking of surface
- TR SRR ot LS

contact. The reaults obtained when only driving one die are consistent

( e . ,...-» ’l\.

with the remainder or the results in that they lie between those of the

r T L TR s Riowe
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'‘anti-phase' and 'in-phase' tests; there is likely to be some

swaging effect in evidence though the exact vibrational mode of the dies
is unlikely to be as stated since there is probably a sympathetic
vibration induced in the 'static' die.

Rozner(54’55)

used tooling which could be adjusted and enabled
tests to be carried out with die semi-angles over the range 60-300.
The equipment was mounted in a tensile testing machine; drawing was
carried out at speeds of up to 50 cm/min (8.33 mm/sec) with die
amplitudes of up to 0.03 cm at 20 kHz. Tests were carried out on
annealed high-conductivity copper, annealed mild steel and annealed
70/30 brass. The strip was drawn dry or with paraffin or SAE 20 oill;
steady state draw conditions were established before the wave guides were
energised. No attempt was made to draw the strip beyond 30% reduction of
area and experimental results were recorded on an x-y platter.

The 'coefficient of fricton' was determined by force equilibrium
from the expression:

- (T/2Q) - tana
W = “13(T/2Q) tana

where T is the tag load and
Q is the transverse force.

Rozner was therefore taking the closure of the polygonof forces as
being a measure of the coefficient of friction, which tended to reduce
with reduction of area and also when the dies were energised. Die
pressure vﬁries in a similar ﬁanner and no draw éﬁéed dependance, within
tﬁé range 5 ém?min to 50 cm/mih, Qas defected. IMiérostructure was found

to be unaffected by ultrasound.

1

The-tooling configuration used by Rozner was similar to that used by
the-iuthof, except that Rozner supportéd'the"actiﬁe' end of fhe wave
gﬁidés in needle roller bearings. This must have resulted in significant

loss of acoustic ehergy to the machine frame aﬁ& éould wéll have accounted

for the very low efficlency of transfer of acoustic energy reported by
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Rozner (approx. 7.5%), that is, by providing a parallel path for energy
transference. Whilst the presence of superposed stress is acknowledged

by Rozner(54)

the whole of the apparent die and tag load reduction is
attributed to reduction in coefficient of friction; no attempt was made
to measure dynamic load on the dies or strip and 'no mention was made of

the effect of swaging on the strip, though there was clearly a

significant swaging component in the process.

2.2.2. Tube Drawing and Wire Drawing

Winsper and Sansome have investigated the drawing of wire with
longitudinally vibrating dies. Experiments were carried out over a low

frequency range(4°) and at 18.7 kHz(41)‘

The low frequency tests were
carried out on a bull-block machine with the die mounted in an electro-
hydraulically oscillated die plate. It was found that the mean draw
force decreased when the die was vibrated and that this reduction was
independent of frequency. The oscillatory amplitude was measured and
found to be consistently higher than the apparent load reduction; this
was attributed to increased friction forces due to disturbance of steady-

state conditions. Winsper and Sansome therefore concluded that the load

reduction was due wholly to stress superposition. No changes in

mechanical. properties of the drawn metal were detected. The process was

shown to be critically affected by draw speed; stress amplitude decreased
with draw speed and the mean draw load tended towards its non-oscillatory
value. This was due to the redﬁced étrain release during the down stream

stroke of the die and the more rapid strain take-up on the up-stream

1
stroke.

Later work by Winsper and Snnsome(41) carried out at a frequency of
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18,7 kHz utilised a multi-die arrangement which resulted in a genuine
reduction in draw force, whilst single tests carried out at the same
frequency resulted in a reduction in mean draw force that was due whelly to

superposition. Similar work has been carried out by Samnnu{4g}, Inoue and

sori (18) (47)

and Vatrushin , again using dies excited in a longitudinal mode.
When the ultrasonically activated die was mounted between two fixed |
dies a reduction in total mean draw force of approximately twice the
oscillatory force amplitude was achieved; with one:fixed die the total
mean draw force reduction was approximately 50% higher than the oscillatory
force amplitude,
Severdenko et a1[44} have investigated the sinking of brass tube
Undarlvnriuuu modes of ultrasonic excitation, as shown in Figure (2.7).

Four methods of drawing are shown in relation to the ultrasonic dis-

placement wave, Figure (2.7Xa), (b) and (c) show drawing with the die set

Aston University

lustration removed for copyright restrictions

- Fig(2:7)-Tooling Used By_ ..
‘ Severdenko et. ul.“'”_

co=axially with feéhéét to the wave.ﬁﬁ!&é; Figure tz.fjta] at a displacement
=y : e ML s : s R . ;
antinode; Figure (2.7Xb) at a stress anti-node and Figure (2.7)(c) with two

dies, cne at each anti-node. In Figure (2.7)(d) and (e) the dies are set
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normal to the wave guide axis, again, respectively at a displacement
antinode, and at a stress antinode. A reduction of area of 23.4% was

used throughout and draw speed ranged from 0.05m/sec to 0.4m/sec with an

oscillatory amplitude of 0.01 um.

Method (a) gives a reduction of mean draw force which shows a marked
draw speed dependence; the reduction of mean draw force is probably

wholly due to superposition and is consistent with the work of Winsper

(40, 41) (49) (51)

and Sansome , Samann and Pohlman and Lehfeldt , although

Severdenko et al make no mention of superposition. Method (b) was not
critically affected by draw speed; the die was placed at a displacement
node, and should, therefore, have been unaffected by superposition.
Severdenko et al attributed this reduction in draw force to what has

become known as the swaging effect. They concluded it was due to the
Poisson component of strain thch was maximal at the stress anti-node,
Method (c) gave results which were.draw speed dependent, though mnot ta
such a great extent ag in method (a). Tuﬁ)effects were-in evidence in

this case, both of which are draw speed dependent. The die mounted at the
stress antinode imparted ; swagingveffeet on the wire. The tube passing
through the a1e mountéd at th; diéplaé;mént antinode ;as therefore subject
to a superposition effect; with back-féﬁsionndue to the dr;w force required
for the up-stream die. ﬁethod (&) mugi alsélhave generated stress super-

position due to transverse osciilatory displacement of the tube; the
- S T

apparent load reduction was of a low order in comparison with that obtained

in method (a), though it was still critically affected by draw speed.
Similarly, method (e) gave results comparable to method (b), that is, the

- S P t

load reduction was sensibly independent of draw speed and the load

reduction was somewhat lower than in method (b). Severdenko et al

concluded that this was due to the difference in vibrational mode at the

LT
R Sy

+ - P S

i
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die orifice, thn?_;g, mothod (b) would, idoally, give o pure radial modo
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of vibration whereas method (e) would'yield an elliptical mode of
vibration; no mention was made by Severdenko et al of stress superposition
or the possibility of changes in frictional conditions. The choice of
tube sinking is rather unfortunate in this connection since it is, even
under eteady state conditions, a difficult process to quantify as the
thinning or thickening of the tube wall is affected by friction, die

angle and reduction of area; no mention was made of how the different modes

of die mounting affected wall thickness.

Later work carried out by Severdenko and co-workers concentrated upon

44 S5
wire drawing( v 450 using the die/waveguide configuration shown in

Figure (2.7)(d)_anq‘(e) with the addition of 'reflectors'. That ;e,bdies
giving a light reduction of area, positioned up-stream and down-stream of
the main die in order to set up a standing acoustic wave in the_wire,
Greater reduction of the mean draw force was obtained when the die
was set at_a stress antinode,_though excessive temperature rise oceerred
in the deformation zone, neeeesitatinglcooling of the wire and die, This

did not occur when the die was set at a displacement anti-node, andlthe

45)

(45).
load reduction was attributed, predominantly, to frictional changes .

43
Similar work was carried out on the drawing of titanium wires( ), load

reduction was reporped though no attempt was made to increase reductien_

4
of area, Vatruskin( L also reported load reduction in the drawing of

wire whilst making no attempt to increase reduction ot area;
e gad s

improvements would be marginal in this case as longitudinal die

oscillation was employed
| BT T i E "' b 't-. v
Pohlman and Lehreldtfsl) have also made a comparative study of the

Loavali iamg, 2 vih

various wave guide/die conrigurations when drawing wire, as shown in

e Erpternds v osaetar; TaEne ) i

?1gure (2.8).

-
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Figure (2 B)(a), (b) and (c) correspond respectively to Figure (2.7)
=» 3 i&( £ b st
(a), (b) and (e). Pohlman and Lehfeldt(5 ) obtained similar effects to
L . (IR L0 L 0 S & (T T U ¢ X § DR TRATLS Sh S DI S A
4
Severdenko et al( 4> though their investigation was more thorough
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Fig{2-8)- Teoling Configurations
Used By Pohlman And
Lehfeldt [ref{51])

Aston University

Hlustration removed for copyright restrictions

showing that the configuration in Figure (2.8) (a) resulted in a
reduction in mean draw stress and that, in all cases, this reduction was
equal to the dynamic stress amplitude, Swaging, due to Poisson strain

at the stress antinode, Figure (2.8)(b) and (c), was shown to yield genuine
reduction in draw force. Positioning of the die, transversely, at a
displacement anti-ndde as in Figure (2.8) (d) resulted in a mean load
reduction due to stress superposition; Pohlman and Lehfeldt showed that
the peak bending stress induced in the wire by the transverse vibration
was very close to the measured peak stress amplitude. The swaging effect
was found to be in evidence when wire was drawn through the split dies
shown in Figure (2.8(e) and (f) in which one half of the die was vibrated
whilst the other half was set into a rigid block. The tooling
configuration shown in Figure (2.8)(f) appeared to give a higher
reduction in draw stress than the configuration shown in Fijure (2.8Xe).
Changing the angle of inclination of the wave puide from the vertiecal to
45% could change frictional conditions, both in magnitude and by
inducing a reversal in the friction vector; there is also likely to be
an increased level of stress superposition. Stress amplitude does not
appear toc have been measured by Pohlman and Lehfuldttsl}- in this
instance, which ?reventé a valiﬁ cﬂmpar%aﬂn go.he made between the two

tooling configurations,
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(50 also have investigated wire drawing through

Langenecker and Jones
a longitudinally vibrating die. They state that 95% reduction in area of
1.5 mm copper wire in a five pass schedule was reduced to a two pass
schedule - assuming equal reductions per pass, this would yield a change
from a 5 x 45% schedule to a 2 x 77% schedule, without changing the
final strength of the wire. It is not clear whether the die was sited
at a stress antinode or a displacement antinode, though the former case
would certainly account for the very high temperatures that were evidently
generated during drawing., This heating effect was utilised directly in
tube bending experimentstso) though' it was claimed that the heating
resulting from ultrasonic irradiation acted preferentially at dis-
locations and grain boundaries and was therefore considered to be more

efficient, with respect to softening of the metal, than conventionally

applied heat.
(52)

Atanasin has presented an analysis of wire drawing through an
axially vibrating die using the type of upper bound technique favoured
by Avitzur(14). The assumption was made that the metal flows as a
visco-plastic material, which implied working of the metal at elevated
temperatures. The flow stress of the metal, and also the coefficient of
friction, was assumed to be modified by the intensity of ultrasonic
irradiation. The flow stress equation, for copper and duralumin,
was determined experimentally from tensilé tests, There must have been
considerable stress superposition, and probably significant temperature
rise, though Atanasin accounted for the reduction in flow stress wholly
in terms of acoustic field intensity, Iw/cmz; in an equation of the
form: N . N

oM =0 exp a(I;-I')"' '

At very low draw speeds,dtyeated mathematically as zero, the stress

ar L LY . 1
i oo e R e

was shown to be virtually independent of die angles above 4ﬂ marginally

Gl . s D ety a0y
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dependent upon frictional changes and heavily dependent upon reduction
of area and ultrasonic intensity.

Similar trends were shown to exist when drawing ﬁt 5m/sec except
that the draw force was affected by die angle tola greater extent; a
clear optimum die angle was shown to exist for a specific drawing
condition. Atanasin claims that the graphs obtained from the analytically
derived expression for draw stress showed good agreement with experimental
data, though no such data, or its source, was given in reference (52).

. The various modes of die excitation have been discussed in this
section; for fixed plug tube drawing, however, another common method of
applying ultrasonic energy is to excite the plug into longitudinal
resonance by means of a tuned plug bar and wave guide driven from a
suitable H.F. source; this has been the primary commercial application of
power ultrasonics in the metal forming industry to date. Real reductions
in draw force can be obtained primarily by virtue of friction vector,

(42)

reversal, Winsper and Sansome have investigated this process using a

0.5 in,12°die, with a 0.476 in diameter plug. It was shown tha:c the die,
tag, and plug loads were reduced in direct proportion to plug amplitude
and that the stress superposition, whilst varying with drawntube length,
accounted for between 40% and 10% of the total indicated load reduction,
When drawing at constant speed the load reduction was independent of
reduction of area in the range 5% to 24.3%. It was also shown that plug

]

oscillation improved surface finish on the inner and outer surfaces of

4

the tube. Ultrasonic activation of the plug therefore results in a
genuine reduction of draw force which could therefore be translated into
an increase in reduction of area, Dragan(zl), as already stated in the
introductory chapter; has usod this technique to give an increase in

- reduction of area under industrial conditions.

102 L & :
. Cristescu and Drngan( 02) have analysed the drawing of tube on an
]

]

ultrasonically activated plug assuming that the material flow stress is
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modified by the ultrasonic field intensity. This relationship was used

52
also by Atanasin( ), that is, it was assumed that the effect of the

ultrasound on the material was analogous to that of heating and that it
was, therefore, viscoplastic. In this flow stress relationship:

o(I) = o(1) exp I:a(lo-l)],

the constant, a, was stated to be a material constant, for a particular

ultrasonic field intensity‘sz'loz,

tensile tests(sz), though the method of applying the energy to the

. This constant was determined from

deformation zone varied widely from process to process and in relation to
the tensile test; no account was taken directly of superposition or the
manner in which the ultrasonic energy manifested itself in the volume,
surface and swaging effects. No account was taken of friction vector
reversal, which must be a predominant effect in the work of Critescu and

Dragan(loz). The friction factor was asssumed to be subject to a 'global’

reduction of 20%.

Dawson(7o)

has investigated the wire drawing and floating plug tube
drawing processes when using a radially vibrating die.

A lower bound analysis of wire'drawing was carried out by Dawson
which was based upon the volume continuity expression.

Volume flow rate into the die = Volume flow rate out of the die -

rate of decrease of the deformation zone.

which was used in conjunction with an equilibrium analysis. This analysis

is discussed further in Appendix 4. -

2.,2,3. Extrusion

Little work has been carried out on the extrusion:process, probably
because of the relatively high reductions of arealéommon'in the industrial
applications of extrusion and, therefore, the high levels of ultrasonic

energy that would be required to surpplant the conventionally applied

it
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power.,

35
Spiers et al( ) have investigated the direct extrusion process when

applying low frequency vibrations to the ram. Reduction in mean load

was obtained in a similar manner to work on wire drawing through a die
(40)

vibrated axially at low frequency , that is, the load reduction was

found to be equal to the dynamic load amplitude; the load reduction was

accounted for wholly in terms of stress superposition.

Investigations made by Petrukov et al into extrusion under the
action of ultrasound have shown that the deformation mode was improved
when ultrasonic vibrations were applied to the tooling in an axial mode,
that is, frictional conditions were improved. This again is consistant
with work carried out on wire drawing in which ultrasonic axial oscillations

(41) (69)
were applied to a die . Further work carried out by Petrukov on
the application of radial oscillations of the die in extrusion; genuine

reduction in extrusion load was obtained, along with reduction in

redundant deformation; swaging was likely to be the predominant.

2.2.4. Deep drawing and draw ironing

Deep drawing and draw ironing are of interest, from an industrial
point of view, because these processes are carried out at relatively low
speeds, therefore the loss of effectiveness of the ultrasonic energy at

high speeds 1s not too great a disadvantage.

Radial mode vibrations applied to the blank holder is the primary
method of applying ultrasound to the deep drawing procéss; the main
mechanisms are superposiﬁion in the drawn section of the cup and friction
reduction and friction vector reversal at the blank/blankholder interface,

though in the case of draw ironing the radial mode oscillations also

result in load reduction due to swaging, Young(zz) and Smith(zs) have

investigated an analogue of this process which involved drawing
' (38)

specimens through a pair of wedge shaped dies. Punch oscillations
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resulted in mean load reduction due to superposition whereas die
oscillation resulted in increased draw ratio. In tests carried out by
Biddell and Sansome(sg) using a radially oscillating die, depth of draw
was increased when deep drawing small cans on a mandrel. At low draw
speed the radial resonator, powered through ceramic stacks, resulted in
the whole of the deformation power being supplied from the ultrasonic
generator, that is, no external steady state force was applied. The

process was therefore converted from one of ironing to high frequency

swaging; gilving, in this case, a reduction of area of 40%.

2.2.5. Rolling
Little work has been done on the rolling of metal aided by
ultrasound, again probably because of the large energy levels needed to
improve the process significantly, under industrial conditions. Some
(57,58)
work has been done in the U.S.S.R in which the rolls were vibrated
longitudinally at 20 kHz. This work resulted in a reduction in process
forces, though it is not clear how these loads were measured and,
therefore, the extent to which superposition was a factor in the load
(57)
reduction, Improvement in surface finish was obtained and residual

56).
stresses were reduced( 6)



CHAPTER 3 =-'THEORY

In- the previous chapter the analytical techniques used to analyse
metal forming processes were reviewed. The preliminary reason for this
was to establish the technique which was most applicable to the process
.under investigation, that is, strip drawing through vibrating dies. The
use of slip line fields was not considered because of the need to
determine the velocity boundary conditions prior to the construction-of
the stress and velocity fields; this problem was encountered by Dawson(70)
when uéing a graphical upper bound technique, of the type used by
Halling and Mitchell, to analyse the drawing of wire through radially
vibrating dies,

An equilibrium analysis was also attempted by Dawson(70) which did
not take account of the 1ncre§se in the volume of the deformation zone.

This is discussed further in appendix 4. Numerical methods also require

a knowledge of the velocity boundary conditions and were not therefore

considered.

N “d
o

The type of analysis favoured by Avitzur(14) suggested the route

most likely to reach a solution since the velocity components within the
l

deformation zone, due to swaging;andﬁdrawing, could be treated separately

and superposed; this approach is shown in the foliowing sections.

A further aduantaée‘ot an analytical solution is that direct calculations,

sy

at any stage during'the die penetration cycle, could be made, provided,

of course, that a suitable expression ‘could be obtained. ;Such a éblution

allows the effect of an individual parameter to be established.

‘e
L

The object, 1n -this. chapter is to analyse .the drawing of strip through

l

vibrating diea and "to extend the analysis to an analogue of the tube-

-"': l

drawing process in which metal is schematically drawn through a radially

- e o Bl s
vibrating die with-an axially vibrating fixed plug. Diagrams of the strip

b P

drawing process and tube drawing analogue are shown in:Figure (3.1) and

O

Figure (3,2) reSpectively.“-uﬁnm.“.f

e —— A

"
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Strip drawing will be considered initially and any necessary modification

made to.the theory to give an analysis of the tube drawing analogue,

3.1, Velocity Conditions l)'uriﬁgr Drawing Through Vibrating Dies

Is is essential to consider the process occurring in two phases,
namely die indentation and die retraction. During the indentation
phase the process combines drawing and swaging the predominance of
either component being de.t_glrmined by some i’unctioq of the velocities of
the strip and die, It is therefore necessary to obtain a velocity field
for drawing and swaging in order that the deformation power, or the

equilibrium conditions, can be determined by superposition,

3.1.1, Velocity Field for Swaging a Wide Wedge

Consider a wide wedge of rigid -~ perfectly plastic material which
is compressed between a pair of symmetrically inclined platens, The
shape of the wedge is taken to be the same as that of the deformation
zone which is assumed to exist when analysing the strip drawing process

on either a Cartesian coordinate systemuq;Jaubylindrical polar coordinate

PP

system. The sectional elevation of the wedge is either a symmetric

&

trapezium, as shown in Figure'(ﬁ.ﬁ) and Figufeg(3.4), or an annular

sector, as shown in Figure (3.5).”‘Two"p6§§ibie conditions exist, qependent x

upon the relationship between the angle of inélination of the platens and

%

the frictional constraint present at thg_platen/ﬁédge interface, These

ol .
A 3
e

‘_
L

conditions are: = . .7

by Soen

'a) The wedge is held under the platens until the point of yielding is

1 t

reached,. In the plastic stafé?“theréfé?éf?the metal will flow away from

a neutral plane within the wedge. That is) a state of bi—diréctional
P" {li L.
flow, away from a zero velocity plane would exist.

b) The wedge 1s rejected from the platens. If this condition is to result

in plastic deformation the wedge must be held in the platens by an

additional constraint. In this state the metal will flow away from the



Fig[3-3]- Swaging Of A Wide Wedge
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virtual apex of the platens.

The- following sections model the swaging of a wide wedge using

Cartesian and cylindrical polar coordinate systems,

3.1.2, Cartesian Coordinate System

Figure (3.3) shows the swaging of a wide wedge with axially vibrating
dies for the unidirectional flow case. A neutral velocity plane, xﬁ, is
assumed to exist -between the origin:of the coordinate system and the wedge.
This implies that the two boundaries at the upstream and downstream ends
of the deformation zone are moving in the same direction and that xn is the
position of an imaginary plane extrapolated from the velocity functions,
The wedge is held so that plastic deformation is taking place, with velocity
components ﬁx and ﬁy. The ﬁz velocity component is zero, that is, a
condition of plane strain exists.

It 1is convenient‘to define the distance of a po%nt in the xy plane
from the x-axis in tgrms of x and the angle, O, of a line passing through

the point hnd\the origin of the coordinate system.

S. y (8,x) =x tan 6 (3.1)
The vertical distance from a point, x,.on the x-axis to the platen
surface is given by
uy (a,x) = x tan O ; (3.2)
The resolved velocity, VB’ along a line acting through the virtual

apex 1s given by:
Vei“ U*-cosﬂ'+;Qy'sin8 (3.3)

The yelocity\disgontinuity at the die surface is therefore given by:

va = Ux cosa + Uy sin a - (3.4)

Equafion (3.3) %nd equation (3,4) é}e equally valid for the condition
shown in Figuge_(314), which shows the neutral plane within the wedge,

provided correct attention is paid to the sign of U ,
X
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. .

It remains to be shown that Ux and Uy can be expressed as a kinematlc-'"

ally admissible velocity field. The following shows that the two obvious

approaches are not successful:
a) Volume Continuity
The volume displaced in the y direction per unit time between x and
X, is given by:
b |x - x| |E] (3.5)
The volume displaced in the x-direction per unit time, assuming constant
velocity in any yz plane is given by:

[fjx|b y(a,x) (3.6)

.". For volume continuity, Eqn. (3.5) = Eqn. (3.6).

. . b[x-xh! Ié[= |6xl b y(a,x), for positive a,

RO 1 R T

. . . x
Since U_ > O when x > x_ and U_ < 0 when x < x_.2U =l€|cot0[1**ﬂﬂ (3.7)
x n X n'"x x

The strain rate in the x-direction is given by:

GUx "o X
I, 35 < | cota —3
x x

A e -
‘Prom volume continuity and the plane strain assumption:

: o Suy
vy = —Exx = - [El Cota ;§'= Sy

. . X
.Uy = -IE! coso ;%-y(ﬂ.x)—%B(Y{B.x))

from symmetry Uy = 0 at © = 0O

.". B(y(9,x)) =0

] L ] x
. Uy = —IEI Coif.t:l."--tzl y(6, x) -

X

at 6 = o, from eqn. (3.2)
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I:Ty' = =|E.;|cota£g- x tana
x

= - lg| 2

which, in general, violates the boundary condition:

L] L]

Uy =*§ atps= +aQ

The velocity field derived from volume continuity is therefore

inadmissible,

b) Prescribed velocity

By assuming that Uy varies as the distance of y (6,x) from (x,0)

a velocity can be prescribed.

Uy = - |E| cota y(6.x) (3.8)
X

.o Lyy -g%x-=—l£| _______co;a

v ik

e Ixx = - éyy =]é| £¥£§_= LS

§x

]él cotd 1lnx + B(x) (3.9)

(=}
n

When x = xn; Ux =0
1)
.l.t B(x) E =

lElc?tgdlnﬂxn

- . - x -
S U ]§|Cot?:1n(;:) B AU Ol R B Phe  Ad B (3.10) .

¢+, It can. be-seen. that Ux < 0 when x < x as expected. The velocity

field:

£ e Ui

ﬁy = —Ié] Cotu'zjgizl
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{Ix = lélCotO‘. In (-:—;) is, therefore, kinematically admissible,

Th; optimal position of x, can be determined by minimising the
power supplied through the platens, J*, with respect to L This
assumes that any additional constraint required to hold the wedge
between the platens plays no part in the plastic deformation and, there-

fore, has no effect on the velocity field.

Referring to Avitzur(14) the internal power of deformation is given
by:
2 /1 R - -
Wy 75 Sof/ 2 Eijzij a¥
v'.

and the frictional power loss is given by:
Wy, 2 f t|Av| ds
(see Section (2.1.3))
Cdesm . Y s n o o o
The total power of deformation is given by

AT .
p e o

% = L - i
J _u.wi '-t-\wf I L - KT TOE | . T SRR S X iy i ! (3 11) L3
g it 7 ~ & he g '
and
p S0nS% B Be B LNSEE BT
dV = 2b dx dy
From -Eqn;.,: (2.1):
1 L] L] i 1 .2 .2 '2 .2 .2 .2
uz\;ij zij_;uz(zxx * zyy ™ zzz) * zxy * Eyz * zzx
Now I =L =TI =0, since no strain occurs in the Z-direction,
L. 2T - yZ . o zx

r " S | . = 1
“n *

.". Egn. (2.1) becomes:
o ool PR Cu Jagn) -
1 . [ P F

ol |

1 - - .2 I2 _
2 zij zij zxx +zxy
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-2 -2

since I =1
XX yy

Now:
. 1 (GUx U )
xy 2 ‘8u Sx
|§|cota 0
= 2 y(6,x), from
2x

Eqn, (3.8) and Eqn (3.10).

W = o 1 -
o e -2 - 3.12
i = fj:/z Zﬁ i3 dx dy ( )
y ¥x

and W, = f T|Av]ds
s

T is the shear stress between the platen/wedge interface and is taken
to be a constant proportion of the plane strain yield stress of the wedge.

(14)

Avitzur used this method of accounting for interfacial friction rather
than Coulombfriction; this was primarily a matter of analytical convenience
since it avoids the introduction of a second, unknown, principal stress into
the power equation. This method of accounting for friction is used in the
velocity fields to be superposed for both swaging and drawing, without the

need to account for the different pressure distributions across the platen,

: mQg
- N 0

T = e—

/3

2b dx
cosQ

and ds =

Av = Vy = chosa + fIy sinq

= IEICota[Cosa 1“‘3;) - tanQ sina:] .
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oW, = E‘l f [élCoaa [Coter.ln(i—) - TanQ Sina] 2b_dx
t 5 x *h cosa
. 2md .
= — |5[C°t°‘bf l1n) - Tan’a| ax (3.13)
V3. x *n

Since W, is independent of xn, it is only necessary to minimise W

i b

with respect to x; in order to minimise J¥.
aw
Now, since E;—-= 0, is independent of m it is reasonable to expect
n
xy, to be a strong function of 0 and m as well as the reduction of area.

This approach to the problem is therefore rejected.

3.1.3) Cylindrical coordinate system

The annular wedge shown in Figure (3.5) has a half angle, a, inner
and outer radii Rt and Ro' with width, b.

A zero velocity RZ plane lies at an angle, 0, from the instantaneous
position of 'a rotating plate. It is assumed that the geometric form of
the wedge during deformation remains that of an annular wedge. This
implies that the radial velocity in any 0Z plane is constant, The radius,

RN‘ is the position of a cylindrical plane where the radial velocity

of the deforming material is zero.

. « when RN< R, UR<< 0

and R > R, 6R>0.

It is further assumed that the deformation is in plane strain and
occurs without block slip away from the origin of the coordinate systen.

- A vector, radius R, rotating about a fixed point at W rad/sec

- generates an area of revolution in the RO plane at the rate

WR

2 -
The volume displaced in the 6 direction per unit time between R and

RN is given by:

St g g e e e

- e P B S WL tm ar 'y S ARl ST g e e ¢ e S
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b 2 2
gwlﬁ - Ry l

Also the volume displaced in the R direction per unit time is given

blug|Ra

From the assumptions of incompressibility and plane strain these
volume flow rates must be equal,.

T\ 2 2

..|uR|-2ROI R RN.

.oy =R [1-(2"—)2]

R 2a

The RR strain rate is given by:

(=]
-
@D

mlw .
+

‘ Uy, Ry . .
re %R " 2a [Nn—’j and Lo = Lpp =

R, 2 RN )
W N ::-u_i._ - — l—._G..
2q [1+(R ) ] 2a [1 ® ’2] *R 0

E
On
o

.. B(B) = wR

and_Ue = wR{l-g}, which also satisfies the boundary conditions.

U8 =0 at 06 = a and Ue =wR at 6 =0

Thus a kinematically admissible velocity field for wedge compression

is given by:

© . WR EE
Up = 20 [1 - )L_l (3.14)
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. 8
‘UB = WR ‘[1- E] (3.15)

.

The optimal neutral radius position may be determined by minimising
the total deformation power, J¥*, with respect to RN

The internal deformation power is given by:

20_ AT
Wi=_7§ /Ezij 213 dv
where:
: iij iz; %‘érzm * ige * éiz) * éiz * ize * iz:z
SO N S S S S

A 3
Y2 zij Eij Lor

and dV = 2bRAOdR

o, f f Typ 2DRAOAR
8 R
20 bw R
=2 f f [R + ﬁ-li dRdO
a/3 5 Y R

The two modes of deformation are defined by:
SRR Y

and b) B.N$ _Rf

-
PN

Since [qu- ;gj] is continuous in the interval [Rt'no] the internal
power term will be the same for conditions (a) and (b) above, thus for

half of the wedge :
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a
20 bw . R
o 1. 2 2 2 0
W, = —(R - R,) + ln(-—)]
£
i /ECI ‘2 o RN Rf .
- 2
S S (1-(1-02) + p’("a 1n (——1—)]
/5 |2 ler

Frictional power loss at the die surface is given by:

= frlavlds

mO’O
T = —— as before and ds = 2bdR
Y3

. . 2
jav] "= lURlle 1880 - )|
=

mg o RN
. O
o W= — -—)
P 20‘.(1 ( 2b dR

2 2
mg wb | R (1-(1-1)°)

- -r 2 1.
B ‘/ga 2 RN In (l-r)

‘When Ry 3 [r,.® ], |ﬁR[ is discontinuous at R = Rg.

2

bmo f
w£=/§wf [R- “]dnf I:R--?}da
Ry ®a
bro w 2

\ |
{E— 1+(1-n?) - RN RN " (;;Nﬁ)}
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2
20 bw (R
. 2 2 1
J* = ; * =— (1 - (- + Ry ln(-]:;)‘
3

R 2a-a-n® , .
— -5

2 2 1
(1=-(1-1r) ) + HN 1n (I:;) +

2 2
R “(1-(1-1)%)
m o 2 1
2a ( 2 "By In (1-1-));

1 - oy
Since 1n (I:;) # 0, RN =0 orm= 20
When Re {R,, R}

J*

2 %.+Wf

2
20 bw (R
o ) 2 2 1
—_— {-—-—2 (1- (1-r)" ) + RN 1n (l-r)}
2

]

/3
bmgd w
o

{Rz RN

[} 2 2 2

+ (1+(1-r)“) = R+ In (——2—-—_——)}
J§a 2 RN RN R 4(1-1)

(o]

dJ*

2
. = = .-.-1_ m— - o—————————
. dRy =0 = ZRN].n (1-—:-) + 2a|: ZRN + ZRN in Qz(l—r))+ ZRN]

2
1In (l-r) = ':f 1n ——-:l-—)

o (1-r)

m+ 2o
SRS = noz (1-r>§’“




- 49 -

WhenRN.SRt,RN=00rm=2a (3.16)

and when RN € [ht' Hb]’ RN = Ro(l-—r)B (3.17)

= = > =

since RI = Ro (l=-r)

. o p=R2C oy n=2a

which 18 one of the conditions for the solution of:

2
43 . 0, when R, £ R

dRN N b 4

1imB _ 1

Also ¥ =2 [nN ¢[rR,, R], m # 0]
It would appear, though not proven, that the above conditions imply
when m < 20Q, RN =0

B

and m 2 2a, R

. = Rotl—r)

Referring to Figure (3.6), the conditions one might éxpect when
bi-directional flow conditions apply are to be found, that is, high ?

friction and low die angle.

The velocity field may therefore be written as:

. wR i
Up = 55 (m<2a) (3.18)
. R 11‘0(1-10B 2 _ }
UR = % [ - ................n_ ](m >20) (3.19)

L] e -
Ug = wB |1 - | (3.20y



Fig(3.6)-Effect Of Die Semi-Angle And Friction
_Upon The Flow Conditions In The Wedge_
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3.2) SWAGING OF PREFORMED STRIP

The preceding sections were concerned with finding a suitable
velocity field for the swaging of a wide wedge. The swaging of a
preformed strip takes this analysis one stage further, and uses the
velocity field based upon the cylindrical polar coordinate system given
in Eqn (3.18), Eqn (3.19) and Eqn (3.20). This implies that the
deformation zone takes the form of an annular sector and that the terms
for internal deformation power, Wi. and frictional power loss at the die
surface, wr. are the same as those for wedge compression.

It is assumed that, upon leaving the deformation zone, the metal
flows parallel to the strip centre line, therefore, velocity discontinuities
exist at the upstream and downstream boundaries of the deformation zone,

These boundaries are denoted by 81 and S, in Figure (3.7) and the

2

associated power loss is given by:

W ‘-=f't|AV|dS (1 =1, 2)
i s

T = , dS = RbdO, where R is the radius at the velocity dis-

& [e°

continuity AV, When RN < R the velocity components, shown in Figure (3.8),

Up Tan (a-0) and Ugs both act in the same direction and when RN > R,

U_ Tan(a=-0) and U

R 8 oppose, as shown in Figure (3.9)

Therefore:

AV = Ub+ UR Tan (a-0)

R
=k 1 - +8 -] tancad)

and

# _f |mR['1_ -]+ [1 (——) 1 tan (a-0) |Rba8
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Fig(3.7)-Swaging Of Preformed Strip
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Fig(3.9)- Velocity Discontinuity
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UrTan{ox-e)




g szm
! ‘ab'. W s =
8
V3 6=0

- ST

U R bw 2
g Tan(a-0) RN
f I "ot T 2a [ k (_)]

Now 6<ag10°  .°. Tan(a-0) =~ (a-0)

R. 2
(a-e) N
2a [1 - R ]

do

o

l -

do

aim

Q

8, (@8 Ry
1 a 2a [1 - (E—)z] ‘ df

o

/3.2a o

comaozb £ RN
= ———f 2a- 20 + (a-0) [1 - (— . db

o

/3.20

O

2 o
o wR “b 2
- .0_2_.{ 2ae-92+(a6-82/2) [1 - (i) ] }

o

2 R
L% P 25?4 (o - u2/2)[ 1 - (ﬁ-'i)z]}
0

.20

Uomaozbo: R 2
2 ———— {3 - (-—) }
4 /5 o

(3.21)

(3.22)

(3.23)

When R < RN the sign of AV can be positive or negative but cannot

change sign in the interval 6 ¢ (0,a)

Uomezba RN 2
e W, w—eee S (o |
! 4/3 f
o w R 2(1-r)%ba ‘B
0 (2]
- 3 - (Tam
43 o

The total deformation power is given by:

(3.24)
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K -
J* = Z(Wi + W, + ws + W )

b 4 1 s2

2
40 b

;“’ [Eg- (1-1-r)%) + nnz 1n (-1—1;)]
3

2m0  wb R 2(1-—(1-1‘)2) B 2 N
r —2 S - R, In (1—_—)) v
/3 a 2 . r
2 2
R
(—;3- (1+1-r)2 - %2[1 + 1n ( :" )])]
' RY (1-1)
(o]
2 2 2
C wWR ba
b0 {3 - (§¥7 + |3(1—r)2 - (EEQ |}
2/3 o o
Let x = R
o]
2
o bwR
J¥ = o

o~ {2011-r)%) + 4x%1n (i—r)

2
m 2 2 1 2 2 X .
+gla-a-n® - 22" 10 g v A+ a-nTe2x [1+1n(-1_—r)})]

+ %[3 - x2 + |3(1—r)2 - xzn} 13.25)

The logical "OR" statement and the term with the modulus bracket

in Eqn, (3.25) lead to the four possible conditions:
a) 3(1-n07 x* AR, { R,
b) 30-n%< x* MR < R,
c) 3(1-r)2> x> ARN >R,

2 2
d) 3(1-r) < x ARN > Rf
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Only those terms in Eqn. (3.25) containing x will play any part

in the minimisation of J*, Let these terms be denoted by:

2
2 1 m 2 1 2 X
K =4x I -5 [2x I35 V 2 [r+1n 0]]

+ -g—[ l3a-n? - <% - 5% ' (3.26)
Condition a) 3(1—?)2 >x2 AR <R
Ry < Ry
ea2, 1l om, 2 1 a 2 2
Ka 4x ln(l_r) a.2x ln(l_r) + > [?(l-r) - 2x ]
dK
_ 1 4mx 1
SXIH(l_r) a l1n (1_ ) = 2xa =0

. + X =0 as expected since RN < Rz

Now 3(1-r)% > x° ARy < R,

=> ¥3(1-r)>x A x < (1-r), which
is simply an overdefined form of

x < (1-r)

2 2
- <
Condition b) 3(1-r)° < x” A RN nf

This constraint system can be rewritten as:

Y3 (1-r) < x A x < (1-r), which is an invalid combination.

Condition ¢) 3(1-r)2 > x2 A Ry > Ry

2

2 1 2m 2 X a _n2 2
Kc = 4x ln(l_r) 3 X [i + ln(I:;i] +3 [3(1 r) 2x ]
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ch ) 4mx x2
E—-— = Bxln(-i:;) - [2 + 1n(i-:;):] - 2x0 =0
2
. 1 2m x
« « 4 1n (l-r)-a [2+1n (1__1_)] -0 =0

. . xz = (1-r) exp{-:;q'- (ln (-i%—r)- -i'—) - 2}

172 a 1 a
Cox = (1-1) exp{; (1n (m)- Z) - 1}

Now:

3(1-r)2> x2

=> 3(1-:-)2 > (1-r) exp{-%g (1n (E%;) - %) - 2}

2+ In@30-) | o
2[1n(1_r)_ %] n

and

RN>RI

=>x > (1l=-r)
=> (1--r)1f2 exp{-g- (ln (-1—%;) - %) - 1} > (1-1)

&> o N 1/2 1n il-r) + 1
1n (lTr) - /4

. 2+ 1n(3Q1-r)) s, 2+ 1In(l-r)
o2 -~z " 2 1n (E%;o— /2

It can be seen that this constraint system is valid since:

~ = -y /2 a RS
S'e Ry = R (1-1) exp{ o g - P 1} (3.27)

(3.28)

(3.29)

(3.30)
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1n(3(1l-r)) >1n(l-r)

Condition d) 3(1-r)2< szRn’:- R:t
2 2 2
2 1 2mx X 3a(l-r)
Kd = 4x ln(—i-:;) - -0'.—_ [1 + 1ln (l-r)] + 2
dxX 2
d 4mx -
ax = 8x 1ln (—-—) alira [2 - ln( )] =0
1 m x2
e « 2 1n -(i-:_?) = a- [2 + 1n (-i-:—;)]
2=(1r)exp{g—-1n( )-2}
o (1o 1/2 a 1 :
= (1-r) exp {m 1n (-——--l_r) - 1} (3.31)
Y 172 o] 1 .
L] L] = - - —— - - 2
RN Ro(l r) _exp {m 1n (l-r) 1} (3.32)

Now:

:i(l-r)2 < x

= > 3(1--::')2 < (1-r) exb {(2 a/m) 1n ('i%-r') - 2}

= 2 + ln(:li(l-r)) < % (3.33)
2 ln(-l'-:;)
and: = x > (1-r)

=> (1-r)1/2 exp {% in (1/1-r) - 1} > (1-r)

a 1 ' 1
=> =ln (=P -1>7 In (-0
=> %> 2 4+ 1n (1-1r) (3.34)

_ 1
2 1n ("'*-l__r)



- 56 =

The constraint system defined by relationships (3.33) and (3.34) is

valid though (3.34) is redundant since:

. 2 + 1n (3(1-r)) N 2 + 1n (1-r)
2 1In (1/1-r) 2 + 1n (1/1-1€)

a
m

The only relevant constraint is therefore defined by relationship

(3.33).

3.3) Combined Drawing and Swaging

A kinematically admissible velocity field for the drawing of strip

through inclined plates is given by Avitzur(14) as:

6 i} -Vf Rf Cos B
R R

u, =0, as shown in Figure (3.10)

6
where VI is the draw speed., In this chapter V: is used to denote the strip
speed at the exit of the deformation zone, therefore the above velocity

field will be defined in terms of the coiler velocity, Vc.

That is:
. Vc Rr Cosb
UB = 0 (3.30)

It is not possible simply to add the velocity fields for pure drawing

and wedge compression to give the combined case, as this would yield:

. -V R, Cosf
- c f wR - 2
UR = * oa {1 (RN/Rr) } (3.31)

which gives an instantaneous outlet velocity:

Vf = UR Sech
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ustration removed for copyright restrictions

Fig(310)-Kinematically Admissible Velocity

Field for Strip IZ}r‘t:n.r'~.fing‘_4
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wR

- il - _ 2
C - vc e {1 (RN/RI) }SecB

Since Vr is a function of 8, rigid body motion cannot prevail outside

the deformation zone. The wedge compression velocity component of Ur
must be proportional to Cos® 1f this boundary condition 1s to be satisfied.

A suitable velocity expression fa given by:

: WR 2\
UR = vy {1 - (RN/R) } Cosb
. : GUR

- 2
s & ERRﬂER_ = %5 {1 + (RN/R) }cose

and:

(= ]

i
&0

w 2
B v {1 + (RN/R) }Cose =-h-j-g-§-§-g- {1 - (RN/R)Z}

L1 %%
R G
. E_ﬁ = wCosOR
. . s - a
. . wSinfR
A U8 = = + B(©)

i % Ue = wR {1-(sin8/u)}

This equation violates the boundary condition Uy = 0 at ® =0, though

the small angle approximation can be applied, which ylelds:

R
f wR 2
UR = N % Fas {1 - (RN/R) } (3.32)
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and 68 = wn{l - (B/u)} (3.33)

If this general superposition approach is to be used, in the absence
of truly compatible velocity fields, one must either accept the violation

of the boundary condition U, = 0 at 6 = a, or, violation of the rigid body

¢

motion condition, The latter assumption leaves UR independent of 0, thus

eliminating the OR strain rate component which greatly simplifies the

i) zij‘
It is for the sake of analytical simplicity that the velocity field

effective strain rate term, 1/2%

given in equations (3.32) and (3.33) have been used in the following
theoretical examination of the combined drawing and swaging of strip.
The terms for the individual components of power dissipation in

combined drawing and swaging are

a) Internal Power of Deformation

200 1
W1="—J—§ q;zij zij av
v

":1'5 Ly i1‘) =“;:nnz + zge * z:z) * éng v gz * éia
;:RR - iia = V::f * 35 {1 * (RN/R)Z}
From eqn (3,32)

These are the only non-zero strain rate components

. L L

« o &ZUE 13 quR,

and dV = bRdARd6



«: B w

. . 200 c f w 2
Fw el f f . ——{1 + (R /R) }} bRARAD
i /_ 2 2a
3J, Jy LR

20 b V. R
=_°ff{ °Rf +;’— {n+<nN2/Ri} dRrd0
/3 Yo /R ® '

| ]

R
Uob o

o

_ w f2 2

b {vc R, InR+2a{R/2+RN In n}} do
-0

Ry

_ 400ba, ) A L fo2 2 1
e o {vc R (1-r) In(yD) + m{nﬂ r(z-r)/2 + R’ 1In ‘1-:-’}}

In order that a comparison can be made between the theoretical model

and physical situation, the instantaneous angular velocity of the dies,w .,

[

must be approximated from the axial displacement of the dies, §

It is assumed that the die velocity, £, is equal to the lateral,

i.e. vertical‘component of the mean velocity U9 , that is:
8 =0

= m(Ro + Rt) cosQ
UB 6=0 cosa =

¥

a

wRo (2-r)cosa

Y »

2

v o 2B
e o R G (3.34)

« +» the internal power of deformation becomes:

£ {szr(2-r)

400b N 21 (_1_}}
* ®_@-na ) Rl 5

- : (Y
Wi = = {Vc Ro(l-r) lntl_r,
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40 baR , 2
__©o o 1 3 frz-r R 1 )
ST {Vc(l'r) EP G T R 1“(1-:-)}} (3.3%)

b) Frictional Power Dissipated at the Die-Strip Interface

The frictional power dissipated at the die surface is given by:

W, o= ftl.{wlds
8

T=— and ds = bdR

From Eqn (3.32)

=y = WR - 2\ R
av =y = B {1 (R /R) } Ve ot
From (3.34): v
‘ gon 2 Ve By
av =Up = R (-0 {1- @y} -5
. 2
SRy Rl Ve Ry
B R (Z-ma R
é{n - 2/11} V R
mUo RN - [ f bdR
Wf = —_— R (2-r)a R
R /3 °
: 2
bmo E{R-R_ /R V. R
- o l * Ry }_. - cn L1 ar (3.36)
/3 R (2-r)a
R [4]

When the term inside the modulus bracket is equal to zero the
i *
integral is discontinuous, which occurs at the neutral radius, RN . for

the combined drawing and swaging case, That is:

é{RN‘-RNz/RQ} - Vc Rf
Ro(z-r)a RN'.l
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A RN* = {vc Roz(z-r)(l-r)u/E +RN2}

or, dividing throughout by RO:

H

R
o

= {vctz-r)(l-r)a/é + xz}

3

(3.37)

~
[ A8
)

The addition of a negative drawing velocity to the wedge compression

velocity field may move the neutral radius to RN* > Ro.

therefore,

relative value of RN*, that is:

B < Ry

Ry <Ry <R,

By™ > Ry

. * * -
For RN > Ro and RN < Rr, Eqn. (3.36) becomes:

R 2
W - bmdo f ol & {R-RN ‘”E__}_ _Vc Rf I
AT R_(2-r)a R
£ (o]
: 2 _ 2
_ bnoo £ {r°-r “1n R} v s i
7 R_ (2-r)a TVe Rg M
’, 3 o
. R
2 2
bmCo l E{i(no - Rf ) - RNzln(EE)}
—t
V3 R _(2-r)a
: 2. 1
oo 8, | tlran - S}
/3 (2-r) o

* .
For Rt < RN < RO Eqn (3.36) becomes:

bmoo

t i

rn

J

R
o

RN*

L] 2 )
tfa-r,"/r}

Vé Ro(l-r)

three possible frictional conditions dependent upon the

dR

R
o

Re

R
o
- Vc Ro(l-r) 1n (Ezil{

1
vV (1-r) 1n (33D

Ro(2—r)a

R

There are,

(3.39)




P e = men wo

-62 -

R, [ 0 }
E{R-HN /Rl v, R (1-r)
. - dR
f Ro(z-r)u R
RN*
‘2 2 R
£{3r%-R_ “1nR} . °
- D20O { N - V_R_ (l-r) 1nR
/3 R (2-r)a ¢
I{N*
E*}Rz-nnzln R} R,
- V_ R (1-r) 1nR
Ro(z-r)a RN*
Efdr 2-r % - 21,,(3:1,,; x
s . N A
/3 R (2-1)a € ° "
ti R l
£ i(R ) - in (“"r) R
- L4 R" R“ - V_R_(1-r) In =Io
R (2-n)a ¢ W

-+

*
Substituting for RN and extracting RO with

P= Vc(2-r) (1-r) a/é so that
*
;ﬁ— = [P + x] (3.40)
0
+ y = DmOR_ é{&(l-(p+x)) - x21%(pl }
. £ . "'x) - vc (l‘r) in
V3 (2-r)a

E{3 (-0 ?-(P4x)) - x 1934P+x)’}

l-r
(2-r) @ - v (1-r) 1n Grs)

*
which applies for R, < R, < Ro

b4 N

1

yﬂp+xf

(3.41)



Eqns, (3.39) and (3.41) therefore represent the three possible
conditions for the frictional power loss at the strip/die interface.
These equations can be combined and further simplified in terms of the

parameters P and x,

bmooR é ’

wt = 2 ir(2-r) - x> ln(I%;) - P 1n (E%;i
Y3 (2-r)a

[‘&(1-(P+x)) -x 1n 523127“’ - pln‘ézs:;;_,

2 2 l-r 1-r
+ 3% ((1=r)” - (P+x)) - x 1§$1p+x) ) - Pl“.&«p+x}- )]

bmooR é ! 2 1 I
oW, = %2 r(2-r) - (x" + P) In (=)
f JEz-na 1-r
2 P+x
vie? +p m 3 - e o+ r(2-r)} (3.42)

d) Power loss at the Irilet and Outlet of the Deformation Zone

The power loss at each of the velocity discontinuities that bound

the entry and outlet of the deformation zone is given, in general, by:

ws -f ElﬂV]ds, where
s

c

£ = :E’ and ds = bRadBJ%being the radius at the velocity discontinuity in
3 .

question, Since RN* can be greater than Ro' the sign of the tangential
velocity discontinuity at the inlet or outlet of the deformation zone can
be positive or negative.

Now, AV = U8.+ U, Tan(a-0)

R
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wR R (1-r)
— 8 8 EE )
WR_ {1 - a}+ 5o [1 - (R ) ] - Vo —|tan (a-6)
S s
Substituting from equation (3.34)
L . - 2
2ER ER R VR (1-r)
0 s N c o
Ro(2-r) Q R°(2-r)a Rs Rs

For small B,Tan (a-0) Q (a-0)

. 2R PR
. - &« s 0 ] _ 2] __o -
= { = {1-2} +[ﬂ—-a [1 (Ry/RQ) Rsz] (@ a)}

2 2

g : 2R R . PR
o Ea s 0 [ S ¢ Ry o ]
¥s = = 1 ==} 4= - -5 | (@0 | eRyap
8 /59110(2-—1') a { al a ! Rg Rg s
2 2
PR
L [ Zepogy. [ (- G0} - 52 0o
° AR (20 Y @ @ a 8 8
a
. ) ) \
= 200t B - ZRB[ -Ea—]+[f.§. ]1-(;&) } _PRO] (ue-.@.)l
/3 R (2-1r) a 2 a R R, 2
o ] .
200k b ni o ” 2, 2
S — |1 + 3 %1 - (Ry/R) z - 2P Ry > (3.42)
Y3 R (2-r) 8 2 R
o 8
For R_ = R
8 (o]
200fab R 2
wsz.-...-._..._.._...o_,.l 14.% {1_,‘2} ..a—zzl (3.43)
Y3 (2-r)
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and for R =R
8 f

2c°£ab 110(1-:-)2 2 2
¥, = 14 e
1 Y3 (2-r)

(3.44)

R
Pt
1
'

The total deformation powe}, J*, for combined drawing and swaging can
be expressed both in terms ‘of the power required to deform the metal and
in terms of the power supplied to the system.

The power supplied to the system is given by:

J* = 5" (Instantaneous functions for velocity x material yield stress)

for the tag load and die pressure,

= 2(o_ bt U sec(a-0)
¢ RR:R{

+ GOb(Ro-Rt £) (3.45)
Assuming that O

P and UB are principal stresses then, using the von

Mises yield criterion:

a
| 0 J3 s ¢

From equations (3.45) and (3.32) at R = Rf.

WwR R, 2
C t
g =2 {gbt | ——— Q- ‘E;’ ) = v}

20, .
+ (75_ =0 b (R =R £}

. 2
ER ; .
= 2{01btf —t - (2—’% ) - vc]
Ro(z-r}a b 4
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20 L] -
0
+ —;— b (R =R E=-0b(R -R)E }

(2-ma R

. 2
LCJ.J*r=20b R {(1-r)a [5(—1—'1)- (1 - EN--) ) -V]
by o ¢ [

-

. 400 .
-rf} +— bBRTr&,. _(3.46)
/3 o
The deformation power is also given by:
J* = wi + 2 (wf + Wsao + WaRr) . (3.47)

By equating the two expressions for J* the instantaneous draw stress,

normalised with respect to draw stress, can be determined.

From equation (3.47)

: 2
40 ba R £ R
gt = =20 '{vcu-r) 1In ({20 + 20 LGS g |)
V3 (2-r)a o T
bmd R £
+ 2({—22 lir(2-r) - (x> - P) 1n(11 1
Y3(2-r)a =T
VIxZ + P) 1n (I—):-E)- 2 2(P+x) + r(2—r)}
1-r
20 Eob Ro o 2 a2P
20 1 +3 {1 - X ' - 3 I
/E(Z—r)
20 E;ab R (1-r)2 2 2
() [+] o x a P
+ 1 + = (1-——-_—2) - — } (3.48)
/3 (2-r) 2 (1-r) 2(1-r)?

Equating (3.46) and (3.48):
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. 2
- Ry
g¢ =20 R {(1-ma | H=I (1"(?’)‘%
o (2-r)a ?
.} 40, .
-rE}) +— bLRTrE§
Js' o
- . 2
o0 | £ e, N L]
L =!2{ av_(1-r) ln(lir)-i- r (2-r) + (D) In (i';';)
o/ ¢ (2-1) 2 o
(o]
3
m & 2 1 2 P4x
+i lir (2-r) - (x° + P) W) V| T4PIn(TTD
(2-r)a
- i_(zcmx) +r (2-r))”
'Eég_;_ a 2 o p zéacl-r)z a X2
5l RS TR e Al IR S -
(2-r)
2 L]
- P s —— 1 -~ (3.49)
2(1—rf

. 2
E(1-r) R
(l_r)a](2-r)a (1

- (E;)‘) -V,
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3.4. Tube Drawing Analogue

The configuration of the tooling for the tube drawing analogue is shown
in Figure (3.11); it is assumed that the velocity field is similar to that
for strip drawing through vibrating dies. It is further assumed that the
frictional constraint at the plug/strip interface does not affect metal

flow.

Fig(311)-Tube Drawing Analogue

. Die

Strip

- - = l

2g
w o
R0(2—r)
R . R (1-1)
alsoUn = e [1-(R)z:| -Vc oR

Ep = &Ep max Cos(wt + ¢), the instantaneous plug velocity,
¢ = Displacement phase angle between the die and plug.
The velocity discontinuity at the strip/plug interface is given by:

V R (1"2') .
Av::% [1 - (;R%)z]-—c-—c-’——- - Ep

R
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_ __RE [1 ) (‘_‘N_)TJ _V_ R (1-1) .

- - Ep (3.50)

The frictional power loss at the strip/plug interface is therefore

given by:
mg
o
Wr = — |6V|ds (3.51)
p V3 Y

Substituting equation (3.50) into (3.51):

. mo 0b Ré RN 2 Vc Rotl-r) .
ce W = 1 R o |- & - - Lp|®
P /3 o R

This integral is discontinuous at R = R*N , the point of zero velocity

p
when taking account of plug velocity.
. . When AV =0, R = R*N
P
. R* 2 V R Q1
- 3 Iwp Zh | LRI,
e R (2-r)a - -
* *
o R N R N
P P
- : 2
. E 2 - ERy
++ R z-Pa R N - Ep R N - + Vc Ro(l—r) =0
o o] P 0(2-1')0!.
Y 2
- L y E %
2 4F
- * + -
R & ¥ R (2-Da |R_(2-Da VeRo (1772
P : — . — (3.52)

2
RO(Z-r)a
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The frictional power dissipated at the strip/plug interface is

therefore given by:

. =hm00 é o Eq _VCRO(I-r) - b
fp /3 R, (2-r)a R R
*
RNp
R
£ 2
bm G_ E Ry VR (1-7) :
* R="g1 = R i
Y3 (R_(2-r)a
R#
N

2

me0 E 2 .
ST |R@oa |2 T R, & Rl =V R (1-r) I'R - EpR

0

4
bmo s .
£ 2
= [“ocz-rm {“ g N “} "Nl B R - Epn]
R

P

- 2 2
W = *™% ¢ o Fnp - R 21 ¢ Yo )
gz |R(2-na 2 & Rye
P

R L ]
(o]

) -&p (R -R )

HN* o N*p

p

- Vc Ro(l-#) In (

g [ (R = R.*) R
4 2 4
+ -~ P o 1n ( )]
R (2-r)o 2 i R"*p

- Rf
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The total power supplied to the system is given by the summation of

the pressure x velocity terms for the coiler, dies and plug, that is:
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The expression for determining the power requirement for the tube
drawing analogue is similar to equation (3.47) with the addition of the
term for friction at the strip/plug intertace, that is, Eqn. (3.47) +
Eqn (3.53):

J* = wl + 2 (Wf + wsno + wst + wrp) (3.56)
40 baR ; R 2
_ oo - - 1 E r(2-r) o N 1
> v a-r) 1 ) + T [ 5 ¥ (Ro) 1n(1_r)]}
{bmd R E [
+ 2 lir(2—r) - (x + P) 1n
Y3(2-r)a ( I
v [(xz + P) 1n (1;+:) -3 lz(P+x) + r(2*r)]]]
+20'o€(1bﬂol 1_'_%{1_"2}_0'21"'
Y3 (3-r) 2



“ Wy -

L] ) 2 '
ZUoEab Ro(l-r} . af, . x2 1. u2 P
*+ 3 (1-r)?

+

2
/3 (2~-r) 2(1-r)
* 2
2 NP
. yop) e 2 2 2
buo_ R £ [? + (1-r) (no ) (RN) 1 (RD (I-r){]
* aeE — 2 =Ag? M Ko
Y3 (2820 ; ‘ o Ré
RE(1-r) . 2 R
=V (1-r) In (=) 'r Ep (2-1 + -ﬁ——-P-) }
R [«
Np
20 bR , 1 £ r(2-r)
e —2_02{ 2qa {vc(l-r) 1n (T:;) + ?EZ;TE 2
/3

(2-r)a

Ry 2 : 2 1
+ (._N) In (_3_)] } & _’15___ [Hr(z-r) - (x +P) ln‘(l_r)l

2 P+x
V[(x + P) ln(l_r)

]

) : 2 e P
-4 [2(P+x) +r (2-r)ﬂ] + (—2% ll -I-%— {l-x } T

® 2
2§a(1-r)2 1+ a 3 e xz - o P
* (1-r)2 2

(2-r) 2 2(1-r)
= R* 2
2 NP
\ (1+Q-1"-2G=) ) g 2 R 2(1-1)
T L N e e
-1 .
2 o RNp
Rz(l-r)

0]
- chl-r) In( T 2

p



- 74 -

20 bR . .
= —2-2 {1(a, Voo o &om By x, D) (3.56)

/3

An expression for instantaneous draw stress can now be obtained by

equating expressions (3.55) and (3.56):
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3.5. General Theoretical Considerations

The preceding sections in this chapter have been concerned with
the behaviour of the metal as it is being plastically deformed under
the converging platens; the draw stress determined in this manner

should really be considered as a required draw stress, since the strain

in the strip may not be compatible with this stress. That is, the strain

take-up onto the coller must allow sufficient front tension for
plastic deformation to take place.

It is convenient to consider two separate phases:

a) Die Retraction Phase:!
As the dies retract from their position of maximum penetration into
the deformation zone, the coiler speed is initially greater than the
horizontal component of the lateral die movement. This implies that
conventional drawing conditions apply with an instantaneous draw speed

of (Vc -~ Ecota), as shown in Figure (3.12).
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Fig(312)-Velocity Conditions During Die Retraction
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This condition would also imply that no advantage could be defived
from the process at this stage unless there was:
a) A reduction in the magnitude of the friction force, and/or
b) The level of strain relaxation developed during the indentation phase.was
sufficient to pre;ent the front tension reaching the steady state draw
stress, or failing at the U,T.S. of the drawn material.
Any major improvement to the process would therefore require that the .
"conventional draw" phase of tﬁe die retraction phase should be suppressed.
When Vc < éCosa plastic deformation cannot take place: the syétem is
elastodynamic in nature and can be modeled, as shown in Figure (3.13),

overleaf,

STRIP AREA
STRIP LENGTH

Strip Spring Constant, K = x E

2 tob(1~r)E

1]

L

The change in cr is given by:

QU: =KAe
where Ae is the change in strain.
The transition from the conventional draw state to the elasto-

dynamic condition occurs when:
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_Fig(313)-Mode! Of Die Retraction Phase
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Coiler Velocity, Ve
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Vc ECotax at t = t*

i

that is, V. = g Cos (wt*) Cotn
c max

and, therefore:

The rate of change of Ae is given by:

dAe _ (£ cota = V)
- = = c
dt i

vVt wE Cota

.v. be= Ic‘ - max - Sin wt + A
L w

when Ae = 0, t = t*

1 -
* 2 - — r - *
e o« A T (Vct me Cota Sinwt)

e Be = %‘{vc{t-t*} - émax Cota {Sin wt - Sin wt*}}
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Although this does not indicate the mean value of draw stress-it
does show that, as might be expected, increasing coiler velocity will

decrease the rate of stress reduction whilst increasing die velocity has

the reverse effect.

b) Indentation Phase

As already stated, there are two possible flow conditions dependent
upon the relative values of the measure of friction (m or |) and the
die semi-angle, 0. This relationship between the friction angle and die
angle determines, under conditions of zero front tension, whether the
wedge in the deformation zone is compressed or rejected from the die
throat.

The velocity field within the deformation zone is dependent upon
the die velocity and the coiler velocity. Since the die velocity, in a
single cycle, will vary from zero to, in general, a value greater than
that of the coiler sﬁeed the dominance of each velocity term during the
cycle is likely to change, At the start'of the indentation phase the
die velocity is zero, but the conventional drawing condition should not
apply; the strain relaxation developed during the die retraction phase
will have to be taken-up before drawing can occur. Thus, the differenée

.

betweén the mean draw speed and peak die velocity should reach as high
a value as possible to give the maximum possible strain relaxation,
The effect of these two phenomena is 1illustrated diagramatically

in Figure (3.14).
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In conventional steady-state drawing processes the stress and strain
in the drawﬁ stock are directly related to the draw load required to
cause plastic deformation. It has been shown that this is nop the.case
when such processes are augmented with vibratiﬁg dies. .

. _ ~ v .

Equations (3.49) and (3,57) are expressions for instantanedus draw
stress and are therefore functions of time, Whether or not this stress
can be attained is dependent upon the state of strain down stream of the
die, which is also time dependent. It is, therefore, necessary to
determine the interval in the deformation cycle over which the draw stress
equation applies. This coul& only be achieved by plotting the strain
take-up as the indentation phase proéeeds and checking its compatibility
with the appropriate draw stress equation,

It would be necessary to assumé a point in the cycle at which plastic
deformation is occurring. This should then be checked, incrementally, for
compatibility of the draw stress eguation with the state of strain, taking
;.into'accoﬁnt stfain take;uﬁ and strain rel#xation.

A substantiai amount of Iurthér work would be required to obtain a
complete analysié Qisfﬁé stress-strain cycle for die indentation and die

'retractibn. Lack of time prevented the completion of this theoretical

analygia;
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CHAPTER 4. APPARATUS

4.1. GCENERAL DESCRIPTION OF THE DRAW BENCH

The draw bench used in these tests was a welded structure designed
upon the bull-block principle; strip was drawn through a pair of dies
from a stock coil onto a driven coil. A bench of this type has the
advantage that long pleces of strip can be drawn on relatively compact
equipment thus allowing a greater amount of data to be collected, during
a gingle test, than would be feasible on a chain-type bench. The former
configuration also allows sustained drawing at speeds that would not be
possible, under laboratory conditions, on a chain type bench.

General views of the draw bench are shown in plates 1 and 2 and a
sectional diagram of the arrangement of the wave guides and guide rolls
is shown in Figure (4.1).

Stock coils were mounted at the rear of the bench on shafts which ran
in pillow block bearings. A light braking torque was apPlied through a
rope brake, wound around the shaft, to prevent the strip from uncoiling.
This did not apply any appreciable back tension and was, therefore, not
taken into account when analysing the test results,

It can bo seen in Figure (4.1) that the strip was passed from the
stock coils into a pair of guide rolls. These rolls were shaped to take
two pleces of strip whilst allowing sufficient clearance for a blug bar,
and were frce to rotate about the axis of a bolt by means of a rolling
element bearing, The bolts were clamped into slots in a base plate, as
shown in Figure (4.2), thus allowing the strip to be positioned correctly
with respect to the diec throat. The guide rolls were of the utmost.
importance when drawing under conditions of low draw speed, low reduction
of arca and high die velocity, that is, when front tension was ver} low.
These factors arc discussed in Chapter 8,

The strip was passcd between the dies which were bolted to the ends.

of a matched pair of stepped wave guldes. These wave guides were bolted
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onto annular load cells which were, in turn, bolted to a bolster plate
and thence to the machine frame. This assembly is shown in Figure (4.3)
and details of the wave guide and load cell are shown in Figures((4.4) and
(4.5) respectively.

It can be seen in Figure (4.3) that the bolster plate could be
adjusted with the aid of set screws located in the machine frame. This
permitted fine adjustment of the upper die relative to the lower die; any
required movement was preset by adjusting the set pins against feeler
g;uges, unbolting the bolster plate and pushing the whole assembly against
the set pins. The main weight of the assembly was carried by a small
hydraulically operated mobile crane connected to an eye bolt in the wave
guide; the bolster plate was clamped into its new position. The crane
was also used for lifting the upper wave guide, when it was detached from
the load cell, so that the strip could be positioned between the dies.

When carrying out the strip drawing tests, the die gap was set by
inserting shim steel between the upper wave guide and ‘the load cell., The
shim steel was used also to set the dies parallel by inserting between the
machine frame and the upper bolster, a series of 0.05 mm (0.002 in)
leaves a shim steel of incrementally varying width. This, effectively,
gave a wedge that compensated for the inaccuracies due to distortion of
the welded structure and general build-up of manufacturing errors. The
design of the wave guide is discussed fully in section (4.3) and further
details of the associated load cell are given in Section (5.1.1).

After passing through the dies the strip ran over the appropriate tag
load cell.. The angle of contact of the strip on the tag load cell was
held constant by a guide roll sited down stream of the cell, as shown in
plate 3. The arm of the tag load cell restrained a grooved roll, which
guided the strip. Referring to Figure (4.6) which shows the tag load cell

it can be seen that the cantilevered arms were fixed to the square section

of a shaft. The shaft was mounted in a pair of blocks. One end of the
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Fig(4.4)- Die Wave Guide
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shaft was fixed and the other end was free to rotate in needle bearing.
Thus the shaft, being the active element of the load cell was subject to
torsion. Chevron strain gauges were bonded to the circular section of
the shaft between the cantilever and the fixed end of the shaft.

The tag load was therefore measured by monitoring the torsional
stress induced in the shaft. Further details of the tag load cell are
given in section (5.1.2).

The strip passed to one of the coilers which were synchronously driven,
through a chain drive, from a variable speed motor/gear box unit, The
arrangement of the coilers and drive is shown in plate 2.

The method of holding the strip onto the coiler is shown in Figure (4.7).

Modification of the draw bench for the tube drawing analogue was
achieved by packing out the wave guides to allow for the insertion of a
square plug, details of which are given in section (4.4.2). A conical wave
guide was mounted on tie bars at the rear of the.bench. The plug bar was
attached to the wave guide, which could be rotated in order that the plug
faces could be set parallel to the dies. Axial position of the plug was
achieved by adjusting the tie bars. The plug bar wave guide is shown in
plate 5 and the whole of the plug bar assembly is shown, schematically,

in Figure (4.8).

4.2, TRANSDUCERS AND GENERATORS

There are two methods of converting high frequency electrical energy
into mechanical energy of the same rréquency, both of which are based upon
resonant systems. The earliest type of drive unit consisted of a rod,
manufactured from laminated nickel sheet bonded together with enamel, around
which was wound a coil otlcopper wire; the coil was energised by an H.F,
generator. Later types of drive transducer consisted of a pair of piezo-
ceramic discs held in compression between metal cylinders or cones, These

end pieces are generally made of different metals, usually steel and

e
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aluminium. Because of the difference in theilr densities, and therefore
congsequent acoustic impedance mismatch a higher displacement amplitude is
induced in the less dense metal. The pilezoceramic discs are used in pairs
and, to effect isolation of the H.T. connection, it is sandwiched between
the disecs.

The effective overall length of both types of stack is equal to a half
wave length at the required frequency. Typical examples are shown,
diagramatically, in Figure (4.9).

Piezo-ceramic stacks are attaining predominance for use in the metal
forming applications of power ultrasonics. This is primarily because of
their improved energy conversion efficiency with respect to magnetostrictive
devices, though . their operating bandwidth is lower necessitating, in
certain cases, the use of automatic frequency control,

Power generators have, similarly, been subject to change over the
past few years. The earliest type used thermionic valves. These units were
generally rated at between one and three kilowatts and ;ere therefore
rather large and expensive. The overall efficiency of the units, used in
conjunction with magnetostrictive transducers, was low. Later types of
generator utilised switched thyristors which were not directly suited to
use in conjunction with piezo-ceramic transducers because of the capacitive
load they provide. Transistorised power generators now exist which are
sulted to use with capacitive devices and can supply H.F. power at
relatively low cost,

4.2.1. Power Generators and Associated Equipment

The power generators used for these tests utilised switched
thyristors and were manufactured by Ultrasonics Ltd. with a maximum
power input of 1.2 kW. Three of these generators were used to drive,
independently, the two die wave guides and the plug bar wave guide. Each

of these generators was used to drive a set of magnetostrictive trans-



-’82 -
ducers of the type shown in Figure (4.9).

A block diagram of the H.F. power supply to the wave guides is
shown in Figure (4,10). The die wave guides were synchronously driven
from a master oscillator which drove the oscillators in the H.F,
generators. The same master signal was passed through a phase shifter
and another oscillator to drive the plug bar wave guilde.

The H,F. power output of each power amplifier could be varied by
adjusting the mains voltage with a variable transformer.

The above equipment is shown in Plate 6.

4,3. WAVE GUIDES, SUPPORTS AND TOOLS

In order to transfer the high frequency vibrational energy, supplied
by the generators and transducers, into useful work it js necessary to
guide the acoustic wave to the tool/product interface.

The simplést form of wave gulde consists of one or more transducers
attached to the end of a cylinder. The length of the cylinder is equal to
an integer multiple of a half wave length. This conriguration does not
amplify the input and is therefore of little practical importance except
when used in conjunction with an amplifying wave guide for plug bars.

The simplest usable wave guide consists of a cylinder which is
stepped at a displacement antinode, as shown in Figure (4.11?. The
amplification factor is derived from the assumption of continuity of
transmission of strain energy per unit time from the input to the output

of the wave guide. That is, ignoring the sign of the velocities,

2, see Figure (4.11)

Vl i Rl = Vz m R2
v R
. 1 2.2
A R (irﬂ
2 1

Thus a 2:1 relationship between Rl and R2 gives a x4 velocity

transformation. The main disadvantage of this type of concentrator is

the high stress peak developed at the step.
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Other types of waveguide give a better energy transfer; conical
wave guides are widely used though their maximum amplification is .
relatively low,_ that is, approx{gatelr x2.6..0ther curves are used in
the design of concentrators, for example, exponentials, catenaries
and Gaussian curves,

Correct support of the wave gulde 1s crucial to its performance
since there must be minimal energy loss to the machine frame. There are
essentially, two types of support; nodal and half wave. It can be seen
in Figure (4.12) that the nodal support consists of a mounting plate
lpcated at a displacement node on the wave guide, which, in theory, prevents
oscillatory energy passing to the machine frame. The main problem with
this design is that, under load, the tuned frequency tends to change due
to damping(33). Under the correct operating conditions a better method of
supporting the waveguide is by use of a 'half wave' support. This type of
support is shown in Figure (4.13) and consists of a half wave length of
tube, the end of which is attached to the wave guide at a displacement
anti-node; the support is then attached to the machine frame at a dis-
placement node on the support. The nodal point is invarient with respect
to a small frequency shift, This type of support was used, initially, for
the die wave guides. However, the diameter of the support was a sub-
stantial proportion of its length., This caused radial and flexural
vibrations to be induced in the half wave support when the wave guide was
energised and almost complete loss of acoustic energy to the machine from

through the support; the die amplitude was therefore very low,

4.3.1. DIE WAVE GUIDES AND DRAWING DIES

A diagram of the die wave guide is shown in Figure (4.4). The
overall length of the wave guide is equal to one full wave length with a
step machined at one-quarter of a wave-length from the die seat. The

wave gulde was threaded over a nodal portion one-guarter wave-length from
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the stacks; the nodal support was positioned, whilst the wave guides were
energised, and locked into position with the locking collar. The two wave
guides were manufactured to a close tolerance on their overall length
giving tuned frequencies which differed by less than 50 Hz.

Three pairs of drawing dies were designedcls) and manufactured from
a 20% Cr, 2.0% C cold working die steel (Uddenholm Sverka 3), hardened
to 62 Rockwell 'C' scale. Various lubricants were used with these dies
including soap, rape o0il and molybdenum disulphide paste with little
success, very severe pickup being a problem encountered with each of
the lubricants, especially when the dies were vibrated. Subsequent hard
chromium plating of the working surfaces improved the performance of the
dies though pickup, under the aﬁtion ot the vibrating dies, was still
unacceptably high, These dies were therefore replaced with the
tools, shown in Figure (4.14), consisting of a tungsten carbide bricket
brazed into a carbon steel (EN 8D) base. The working surfaces of the
dies were ground to the required profile then lapped with diamond paste

to a surface finish of approximately 0.05 pym. These tools along with the

lubrication procedure are discussed further in section (6.2).

4.3.2. PLUG BAR

A diagram of the whole plug bar a;sembly is shown in Figure (4.8)
and the plug bar wave guide and support is shown in plate 5. The
conical wave guide was driven by thirty stacks linked to a 1200 W
H.F. generator. A half wave support was utilised to isolate the
vibrating system from the machine frame. The nodal mount on the half-
wave collar allowed the whole assembly to be rotated about its axis
permitting alignment of the square plug. The plug bar assembly was
attached to the machine frame with tie bars, each using two nuts and two
pairs of spherical washers}allowing further adjustment of the position of

the plug bar.
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The plug bar was made from drawn rod to the end of which was attached
a plug., The whole of the plug bar assembly was tuned, under load, to the
same frequency as the dies. Untortunﬁtely, the shift in frequency of the
die wave guldes and plug bar wave guide under load would have necessitated
tuning of the plug for each condition: the plug bar wave guide had
previously been used by Waterhouse(izz in static die experiments, with
good effect.

The plug was made from Uddenholm Sverka 3 ~ a cold drawing die

steel (2% C, 20% Cr), hardened to 62 Rockwell 'C' and hard chromium

plated,
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CHAPTER 5: INSTRUMENTATION AND CALIBRATION

5.1) Measurement of the Non-Oscillatory Component of Tag and Die Load

It is evident from the literature reviewed in section 2,2 that a cyclic
stress will be induced into the drawn product, irrespective of the
vibrational mode of the tools., - The frequency used in the following tests
was approximately 13 kHz, whilst the flat frequency response of the gal-
vanometers employed to record tag and die loads was less than 1 kHz., This
implies therefore, that the recorded output of each load cell.is a measure
of mean rather than peak load, These load cells and their assoclated

calibration procedure are described below,

5.1.,1.) Die Load

Two components of die load were measured by monitoring the axial and
bending load on the annular wave guide supports, It was not possible(ls’
to design the load cell on the basis of expected full load since it was
necessary to maintain the die/ strip geometry whilst under load, The die
load cell was therefore capable of carrying a far higher direct load than
was needed for the experimental work.

The strain gauge bridge used for monitoring the axial force consisted
of a full wave, 16 gauge, bridge wired to give compensation for temperatpre
changes and to be insensitive to bending. The strain gauge bridge used to
monitor the bending load on the cell consisted of a full wave, 4 gauge,
bridge mounted SO that the bending load in the direction of drawing could
be measured. The layout of the strain gauges and the associated circuit
diagrams are shown in Figure (5.1) and Figure (5.2).

Each signal was amplified with a Fylde FE-154-ABS/C bridge amplifier,
These units consisted of a bridge supply, amplifier power supply,
differential d.c. amplifier and current amplifier. The supply voltage to
each bridge could be set individually, with the option of either a high or

low current output. In the state supplied by the manufacturer, the amp-

lifiers produced an unacceptable amount of high frequency and low frequency
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Fig(5.2)- Circuit Diagram For The Die Load Cell
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electrical noise, The high frequency component was removed by earthing
each amplifier to a common point. The low frequency component could not
be removed without the use of a filter between the output of the d.c.
amplifier and the input to the current amplifier., In this configuration
the amplifiers are only suitablé for use with d.c. or very low frequency
signals. As only the non-oscillatory components of force were measured by
this system, the amplification was considered to be adequate.

Each amplifier gain and galvanometer was checked by applying to the
d.c. amplifier input a series of voltages from a calibrated d.c, milli-volt
supply. The amplifier output was monitored on a digital voltmeter and also
on a U.V. recorder, through the appropriate galvanometer; the amplifier was
driven, incrementally, to its limiting voltage of approximately 6.5v. The
x10 gain was badly non-linear on all the amplifiers, though, as this gain

was not used in the tests it was of no great significance. All other gains

gave a linear output.

5.1.2) Tag Load

The tag load cell is shown in Figure (4.6) and Plate 3 and the
associated circuit diagram is shown in Figure(5.3). It consists of a roller
mounted at the end of a cantilever which is, in turn, mounted on a shaft,
This shaft is fixed at one end and free to rotate in a bearing at the
other., The strip is passed over the roller as it is being drawn, thus
inducing a torsional stress in the shaft which is proportional to tag load,
Two pairs of chevron strain gauges were mounted between the cantilever and
the fixed end of the shaft, and wired to measure torsional stress., A
stabilised power supply giving a 4v output was used to supply the bridge.

No amplification was required.

5.1,3) Calibration of the Axial Load Cell

Each load cell was calibrated on a Mohr and Federhaff Universal testing
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machine. The load cell was loaded in tension through a pair of universal
joints having a maximum capacity of 20 kN. This eliminates any possibility
of applying a bending load to the cell and also enables any cross-
sensitivity from a direct load to the bending load cell to be detected.

The load cell in the testiﬂé machine was first zeroed agccording to the
instructions in the manufacturer's handbook. The bridge amplifiers that
were connected to the direct load cell and its associated bending load cell
were also zeroed for the required gain; the operation had to be repeated
for each gain setting. The bridge zero and bridge supply voltage did not
drift provided that the amplifiers were allowed to stabilise. This process
took several hours, therefore the bridge amplifiers were run continuously
for the duration of any series of teﬁts.

The load cell was initially loaded and unloaded a number of times to
ensure that there was no zero drift, and to test that the strain gauges
were correctly bonded tq the cell.

Calibration of the die load cells was carried out at nominal gains of
5000, 2000, 1000, 500 and 200, with thg output from the bending load cell
being monitored at gains of up to 2606. The results of these tests are
shown in Figures (5.4), .(5.5), .(_-5.6) and (5.7).

!

5,1.4) Calibration of Bending and Tag Load Cells

T S LT e,

The bending and tag load cells were.cnlibfated in situ by simulating
. . D CT ¢y - i

the true loading condition, as shown in Figure (5.8). It can be seen that
the strip was clamped to the wave guide in such a way that the strip could
be passed over the die. The clamping method is shown.in detail in Figure
(5.9). A proving ring was connected to the strip and suspended on cords
to prevent its weight affecting the strip tension or bending load, Another
plece of strip was connected to the proviﬁg'fing and passed over the tag

load cell, guide roll and coiler with the free end attached to a hydraulic

ram Wwhich was activated with a hand pump. It was found necessary to

e - s e e i




Fig(5.4) - Axial Load Cell Calibration
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Fig(55)-Bending_Load Cell Output Due
To Axial Load
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Fig(5-6) - Axial Load Cell Calibration
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Fig(5.7) - Bending_Load Cell Output Due
To Axial Load
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Fig(5:9) - Method Of Clamping The Strip To The

Wave Guides When Calibrating The
Bending And Tag Load Cells

/$trip
|

—

Die

Ctamp/

HI

—— - -
b e o - -

(

\ Wave Guide




- 8O =

lubricate the coiler surface to allow maximum transmission of the hydraulic
ram load past the coiler to the load cells.

The strip was loaded incrementally to give the required reading on the
proving ring dial gauge, with the corresponding output from the load cell
or cells being monitored on the U.V., recorder. The results of these tests
are shown in Figures (5.10), (5.11) and (5.12).

Axial load cell output was also monitored during these tests but was
found to be of a very low order. It can be concluded, therefore, that there

was no cross sensitivity from the bending load to the axial load cell.



Fig(510) -Tag_Load Cell Calibration
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- Fig(51) -Tag Load Cell Calibration
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Fig(512) -Bending_ Load Cell Calibration
BendinglLoad v. Galvanometer Deflection
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5.2) Measurement of Oscillatory Amplitude and Dynamic Strain

A number of methods of measuring strain and displacement at high
frequencies have been employed by workers in the field of ultrasonic metal
deformation. These methods usually fall into one of the following groups,.

1. Piezoelectric accelerometers,

2, Eddy current deteqtora,

3. Magnetostrictive probes,

4, Strain gauges, and

5. Direct ob;ervation through a microscope

These methods are discussed in detail in this section, special

reference being made to their application to the strip drawing tests,

5.2.,1) Pilezoelectric Accelerometers

Discs made from a piezoelectric material have been used extensively by
members of the metal deformation research group at the University of Aston,
The discs may be mounted directly onto a vibrating surface, though it is
necessary to isolate the disc on a base if the surface is stressed.

As a first attempt to measure die amplitude, piezoelectric discs were
bonded to the dies, Piezocrystal discs are supplied with a silver anting‘
on each face giving a low resistance contact to which wires can be easily
soldered. The discs are supplied with the coating either wholly covering
each face or with contacts from both faces on one side of the disc{ as
shown in Figure (5.13). The former type of disc is used in commercially
manufactured accelerometers in the form shown in Figure (5.14). These
discs are generglly soldered or clamped to a magnetic or screw base w1t§ a
seismic mass mounted on top of the disc, The electrical output is taken
from the base and the seismic masscls). The latter type of disc can be
neatly bonded to a flat surface with the soldered contacts running from the
top surface of the disc, as shown in Figure (5.15).

It was found necessary to shield the discs with aluminium foil, This

prevented mutual interference from the electric fields generated by the
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piezocrystals when the dies were vibrating. The arrangement shown in
Figure (5.15) is not satisfactory since the disc is subjected to the
transverse stresses generated in the die surface when the strip is being
drawn, Such stresses generate a voltage in the piezocrystal disc in
addition to the voltage generated as a result of the inertia force. The
narrow gap between the dies did not allow the discs to be mounted on an
isolating base. Any increase in temperature in the die would cause a

drift in sensitivity if the temperature/output characteristic of the

piezoelectric material was non=linear,

5.2,2) Eddy Current Detectors

A) '"Distec"

The "Distec"is a non-contact displacement measuring instrument manu-
factured in the U.S.A. by the Helm Instrument Co. It consists of a probe,
which is positioned close to a conducting surface, and a "signal conditioning
unit"”, the output of which is fed to an oscilloscope or digital voltmeter,
as shown in Figure (5.16). The manufacturers claim a flat output, within

1%, for frequencies in the range 0-50 kHz,

—=1 t=— GAP ST TO GIVE Fig(516) - "Distec” InUse
8V d.c.BIAS
/ : Signal Measuring
PROBE Conditioning _—" | Instrument
ni

WAVE GUIDE
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When calibrating the "Distec" the probe is mounted on a vernier height
gauge, with the output from the signal conditioning unit being monitored on
a digital voltmeter, The gap between the probe and the waveguide was
increased incrementally until a saturation point is reached at an output
of approximately 13v. Corresponding values of output voltage and height
gauge reaching were noted. Figure (5.17) shows such a calibration curve
for the lower die concentrator, It can be seen that the curve is linear
within the range 4-10v, giving a calibration constant of 0,168 um/mV.

Since the frequency response of the "Distec" is flat over the required
range the calibration constant can be used when the waveguide is vibrating,
thus requiring the output to be monitored on an oscilloscope. The static
output of the signal conditioning unit was initially set at approximately
8v to ensure that the transducer was operating on a linear part of its
output characteristic.

The "Distec" has been used primarily as a means of calibrating other
instruments which generally, are more robust and compact, and can be
fixed permanently without the necessity for regular checks on the bias )
voltage required by the "Distec'", Limitations on space usually render the
use of the "Distec" impracticable for direct measurement during experimetal

work,

B) Electro dynamic transducers

Transducers using a multi-turn coil positiored between the poles of a

horseshoe magnet haée been used by Herbertz{a) (9} to

and Galan et al
measure the amplitude of vibration of vibrating rods. The author used a
similar device to measure die amplitude during the strip drawing tests.
The transducer was bondéd to the end of the waveguide using a silicone
rubber adhesive, which withstood the severe fatigue conditions far better

than rigid adhesives such as "Araldite". A diagram of the transducer

attached to the wave guide is shown in Figure (5.18).



Fig(517) - "Distec” Calibration
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Fig(518)- Horseshoe Magnet Transducer
Attached To Wave Guide
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The transducers for the upper and lower wave guides were calibrated
against a perviously calibrated "Distec'", It can be seen in Figure (5.,19)
and Figure (5.20) that the output of the coil varied linearly with die
amplitude. The first calibration test was carried out when the magnets
were new, that is, they had been stored with their keeper plates in
position. After several weeks it was noticed that the coil output for a
given power input had dropped markedly. The calibration constant was
checked by repeating the calibration test and it was found that the coil
sensitivity had decreased by approximately 33%. The calibration constant
was checked again several weeks later and was found to be unchanged. The loss

of sgensitiviey was probably due to deterioration in the magnet. No
attempt was made to tune the transducer since a "clean" sinusoidal output
of adequate strength could be obtained in its untuned state.

Kleesattel‘lo) has proposed designs for coil/magnet instruments which
allow specific components of a vibration to be measured, that is, the
instrument's sensitivity is directional.

A device of the type proposed by Kleesattel for measuring longitudinal
vibrational amplitudes was constructed by the author. A diagram of this

device is shown in Figure (5.21).
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Fig(5:-21) - Kleesattel Type
Transducer
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The transducer consists of a single coil of enamelled copper wire
wound round a ferrite rod, the magnetic field being supplied by a high
quality axially polarised permanent magnet, Kleesattel(lo) states that
the length of the coil should be no greater than one-tenth of a wavelength,
in order that the instrument may accurately describe the vibrational mode
at a specific point, The instrument constructed by the author used a coil
length of approximately one-twentieth of a wavelength.

Ideally, a ceramic magnet should be used to supply the magnetic field
thus avoiding the eddy current losses which occur in conducting magnets.

A conducting magnet was employed in the above device, which gave a
satisfactory performance. The transducer was tuned to 13 kHz by measuring
its inductance on an inductance bridge, A capacitor, having the same
inductive reactance as the transducer, was then wired in parallel with the
transducer, thus maximising its output,.

It was intended to use this type of transducer to measure the dynamic
strain in the strip during drawing. In order to calibrate the transducer a

length of predrawn strip was brazed to a stub which was screwed to the plug

bar waveguide. The strip was passed over the tag load cell and guide roll
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and wound onto the coiler. The coiler was driven to take-up the strip and
develop an arbitrary level of pre-tension, Figure (5.22) shows the calib-

ration set-up with the strain gauge bridge mounted at a stress antinode.

STRESS ANTINODE
PLUG BAR .
WAVE GUIDE miﬁ,‘}%&%m
i Y I\ | |
I | i (N D I
e | | | |
—
///////////////// +
KLEESATTEL STRAIN GAU
TRANSDUCER BRIDGE

COILER

-

Fig(5-22)- Setup For Calibration Of
Kleesattel Transducer

The exact position of the stress antinode was determined by utilising the
directional properties of the transducer and also the fact that this type
of instrument is sensitive to both stress and displacement waves. A péak
output from the transducer was obtained at four equi-spaced points in a
single wavelength, that is, at positions of peak stress and peak dis-
piacement. The difference between a stress and displacement antinodes can
be determined by positioning the transducer across the strip. At a stress
antinode the Poisson component of the stress wave can be detected. At a
displacement antinode a similar operation produces a zero output, qince
the stress is zero and there is no transverse displacemegt.

The output from the strain gauge briﬂge was fed to the guarded
differential input of a Bradley type 155 oscilloscope and the output from
transducer was monitored on the other channel of the same oscilloscope.

The strip was vibrated, via the plug bar wave guide, at various
amplitudes, first with the transducer positioned over a displacement
antinode, then over a stress antinode. The results of these tests are

shown in Figure (5.23).
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It can be seen that the characteristics derived from these tests differ
markedly. Referring to Figure (5.24), at a stress antinode the rate of
change of velocity is maximal. Similarly, at a displacement antinode the
stress differential is maximal. Thus at a stress antinode the eddy currents,
caused by the rapid change in strip velocity, will be responsible for the
transducer output. At a displacement antinode the stress gradient causes
a permeability differential, which results in the magnetic field dis-
turbance necessary to give an output from the transducer, The reduction
of transducer sensitivity is therefore probably due to the magnetic
saturation of the strip and/or non-linearities in its stress-permeability
characteristic.

The transducer which used the horseshoe magnet operates in a similar
manner to the latter case , though it gave a linear calibration curve. This
implies that the bulk of the wave guides was sufficient to prevent magnetic
saturation,

In order to obtain calibration constants for the whole range of
strip reductions, it would be necessary to repeat the above procedure
using a suitable range of pre-drawn strip. When the strip was being drawn
the signal from the transducer was corrupted by transverse, and bending
mode vibrations at 13 kHz and also by high amplitude, low frequency
vibrations due to bending of the die wave guides. This rendered the
signal unusable and the additional tests, required to extract a full set
of calibration data, were not carried out,

A similar type of transducer has been used by Waterhouse(lz) when
drawing thin walled tube, These tests were carried out at low speed and
low die amplitudes. This, along with the greater geometric stability of
the tube when compared with strip, and the ridigity of the solid die,
resulted in satisfactory performance from the transducer,

The main advantage of this device is that it is sensitive only to

vibrations parallel to the axis of the ferrite core, and can therefore be

P



didys BunIpagiA
V U] SSADA JUSWSdDMdSIq puUy SSaJ3s - (72G)bi g

spouljuy 2 pouiuy
S$Sa4)S jusweaop|dsy
ADM SSalS _ _
\ _ _
duys 24y ™ v - _
Buojy 2oupysig o \ 7 o
Y \; \. ./

N\

7 ,
|
3

juawasoidag

0NLTHWY 3AYM

-1 gl



- 97 =

used as a probe to determine vibrational modes and the position of nodes,

as well as its use as a displacement transducer,

$.2,3) Magnetostrictive Probes

The "Macdonald" probe is a magnetostrictive device which was originally
developed in the Department of Electrical Engineering at the University of
Aston for the measurement of very low amplitude vibrations., This device,
in the form used for the low amplitude work, is shown in Figure (5.25), The
magneto-strictive wire is placed in contact with the vibrating surface which
causes a signal to be generated in the coil. The coil should be of the
same length as the magnet, though its actual length is unimportant since
the wire as a whole is displaced by the vibration. That is, the "Macdonald"
probe is a non-resonant device and for this reason the wire 1is mounted in
a compliant material to prevent the development of a standing wave, The
probe was tuned to the required frequency as before. Tuning is of far
greater importance with this device than it is in the coil/magnet
instruments,

A more robust version of this device was constructed by the author,
as shown in Figure (5.26), which has a thicker wire to improve bending
resistance, and the whole of the case was filled with silicone rubber to
damp flexural vibrations and longitudinal standing waves., This version of
the probe was calibrated against the horseshoe magnet transducer, the
results of which are shown in Figure (5.27)., These results show that the
probe may give a low reading. It is therefore necessary to be experienced
in the use of this probe before it can be used for quantitative work,
though fairly good repeatability can be achieved with practice. The
maximum amplitude of vibration generated in the die wave guides under no
load conditions is at the limit of the usable range of this device,

The primary use of this instrument is as a probe for determining

vibrational modes and for locating displacement nodes on wave guides prior



Fig(5-25) - "Macdonald” Probe For Low
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Fig(5.27) - Calibration Of "Macdonald"”
Probe
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to mounting. The output of the probe, for a given die amplitude, is
approximately twenty times that of the horseshoe magnet transducer. This

is derived from the direct contact of the magnetostrictive wire which is
closely coupled to the coil., The output of the probe therefore has a high
signal to noise ratio, and can -be used much nearer to the magnetostrictive
or piezoelectric transducers used to drive the waveguides than can the magnet
coil instruments., For example, the '"Macdonald" probe has been used to
measure the amplitude of vibration in the throat of a radial resonator.

The high level of electrical noise present at the working surface of

these devices renders the magnet/coil instruments useless, though the

"Distec™ can be used in such an environment.

5.2,4) Strain Gauges

It was stated in section 5.,2.2, that the Kleesattel type transducer
was calibrated against a strain gauge bridge mounted at a stress antinode,
The arrangement of the gauges is shown in Figure (5.28) and the associated
circuit diagram in Figure (5.29).

The sensitivity of the strain gauge bridge was derived analytically
rather than experimentally because of the difficulty in removing the strip

from the rig without damaging the strain gauges and wires.

11
The derivation of the bridge sensitivity is shown below‘ ).

Refefring to Figure (5.29):

E =
I = . bd (5.1)

R, + RB

where RB' the bridge resistance is given by:
R1 R2 R3 R4

= +
RB R1+R2 R3+R4

(5.2)

Rl' since Rl = Rz = Ra = R4

Ry 18 the load resistance, that is the resistance of the indicating

instrument,
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— EL = IL RL (5.3)

From Equation (5.1) and Equation (5.2):

E,=E 6 o———
L bd R, + RB )
RL
Now.ﬁ—:ﬁ— is the factor by which the open circuit potential is reduced
LB

by the load resistance. Since the input impedance of an oscilloscope is

in the megaohm range and the bridge resistance is 120q :

. .EL= Ebd

FE
2 (-£1+I2-23 +Z4)
where F is the gauge factor.

For a full wave bridge:

5 = I and E, # 2.» SKE

SR LT R
i*a B = o= (E, <8F, ~E ~§L)

FE
- E—'(1+§)Zl

The strain gauge bridge consisted of four 1200 gauges having a gauge
factor of 2.15. A voltage of 4v was applied across the bridge from a
stabilised power supply., Assuming ¢ = 0.28:

. Ep = '3_-_1.5_52‘___1 (140.28) I,

o 21 = 0,182 E

Where EL 1s the peak-to-peak voltage registered, on the oscilloscope,
since peak-to-peak values were used in the construction of Figure (5.23)
The gauge current is given by:

I =l E._. = 1 e
g 2 Rg 2x 120 16.67 mA,
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which is within the capacity of the gauges.

Strain gauges have been used to measure, directly, the dynamic

(12),(13)

component of strain during tube drawing. This was attempted -

for the strip drawing tests but was unsuccessful because of the

instability of the strip and dies, as with the Kleesattel transducer.

5.2.5) Direct Observation Through a Microscope

(27) (23) 1 .ve used this technique, with good effect,

Young and Smith
when calibrating piezocrystals attached to vibrating tools.

A fine line was scribed on a polished area near to the working end
of the wave guide. The thickness of the line was measured through a
microscope fitted with a micrometer head, This procedure was carried
out with and without the wave guide energised, the difference between the
two readings was, therefore, equal to twice the vibrational amplitude at
that point.

An attempt was made to use this method to measure the vibrational
amplitude of the die wave guides. These tests were, however, unsuccessful
because the maximum die amplitude was very low., This was later found to

be due to the poor performance of the half wavelength wave guide supports;

the details of which are given in section 4.2.1.
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5.3) Measurement of Mean Draw Speed

The mean draw speed is not related to the rotational velocity of the
coiler by a constant factor, since its effective radius increases as
drawing proceeds, This implies that it is not feasible to measure strip
speed by monitoring the shaff speed of any part of the drive mechanism
without correcting for build-up on the coiler, therefore an electro-
mechanical pulse generator driven directly from the strip was used, as
shown in Plate 3 and, schematically, in Figure (5.30)

The pulse generator consisted of a wheel, running on the strip, with
a series of equispaced holes drilled on a common radius. Those holes
exposed the light from a 6v bulb as the wheel rotated. The light pulses
energised a light activated switch which was placed opposite the bulb
on the other side of the disc. This output was passed to a U.V. recorder
thus giving a series of marks, the frequency of which was proportional to
the mean draw speed.

Now the wheel speed, N, is given by:

v
N =< rev/min (see Figure (5.30))
up
Since there were 5 equispaced holes in the wheel, the pulse frequency,

£, is given by:

pulses/sec,

= Vc =12 ™ Df m/sec

and D = 57,15 mm

o Vc = 2,15 f m/sec

‘The pulse frequency is given by:

.~ U.v. paper speed (cm/sec)
pulse pitch an

i )

> pulses/sec

5 R v = 2.15 tE

c p m/sec
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Plate1-General View Of The Test Rig_




Plate 2 -General View Of The Drive Gear
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Plate 4 - Die Wave Guides and Strip




Plate 5 - Plug Bar Wave Guide
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CHAPTER 6:  EXPERIMENTAL PROCEDURE

6.1, PREPARATION FOR THE DRAWING TESTS

As already stated in section (4.1), the strip was attached to the
coiler by locking it into a slit cut into the dfum. The distance
between the coller and dies was such that it was impracticable to swage
the strip in a manner similar to that used when drawing tube and wire;
neither was it feasible to clamp the dies to the strip as it was being
drawn because of difficulties in maintaining a uniform clamping pressure,
and, therefore, a uniform die gap. Failure to set a uniform gap between
the dies caused the strip to be ejected from the side of the dies even
when constrained by the guide rolls,

Attempts were made to indent the strip between two roller bearings
mounted in vee blocks, as shown in Figure (6.1). The strip thickness
was therefore reduced locally by hammering, which enabled the dies to be
clamped into position before inserting the strip from the side of the
dies, This gave very variable results; the strip often falled at the
indentation before drawing could commence. It also proved difficult to
indent the strip to high reductions of area without it shearing.

The most reliable method of loading the strip into the dies proved
to be the most obvious; the wave guides were simply clamped together
with the strip positioned between the dies. This resulted in symmetric
loading of the dies, provided that the bolster plates had been correctly
positioned, as described in section (4.1), and, also, the bolts used to
clamp the wave guldes to the die load cell were tightened in a manner
which resulted in uniform indentation of the strip. This was achieved
by lightly tightening the bolts to position the wave guide; bolts A and B
(see Figure (6.2)) were thus fully clamped in two stages, 50 indenting
the strip; the remaining four bolts were then fully tightened. The wave
guides wore fully cnorgised, with the strip stationary, to complete the
indentation nnd the bending load on the upper and lower ane guides

checked to ensure that they were symmetrically loaded,
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The dies were lubricated before the wave guides were clamped to the
die load cell (see section (6.2)).

Preliminary results showed that it was only necessary to record
the two components of die load, and die velocity, from one of the wave
guides as loading symmetry was maintained throughout the strip-drawing
tests, The tube drawing analogue tests were not carried out for reasons

given in section (6.3.2.).

6.2, LUBRICATION

The most widely used cold drawing lubricant for mild steel consists
of a soap deposited on a phosphate base. It is first necessary to clean
the steel by pickling or degreasing, which is immediately followed by a
hot dip in a phosphate solution. This produces a chemically bonded
phosphate coating on the steel surface., Soap is applied either by
drawing the stock through a box, filled with soap powder, sited upstream
of the die, or by another hot dip into a soap solution. The former
method relies upon mechanical pick-up of the soap on the phosphate coating
whilst the latter process results in a chemical bond between the soap and
phosphate.

Rod and loosely coiled wire can normally be processed in bulk by the
above processes, with satisfactory results, and straight lengths of tube
can be processed by dipping into soap solution. Unfortunately, the only
suitable methods of treating strip in this manner is to coil it, with
gaps between each surface, or to process the coil by passing the strip
from one coiler, through the appropriate baths, with allowance for drying,
onto another coiler, as shown in Figure (6.3).

The strip used for the drawing tests was supblied with a very light
coating of oil. 1In this condition, it could bé stored tof a considerable
time without significant deteriorationlot 1ts.sur1acq. iSome of this

strip was coiled into small loosely wound coils and degreased and
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phosphated at a local rod drawing firm. The results were unsatisfactory
as the coating was not uniform; the untreated surfaces Became very badly
corroded. The coil-to coil arrangement was not considered feasible for
the relatively small quantities of strip required for the drawing tests,
and the soap box method was not used because this too required the strip
to be degreased and phosphated ﬁrior to drawing.

It was therefore ne;essary to use a lubricant whicg could be applied
directly to the strip as it was being drawn. Rape oil and molybdenum
disulphide grease were found to give unsatisfactory results when used in
conjunction with steel dies, even when they were plated, and pick-up was
still in evidence, at moderate reductions of area, when molybdenum
disulphide grease was used with the tungsten carbide dies, The most
satisfactory results were obtained when using the tungsten carbide dies
and a special purpose drawing oil produced by Edgar Vaughn Ltd, This oil
was marketed under the trade name TD45.

The oil was injected into the die throat with a syringe before the
start of each test run., Pick-up only occurred when the drawing con-
ditions were most arduous, that is, at high die amplitudes, high
reductions of area and when the draw speed was low. Complete lubrication
starvation only occurred when drawing at the limits of reduction with the
2.5° die; under all other conditions a reservoir of lubricant was maint-
ained at the entry of the deformation zone on both sides of the strip,
even though no attempt was made to prevent the lubricant leaking from

the sides of the dies.

6.,3. DRAWING TESTS

6.3.1. STRIP DRAWING

As stated in section (4,1), the gap between the dies was set by
clamping shim plates between the wave guide mounting plate and the die

load cell. It proved difficult, therefore, to obtain a specific
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reduction of area as the smallest change in plate thickness was 0.04 mm
(0.001 in) which, at the extremes of reduction of area, represented a
relatively large change, Exact repeatability of an output thickness was
difficult to obtain after the strip had broken under test. It was for
this reason that reductions of area were chosen in an arbitrary manner;
the main objects being to determine the limiting reduction of area for
a given die angle, draw speed and peak die velocity, and to determine
the effect of these variables on the drawing process as a whole by
investigating them over the widest possible range.

Drawing tests were carried out using the tungsten carbide dies
with TD 45 o0il as lubricant. The dies had knife edge profiles with half

0, 7.50 and 100. Tests were also carried out with the

angles of 2.50, 5
7.5 die reground to givé a die profile which included a land of
approximately 1.5 mm. The land width was arbitrarily chosen to be equal
to the contact length along the angleﬁ poftion of the die at 50%
reduction of area. Details of the dies are given in Figure (4.14).
The experimental procedure adopted for the strip drawing tests
took two forms; constant power input and constant draw speed. The
type of tests attempted initially consisted of setting the H,F. power
supply to an arbitrary level, then adjusting the draw speed incrementally,
and recording corresponding values, die velocity, tag load, draw speed
and the twﬁ components of die load, At low reductions of area and high
H,F. power input the maximum die velocity was maintained at a sensibly
constant level; showing a tendency to reduce with increasing draw speed.
Similarly, when the power input was set such that the maximum die
velocity could just be maintained at zero draw speed, the die velocity
decreased with increasing draw speed. Tﬁus; the electrical energy
supplied to the wave guide was nof directly related to die amﬁlitude;.
Preliminary examination of these reguité indicated thét.‘fot a

given die angle, the draw stress was a functicn of both draw speed and
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die velocity, though not directly related to velocity ratio. It was for
this reason that constant draw speed tests were carried out in order to
examine the effect of a single independent variable, namely, die
velocity. At higher reductioqs of area this type of test was not
possible because the slope of the draw stress/die velocity curve
increased with increasing.reduction of area, that is, the drawing process
became increasingly unstable as the conventional draw condition was
approached. The results of these tests are given graphically in

Chapter 7 and discussed in Chapter 8,

A single test was carried out at constant low draw speed under
conventional drawing conditions and then at full H.F., power input. In
the latter case the front tension was almost zero, having been carried
out at 20.8% reduction of area with the 7.5° knife edge dies, Samples
of the strip drawn under these extreme coﬁdltions were subjected to
plane strain compression tests in order to determine whether or not
there was any significant difference in redundant deformation. The
results of these tests are given graphically in appendix 1 and are dis-
cussed in Chapter 8,

Plane strain compression tests were also carried out on samples
from each of the coils of undrawn strip in order to ensure that their
mechanical properties were similar. These results are also shown in
appendix 1,and the mild steel specification is given in Fig(A1-2)

Tabulated data are shown in appendix 3,

6.3.2., TUBE DRAWING ANALOGUE

The plug wave guide and plug were assembled and fitted to the rear
of the draw bench, as shown in Figure (4.8). The plug axis was set
parallel to the longitudinai strip axes by adjusting Fhe tig sara. as
described in section (4.3.2), lateral parallelism was achieved by

rotating the wave guide/plug bar assembly at its nodal support, as shown
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in Figure (4.8).

The procedure for setting up these tests was similar to that for the
strip drawing tests, except that both the upper and lower wave guides were
packed out with shim steel to ensure that the gap between each plug face
and die was uniform. The lower wave guide was locked into position and the
two pieces of strip loaded into the coilers and guide rolls, The upper
wave guide was bolted down: thus indenting both pieces of strip.

As already implied at the end of the introductory chapter, the
attempts to carry out the tube-drawing analogue tests were unsuccessful;
the ﬁlug could not be driven at an amplitude comparable with that of the
dies. Also, the change in tuned frequency of the plug bar wave guide,
between the loaded and unloaded state, made fine tuning difficult.

Control of the phase relationship between the plug and dies also proved
inadequate; whether this was due to the low plug amplitude or to
transference of the appropriate component of dynamic load to the plug

is not clear.

No usable results were taken from these tests,
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CHAPTER 7. GRAPHICAL RESULTS

The results obtained during the strip drawing tests are shown
graphically in this section and have been arranged in three sections;
strip tension, Figures (7.1) tq (7.31) ; specific axial thrust,
,Flgures (7.32) to (7.62). ; lateral die pressure, Figures (7.63) to
(7.93)'. The variation ot-tuned frequency with die angle and reduction
of area is shown in Figure (7.94). .Each of the three main sections 1is
arranged in sub-sections in order of die angle with the constant draw
speed tests arranged in ascending order of reduction of area; the
results of the constant power input tests are shown at the end of each
sub-section,

The strip tension was derived from:

Ps
e | 7.1)
I t(1l-r)b ¢
the specific axial thrust was derived from:
2p
A
. 7.2
% Tt =

and the lateral die pressure was derived from:

2PL tanQ

L rtb

where Ps = mean strip load (tag load)

)
L

s = mean bending load applied to the die load cell

o
)

L mean axial load applied to the die load cell

An index of the graphical results is shown in Table (7.1), which
enables easy cross-reference to the tabulated data which are shown in

Appendix 3 in test number order.
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Table (7.1) Index to Results

Figure Number

Strip Special Lateral Die Test number and reduction of area
tension axial die Angle
thrust Pressure

1 32 63 2.5 039 r = 0.133
2 33 64 2.5 040 r = 0.250
3 34 65 2.5 028 r = 0.267
4 35 66 2.5 029 r = 0.280
5 36 67 2.5 030 r = 0.280
6 37 68 2.5 031-038
7 38 69 5.0 055 r = 0.205
8 39 70 5.0 063 + 065 r = 0.345
9 40 71 5.0 060 + 064 r = 0.364
10 41 72 5.0 06l + 062 r = 0.413
11 42 73 5.0 054 r = 0.442
12 43 74 5.0 055A 056-059
13 44 75 7.5 027
14 45 76 7.5 041
15 45 77 7.5 025
16 a7 78 7.5 026
17 48 79 7.5 024
18 49 80 7.5 023
19 50 81 7.5 001-005, 010, 011, 013, 014, 016, 018,
019. )
20 51 82 7.5 066 r = 0.187
21 52 83 with= " 469 » = 0.270
land
22 53 84 7.5 073 r = 0.373
with
23 54 85 land 070 r = 0.438
24 55 86 as 072 r = 0.453
above

25 56 87 " 066 r = 0,187
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Table (7.1) continued

Figure Number

Strip Special Lateral Die - Test number and reduction of area
tension axial die Angle
thrust Pressure
26 57 88 7.5°with 067, 071, 074
land
27 58 89 109 053 r = 0.260
28 59 80 10 042 r = 0.263
29 60 91 10 043 r = 0,399
30 61 92 10 044 r = 0.461

31 62 93 10 045 - 052
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8, DISCUSSION ., |
8.1, DISCUSSION OF RESULTS

Some of the early sets of results are not recorded here either
because the strip failed before stable drawing conditions could be
established or because the author failed to switch on part of the
instrumentation, It was evident from the early sets of usable results
that the die and tag loads were, for a given reduction of area and die
profile, dependent primarily upon peak die velocity and to a lesser,
though significant extent, upon mean draw speed. Many of the tests were
carried out at constant draw speed in order that this independent variable
could be eliminated, This enabled the effect of draw speed to be determined
by obtaining sets of results at different draw speeds. At higher re-
ductions of area, when drawing without ultrasound could not be
contemplated, it was necessary to carry out the tests at constant
acoustic power input. Some of these tests were carried out at the lower
reductions of area in order that comparison could be made with the
constant draw speed tests,

The effect of die angle, reduction of area, draw speed, and peak
die velocity upon mean strip tension, specific axial thrust and mean die

pregsure are discussed in gection 8.2,

8.1.1." Variation of Tuned Frequency

Before entering into a detailed discussion of the effect of
ultrasound upon the strip dra;ing process it is convenient to discuss
the morecgeneral effects,
During the early tests it became evident that the tuned frequency
was not constant., The effect of the die profile and the reduction of
area upon the tuned frequency is shown in Figure (7.94). It can be seen
that the tuned frequency increases with reduction of area and, for theknife

edged dies,decreases with die angle. The 7.5° die-with-land also tended to

AW ey ey e
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give an increased tuned frequency with respect to the 7.50 knife edged die.
No significant change in the tuned frequency could be attributed to a
change in the draw speed, that }s, the tuned frequency is, sensibly, =a
function of the geometric configuration of the tool and strip. Thus, an
increase in the length of the strip/die interface caused an increase in

the tuned frequency. This increase in damping, as would be expected,
caused an increase in the natural frequency of the vibratory system,

It was found possible to maintain approximately the same maximum peak

die velocity throughout the tests,

8.1.2. Failure Modgi

As the reduction of area increased the drawing process became
increasingly metastable, in fact, the mode of failure of the strip down-
stream of the die tended to change as the reductian of area was increased.
When the reduction of area was less than 50% all failures occurred in a
ductile manner, whereas failures occurring at reductions of area in
excess of 60% were invariably initiated as a result of fatigue. In the
latter case the crack was propagated normal to the strip axis before
undergoing a transition to ductile overload failure. These failure modes
are illustrated in Figure (8.1), overleaf.

Figures (8.1) (a) and (b) show the ductile failure modes. Figure
(8.D(a) is consistent with failure at relatively low reductions of area;
necking was in evidence at one site only, .Figure (8.1)(b) shows the type
of failure’that occurred at somewhat higher reductions of area. In this
case necking was very localised and was hardly noticeable across the
strip. The single fracture was at approximately 450 to the strip axis
with incipient fractures (necking) being propagated from the edge of the

strip along the whole of its drawn length, again at 45° to the strip axis,
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i (a)

/\
| \/\/\X\/\/\/(/ (b)

A ©

Fig(8.1)- Failure Modes In Ultrasonic
Strip Drawing _

Figure (8.1)(a) shows the type of fracture consistent with drawing at
reductions of area in excess of 60%; a fatigue crack propagated normal to
the strip axis followed by transition to overload failure.

The transition between a wholly ductile failure and a fatigue
initiated failure occurred at reductions of area between 50% and 60%,
irrespective of die angle. The number of cycles to failure reduced with
increasing reduction of area.

The condition for producing fatigue failure during strip-drawing is
likely to manifest itself as the reduction of area and the draw speed are
increased, :Both of these factors tend to cause an increase in mean
strip tension as shown in Figures (7.1) to (7.31). Dynamic stress
amplitude is also likely to increase relative to mean tag load This is due to
the increased rate of strain take-up as draw speed is increased, and to the

increased proportion of oscillatory to non-oscillatory work when reduction
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of area is increased. That is, increased mean stress and stress

amplitude increase the likelihood of fatigue failure,

8.1.3. Performance of the test rig and instrumentation

The test equipment and instrumentation are described in Chapters 4
and 5,

The strain gauge load cells all performed without fault except for
drifting, which was not of a high order and was corrected prior to each
test run, The method of measuring vibrational amplitude is worth further
consideration. It can be seen in Figure (5.23) that the positioning of
the '"Kleesattel" transducer at a displacement antinode resulted in a
different output characteristicfroma similar test carried out at a stress
anti-node, that is, at the displacement antinode the characteristic became
non-linear, The horseshoe magnet transducer - shown in Figure (5.18) -
operated in a similar manner to the "Kleesattel" transducer and was placed
at a displacement antinode. There was, however, no evidence of non-
linearity when the output of the horseshoe magnet transducer was checked
against the output of the "Macdonald" probe, when drawing with the 7.50
knife-edged dies. This is not surprising since the direct pressure on the
die wave guides due to lateral die pressure, even when using the 2.50 dies,
was much less than the dynamic load applied to the strip when calibrating
the "Kleesattel" transducer,

As already stated, the frequency response of the load cells and
assoclated equipment was such that only the mean load could be recorded.
The whole of the oscillatory load applied to the strip affected the tag
load cell; this is not the case with the die load cell. The tuned
frequency changes from 12,82 kHz with the 100 dies at low reductions of
area to 13,48 kHz with the 2.50 dies at high reductions of area. This
change, of Qpproximately 5%, 1s ten times greater than that necessary

to cause complete loss of amplitude when the wave guide was energised without
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load and without the die in position. When the dies were positioned and
unloaded they tended to flex which damped the amplitude of vibration and
increased the tuned frequency. The frequency shift that occurred with
variation in loading condition, Figure (7.94), will change the position

of the nodal point on the die wave guide. The oscillatory load to which
the die load cell was subject varied with loading conditions. That is, no
attempt was made to alter the position of the support during the tests
from their position set, at approximately 12,8 kHz, when the die wave
guide was unloaded,

There was no significant high frequency movemént of the dies
parallel to the direction of strip motion, though a cyclic stress was
induced in the bending load cells.

When using the knife edged dies at lower reductions of area, the
surface of the strip was marked with a series of lines parallel to the die
throat., These lines were pitched at lmm or less; the pitch tending to
increase with draw speed. At higher reductions of area, when the draw
speed was, of necessity, low, this phenomenon was not so noticeable as
the lines were’ pitched closer together and the surface condition of the
strip was poor due to pick-up. These marks were not in evidence when the
dies with a land were used,

Under conditions of poor lubrication, when using the 7.5° dies at
approximately 30% reduction of area at moderate draw speeds, a high
amplitude, antiphase, bending mode vibration of the die wave guides was
observed. This resulted in slight bending of the strip parallel to the
die throat, pitched at approximately 15 mm., This phenomenén could be
suppressed b& increasing draw speed and improving the lubrication. The

results recorded herein were free of this phenomenon, though it did not

noticeably affect the process loads,
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8.2, VARIATION OF PROCESS LOADS

8,2,1, Mean Strip Tension

The variation of mean strip tension with die angle reduction of aresa,
draw speed and peak die velocity is shown in Figure (7.1) to Figure (7.31)
inclusive. As already stated, the mean strip tension tends to increase
with draw speed and decrease with peak die velocity. Within the range of
die angles used in these tests the mean strip tension also tended to
decrease with die angle.

The variation of the strip tension results,at the zero ordinate of
peak die velocity, appeared to be rather high in certain cases. This
condition corresponds to the conventional draw state which, in the absence
of changes in frictional conditions, is independent of draw speed, since
cold mild steel is insensitive to strain rate over a very wide range of

75)
strain rates, This variation is most in evidence when the die angle is

low, for example, when & = 2,5, r = 0.133 (figure (7.1)) and o = 2.5°,

r = 0,250 (figure (7.2)), or when the reduction of area is low, for
example, at a = 7.50 and r = 0,187 (figure (7.20)). Part of this is

due to the use of straight lines drawn through each set of data. At some
of these extreme conditions the graph would be better represented by a
flattening of the curve as the conventional draw condition is approached.
This is not the case in Figure (7.2) or Figure (7.20), where spread at the
intercept is very uniform. The spread is not so uniform in Figures (7.1)
and (7.14)., 1In all of thesa.examples the ratio between the length of the
die/strip interface and the volume of the deformation zone is high, since
the reduction of area was low, This implies that the proportion of
frictional work is high., As the reduction of area and die angle are

increased the graphs for the different draw speeds tend to converge to a

single point. Increasing reduction of area appears therefore to result in
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a stabilisation of frictional conditions. Combined with this is a
reduction in the relative importance of the frictional energy, with

respect to internal deformation energy, as both die angle and reduction

of area are increased,

Attempts were made to use multiple regression of the data, with mean

draw stress as a function of both peak die velocity and mean draw speed.

The following forms were used in these regression tests:

5= AEVCB +C

Qat

= Aé + BVcB + C
g = Aé +BV_+C

All of these forms were unsuccessful as no clear trend was
established, This may have been because the expressions were un-
representative, or too naive. Alternatively the normal variation of
these data could have swamped the effect of draw speed at the higher
reductions of area.

The lack of success of this direct approach led to an investigation
of the variation of the slopes and intercepts of each test run, whether
the tests were of the arbitrary draw speed type or of the constant draw
speed type, The data from each test runwere subjected to a linear
regression test, Some of the graphs resulting from these tests were
substantially non-linear near to the coordinate axes; in these cases the
slope and intercept were derived subjectively. The slopes, intercepts and
correlation coefficients of these data are shown in Appendix (A3.2); the
subjectively derived figures are marked with an asterisk, in which case the

value given for the correlation coefficient is not valid since it refers

to the regreésion line for the data set.

Constant Draw Speed Tests:- Referring again to Figures (7.1) to (7.31).

Tests were carried out with the 2.5° dies over a range of reductions of
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area from r = 0.133 to the limiting value of r = 0.473 (Figures (7.1) to
(7.6)), though the highest non-oscillatory reduction obtained was

r = 0,267 (Figure (7.3)). Figures (7.1) to (7.4) show the results of the
constant draw speed tests for the 2.50 dies; all of these tests show a
linear relationship between mean strip tension and peak die velocity, The
variation of the intercept with draw speed and reduction of area is shown ih
Figure (8.2).

It can be seen that the variation of intercept is very uniform, which
indicates a change in frictional conditions with draw speed, This increase
in the value of the intercept with draw speed indicates a break-down in
boundary lubrication; the establishment of hydrodynamic lubrication would
result in a reduction in draw stress with draw speed. The surface of the
strip produced with these dies was highly burnished; the temperature
generated at the higher reductions of area waﬁ high enough to cause
lubricant to vaporise on one occasion,

The variation of the intercepts for the 5o dies is shown in Figure
(8.3). It can be seen that the effect of draw speed is much less marked.
There is no clear dependence upon this variable, that is, stable frictional
conditions were established; there was no obvious excessive temperature
rise, Similar data for the 7.5° dies are shown in Figure (8.4). At
reductions of area of r = 0,267, r = 0,307 and r = 0,387 the intercept is
sensibly independent of draw speed, with a slight tendency to decrease with

‘draw speed. The results at reductions of area of r = 0,163 and r = 0,362
are similar to those for the 5° dies in that the intercept tends to
increase with draw speed. The general trend of the intercept to increase
with draw speed for the 7.50 with land dies is similar to that for the 2.5o
dies, see Figure (8,5). This is probably due to the large land on the die
which had no potential to retain the lubricant between the‘die and the
strip. The boundary lubrication film was broken down, as with the 2.50

dies and the strip was similarly burnished, though there was no evidence
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of undue temperature rise,

The intercepts for the 10° dies are tofally unaffected by draw speed
over the speed range used in the tests, as shown in Figure (8.6); this
again indicates that frictional conditions were stable. The variation of the

virtual intercepts is shown in Figure (8.7).

The variation of the slopes of the regression lines with mean draw

speed and peak die velocity for the 2.5°, 5°

, 7.5° - with-land, and 10°
dies are shown in Figure (8.8) to Figure (8,12) respectively. The resﬁlts
for the 2.5° dies shown in Figure (8.8) give no clear indication of the
effect of reduction of area upon the rate of change of strip tension with
peak die velocity; these results only range between r = 0,133 and r ? 0.280
so this is, perhaps, not surprising. The slope, between O and 60 mm/sec
shows a slight tendency to become 1ncregsingiy negative, then increases,
The point (118, 0.,83) in Figure (8.8) is derived from the 118 mm/sec test
run in Figure (7.2); this result deviates significantly from the other
results taken at this reduction of area, therefore the point (118, 0.83)
is probably erroneous.

The results for the 5D dies (Figure (8.9;) also indicate that the
reduction of area has little effect although there is a general tendency
for the.slope to become increasingly negative. These results only extended
to draw speeds of 60 mm/sec and there was no indication of a minima, as
there was with the 2.5° dies,

The results for the 7.5° dies are shown in' Figure (8.10). These
characteristics differ markedly from those of the 2.50 and 50 dies; the
slope becomes less negative as draw speed‘increasés. ‘Reductimof-area also
has a marked effect; the slope becomes increasingly negative as reduction
of area is increased. This trend is continued with the 7.50 with-land and
10° dies as shown in Figure (8.11) and Figure (8.12) respectively, though

the effect of reduction of area is not so great.
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The tendency for the slope to become less negative as the draw speed
jncreased is to be expected since the proportion of the total deformation
energy due to pure drawing, for a given die angle and peak die velocity,
will increase as mean draw speed increases, Similarly the rate of strain
take-up down-stream of the die will increase, causing an increase in mean
strip tension. The effect of draw speed appears to be less great when the
intercept is subject to change due to increasing friction; for example, by
comparing the results for the 2.50 die (Figure (8.2) and Figure (8.8))
with the results for the 7.5° dies (Figure (8.4) and Figure 8.7)). In
the latter case the result for the 16% reduction of area tends to confirm
this since the test run was clearly affected by the change in frictional
conditions (Figure (7.13)), whilst the others were not (Figures (7.14) to

(7.19)).

Constant Power Tests: The results of the constant power tests at
the higher reductions of area also showed a high degree of linearity
between mean strip tension and peak die velocity. At lower reductions of
area, for example, r = 0.280 (Figure (7.5)), the draw speed was varied
over a wide range at various levels of acoustic power input. The regression
line drawn through such data is therefore of a slightly different nature
from the line drawn through constant draw speed data; the absolute value
of the slope and the value of virtual intercept was increased. The reason
for this was that, at high reductions of area, the tests were started at
low draw speed with full acoustic power input. As the draw speed was
increased the peak die velocity decreased. Both of these tendencies
increase mean strip tension, therefore the resultant regression line
would span a set of constant velocity data.

The effect of allowing mean draw speed to vary is probably not so sig-
nificant at high reductions of area, This is because tﬁé éffect of
mean draw speed appears to reduce as the reduction of area is

increased. Thus, deviation of the slope from that of the constant:
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draw speed data 1s generally of a relatively low order. This can be seen
by comparing Figures (7.18) and (7.19), test 010 and Figures (7.30) and

(7.31) test numbers (045) and (046).

Consolidation Of The Draw Test Data

Figures (8.13) to (8.22) show the five sets of strip tension data
extracted from the results of the constant draw speed tests, given in
Figures (8.2) to (8.12)\and the results of the constant power tests, shown
in Appendix A3.2. These graphs show the variation of virtual intercept
and slope of the mean strip tension and peak die velocity set against
reduction of area and mean draw speed.

The greatest amount of data was collected for the 7.50 dies. There
are two main reasons for this. Taese dies were the first to be used and the
the author was, therefore, still gaining experience on the use of the test rig
and the manner in which the process loads varied. It also happen€éd that
the 7.5° dies gave the most stable drawing conditions; the lower die
angles did not yield such high reductions of area and the 10o dies
provided so little constraint on the strip that it easily slipped from
the sides of the dies., It therefore proved difficult to obtain results
over a wide range of draw speeds with the 10° dies, especially at low
reductions of area,

Figures (8.23) to (8.27) show the variation of mean strip tension
with peak die velocity, reduction of area\and mean draw speed for the
various die angles. These figures have been constructed from the
‘relevant graphs of virtual intercept and slope plotted against reduction
of areé. In the cases where virtual intercept deviates from the actual
intercept, or is not reached due to strip failure, the graphs were
modified accordingly by reference to the test data shown in Figures (7.1)

to (7.31). The term virtual intercept refers to the intercept projected

from the straight line portion of the graph.
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The aim of constructing the graphs shown in Figures (8.23) to
(8.27) is to enable direct comparisons to be made between the various
die profiles. This aim has been largely fulfilled although the quality
and quantity of these data vary from one set to another. For example,
data derived from the tests with the 5° dies were insufficient for the
effect of mean draw speed to be established,and the scatter of slope
and intercept was o¥ a relatively high order.

The limiting reduction of area at zero peak die velocity increases
from approximately 30% with the 2.5° dies to 45% with the 10° dies.

This is consistent with the general trend of the results which show

an increase in limiting reduction of area with increasing die angle.

The extent to which these two factors are interdependent is not clear,
The optimal die angle in pure strip drawing and wire drawing is
determined by minimising the energy expended upon frictional work and
redundant deformation and is dependent also upon reduction of area.

The 2.5° dies would only be optimal at low reductions of area whilst

the 10° dies would be optimal at reductions of area between 30% and
40%(2)(7). When mandrel drawing through a vibrating die, Bidde11(18)
used die angles of up to 17° without finding a minimium in the relationship
between draw stress, die angle and reduction of area. Ideally, therefore,
further tests should be carried out with die angles in excess of 100,

in order to find this relationship for strip drawing through vibrating
dies.

The reduction of area that can be achieved without the use of
ultrasound, that is, at zero peak die velocity, increases from 0.4 kN/
'mm2 at 30% reduction of area with the 2.5o dies to 0.52 kN/mm2 at 45%
reduction of area with the 10° dies. This indicates the shift in optimal

die angle with reduction of area. The limiting reduction of area

increases from less than 50% with the 2.50 dies to 80% with the 7.50
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and 10o dies though, as already stated, the failure mode changed from
ductile overload to fatigue at reductions of area in excess of 60%.
These graphs also illustrate the increase in the rate of decrease of
mean strip tension with peak die velocity as die angle, reduction of

area and mean draw speed are increased.
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8.2,2, Specific Axial Thrust

The specific axial thrust is defined as the bending load acting upon
the die, divided by the projected area over which it is acting,

The variation of the specific axial thrust with die angle,
reduction of area, peak die velocity and mean draw speed is shown in
Figures (7.32) to (7.63).

The effectsof draw speed and peak die velocity are broadly similar
to those for the mean strip tension. Specific axial thrust decreases
with peak die velocity and tends to increase with mean draw speed. From
consideration of force equilibrium, under conventional draw conditions, the
tag load will be equal to twice the bending load on the die wave guide.
Tag load and bending load at zero peak die velocity correspond to this
condition and, as can be seen in appendix A3.1, show good agreement.

As the dies are vibrated there will be a change in the frictional
conditions and some of the deformation energy will be dissipated by the
swaging action, which therefore causes a reduction in strip tension.

At full acoustic power input, moderate reductions of area and low
draw speeds the process was converted to one of high frequency swaging
in which the strip could be drawn by hand. Thus the front tension can be
reduced to a very low level although the bending load on the die wave
guides does not fall to such an extent. The reason for this is that the
horizontal component of the force required to indent the strip was
monitored by the bending load cell and was not transmitted downstream
of the deformation zone. Similarly, the nett effect of the frictional
loading on the die was monitored by the bending load cell, This
force would be balanced by the presence of a neutral plane which resulted
in a divided, opposing, friction vector. Similarly, a fully reversed flow
of metal within the deformation zone would result in a reversed friction

vector. Thiswould reduce bending load on the die.rather than add to bending
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load, as in the conventional draw case,

Clearly the relationship between the tag load and bending load will
vary with the proportion of the deformation attributable to pure drawing
and to swaging. This relationship is worthy of further consideration.

An indication of the effect of swaging and reversed, or partly reversed,
friction vector and superposition is given by the manner in which the ‘
bending load on the die, and tag load, deviate from that of the
conventional draw condition,

The rate of decrease of bending load with peak die velocity compared

with the rate of decrease of tag load, for the various die angles, is

shown in Figures (8.12) to (8.16); the ratio:

Slope Of The Tag Load Characteristic = Sp
Slope Of The Total Bending Load Characteristic S¢

is plotted against mean draw speed for the various reductions of area.

Figure (8.28) shows the variation of the slopes for the 2.50 dies;
it can be seen that the value of the ratio of slopes tends to decrease
with reduction of area. The scatter with draw speed is high although
there is a slight tendency for the ratio St/Sp to increase with mean
draw speed.

The results for the 5° dies are given in Figure (8.29); the quality
and quantity of these data are insufficient for any conclusions to be
drawn,

The results for the 7.5° dies are shown in Figure (8.30); with the
exception of the test at r = 0.267 (test No. 041), the ratio St/Sb
increases with reduction of area and decreases as mean draw speed is
increased. Thus the trend for the 7.50 die is opposite to that of the
2.5° dies.

Figure (8.31) shows the variation of the slope ratios for the 7.5°
with-land dies, The effect of reduction of area is similar to that of

the 2.5° dies, that 1s, the slope ratio decreases as reductien of area
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increases, and there is a very marked tendency for this ratio to
decrease as mean draw speed is increased.

Only three sets of results are given for the 100 dies, Figure (8.32),
two of which span a very small speed range and indicate independence of
mean draw speed. The remaining set of results, however, extend over a far'
greater draw speed range and shows a rapid decrease in the ratio St/Sb
as draw speed increases. These results indicate that the slope ratio
tends to increase with reduction of area in a manner similar to the
results for the 7.5° dies.

I1f the reduction in the front tension occurred purely as a result
of a reduction in a frictional constraintwhich was draw-speed dependent,
the slope of the bending load characteristic would decrease at the same
rate as the tag load characteristic, that is, 8./5 = 1. Similarly, a
change in the value of coefficient of friction could not change the
relationship between the bending load and tag load.

The factors which affect the bending load relative to tag load are:
a) Die angle: Increasing die angle will permit greater transference

of the indentation load to a bending mode on the die wave guides.
The load required to cause indentation will decrease with increasing
die angle because of increased efficiency of deformation due to the
change in geometric/frictional conditions. |
b) Draw speed: Increasing the draw speed will cause i increase in the
proportion of the deformation attributable to pure drawing, and
therefore increases mean strip tension. Increasing draw speed will
also reduce the tendency for the strip to be rejected from the die, i
thus enhancing the swaging effect, it is probably this effect that !

causes the reduction of St/Sb with mean draw speed at the higher die

angles,
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8.2.3. Lateral Die Pressure

The variation of lateral die pressure with die angle, reduction of
area, peak die velocity and mean draw speed is shown in Figures (7.63)
to (7.93).

The effectsof reduction of area and mean draw speed are not,
generally, very great. The results for the 2.5o dies are shown in
Figures (7.63) to (7.68); there is a very slight tendency for the
lateral die pressure to increase with mean draw speed; the points
obtained from these draw tests are so close together that drawing
individual lines through each data set would be rather confusing. At
low reductions of area, Figure (7.63), there is a slight tendency for
the lateral die pressure to decrease with peak die velocity; this
characteristic flattens as reduction of area is increased and the
general level of lateral die pressure falls., The highest indicated
lateral die pressure was approximately 0,55 kN,fmmz at r = 0.250,

Figure (7.64), which was reduced to approximately 0.35 kN/mm2 at
r = 0,355, Figure (7.68). The results for the constant acoustic power
tests all fall within the band 0.35 kN/mm to 0.45 kN/mmz.

The indicated lateral die pressure for the 50 dies is shown in
Figures (7.69) to (7.74); it can be seen that all of the results fall
within a very narrow range, 0.32 kN/tn'm2 to 0.20 kN/mmz. The lowest
reduction of area shows the greatest variation with peak die velocity
and the effect of mean draw speed is even less marked than with the
2.5 dies.

The results obtained from the 7.5o dies are shown in Figures (7.75)
to (7.81), The general level of the lateral die pressure for the 7.5o

dies is higher than for both the 2.5o and 50 dies., At low reductions of

area the lateral die pressure is, relatively, very high and shows a

marked degree of draw speed dependence. Reductions of area in excess




of r = 0.307, Figure (7.77), show a stabilisation of lateral die pressure
with some tendency to decrease with peak die velocity.

The constant acoustic power tests for the 7.5° dies, Figure (7.81),
also showed some divergence from those of the 2.5o and 5° die tests,

The bulk of these results fall upon a common line which shows a decrease.
in lateral die pressure with peak die velocity whilst the lower
reductions of area result in higher values of lateral die pressure,

The results taken with the 7.5o with-land dies are shown in Figures
(7.82) to (7.88); it can be seen that, in this case, lateral die pressure
is almost totally unaffected by reductions of area, peak die velocity or
mean draw speed. The large land, which was taken into account when
calculating the area of the die/strip interface, results in a very low
reading of the lateral die pressure. The effect of peak die velocity is
similar to that of the 2.5° dies.

The results obtained from the 100 dies are shown in Figures (7.80)
to (7.93). At the lower reductions of area the level of lateral die
pressure falls with peak die velocity. The mean draw speed has little
effect on the lateral die pressure, especially as reduction of area was
increased.

Apart from the two spurious sets of results, test numbers 027 and
041 the eﬁectofreduction of area 1s marginal across the whole of the
range of die angles used in these tests, The general level of lateral
die pressure is therefore dependent upon the die in use. The reason for

the relatively high values of the lateral die pressure registered for
the 7.5o dies is not clear.

The tendency for the lateral die pressure to decrease with
increasing peak die velocity as die angle is increased was probably due
to the effects of superposition, that is, the mean load on the die wave

guide was lower for high die angles but the dynamic load was greater.
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6.

CONCLUSIONS

The experimental results shown here indicate that real benefits

can be derived from augmentation of the drawing process with an
osclllatory swaging process.

An increase in the reduction of area can be achieved at commercially
useful draw speeds; for example, a 50% reduction of area at 150 mm/sec
using the ?.50 knife-edged dies.

The limiting reduction of area for the various dies is summarised in
Table 9.1. These data refer to tests taken at very low draw speed.

o o o

Table 9,1: Limiting reduction of area for 2.50, 5, 7.5, 7.5

with-land and 10° dies,

Die Angle Maximum Reduction
of area
2.5° 479,
5.0° 60%
7.5° 80%
o]
B B
10.0° 80%

There 1s reason to believe that the optimum die angle is in excess

of that for conventional strip drawing.

The process is critically affected by draw speed; increasing the

draw speed results in an increase in mean strip tension,

The various mechanisms that operate during ultrasonic metal

processing have been discussed briefly in the introductory chapter and,
iin greater depth, in the literature survey. The extent to which these
mechanisms operate during a given process is difficult to establish.
This is due to the difficulty of designing experiments in which the

effect of individual mechanisms can be measured.

ey s —
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The predominant mechanisms operating during the strip drawing

process are swaging and superposition, although frictional

conditions are also subject to change. Variation in friction
coefficient is clearly in evidence, in certain instances, without

the application of ultrasound, as already discussed in section (8.2.1).
The extent to which the friction coefficient varied with the action

of ultrasound could not be established. ’

The theoretical work, shown in Chapter 3 and in reference 70, suggests
that swaging cannot be present without modifying the surface
conditions, That is, partial or total reversal of the friction

vector is a feature of the swaging process,

Superposition is, similarly, a feature of the combined drawing/
swaging process, It did not prove possible,however, to make direct
measurements of the dynamic component of the front tension during
these experiments.

The dynamic loading to which the drawn strip was subjected was
clearly high when reduction of area was high. Under these

conditions the strip failed due to fatigue. The transition between
overload failure and fatigue failure occurred at reductions of

area between 50% and 60% irrespective of the die angle.
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10)SUGGESTIONS FOR FURTHER WORK

FURTHER INYESTIGATION OF THE DRAWING PROCESS.

It has been reported that the tube-drawing analogue was not
successful, due to difficulty in tuning the plug bar to the die wave
guides and the effect of each vibratory system on the other. It is
unlikely that further work with these tools would be fruitful without
increasing the power available at the deformation zone, that is, by using
more efficient generators and power ultrasonic transducers. Therefore a
re-design of the tube draw analogue should be made.

The work on bimetal strip drawing is certainly worth further in-

vestigation. The reductions of area obtained with the 10° and 7.50 dies
was of the order required to achieve bonding between similar metals,
This process would be of commercial importance since it could allow small
batches of the required metallic combination to be produced economically.
At present such strip is produced in large batches from hot rolled stock.
Localised,‘continuous, bonding of, say, precious metals to a lower value
substrate could also prove feasible,

Further investigation of the strip drawing process under the action
of ultrasound is also required, It is necessary to establish the optimum
die profile.

The length of the die land should be investigated fu’rther to establish
its effect upon the process loads and the reduction of area. Further work
on the effect of die angle is of primary importance. The work shown in
this thesis indicates an increased limiting reduction of area with
increasing die angle, though the difference between the 7.50 and 100 dies
was not significant. It could be that an optimum die angle exists in this
range. It was felt, however, that this limiting reduction of area of 80%
was due to the practical difficulty of setting a smaller gap between the

dies, rather than to a true limit on the process. It may be worthwhile,



therefore, to carry out tests using thicker strip., This would allow
greater reductions of area to be attempted with greater final thicknesses.
The greater power drain afforded by the thicker stock could give a better
indication of the efficiency of the various die profiles.

Work carried out by Severdenko et 31(53) has already indicated that
reductions of area in excess of 80% can be obtained when drawing copper.
and aluminium. Further work should, however, be carried out to establish
the general effect of die velocity, draw speed and die profiles on these
and other metals,

Difficult-to-draw alloys such as austenitic stainless steel and
titanium alloys, exhibit high rates of strain hardening. This could be
a positive advantage, if the breakdown of lubrication can be prevented,
because of the high value of yield stress attained by the drawn méterial.
That is, the yield stress of the drawn material is higher relative to the
mean yleld stress of the material within the deformation zone.

The conditions operating during ultrasonic drawing are clearly more
arduous than under conventional draw conditions. It is necessary,
therefore, to make a systematic study of the effectiveness of the various
types of lubricant available, Die wear studies would also be of value,
though this may best be carried out as part of an industrially based
development programme, Die wear should be monitored whilst commercial
production is in operation, and compared with die wear under conventional
conditions, It is recommended that tests be carried out transversly
vibrating the dies, in antiphase, as in the mode commonly used in
ultrasonic welding. It could therefore give a better welded joint if
combined with drawing. The swaging effect would be minimised in this
case. The effect of friction would therefore be dominant and could
lead to a further understanding of the process.

The drawing of section, or round-to-section, combined with swaging

should also be invistigated.

Fl



INSTRUMENTATION

Further work on the use of the 'Kleesattel' transducer may be of
value. This instrument clearly has the potential to measure dynamic
stress at the required frequency, as shown in Chapter 5. Under
experimental conditions, however, the signal was corrupted by a low
frequency vibration. Further work should therefore be directed towards
obtaining a 'clean' signal at the driving frequency of the wave guides,
This would enable direct measurement of dynamic stress amplitude and thus

establish the true level of draw stress attributable to swaging, friction

reduction, etc.

MODIFICATIONS TO THE DRAW-BENCH

The~primary disadvantage of the draw-bench was the method of adjusting
the die gap. This was achieved by use of shim steel placed between the
wave guide support and the die load cell, At reductions of area near to
the limit for a specific die angle the adjustment of die gap proved
difficult. ’'An interlocked 'screw-down' mechanism on each side of one of
the die bolsters, as used in rolling mills, would enable such adjustments
to be made, Strip parallelism could also be controlled directly, without
the need for shimming the bolster plate, as described in Chapter 4.
Specific strip sizes could also be produced to normal drawing tolerances,

Higher efficiency H.F, drives should:- be used in line with current
practice, that is, that is a change from magnetostrictive drive stacks to
piezoelectric. The redsign necessary to incorporate this could also
provide for drawing under conditions of full immersion in lubricant,

The development of wave guides for drawing wide strip would also be of
use. These would probably take the form of wide exponentional wedges.

The fatigue failures that occurred down-stream of éhe die could be

suppressed by use of drive rolls or a rigid die or rollers. This should

be sited down stream of the die, such that the acoustic stress wave is
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reflected back towards the deformation zone,
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APPENDIX 1: Plane Strain Compression Tests

The plane strain compression test was developed to give a yield stress
curve which results from a loading condition similar to that pertaining in

such operations as strip rolling, styip drawing, and the drawing of thin

walled tubes., This allows a realistic comparison between process loads

and yield stress to be made.

This test‘li(lg) consists of indenting a strip of width, w and initial

thickness, ho, with a pair of platens. of breadth b. The ratiow:b should

be at least 6:1 in order that plane strain conditions can be maintained

(see Fig.(Al.l))

«\
Platens
/

-

g{A1.1) - Indenting_ /
Tools For Plane Strain Strip
Compression Tests b

Samples of strip were taken from each of the coils of strip used in

the drawing tests and plane strain compression tests were carried out on

each sample. The strip was successively indented and corresponding values

of load and resulting strip thickness and breadth were noted., The in-

denting platens were mounted in a special sub-press and loaded in an Avery

testing machine. These platens were changed, as required, in order to

maintain the ratio b/h within, or near, the range 4 to 2. This is
necessary, in the case of thick strip, to ensure that plane strain con-

ditions apply and, in the case of a thin strip, to ensure that the frictional
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constraint at the strip/platen interface does not contribute, appreciably,
to the indentation load. It is for this latter reason that the strip is
indented in small increments and relubricated, with molybdenum disulphide
in this case, before further loading.

Figure (Al.2) shows the results of those tests, It can be seen that
there were no significant di}terences in the properties of the test material,

Similar tests were carried out on two samples of strip which had been
predrawn through the 7.5° dies at 20.8% reduction of area, One sample had
been drawn by conventional means and the other at full ultrasonic power
input, which, at this reduction of area, results in practically zero front
tension, Both samples had been drawn at the same coiler speed. It can be

. seen in Figure (A1,2) that there was no significant difference in the final

properties of the material, and that there was no detectable redundant work.
The work of Irving and Cotterill(zo) indicate a redundant work factor, for

mild steel, of 1.01 for a 5° semi-angle die and 1.07 for a 15o semi-angle

die.

A.1.1.,) Determination of Mean Yield Stress

Let the plane strain yield stress be described by the function:

0 = £(I) where I is the natural strain resulting in the true.

stress, O.

The mean yield stress in the interval

(O,Et) is therefore given by: i

. 7'_
- 1
5 =5 Yo
t o] '
N ?
= 5 Area under the curve between O and Et
t

The area under the yileld stress curve for the undrawn material, shown

in Figure (Al.2), is derived as follows, The area under the ‘knee' of the

curve, in the interval Z¢(0,0.2) was determined by counting the squares it
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encloses on graph paper, for example:

Interval Area—kN/mmz
(0,0.05) 0.0102
(0,0.10) 0.0288
(0,0.20) . 0.0732

The area under the curve for I > 0.2 can be considered as the area
under the 'knee' plus a parallelogram bounded by the ordinates o =£(0.2)

and 0 = £(I;). That is, the area:

A_ = 0.0732 + [UE'=°-1 * UE=23_ [zt'ozj
’ 2

for Zt > 0.2

g =1(L) = 0.2252t + 0,43 kN/mm2

.'.A0 = 0,0732 +
. 2

lo.48 + 0.225% + 0'43|lzt'0-2|

2
= 0.11252t + 0.4295}:t - 0.0178

. . The mean yield stress in the interval I = (O,Et) for L > 0,2

2
0.11252t +'0.42952t - 0,0178

t Et

rﬂg

The relationship between the nominal draw strain, Et' and the mean

draw stress, 5, for reductions proceding from the undrawn stock to Zt is

shown in Figure (Al1,3).,
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APPENDIX 2: Bimetal Strip Drawing

Bimetal strip is usually produced by welding together plates of the
required combination and hot rolling to reductions in excess of 70%.

This produces the required interfacial bonding prior to any cold finishing
passes. -

It is important to generate a large increase in the length of the
bimetal interface in a single pass. This requirement for a high initial
reduction, more than any other factor, favours rolling as a method of
producing bimetal strip. The reason for this is that interfacial oxide
films are extensively disrupted by large axial strains allowing intimate
metallic contact which enables metal diffusion between the two metals to
procede. Temperature and pressure both play a part in the diffusion
process though temperature affects the rate of diffusion to a far greater
extent than does the pressure and hence the metals are heated prior to
rolling. The theoretical background to this process is discussed in
section A2.1., It is sufficient to state here, that an interfacial extension
in excess of 60% is normally required before a full bond strength is
obtained‘lOS). The early work in wire and tube drawing under the action
of ultrasound indicated that reductions of area consistent with such
extensions could be obtained without the need for pre-heating, thus
enabling, for instance, combinations including precious metals: to be
processed in small batches with minimal waste.

A2.1) Theoretical Baqgﬁround(S}

In order to achieve welding between metal surfaces in the solid state
it is necessary to obtain intimate contact between the metal surfaces.
The normal cohesive forces are generally minimised by oxide films and
these must therefore be removed or broken-up before welds can be initiated.
The process procedes in the following manner; in the first stage of

deformation surface matching is achieved. This can occur at low overall
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levels of deformation, though localised deformation of surface
imperfections may be of a relatively high order. Bonding occurs between
the oxide films on the metal surfaces which deform thereafter, in most
metals, as a single film, As the oxide is brittle relative to the base
metal, the interfacial oxide £ilm breaks-up as deformation procedes and
the pure or oxide free metal is extruded through the gaps in the oxide
layers. The break-up of the oxide £ilm, in aluminium, occurs, typically,
at 40% reduction of area. The pressure required to extrude the metal
through the gaps in the fragmented oxide film increases with film
thickness, though the initiation of welds occur at reductions of area
little greater than that required to break-up oxide film. Such welds
are unstable and can be broken by elastic recovery upon the release of
the deformation load, that is a further reduction is required to
establish a permanent metallic bond. The extension of. the metal interface
consistent with a 70% reduction of area is, typically, necessary to
achieve the mechanical properties of the parent metals,

In ﬁrder to produce conditions compatible with the production of
bimetal strip the mating surfaces must be free of contamination and with
minimal oxide film, Wire brushing just prior to welding further improves
weldability because of the disturbance of the oxide films and the

exposure of the new surfaces which are chemically active,

A2.2) Design of the Apparatus

A generalised layout of the apparatus for bimetal strip drawing is
shown in Figure (A2,1). Strip of the required combination is loaded onto
the feed coils and fed over the guide rolls into an ultrasonic cleaning bath.
This removes surface contamination prior to wire brushing. The power
drawn during wire brushing 1s typically 30 watts per cm width of str1p$1°4)

therefore a suitable drive system was designed. The brushes were mounted

as close to the inlet of ;he die throat as possible in order to minimise
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oxide build-up after brushing, by minimising the time the fresh surfaces
were exposed to the air., It was intended to use the same tooling as in
the strip drawing and, also, to design and make tools for Steckel rolling
under oscillatory conditions.

Part of this apparatus was manufactured though, as already stated,

it was never used. .
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A3.1l.

A3.2.

Draw test data

Results of the regression tests



o< 2 7-5°, r=0246 121506k Hz

Test No- OO1

~

MEAN e |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | _ BENDING |  DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL  [DIE
o.¢ | 323 6:06| o014 4-01| ©.o1] 012 | 046
2.9 | 323 018 o 44| 437 | o.0) o-12 | 0-S1
g-81 323% 022 p L] A9 | o.cd| o014 | 05D
12.6 | 342 0-25| .49 < 06 0.04| 016 |o-S&
74.0 | RT3 O0-L4¢| 028 S| oodl olSslo-6<
240 | 3235 0:64| o3 S| ool o290
-2 247 1-39| 066| 63| 020 0583107
-2 | 247 1.1 o | 6.49| o022 o0-¢4]0OS
1.2 304 0128 043 48| o0o03| o1l |lo-s<
(01304 | 02| 0720 S44| o004 018 |0-63
1¢ -0 | 247 02 | 03| 61| o010 o2 |oDd
160 | 247 020 | o4l 64l| 04l 03|01l
29.2 | 152 14| o2s| 649 o028 066 |0IK
29.2 | 152 1si| oas| 6.4 oa| o-3|oIS
36 | 228 0:S2| 033 SIS| o)l 02906
43 s 144 ol 644 o2l p6e83|lons
L 66| 225 4.48) 2¢| ox2| 1.03| 024
4] 66| 2oal 1R 26 00| 090|024
371 661 2-o1 oal|l 226 o029 0.20| o0 84
— 5 2.0) Jol| b2 2| o9y |02

o< =15, r=0287, {=1306k Hz

Test No - OO 2.

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

[V

DR AW DIE
ri’::fic :i‘fgcw TAG BENDING | DIE E?;g"ss i‘:’giflc ‘[-)?EERAL
o (g2 OIA4| o0t | 497 | oot | 6.4210.42
2.4 |36 02¢| oig| 16| p.oa| 044 | o051
s [ed OM| o2 s16]| oo | 041 | 051
10-7 242 o4 o2 | st per | 021 | 05
133 42 048 o2l sR| ooy | 046 | 07
132 R42 048! o] SR| oo | 002} | 0.7
217 R23 0.20| ox6| 64l 642 | 0N | OO
215 126 loa|_ oA _ 64| 017 | 04 | 04
359|228 16| 01| 6| 024 | o s |0-8% |
S 9 (278 144 o8€| 125 0.22 | 0o6c |02
3 K 1S3|_ 08 .25 o4 | po2 |02
1€ Pod | o4 o028 497 oy | o4 | o-49
s8 WA o042 o] R 006 | 025 | 0.7
13-<S %6 08fl pus| 20| o | 025 | 0-d2
217 1209 L4 o3 38l o2 [oss o0




—

o< =1-5°, r=028), t=1306kHz

Test NoO - OO2 cowa.

(8]

MEAN P8¢ |Mean Loads - kN Specific Loads-kN/mm
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC |LATERAL
mm/sec mm/sec . STRESS | AXIAL DIE

— 172\ 1126 | 085 |12.4<S | 0.2 0. 64| 094
20-6 | 171 187 | o904 | 029|068 | 074
2S99 |\ Q0 | 4. 25| 72.64 | 036|094 026
SO O T & RAZ1 | { . 46]1D.2C | o3& 0-87] o072
L |12 209 LoS | 264 | 085|079 | 006
— 1247 06| 019 $35| 032 | 644 | 0SS
— |66 o0-4o| 0-13 | SIS o0 0.0 | 0-S2
€ 0o 133 I N oA 0.4 oot |o-62 | pDa
6 | «s7 | 225 | 416|285 |0o-27|0.€) |0
929 | c24 | 20 | L 23|14 |o0-3<| 092 | 07206
s | S14 | 20 | {21 | 0.8 06¢ o081 ] 0
4.3 | S214 1 [N |1 | €2 |00 |06-%] | 0729
413 |87 4L | 4| | 123 | & o2 | o 092 | ©0:29
o< =1.5°, r=0-24b, =129k Hz Test No - 203

PEAK

Mean Loads - kN

Specific Loads -kN/mm

L8]

DRAW | DIE

SPEED VELOCITY [\ senoing | oiE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec _ STRESS | AXIAL DIE
0.4 | 419 o0.04| 022 | 65| 0ot | ©0-20| 042
o< 400 | 0-04| ©024| 2 2S | 0ol | 02| O3
1.7 (449’ | 008 o023 2ex | 0ol | ©20| 042
A.4 419" | 048 | © 22| 4.0l | o0&} o2o| 046
72 024| 025|401l | 06x| o022 046

4lo :.




o< 215 . r=0d13, f=10-9Lk Hz

TestNo-0O0D 4

2N ]

MeA  Ime" |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | . senoing | oie DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
zle | &L ocdo| ocdo| 262 | 00l | 012 | 0-43
2.6 |20% 046 | 010 | 2SS | 062 | 012 | o-S%
1.4 19¢0 026 | O\ | 44| 00| 016 | po.5C
12-4 | 750 o | 044 | 2| 00| 0N | o0.SK
2s-1 |49¢{ 090 | _0:40| 4SR| 0:42| o< | 62
364 ({52 132 | o0oeg| 491 | 048 o055 | 09
2ol 452 129 | 06o| 49| 041]| 02 | 003
Sumec |24 o{6 O6| 25| 002l 09| pn-<2
2.2 W24 020 | vof| 25| 00| .09 0SSV
4.6 |43 026 | odo| 44| o] o012 ]| 0-55
Ss | 669 43| pos| Si6| 047 o%l |0- 82
40- 2641 43S | 0N )| 023 091 |0.S&
-6 | ¢4 4S1| 0.288] s3S| 02l .09 |0-8S
2.9 | 669 ] 1SN | 08| ss4| 020 ol |08
J%56 | L6 | .61 o086l _S$H o2l]| (-0 |0¥Y
41. 51 23| 1S | o08s| €54 o2 loS|lo %S
7 ) 141 | 05| 45| o4k 04|03

o< =1.5°, r=0-428, 1={29S kHz

Test No-LOo0 S5

MEA |oie. |Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | . senDING | DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec , STRESS | AXIAL DIE
os bl | Z2ot| los | Q17023 |0S2 |o.$M
13 1209 | 2.8 1o |4 1p.41 |0-S4 |n.s%
6 |208: 2-05| 105 | G:0) |0-40 |0.52 0S5
S6 |20 1.89 | o9 | 298 | p) |0.4€ |o.5€
56 |90 19| 03 |28% | o) |0-4% | 0n.K58
Q4 ||a0 Q| 096|947 | o |o4) |05
H-S |10 2.0l | 4.00| Q36 |09 |0-49 |06\
14-4 | (90 Lol | 160 | 9.SS| 02 |0-49 |p.62
14-9 |[%0 2R\ 430 | 95| 0.42|0-S4 |0- 62
182 |12l 2R | 1.25]| asS|o-4<0.61 |o-L2
2.2 {12l 4] | 435 9.S5]0-41 |0:66 |0-b2
21-8 224 | 4.4 | 4.9 | p-4< | p-<8 |o-4
2.8 |1l 24s| 423 1 39y | 048] 0.6f |o-b4
75.9 11 22 | 1.2 | 95| 046]0.62 |06
252 |11 223 | {46 | 9.sS|o4s |0-S2 0. 62
sl | 221 1 428 | 35S ©0:4R |06 [0:.62
3o [Nl [ A24| LIY | 404 | 0:95 | 0-6C | 0.6]
o [Nl | £44 | 432 | 3% | 0-49 | 066 | 0-6)
12 954 | 24| 1.1< ][ 4201042 | 0.5 [0.67




o< =1-5Y, r=0.49, f=1295kHz

Test No -0 car:

[o¥]

~N

MEAN 1heY |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | _ . senoing | oIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE

2. { Q541 2.4S | Vs | 404 | 048] 0.57 [o0-60

S} as4 | 2.4 | 2o 22 | 043 | ©0-359 |o.64

2.2 484 | 2.3 | 11L&y | 93| 049 | 06( | 0-64-
{4.2 as:4-1 2.2 | .25 A% | 0042 | 062 | p.<s?

{r2 954 | 2-27 | +Zo 4.5 044 | 0:5% | 042

254 | 954 2.21 1 1% QY | 042 | ©0'S¥ | 0. X

244 |42 | 1118 | €9 0-42 |05 _|oSB
o< = 1'8°% r=0-480, f=1344 kHz Test No- D10

e |oie. | Mean Loads - kN Specific Loads -kN/mm
s |mvsee | 0| oo o | ORAY TRECIFICTATERR
2.2 | %2 084 | 049 | <do | 017 | 0.2L | p. 42
2.4 |Re2 0AC | 0S| 869 | 620 | 0-23|p.49
IS0 _|30% LN | o0s9]| 8 | 0o | 026 ]| 0-SDO
269 |30s I13¢ | 06X | 9./¢ | 678 | 029 | 052
2.0 | 2% les | 028 | 2 | 024 | oon | 0.54%
29.0 |28 149 | 1127 | 9SS | 0A | o-s$|0-54
So3 |29 9 | 0« | 40g- | 04l | 622 0.55
sox 204! | 225 | 124 | 42C | 041 | osa| os S
62-34 190/ L9 | 1112 | 8-s5s| 0.4 | o0-42] 0.54
62-2 {90 249 | 122 | g | os2| osy]os)
02-S |l 9% ['AS | 90| 0:40| o.54| 0-<2
2SIl LesS | o2 | 98| o0DA | 0.406] 0.5
287 | N\ Z2494S | 1:122 | 84| 0\ | 0.5%]| 0.5
287 10l | 2.3 | 114 | 8934 p.a3| 0.49 |o.cc
dod | [S2, 2 | 09b | 2-88| 0.4%| 0.4\ |O=)

dod |is? 84 | cac | 1122 pZ | 0.4l |0 4
l.2| |1S2 |76 | ot QI_z o036 04.3‘ oS 2
121 | 152 L-0S5 | ea9L| AN | 6:42] 0-4( |o <2

|




o]

o< =1-5%1 Jsx3,f=1314kHz Test No -2 11
M e |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | . . BENDING | DIE DRAW | SPECIFIC [LATERAL
mm/sec mm/sec , STRESS | AXIAL DIE

60 14N 034 | o] | B3 ooy |oiz | 047
144 147 044 | 034 | 12 [ 0.09 | 032 | 0-42
N9 433 0.60 1 023 | 802 | oI} | 0-IS | 0.4l
328 |4(]. {2 |06t | 29 | 028|024 |p.4¢
471 400 122 | ool RY¥ | 024 | 024 | 0-4,
4711|400 1-24 |owl | 89 | 028 | 024 | 040
6%S |38L {2 |osS | 9% |o) | 021 |o .46
685 13a4: 12l | ool | w8 oA | 024 1p.4¢
10 |2os) 17 o [ [0 | 02 |0-49
101 |2os 1284 | 094 |8..5 |04 | 0] |0.49
125 1267 | 213 | {.{4 |9.s5s |0:-42 | 0.44 |0 .45
i2¢ 67 201 oAk |9 0o 4SS |02 |o-st
1So - |23 2. | 441 14 |02 | o4 |lo-s?
1s0 12 243 | {N |94 048 040 |0 S0

| o< =15° r=04l6, {1332 kHz

Test No-ODO4 3

N

by e |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | o BENDING| DIE | ORAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE .

4-2 14 | 094-| 066 | AR |ols |02 | 0.24
So 1467 | Joo | 068 | Jod |0-26 | 028 | o 4a
- |43 {471 o2 AR | o a—,'zuf; 0 .d4
S 1449] | 129 | o8¢ | 24| 024 | 02 | o044
iS¢ 1419 | 4.4 | 094 | A4 | o037 | 022 |0 .4}
193 J4aso| | 4.S3| 097 | 44| 040 | o6k |0-ar
2.4 |28 | dse | dos | 8| p.4L | 035 |6.4%
2%-2 |62 .65 | 400 VU4-10.43 | 06 |0 .43
do-2 |2e2| | 1.85| 42 | AR | 6.4 | 640 |o.a4
458 262 | 497 | {35 | 5.2 | 0.S7 | 0-4S |0. 44
SZ- 4 | =2 2-4S 1‘4? 64| 0S¢ | 049 | 0- 4




[ ¥

| o< ):S, r=0351, f=1301kHz Test No -O14
My oe. |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | _ - BENDING |  DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
2.8 | 31 o-o0u| 05| S.IS| ool 07 | 2-40
2-8 |32 068 | 03| S06| 0vll o2l | 0.9
j0-8 | 331 0-d2 | p29 | S4l 0.02] 0-2%] 0 .42
17.4 3384 024 | oA | S| 0-04] 023 | p.A<
34.7 | 362 o-40 | _0.4%| b.02| 0.0 ©25| .47
543 |3 0:64| 0.42| 6.4\ o0-Jo| 0:25| 0-S2
53-8 |362 0-L6| 0| 38| 04l]| 023 | 0.4
19-8 |33 092 | os4| 20| 0S| 032 | 0-5S
102:¢ | 286 1% | 0006 | 2.4 02| 0.41 | 0¥
118-7 [ 267 1499 o R | 4S| 024 0-49| 0-S%
119.s | 228 {188 | 4-04| -3 ©0.3]| 061| 0.6
| <15 L r=0097, (=132 kHz Test No-O1l

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

[V

DRAW | DIE

SPEED | VELOCITY | _ BENDING| DIE | DRAW | SPECIFIC [LATERAL

mm/sec | mm/sec STRESS | AXIAL  |DIE
4.0 |lsaz | {01l [°S%hacj13sc|o.<s3 [ mnm|o 4%
2.2 [s02 |1.33 |28 1261 000 [P1%8lo. 40
o< =158, r=046%, 1=13{1kHz Test No-01 8

L8]

MEAN |hea® [ Mean Loads - kN Specific Loads-kN/mm
:::fec ﬁ%f::cw TAG BENDING | DIE 2?&“&5 i*;?ilLFIC B?EERAL
2.2 | Sol 02 | 044 | 994 | 041l | 0.41R | 0.2z
S8 |48l |p6o | 0S99 | 96| 0.9, | 048 | 07
10y [4S2 (o044 | 065 | Q.47 |o2f | 0:49 | 06
189 ldod | L-00 | O | %98 | 024 | 0-22 | 03
2899 1385 167 |07s | a7 lose | 022 | 03T
449 |46 147 0: K] ™ 1049 | 026 | ORS
sa8 |08 |18 093 | 8N o6l |0 | o3
208 1229 1.8 1A | &8A |06k | o3l | 055




oc =75, 20653 {=1321kHz

~

Test No-043

e e |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY } .. BENDING| DOIE | DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE

0 | 462 O I o6 |10-671 021 | 041 | 0.4

A-0 1462 o004 | 036 |lo. 79 (021 | 0-41 | 0.4

L-o 14241 o R 044 (10-St|0-27 | 0-14 | 0.44
{2.8 |[40S |4i:-01 049 (L0:221 031 | 0-l6 | 0.4}
J2.3%  [R66 19 | 061 |10-42 | 640 | 070 | 0-42
2 |47 1.48 | 070 |1oR1 | 04X | 0-22 | p.4R
445 |28 1.S3 | 078 |1042 | 045 | 02| 0.42
619 (308 173 0-2¢ | 1031 (oS0 | 0:27 | 0-4%
R |2A 1IN | 1-oolil.S6| 050 | 032 | 0-48
8%'S 241 4 [ 4146 |00 063 | 0 | 0.4

o< =25°, r=0.440, =13 1SkHz Test No- D23

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

DRAW DIE
SPEED [ VELOCHTN L <8 BENDING | DIE DRAW [ SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
| 072-2 1326 044 | p.44 | 1. 4S| 0.-08| ©0-21 | 0- 46
2722 {IN& 678 | 00S2 | 02| p.45| 025 |0-So
2S2 162 1195 | 1-14| 879 | o230 | 0:S4 | 0-SS
264 | 1Sy 2.1 120 | 898| 041 | 0:57 | 0-Sb
2641 8¢ | 243 | 1. 27| Q16| 0.4¢ | 0-S& | oS
26 4| S? 7 | 461 87| os2 | 626 | 0:SS
26 -4 o 1287 | 48| 9.1 os4a| 088 | 057
264 | 7?7 120N | £Se| 3| 052 | 04 |o-SS
272 |los Z21 | 4.2 88| 0-4L | 09| 0:5C6
232 (163 | 205 | 1-{4] 947 | 033 |0-S4]| 0.S1
212 | 1892 IR | 094 | ¥8-93| o2 | 0-44- | 0.S6
276 | 288 096 | 0:S2| A-40| 0148 | 0-2S | 6.52
276 {26 056 | 0 | 2.0 | il 0-4610.42
276 | 326 044 | 0L | 0.45| 08| 0-4S|0-46
276 | R2¢C 0-4%2| 03 | 2:0)| 009| 048 |0 .44
7041326 092 | 0S5} | €-4o| 01| 025|052
91.-8| 2N 120 ] 06| &38| 023|032 | 0-5¢
71.8 | 249 1.45| o021 | 2.9 o0.272| 028 | 0-5¢
R |44 20| 4131 4.04| o3a| o0-S¥v|0o-6o
21.8| 204 448S| 4.0 | SN o8| 0.42] 0.57
%3144 | 2SSy _1.33 | ASS| o4 065]|0-59
2L-21 N 21 1:82 | 936 o0sSi| 072 | 0-T&
1.2 42 33| 1-69| o]l os9| 08B0 o<

]




<K =7-35" . {"-:0-35?, f= — kHz Test No - OH24-
MEAN |PEEK IMean Loads - kN Specific Loads-kN/mm?
SPEED [ VELOCITY} . senoING | DIE DRAW | SPECIFIC |LATERAL
mm/sec mm/sec . STRESS | AXIAL DIE
oad |21\ | 1st] 114 | 2.4 [ 0.2¢ | 0.6l |0.5%
10& |240 11729 | o | 74 |02l |o-s5S |p-S2
o (2ol s 1.9 |9 |02t |0:64 lo-ss
1O | &2 1651 1.25 |78 | 028 |0-67 |o-S6
s 155 192 | 13% (7.8 | o |04 | o5
"3 s 185 | {26 |85 | 632 | 0-6R |0-61
nZ 964 22l | {24 |&so| o2& | 0-6€ | 0- 6o
ns 613> | 20 [ 16S |8 40| 04l | p.BE | 0-S9
ns S?7 | 26l | 102 |21 | 0.4S | 0-92 |6.S& |
17 283 | 269 | 176 |&.40 |0-46|0-94 | 0-S9
34 o 206 | 490 | g 40 |02 | 402|059
s89 | 192 | 293 | |-B2 | & 4o |opso | 09 |09
sgq | 421 281 | 1.82 { & 493|042 | 0 ) | 060
S84 | 964 | 224 | 150 | &49 039 |0°80]|0-62
SBq |144 Z-01 | 114 | 6.49 |[0-34 | 0.-6L | ©0.46
S8 | 182 isi| 143 | &4l |p-2¢ | OO0 |0O-S?
$719 | 249 1.63| 086 | 7245 | 04& |0 . 46| 0 S
sS4 | o) 0-60| 0.68 | 647 | 0-d0 | 6 RC | ©0-49
S6S | 46 o032 |o04) | 6o | 005 | 0.25 |0 44-
224 [R4p 0.24 | 0055 | 62] |0ood | 0.29]| 0 .44
722-4- 1) o | 0o | 649 |0.06 | p 2046
2724 | 269 0-820| 088 | 245 0.44- | 0 - 46| O0-S2
1.4 |75 0-84 | 085 | 264 | 014 | 0.46 |0 -S54
7.4 | 249 082 | 0.8% | 7:.S4|044 |0:44 |0 S
224 | 230 100l 085 | )& |0.£) |0.46 | 0.5
22.4 |192 | 4.4{ | 1.094 | 8- 02 |0.24 |0.58 | 057
22.4 |41S | 2,43 1 {.sS | 8-40]|0-26 |0.82 | 0-S9
224 | €S| 241 {2 | € 60| 041|087 | 060
22.4 | 38S| 283 | {.92 | &-40| 0:-48| 1-03, | 0-59
244 0 2.8%| 1.8 | B-60| 0-49]| L.00]| 0-6!
(7! © | X1o| 20| €42 | 06| 4.4L | 057
1l 14-2 | 2.8<| 1-87 | £69| 0:49| {1-00]| 0.6]
(484 | 297 1.8 | €:-4do| o sI| 06| 0.5%
wik £6-S| 291 1.95 | 40| 0-So| 40| 0-<Y
1 ils 273 1.82 | 83l | 0.44| 097 059
Nl (182 | 2.2 {sL | 2:60| ORZ | 08| | 0.6
IR 57.6| Z:9| 190 | €bo| 0o |T.02 | 0. &f
1 72691 2.4 1.92 | &2 |oSo|1l.ou]lo.s¥%




o< =15 =081 ,f= — kHz Test No - D24 corsr
e he |Mean Loads - kN Specific Loads -kN/mm?
SPEED | VELOCITY | ¢ BENDING | DIE ORAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
11 S 1 Z2st | 102 | 8¢o0 | 0.4 0-92 | 0.6
AL [ ISy | 23 |16t | g2( | 0-40|0-3% | 0-SR |
Rl g2 | 213 | I'S} | 840 0-3¢6 | ©6.-82|0-S]
o< =1.5° r=027,f= — kHz Test No -O25
veAN ITeY |Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY ) BENDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
149 |32¢ 0.1 | 0.0 | 516 | 0-03% |0.02 |0 46
1449 |29 0. | 009 | SS4l0.05 | 006 [0.49
s 12¢% oo |0:22 | S92 0.084 |0.45 |O0.-S}
1s-4 1211 09 | 0:4% | 62€ |o-isS |0:29 |0 6o
16 .0 |isz 164 |0 | 6.88 |0-24 | 0-49 |0 61
6.0 |los 1.95 | 042 | 2207 |lo.xo | 062 |0.63
16-6 |76 | 224 | 4.4 | 2.00 |0.24 |02S o,
i6:0 | 480 | 2.47 | 1.7 | 7.0 o R o6 lo. 6}
16 .3 o 2-44 1 1.25 |02 |03 |0-84 |o0.¢4
24-2 o 261 | {42 | 2,64 | 0-40 | 096 0.8
2S2 (14.2 | 2.65 | L33 | 72:S4 | o-4do | 093 |06
752 1419 | 249 | 449 | 264 | 032 | 0-85 |06
4.2 |26 1249 [ 111 | V.64 | 632 | 0699 1b.6a
752 |dos 247 109 | 264 023 | 0:6¢ |0:68
256 |14 i.¢69 {-of V64| 026 | 0-¢g |0-6%
252 1112 14€ | o065 | 23S | 022 | 044 |o.6S
256 |22 {05 | 044 | 697 | 046 |03 |0O-62
2s-L |8 062 | 20| 6:S4 | .40 | ©0:14 |0.s8
25.6 |28 052 | 0.1 | 6.4l | oo’ |0.42 |O:-54
256 |26 224 | 0.0S| S44 | 004 |0-cU |0.48
4%.4 |2ocC O4o| o.14| SRR | 006 | 0.0 | 0-S{
43 -1 |268 018 | 0.20 62| 042 | 020 | 0056
43. % |20 .00 | 0040 | 64| 0.l | 027 | O0-S&
A42-3 |20t 1.1 | osz| 6.69] 048 | 0oxG | 0-S
44-9 |Nnz~ 14S |02 | 669 | 022 | 043 | 059
4%3-1 sy | 4-8L | o7€ | 631|027 |0'SR | 0-61
1438 v 1 1.8 | 086|726 | 027 |o0.58| 0.65
450 | 863 | 2.0) | Jo4 | 2.25 | o231 | 0670 | p-G4
450 | S)6 (X 4) | 13| 225 o2 092 | 0. ba
44.0 | 288 | 2.4) | {R4]9.¢cq4 | 0.7 |0.90 |0.68




kHz

o< =21.5% r=0o, f= — TestNo - OZScont|
rea e |Mean Loads - kN Specific Loads ~-kN/mm’
SPEED | VELOCITY | . BENDING |  DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec ' ‘ STRESS | AXIAL , |DIE .
44.8 | 9.6 2.5 4] D64 | 0| 0.9 ] 0.63
4S-0 o 2N | 138 |2.49 1 042 | 09y | 066
9.4| o 22 | 2 | 24503k | o026 066
S3.4| A.¢ |28 |1 [H.2¢ |o0-44 | 09 0.5
6l-2| 480 [J.R | 1114 | 238 |0.3S | 077 |0-69
61 ¢ 1| 267 1225 | 1Lod | V4SS |lord | 0M- |o0-6e
6i-¢ | ns (421 .00 | 7-4S [0-32 | 002 (0. 66
640 |1SL |- R 081 | 126 |0-28 |0-S% | 04
4.0 | N S | 079 172:.0) 1026 oS3 |03
640 | Zol S| | 0:6S |DN:0] 0.2 |0-44 |6.6%
64.0 | 920 1138 | 0:SR16M) 020 |0.26 |o. 62
b4-0 | 268 lloe log |6-69 [0-1S |0.26 |o-=9
9%.2 | 201 L4l | 268 | 683 021 | 0-44] o 6]
192 | (SR | '3 | 0389 | .26 | 028 | 0.6o| 0-6S
Mo |14 | ZIS | lroS | 245|032 00| 0-66
246 | 10S | 24| 198 | 126 | 0] 0.20] 0.6S
MR | I | 243 | 1:21 | 24<| 0X] [ 0-8B2|o- 62
816 | £2( (£ | 3 | 145|041 | 093] 066
49 | 480 | Z) [ VvA] | 1S4 042 03] 0.6)
79S6 | 2821 Z% | 1'S2 | 135|044 | |'oN]| 065
808 | 9.¢ | 267 | '3 | 7640 .40 0-8%3| 068
‘6?."?- 0 2SS ' | 26042 093] 064
— r—‘ ¢ - - =T . T -
10D 0 AS) | 1122 | neq | 032 | 0.82| &6
160 1192 |29 | 132 | 264 | 0.42 | 069 | 0-6%
[00 | 60 | 265 | 112b | )45 |0d40 |0-24-| 266
m{ 124 | 269 | I'S6| 4|04l | 1'6S |0 66
|
t |
|
! = |
_i | |
1 .‘ |
\ ! |



Q(:?-SD, f"—'O%S,f: - kHz Test No -226
MEAN |PEAX IMean Loads - kN Specific Loads -kN/mm?
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC LATERAL
mm/sec | mm/sec , STRESS | AXIAL DIE
{28 |22% o1z |o-13 S92 |02 |0-0] | 0-44
123 |2% o- 12 o117 2 |ooX |0lo |op-46
1.2% | 269 ox |02 (b4 |0.06 (015 |04
205 | 192 PIS | 0S6 | 72.4S (ol o2, 0SS
1.39 |16 (4 o) |2 &% 027 043 |o:SK
i.81 [124 13X {083 [2:9% |03 |04 |o-s9
A .S | 1% 098 [|B0x |pAT 10:SS |o-s9
1.63 | 613 | 245 |{.05 |82 |0 |05 |los9
4157 14%4 | 231 [t |29 |08 |0-63 lo-S9
151 1492 | £:4S | 120 |B-ox |0:40 |0:-68 4.9
i.s1 o Z2-SS | 1124- {Ror [0-42 |00 |o-S9
s X7 o 2-S3 20 |82 |lod2 |0.R |0-61
6-16 4.6 | 2SI 2] 52] (o4l |0.63 |2-61
s | (9.2 | 25| Mg |82 |lo.al |lo-66 |0.6L
s | 288 | 2.9 4 ({321 |0 |0.64 |0 6L
SS9 | 6715 | L AS R=x3 d-12 oYy |0-SE|0:60
SHMY |96 |LoT 044 | B2l o4 |o.-S3|0-61L
SA4 | ISR |- <8 o0 |79 |0.26 |09 | 0-5%
6.16 | 192 (2] 0SSy | 7254 |o.20 | 036 | 0-S6
<24 (7.3 |ose | ps | 6-2 |loeog | 0-(4]|0-S°
SA4 (2% |0 | o0& | 6-So o006 | 010 | 044
128 | 21 0.28 | 0.4 | 7 4.4 0-14 | 0. 24 | 0-)
128 |20 {04 | 0.42 | 2.3 (0.1 | 0.2] | 0S8
13:9 | 201 1.2L | 0.bo | 7.8 |0-20 |04 | 0-58
139 {142 1.37 0-)0 2.8 |022. | 0394 |o0-S&
139 [182 1.44 | 0S| 802 |0.22 |0.42 |0-S9
139 1163 1.S7 | 083 | 02 |02L |0-4) |0-S9
139 {144 317 | 08 | g0L [p2g |o-S2 |0.§9
139 | 124 1.91 0-39 g0 |l |o.St |0-S9
129 |1os | 221 | 1.04 | 7.3 |0.3C |0.5%4 |0-S8
R9 | ges | 237 | 146 | 2-83 [ 0.3y [ 065 [0O-S8
129 | 385 | 2.4% | 122 | R |p.40 | 0-69 | 059
329 | 288 | 2.4] | 1:22 | 8oc2|0-40 [ 069 | 0°S9
12:9 9.6 | 2.49 | 4.27 | 2L (0.4 |02 |0-6L
39 | o 1257|434 | g2l |o.42 | 095 | 061
———_—t— ] ] —— = — | — = - —
320 o) (Y | 109 | BoZ | 032 | 06l | 059
2.0 | 96 (8% [ 1o | 802|032 | oox | 0-59

e



o< =15%, r=020), f= -

kHz

Test No- D264 c o

MEAN ITe” |Mean Loads - kN Specific Loads -kN/mm’
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE
20| 92| LZAZS| o4 |V &N o) | o.s9 ]| 0-SR
2.0 | 3%-<S| 241 |20 | 2.0 | 0-do | 0.6 |o=s9
20|69 2411177 | B2l |0 40| 0- G606 |
320|105 |Z.Z21 |lao | 802 |03 | 862 |p.s9
.6 | 144 1.8% oo | €Q2 | ol | 0S| | 067
sV-o| 269 los' | oS | 2.4 017 | 0| 00T
s o | 4] 4 o020 | 2.8 | .23 | 0:39 | 0S8
SY)eo | 162 1. 29| 080 | Rl | 03] |o-SI |06
SY2.o| IS 225 1.1 Loz | 037 [0.6% | 05
S720|1 72691 26| 1 | 802 | 0.4%3 |0 |0 ST
SV ol 481 | 2.8l 1 48 | 802 | p 46 |0:BY |O0-59
S) ol|l2xsS| £33 I's] | &o2|048|0-B3S |0-59
Sr ol 46| 237 ] 1'SI | Be2 | odg |0 BS | 0-59
<s7.0| o 237 | I'St | 802|049 | 088 | 059,
o< =15°, r=0464,f=1¢13kHz Test No- £O27
M oie. | Mean Loads - kN Specific Loads-kN/mmy?
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
BESS o 17S | 0.42 | S35 | 023 - t6 | O &
(32 [ 34| 'Sy | 083 | 5.6 {021 | (oS |0-26
3% | 959 1.2 | 064 | 497 |01 |o0R&] |0-383
LR (LS 1000 | 0-S2. {463 | O\ |06 | ©778
133 {12 OT2 | 0.3 | 439 |00 | p.d4 | 0RR
(32 | 182 O-6F 029 [4.39 (0068 | o) |oN
133 | 9] 052 |02 |4-20 l08) | 029|070
1-33 | 291 od6 |0\ | 420 |00 | O22 |D.70
1-3% | 2% 040 | 026 |40 | 005 | OXNR[0:67)
(33 123 O.R |02l |36 |0.04| 0627 |0 60
731 o 245 | 11238 | §:594|0.28] {\14-| o092
231 Q.6 | 209 | 13S | s NR|o-22 ] 1.72) | o095
231 | 4| 192 | 1) | s3|02S| 4o |0-9s
2% ns 1145 | 083 | S44-10.49 | .05 |0Qa
234 [ 163 105 |0:55| So6|lo.44 | 076 |0 K4
231 | 2ol 030|040 | 4-N|o-do |25l |0 82
23| | 220 0681030 | 462009 [0-32 | 0.9
230 |20 0-S6 |025 | 4.58]0.01 |o.32 |06
1 231 | 249 0-52 |0.22 | 4.-$8|0-0) |0-28|6D¢
e et Rt sy TR TR Fapae s e



[ o =1S° r=0464, f=1343 kHz

Test NO -O0Z7cons

rea e |Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | - BENDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE
<Slho | O 205 |z | 82| 028 (42| 02
Slo | A2 2.5 | L S8 1028 | 142 | 0.9)
Sl.o |4% 0o | 20D | 110 602 | 025 1.9 | 1-oD
Slho |45 | 2oy | Lol s.d 026 | 128 | 0.94
<l o |I14Y b |02 |sSAs|02( | o2 | 0-&89
<)o |13 |- 27 | 0-6( S25|o 16 | oMM | ©0:-8)
Sleo |21 09 041 | So6 |01 | 062 | O R4
Sl.o |220 0:95 | 040 [40& | o2 |OSt |0-30
G2.4 o | 239 | 1120 | K9 ol | I's2| .46
Q2. 41| 192 243 | |'2s| 6.2 | 0.3 | I.SE| '}
Q2. 4| 3.4 2328 | |22 | 630 0.36]| 'S4 0SS
9241 6. 1] 2.1 14-] 62| 027 | 1-44-| -0
224l 1o | 200 | lod| SN o020 | 131 | o9
324 IS [ &7 0-BL| SN 1022 | 11| | oS
42.44 N2 (S| 08| SF|020 | 099 ]| 0-92
NSl IS 1.4 1 O]l S1b| 018 | 0-B&| 0:RBe
76| ISR 1.4 ool SIS| 0183 | 0-88| 0-29
72S6] 143 | 1,64 | 0RG| 5.54 022 (109|092
I7s6e| LIS 1.5 | 0981 SO} oS 1'24.]| 0-95]
7S | 959 2.1 14| $32| o2 | )44 | 0.99
VS| 76| A2 1| bo2| 029 |48 ]| l-co
s 6| Srel 22) | 20| 6.1 | 029] I'S2] 02
2s-6| & 2.4 'R0 6|l o | 164 1 o2
75.6| o 20 1.2 92| 00| 1.S8| 0A9
% o) 22| 22| SN o.2a] I'Sd| o0.9%
MRl 2% 22| 18 | &% 029 149 | 097
272% | SYr6l| 21 02 | S92 0.28] 1142 0859
22K | 2672 | 21} 112 s 63| 028 42| 0 S
MRS /6% vod- | STN| o2 | '3 |o.55
712 1sS™ 1049 | 08| 38| ©0 20| 0S| 0.2




o< =25°, r=0.261, 11324 kHz

TestNo-D2 &

M |oie. |Mean Loads - kN Specific Loads-kNimm?
SPEED | VELOCITY | BENDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec mm/sec STRESS | AXIAL DIE
. 4( | 513 028 [ O-16 {1242 | 004 | 0-12 |0-42
L4 | 44 04% | 022 || EO|0.0] | ©0-17 |0.-43
4] {416 o004 | 032 | /3. 08 |01 | 026 |O-44-
14 13S 00 |24 113:2) | 0-14 | 0:33 | 045
L4 1201 1042 | 064 [13)S |02l |o.S0|0-47
4 | 213 1S | o028 [ 1315|025 | 0-6( |O6.47
[ 41 {127 2.0% |0-&R | 13:0S510.29 |10- 68 |0-4)
I 4( W25 2.21 1098 | 1RecloR 026 |lo.46
4| 275|251 1088 [13:56|0-3¢C | 0.68 |0-46
[ 41 SB- | |2-63 | 1.11 N1 0.38|0-86 (0.4
| .4 | o 2.7 |12 |10 40 |02 0.4
IS o Ros| 11712 ]| RN o044 1-R [ o0-4S
l6-0]l 9 | 2:65| |20 | 1433 0:33| 0.8 [ 06.49
b O] S%-I 2941 1 of Solo-42 | LS ip. 46
[b.o| 96 | Z2-45 | |10 14.1210.3S| 1ol |0.48
[6-0 | 1S4 209 | 1.o4 | 1413 |00 | 0-B| {0.48 ]
/6- D |2%0 - 89 0:G8 |13 SLio-27 |0 |0-46
/6. o |34 121 {025 (1394 0-10) |60-S8 |0-47
[ ©O |406 oS | 002 -S| 0.15 | 056 |0.46
6. O |4 64 0:64 |o4) | \Z3© o099 | o.R)|0.4S
6.0 |S06 0.s2 | 043 | I12:.89(0.08 | 6. |0-44-
/6. 0|SDN  |o-bo |04 | 1I2Z% 009 | 0330 .44
o< =2.5°, r=0.280, =132tk Hz Test No -029
M |oie. | Mean Loads - kN Specific Loads -kN/mmy
SPEED. | VELOCITY | senoing | oIe ORAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE
247 1434 108 | 0.6l | 12:9%] o2 (]| 0-S4| 0-43
262 [387 1-47 o | IR2N| 0.22 | p.6( | ©0-42
262 319 Sy | ogx | 13| 0283|000 | ©-42
L) K280 14 | 084 123 | 026 | 0.830 | 6 44
)3 |22 195 | 1.og 120|034 | 6-27 | 0.4
2 8 lis4a PREES lhos | 1R |0 40 | -0 | 0 .4
XS TR 208 L™ [ 1220 |04 | | 0% | 0.40
9.6 | lo6 o6 | 1R | R4 |0.45] 1-1S | o 406
232 |46d 23 | 1'S6 | 1222(0.1¢ |o-aslo .42




o< =2:8°, r=0280, =326 KHz

Test No- D230

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

L]

DRAW DIE
SPEED | VELOCITY | . gENDING | DIE DRAW | SPECIFIC {LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
s | 47sS 0.6 | 02| |\2:6[]| o.os| 01t |0.41
2.9 462 o040 |o-2( 12 ol Dol | 0O- 16 o -4
.y | des g4 {025 | 1280|006 | 019 | 0 4
Is. | 4SS |p.d8 lo2C |12 Ro |00 (019 | o-4(
125 | 465 e leoest |Idvov |0l | 0BR |0 42
21-< | 455 O.28 | oSS IR o1l o4 |04
28 |46S |08 |05 |13 0.0 026 0.4
277 | 465 O 6% | 0% 294 {0t 10.29 |o .45
287 | 465 [ 2( |eDo (3. S0 18 |O-S2L |p.g949
A3 | 44< 1ot oL |13 S |0- 16 |O0OSA | o0-4q
208 | 436 (-2{ [c0XN [ IRSC| 018 |06 |O0-44
451416 .S 0-&3 2.472|0:22 (0.6 |O-44
492 12390 2 |e-&Il 13S6 | 012 |0-60 |0-44
6o 2 |1\ 1] 094 | 's6e|020 000 |0 44
s5.4 | 387 les oS | Ry lo2d410-67 |0-43%
63-8 | 3S8 l4< | 0G0 1WS|lo2l | 067 |0-44
V7S | 327 'R | oas 1S | 0:28 | 0-20 | O 4 4
Q4.5 |32y 22s |11 ReLlo-17 0087 |0 44
2.4 | 329 ) le-s (2:St| Ol |o-S6 |0 4 &
2.6 | 290 121 o924 | 1413|1018 | o85S |0-46
/S |27 (2s |0.28 | 141|018 |o-sg |0.48
185 126] 147 {10 4.5 021 {02S |0-46
232|282 e | 1L (413 0.25] 087 |0:-46
2S.6 1222 143 | 132 | 413l o-28|o0S8 046
S2.0 |21 2051 1,22 | 14| 020|090 |0 46
<2 4.1 1714 269 146 | (23| 0-29 | [.o08 |04 X
232114 26| 1< 443 | 038 (-20 o644
3g |6 249 | 1.y 1401 | 06| 1112 048
V| £ 230 | (\Ro | 1401 | 034 096 |0-4&8
29 | M 251 | eS| 143 | oY | 1122 |0-46
Z08| &) 251 (sl 143 |02 118 lo.46
272 1M 22 | 181 | 15| 0 .40]| -34 (0. 44
232 |07 253 | 1186 | 13St | p.4o| 1138 [p.44
WVE | 6) 2R3 | 1 4o | 4R |{o24| 104 |0.-46
416 | & 257 1168 ] (1394] 0.37 124 |0. 45
462 | & 2-672| ' 1RIS| 0-3]3| 1130 |0. 44
S 6| 67 265 66| 1M o[ 112R 045
&) 1688 | 233 187 | 15 0.43 | (-8 | o044
sE |63 | L6l | 168 | 4S2| 0| 124 | 0-4)
<s¢g | BI2 | %26 109 14-52 | 0.4 | 1I'R2.| 0.4)
48 |92-4¢ ] 2a0 | 137 [ 14.S2]| 0-4| 3% |06.47




[N

o< =2 5°, r=0220, =326 kHz - Test No - 030covs~
MEAN |PE2X |Mean Loads - kN - |Specific Loads-kN/mm
SPEED | VELOCITY | _ senoinG | DIE DRAW [ SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
44 103 ,Z g_C' 1. 82 1433 | o. 42_ 1.38 O 46
24 2.9 | 2.6(1 140 ] 14-42| 0-3&| (0] |0.47
29 19 | 25741 146 | 14:-421 0. 32| 1.08 | 0.7
29 2081 2N | 48| (85| 0.40| (32 |o.44
294 =33 [ 2.9 N2 ] 1433 0-38] 1127 |o.4¢
24 4. 6 | 2-79 .35 | 15-04] .33 1 0-99 0.4
29 s2.0 | 271 ] 110611294 0-40| |30 |0.45
29 6.5 | 2.8l [0 | 14 p. A1 .26 lo-4<
29 7.3 34| [\ Do | V404 0. 46 1 4( |0 45
24 g.5| 23| 2ol 13S6jo0go0]| I'S3loga
29 | Io4 2326| LoS| 135|048 1122 |0.44

o< 22:5°, r=0453, {24346k Hz

Test No -O34

[V ]

MEAN IheY |Mean Loads - kN Specific Loads -kN/mm
itfffm :ﬁkzlcw TAG BENDING | DIE g?&is i’)’gi‘flc LD?EERA‘-
4 1373 | 2=25| 147 | 199 |0-4310.60 | 040
2.5 | 3R 227 (W29 | 203 |0-44 | 059|040
98 13SR_ [ 1187 | 12 | Z.o |06 | O-S| |0.42
1452 | 344 12§ | lod | 21.6. |0.3¢ | 0 .42 | 0.4
2%% | 324 | Z.1] 138 | Zi.o 042 |0- 64| 0.42
247 134 (-89 |ty | 222 |0.36 | 0-S2|o.-44
46-.2 |34 | 2.71 LB | 22 | 6:-42| 6.60|0-42
Sss | 2SS [ Zo9% | vy | Zt.b o .do|-0-5S(]|0.43
66-6 | 7S5 | Z1R | 1z | 216 |lo.4( | o-st]|o.43
2o (2SS | Z17 1.1} 222 | p 42| 0.5 |0.44-
VS| 2o | 271 | v4) | 214 | 0.52| 0-6) |04

o< =25°, r=0-480, {=43 48Kk Hz -

‘Test No-A32

[ N]

v |oie. [Mean Loads-kN  |Specific Loads-kN/mm
e | mmsec | TG | BENOING| DIE | DRAN | SECIFIC L ATERAL
Loy | 4o | 233 | 17 1 220 eo-4) o) | 0.4
s |2 | £.4l | %9 | 2243 0. 49| 0.-82 | 0. a2 |
13°9 |39 | 2.09 | 'S |A342| 0-42|'0-8B0 |0-44
(9.5 | 304 | 1832 ]| [N6 | 23:3 p-38l o726 |lo.4S)]
2381354 | Lol | Z. IR (2. 84| 0- SN 0-22 | 0. 4<




o< =25°, 10413, 1=13:44KHz

TestNo-O XX

]

NN Ioer |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | geNDING |* DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL |DIE

2 |42 2.6 )1 <$SC | 2064 0.5 0.68 |o-d40
yo |422 |2.8S |I'St |2o.84|0-58 1228 |lo4deo
s |41 2.9 12 6( |Z21.04|0- 59|07 |lo-d4do
na |41z I | 1069 |ZI-84|o0- X |04 |0.42
16-6 |40L 218 - W2.2% |o0.64|1078 0.4
233 363 |2 |1RS |23 o} |52 |0.6o |p.-44.

o< =2'S°, r=0.200, f=132SkHz

Test No-oO0 X4

[.S]

e |bie. |Mean Loads - kN Specific Loads-kN/mrr
SPEED | VELOCITY

mm/sec |mmsec | TAG | BENOWG| OIE | S AL otE
)e 44 | o.so|lo.2s|I1RX |o.07 |04 |04
34 (425 0.S6 |- 34 | 12.3| (008 |0.26 |0-4(
V.6 |44S lo.t4 oS |I12.S]| (009 |036 |0.42
N4 |42< |0.49¢ 069 1200 o1y |0o-S2|0-42
IS\ |42 (042 [0-64 [ 12%0 [ Q1% _|0:495 |0 -4}
204 (425 1R 101 | RIoc |01 |o.SR|0-44
252 | 4o | I'SS |0-78 | 130 p.23 |0-60 |04
EEES- YA RS RIZEY 12:€0|0.20 |0.62 |0- 45
N8 | 3&7 |-67 oAl \elo (024 020 |0 4G
46-2 | 309 1-4C 0. 86 (1200 | 0.2 [0-66 0.4
S4.4 | 250 9% |0- 85| 1310 2% [0-65 |0-4¢
1S e | 290 | 229 | 103 | 1230330029 |0 -4l
42-4 | 25} 24S | 1ok | 12.51| 026 |0 B |0 42




o< =2, r=0220,=1317 kHz

Test No - O35

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

(%]

DRAW DIE
SPEED | VELOCITY [ BENDING | DIE ORAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE

.S | d42 0. 18 | 047 QG |02 | 0.16 | OF

118 442 0.22. | 022 9 R | o0 o211 | 033
4-4 | 432 0.26 | 0.26 4.5310-04 | 0 2s| 0-39
67 |42 0.3 | 02¢ 983 |oos | 025| 04
7.6 | 423 040 | 0.42 A32 |o-0S5 | od40| 028
13-9 |42} 0.8 | 0.4 AN 008 |o.4< |0 -a
Zp.8 | 423 0.66 |0.S2 | 1012 |0.08 | o-So |0-42.
277 | 404 089 (oo | 10X {01l |o-5s7 |0-42
41-6 |34 1R | 022 o2 oS | 069 o044
S&-2 |RES 129 o | o2 o1 | O20 |o-9q
6|6 |3SY 1’29 | 087 | to12 o177 |o-32 |o.q9
27-8 [ 298 'R | 0506 lo-3L| .25 |00 |0 .4%
924 | 265 /184 | 084 | /p.42 |6.25 |0- &N |0 .45

o< =225°, r=02, =133 kHz

Test No- H R4

[ %]

rey loeT |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | BENDING| DIE | ORAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE

1 447 10 4S5 | 081|159 0.2 | 2. 5F | 0. 42
36 | 422 1. 45 | ©.B6 | 15.88| 0.2 |0 S G |0-a3
&3 428 B 0. 7&(1S 48| 0-2! |lo.a4%|0- 92
134 1408 125 | 020)S. 88| 020 o . 440 a4
18-S | 389 -2 | 099 |1S-B8|0.20 |0-62 0.4
23] 2829 [\Q} 099 11948 |0.Re |0 L2 0. 42
246|339 0851086 | 1548|029 |po-Sd¢-|o. 4=
297 1R&5 212 og8e (598|024 0S4 lo.4a=
233|269 A2-13 o990 |1S - 48l0.34 |p.5¢ lo.az
YR RS 2.2 | 0.80{IS- 48 |02F |o.5sS|0 -g-2.
4.6 |2 Za7 | o0&l li1s. 6l 0394 |o.s0 |0.42
44.3 |Rdo 225 | 0-90|1S98 |02S |0-S6|0.42%
462 |3Ro 2:37 | 099 |/5.48|0-%) |o.2 |0-42
S27 |32 26| o080 (1469 |o.4l |o-Sé6 |0 .<o
S3¢C |3 2357 |0-8& |IS0% (0-4( 0,5 |0. 41
Lt |29 2.6 o9yl |1S 4810 4 |o.s7 o .42
228 |272 2 _|o0.9%2 |/s.28|0.4% 0.7 lo.a=
28S [272 270% | ows|175.28(0.94 |o.-60 o 42
832 292 |25 | 100 |rs2& 0.4 |o0.62. |0 .42
G4 |ZS2. | 209 |11 |15 0%|0-99 |0cq [o.4]




o< 22, r=0.440 =43k Hz Test No - ©37
MEAN IDeY |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | _ senoing | pIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE

-\ |4z 1AS |10 | 18803 |os| |37
2o |41% 225 | 1o | 1866|1042 oo | 0.3
V.6 |22 225 | X 1906 |0:-42 [0S | o029
(6-6 |32 2.49 | 1'135 [ 2025|047 |0.6% | o042
232 |[[¥2 232 (127 | 19:.8F]0-44 |0-bo |0-4 |
299 22 251 | 130 | 89.45|0.4 |0-61( |o.4-2
20 |1 Z<S3 | o4 |[19.06 |p.40 (0-49 |o-29
7R [362 225 | 08 (2700 |o.42 [0-39 |0.26
43 & [2S? 26| (0.3 1906 |0:49 |04 |02
S2-0 |23S3 2.49 (o8l 119.06 |0-41 {0-2W |0-9
9.4 (242 2% |0:8) |94 o st |04t |0-40
66-6 2R 2:6( |03 |19-25|0-4% |0-34 [0-40 |

o< =25° r=0-355, {=4332 kHz

Test No- 03 35

MEAN 1DieT |Mean Loads - kN Specific Loads -kN/mm?
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC JLATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
4 | 441 Ll joed] 14.69) 012 |03 |07
-5 1125 |26 | 144|020 |0:26 |0
Q.2 |428 10S |04 | (Soq | 00 | 0.2510°X9
12-8 |48 096 {03 |IS2& 016 |02 |0.29
18S 4028 113 [0-68 | 1548 | 0.22- |0-40 | 039
228 |408 | RS |02 | 14.69 | 022 |26 |0-Q)
27 |4or 'SR |0.5Sb | 14.€%)0-25 |02 |0_RY
333|338 | 1%l _|0-62 | 1489 0-29 |0-40 | 03K
41 ¢ |9 \'49 | o -Si 15.65(.0-24 |00 | ©0- 40
462 |269 Lhag o932 [rso0d ol [o-42 0.9
S Réo LA _|0-69 | (S28| 0% |©-40 |0.-39
ss-< 350 2R |07 [ 15sA | 034 |0-42 |3
s34 [0 2291 086 [ 1444 | o) |&o:S2 o
61.3 (Y 245 085 | 1S228 | oy |o-s0]| 03]
2%:6 [y 229 |0.90 | Is2& o) |osy]|o3Y
1S:6 |30( 229 | 0.3 | IS0 [0 |0 4]0
82 282 |24t |08 | 14.8% |03 |04 |08
g6 |2 24 090 | 1S09] 0.3 |O-S}{| 09
92-4 |22 2.5) oo | 14259 0-41 |O-S)| 0.6




o< ::2-5"” r=013, f=1303kHz

Test No - ©ORX

M BT [Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | . seNDING | DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
22 |36 003 | 6. 241496 |00 | O-S|O-T4
20 |2 |ook |0 | 4.2 001 |O:SS|0-]
AR RS {010 |00 R | 4.96 | 001 | OS]0
A0 |34 |02 |oxA | 4.9¢ | 001 |06 |ORG
Jo |32 |01 042 S |02 |O6S| 03T
26 | 2¢t |02% |046 |56 (00} |ONL|OAS
s 228 lo4élos2|<S9% p.06 | O-% |O-41
25 1<) |07 |0.SN]|S96 o095 |92 |0 4|
2.2 gbol|l 1127 | loRS|04S | U2 o4
2-2 .| el |0gN|6.5C|019 | 129 |D-45
23 o |l lo-v6|6sS 020 34 10.4<
N 262 |04 |03 | S 16 |0.0%|0:S6|0-35
WS | 26X |o-16 |0 | SSL|oceoalo6( |03
A [R42 030 | 0483|523 004 |oaS |0-3)
W4 {296 |040 | 0-SS| S IS|0.05(0:B36 |0:39
n-9 28N (0o |06l | SO lo-01 |0-95 041
nw-a9 {200 |02 |loNol6.as ot | 1069 |04
-4 6ol ]-S) |oRB| 251019 | 1L o406
wa | L2195 | 1o |6 0.24 || |0-4]
(-9 o 2o Lo | S|lo2zs | 1167 (046
29.2 13y 0.20|2N | 53 |004d |01 | o]
9.2 324 ox2x|o. sl | sH6 (0.04 | 0-8Bo | 031
29.2 |R0oS 0484 |0-€) | 6.1 |0-06 | ©-839 |0.42
2%.2 126) 062 (0-0l | 635 |0-08 |0.95 |04}
29. 2 \2A 0-86 |0.70 | .35 (o100 | 109 |0-42
29-2|1¢€l 12l (0N | bsS o | 1-l20 |04
29-2.| 956 | |25 |09 6.95 o2 142 |04t
Z28.2|1382 | 2 | |-0S | 6-SS|0-2¢ |64 |o-45
Z%9 2| 1S 1 2.4 110 695 |02% || R2 |o-4)
Z2%.2-| o 2.(S | /1'0S | 675 026 | (-4 |0.44
4€.9 |RFR |0 40 | 0.5b | S.236 |0-0F5 |0 &) |0
4% 9|24 |o.svo |0.62| £9L|0.06 |02 |0-41¢
4%9 (|28 010 |0:64]| b.1S (0084 |09 [0:42
42.9 1267 090 [0 IR S |0\t | 1 1l |o-41
48.9|210 .21 (o-3l 6.3 |01 | 1'26 |04
48.9(1S2__|1:4% (086 | 655 (018 | I'R4 |0.4<
428 | 66:91 12X | 122 | 6210221 1.98 |o-4& 6
429 8.0l225 1116 [ 62C o202 | 1-21 |0.46
42.-9] o 2.0 | 108 | 69Y5 026 | 1-6R |0-4)




o< =2.5° r=0433, {=13-08kHz

Test No - OX Cca

L]

re |oie. |Mean Loads - kN Specific Loads-kN/mm

SPEED | VELOCITY | - BENDING |  DIE DRAW | SPECIFIC |LATERAL

mm/sec | mm/sec STRESS | AXIAL DIE
.G (343 0o |0 68 | 6:SS| 001 1o |04
<A 4|20 O-60 |o.2 | 6.3 | 000|087 |0-4
<9424 0- A4 o720 | OA<S [0 -1y 1-oa |o .42
=S.4|20 -2 |0.83 | 6..sS| o016 |[1.29 |o.4<
<. 4|l 1:SS |o-gB | 2SS |04 |t 10.49
<$H-4| 669 21 | lol | 1IS |0:26] 157 |lo-49
<S4 2870 | S | Lo IS 1026 [ 12 lo.ag
<S94| o 26X | 1:2] | 24S o2 | 1:98 o -49
8L (s |08 |oas|eas |o-u |1 |o-46
K2-2]257 0.9¢ |08 | 62 |61 | 122 |b.4¢
<2 2|19 1SR |02 | 695 | o1 | 11X |o.4¢
<2214 1LA9% |10 | 6775|023 |68 |o.46
222 73 | 221 |11 | R4 |02) (14 |o-so

o< =2:8° r=0.25, {=434TkHz

Test No-O 4o

~

veav |bie. |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | . BENDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
09 |soo O.lL_ | &2 | 0oL |02 |D0-22 | ©0-}T
09 |41 oo | 0.29 | W2 | 00 |0.24 |0.40
09 |442 033 | 0B | |12 |ooS |02 |0:-40
09 [&4 020 oS | g | o1l |o.40 |o-4o
oq |18z )RS | ot | J23 [p:2¢ |0-24 |04
o049 | [ %) 0-98 | 1270 |0 25 |0-8| |0.-46
0.9 M0 | 199 l-o4 | 1270 | 027 |08 |o.4¢
09 s | 225 | 12 | (7% | o2 |09 (0. 46 |
0.9 192 | 230 | 14 | 1290 | 03 09X (046
o9 6 |22 | 12 | 1290 |e2y [ 0-94|oac
S |44l 024 | 0042|0712 | 0.0 |05 | 029
S-9 |42 O-2& |0-44- | lo]2L| 004 | 03) | 040
S 1422 0-3G6 |0-49 | . |0-0S |0-41 |04
S 146 0-68 |0:S4 | R0 [0:09 |04 |0. 46
S-9 |42 1:27 1025 | 1R [ 017 |0.62 |6 .4)
S | 962 | 1165 |0:90 | 1330 | 022 |02 |0.-48
SA 1 26 | 1.8 |10} | 1330 |02 |0-¥<S |04
S99 | 32S | 2/S | 109 [R¥o |00 | 0-50 |0-ag
SAl o |22 |1z | 13sookl |09 o949




o< =22, r=02%,{=1311 kHz Test No - O 46
e Ee" | Mean Loads - kN Specific Loads -kN/mmny’
SPEED | VELOCITY [ senoin | bie DRAW [ SPECIFIC [LATERAL
mm/sec mm/sec STRESS | AXIAL DIE
1%.% |48 028 |lo.s2 [IN12 |oou | 0.42] 0 40
12.8 | 442 040 |0:s0 |11l |0-06 | 0:40 |0-42
16- % |20 0-6o |0-61 130 |00 |0.F| |0.48
€8 | Jox (R 10:8) [ RS |08 | 012 | 0.49
15-% [ 13 [69 [lo® |I2sv |0.22 090 |0.949
1§-8 | 962 | 20! ‘124 [ 028 | [0S |0 .49
1€ | S |2.25 | 1'1R0 | R0 (03 | 106R |0.49
1¢-8 | RN |20 1'% | 1R [ oR | 1.08 |0.49
/&8 192 [ 4% 1116 % |02 |09k | 0-50
1¢- £ o Z-09 13 1290 | 029 | 094 | 0o
24 | 423 0-<S2T 0.62 | |¥Sole.on |o.s|]| 0.4
247 |2 002. |00 [3.90{0.16 |0.S8|0.S0
347 | 21 .21 | 0.9 1% o0-11 (092< |o.<s06
24 | 1S} 127 (086 | 1429|010 (0.1 |o-s
34 [ 12X 3 1144 [ \3'S0]0:24 |09 |04
247 | 96-2 |19 | 1:1Z 13S0 |02 | o6 |0-49
24 | ) | 225 | 'S4 | 1[0 |03\ L1l |o.So
240 | 3RS | Z. S| 1:4¢C | 14621035 | [+2( [0:S3
2411 14221221 11.20 | 13S0|0:21 | 0:99 |0-495
G- o 217 22 | 1Yo | 0¥ | ol |O'So
S2-0 |384 10056 |02 |\Xilo | 016 [p.78 |O-Sb
sSt-.o |2.%( .29 | o-99 130 | 0.22 |0-9% |o-50
SZ-o [Ny - AN 1390 | 0:29 | l-0l | 2-45
S2-0 |[1\'S 1:3% {126 1490 | 0-29 l.oo | 0.49
Sr.o| 269 |.2.41 \. 4o (429 |p.22 090 o0 =0
5.0 | ST | 2SS | 1Sy 1529 | ok | 1'1S oS0
$2-0 | 3§ (221 [ [ 1489|032 [1.27 | 0.49
s2-0| o 2N Y 130|203 | 129 | 0.477
44.3 300 -1 094 | 13720 {016 |08 | & 50
69.2 1220 | ol (18 [ (%0 |0-22 |©0.98 | 0:So
64.% 1sy | 20/ | 1122 | (3'spl0o2a | lot |0.4g
6432 | 9.2 | 209 | 12|\ 12S0|0:29 | l.co | 2.49
6A-2| S| 2o) 109 190 0.28 | 090 | 6.0
642 | &S| 2SI | 1-9 1390 | 0.3S | 1S | p.scd
6a.3 | 19:2| 2ol 48 | 1RS0|{0.36 | (-23 |p.49
693 o | 2-$S|1:S6 | \yi1o]|o-3 [ 1:129 | 0.47
Q2.4 | 2¥0 LA .20 4230|020 | 082 |0.52.




Y]

o< =28 r= OL‘SQ‘{:ﬁ‘iTRHZ Test No- O 4o

MEAR |heT |Mean Loads - kN Specific Loads-kN/mm
SPEED VELOCITY TAG BENDING| DIE DRAW SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL |DIE
ard | 1Sy | 205 | 1-24 11390 | 030 .03 | ©0-<o
Q24 | 134 |23 |10 |13:$0 |02 | 1:08 |0.49
924 | 962 | 2.9 146 |[3% (04 [ 1.2] |o.5o
]2 4 S [ 299 [ 148 | 1R0 {038 | 12X |o- S0
a2.4 | 41 |26 | 143 | 1% |00 l1a lo.s0
2.4 | R3S [ 2% | 1S [ 13S0 |0d™ | 1.25 | 0.49
A2-4 | 18 27T | 1:S) | 1380 |0.38 | [-2X | o-vo
2.4 o PF/AY 1-s\ 12%0 | 032 | 1.2 9. 50
weé | 21 1-3! 1'2S {1390 |0 25 | lrod- o506
(a3 14 | 209 %0 [ 13%0 ({029 | ).oR |o-So
ng €66 | R 'Y | 1430|032 | )10 oS
g sVl 1. 4% | (430 [0 .23 |[o-s2
ng 192 | 0L [SS | 1430 | 042 | |28 | o.<S2

o< =15" r=0241, {=1308k Hz

Test No-© 41

t
i

MEAN |Ee" |Mean Loads - kN Specific Loads -kN/mm?
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC {LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
|- 4R128( 01 10.38 |36 | 002 |00 |07
1.4 |760 216 1029 | 4-01 |00 | 00 |0-4]
- 431248 0-44 (044 | 420 |0-06 | 04 | 0 .4
1-24-1210 0:26 1048 4.1 |0 1l |oR) |0:42
1:24 141 [- ol 0-S2 |la.sg | O0- &0 -4 |[0-47
-24 12 ‘4l |02 [ 4.87 |0.20 |0-SC |O-SI
1-24-| Y64 |1} |09 |S.44 |0.-27 |04 |o-SC
10241 418 | 2.18 | 103 |S4 ok |ogelo.ST
24| o 233 [ 112 | <92 |03 |0 &7 |06
—_— e e — e ] — — e e e e e — —
6.4 | 246 024 |O02G | 401 |00 |028 |0.41
b 4 260 0L | 042 | Ao | 0.0S | O | 0-44
6-4 298 0.So | 0421 4.5€ | 0.00) |0-R (047
6.4 1229 o.-6b 0-48| 49€ | p.oy | ©-37 10-45
|64 |20 |0.24 | 052 | S06 | 012 | 0.40|0.S2
6-4- 10| ol 10:St | $3s|095 | 0.44 |0.<<
6.4 [} -3 0.6 | 1% | 020 | O0-So0|0-SY
64 | L 1 | 03] | 620 |02t | 068 |0.64
bd | o 219 | o2 | 6o | 0-20lo.eD
16-C | 267 |02 038 |d-0t |0.0) |o.29



o< =, r=0261, {={208kHz Test NO-041 comi+
MEAN |PERK | Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | - BENDING | DIE DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
16-6 |29% 06 |log4Y | S16 o1t |0 | 0.2
[6-6 1229 O.X2 |0S2 | S2S5|2:12 | 040 | 0.4
l6:-6 [ 191 10N 1057 |S'S4-10-l6 (0.44 | 0-s7
16-6 |11 -7 |0.64 | S 83| 020 |0-5S0 |0.60
16:6_ |14 16S |02 | 6:Ro (024 |0SR |0- 64
16:6 | ST |20l 087 669|029 |068 |0.6R
166 | o |Z2S |0-A8 |69 | 022 |06 |o0-2.1]
2 -(257 |loox410-49 | S -S4 012 (033 |0.5]
201248 |09¢ | 0SS S 9%|0:14 |04 |0-6/
22.0 (210 X 0S99 | 61 |0.16 (0:46 |06
22.0 |1 8] 1R |02 | 6-Ro 019 |0-48 | 0-64
220 I 6| |069 | 669 |0-23|p.54|0-68
20| 6.4 1'8F |0-22 | Q.0 |92 |0-64 |02
V20| 32| 2.0) |0RBK | V-2 |03 |0:68 |0.74.
R20| o | 218 |oaS |45 |03 |24 |2:76
S2p|24% _|lol _|o-sSN | 6.l |o-a |0.44]|0:.-62
S2-0lZ10 112 loes | 6.2 |01 |0-So |0.-64
S2 .0l 149 (oN3 | 6-83R |0.21 |6.57 (00D
S2o| IR .69 o0 |6:28 o4 |0-bo [P0
S2Lo| 2o |:X4 |06 |D.e) |22 (067 (O
S2:o| SIR 2.0 |04 |DD) 0298 |0 |02
S2-0 o Jo<s 0994 | N3S (o2 |0 |o2S
632 | 210 .25 (0068 | 6.45 |0-1& |O0.S]| 0-6%
653 | 1K) 1.4)] {072 (6.9 |0-20|0-5) 107
6931 133 ] 69 032 | 6.9 |0-24.]0-64 | 0-7¢
6232 956|118 (092 |64 o202 00 |o77g
6.2 6691205 0S8 |72:64 | 0291 076 | 0-28
6221 3821208 [loo |74 loz | 072 | 028
6931 o 2:09 | 1-00 | 2.4S| op | 078 | 0-76
| 04 |12, [[6S|o-g) {22) |024 |0 68| 0.0
lod |14 135|094 | 2.2¢ |p-26 |023 |0.04
lod | €6-0| |30 |0-9¢ | 24 |028 |05 |06
(o4 | S13 | 2.0 |099 |7.a5|po2g |02 |06
(04 | 382|205 |l,ogd | 2041029 0¥ |02&
04 | o (ZoS |loed |2.64| 029 o0&l |0 %




o< =10°, r=0.2¢3, {=42.84k Hz Test No -O42_
e e’ |Mean Loads - kN Specific Loads-kN/mm?
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC JLATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE
6.4 [0 028 |0.02 | L4 | .04 | 002 | 012
64 (262 o-40 | 0O-lo [-SR | 0.0¢ | ©0-08 | 024
6-4 (206 0066 | 023 | 1141 |0-09 | 018 |02
b4 IS0 1:29 0:44 | 229 | 0-1S | O-3S | 0
b-4 |10} 165 (0.6 | 261 | 023 | 0SS! | 0-27
6.4 | S0 (1.3 |09 | Z-8] | 02 | 0-62 | ©0.90
b 4 S| 225 |06 {2494 | 032 | 0776 |04y
b 4 o 2.0 |094 | 28 | o 028 | 0.4
et e e i met T R uuy DU S
/66 | 242 | 064 (0.23 { 'Y 009 |08 [ 0-277
/6.6 |Z2o6 |0-80 |0.29 | 2.10 |o-1| |02 |©0.29
/6-6 | 163 L2 |0do | 248 (017 |0oR2L |0
l6-6 |11 -6 (o-sa |Z6) |0.23 | o.47 |00
l6-6_| N8 | ['BS 002 |R¥) |o26 |p.s0) | 090
/6- b V750 | 209 022 |(Z2.9¢ 029 |0-6S5 [0.4]
l6-6 65 | 223 (091 [Ro6 [0 o072 |04
/6-6 188 | 232 {089 (3/S {0.2323 | 078 |oga
/6-6 o 2372 |0:9%3 | 2IS |0y |07 |o0.949
o< -10° , r=0.299, f=12.81kHz Test No - &4
MEAN hie. |Mean Loads - kN Specific Loads-kN/mmny?
SPEED | VELOCITY [ BENDING |  DIE DRAW | SPECIFIC [LATERAL
mm/sec mm/sec STRESS | AXIAL DIE
| 20-% o) 2.5 124 206 | 0.4% | 064 | O-Z28
20.& | 225 | 113 |04 | ZZp |o1a |OCZBB oo
Lo- g |28 |o0g |02 | G |0-1R |©32]10-13
Zo. R |26 0-34 | Oto | Lto |0 14 |03 |0-19
20. % |25 LIS |00 | 230 (020 |06 102
208 |NE 1149 |o-%3 |£48 |o-2¢ 0.4 | 0.2}
0.8 |13l 191 Jlos | 2s8 o) o85S | o2aq
208 | Q40 | 217 |l |Re) o |oeolo.2a
20.2 | 282 | 241 [ 1:29 | Z.¢) |o-4( |6-6)|0-24
20281 2832|253 |13 140 |03 (069 |2 S
20-8| o |2-SS| I35 .2 87 l6.9¢ 000 |O0-2¢
271263 |0%bC |02 2-;0 oIS o032 0.1
3.3 1,225 /.09 o2 220 l0-18 O |0 26
333 1206 3 1008 (220 (022 |41 |02 6
33.2 (169 Les |282 |248 |0.28 |p.4% |0 23
B2 (Rol |1 |Z24% 04| p<sz |02}
23221440 1S KIR 2.6 03‘1 o-6 ( 0.2.9-




o< =40°, r=023%, {={Z.81kHz

Test NoO - 242z xvx.

MEAN |TeT | Mean Loads - kN Specific Loads -kNimny
SPEED VELOCITY TAG BENDING DIE DRAW SPECIFIC JLATERAL
mm/sec mm/sec STRESS | AXIAL DIE
2RIV |23 | 125 | 2SR 0- 40 |0.65 | 0-29
233|306 | 24S | 1134 |2.67 042 |00 |0.24
R o ZS3 |13 |27 (04R |0l |p-2 6]
555122 | 146 |08 | 232 | 902F | 2-43 | ©.22
Ss- S| 182 164 |09 |2-4R102a | o4 |0.22
o | 14t 201 |10 |Z5SR|10.34|0.-SC| 0.24-
sse |12 221 |14 |Z.58 (032 |0-59|0:-24
cs<| 7952241 [1.2¢ |36 | p-41 |06S|0.2)
s6S| 1814 SS | 1:12412.96 (044 | o0 02
SES| o 1249 |13 | £-SBlo-ax | 0-61| p.2¢
6 ).3]18% lL6S |0-BR |258 |028 |0.460.24
6.3 1150 .29 098 [2.6) 022 |0-S| |0.-24
&R hayg Zol |13 |Z-8) |0:35 |lo-S4 (2026
6731 Q-0 |Z.27 L1} [Rol (o™ |09 |[0-28
673 | <e.a (241 126 Rt |04 |lo.&T 022
623 | 28.2 | Z2.49 120 |06 |04 (0.8 (p.22
623 o 2.5 |12 |Zec 043 |0-6R [0.28
6.7 112 2. | Lo [Rus |0 940 |0.55]0.29
Q67 {122 223 L WIS | 0-33 |08 [0.29
96) | 840 {229 | I Ry ]o4) |0.60]|0 R
F) | b4 | 2.5 126 | IS [ 043 |0.65 |0.29
56 | 36 | 2.5 1:26 | A2y | 042 |0-5 |0
96 | 168 | 2SS | 130 | 32y 1044 [0-683 030
A6 | o RA:s5 1129 [_2¥ |0.94 |0.6) | o230
'3 |29 |02 | 029172 (002 [04S |o0/6
1. € XIS oL |0.23 | I'¥) |oc.o2 |212 |o. 1D
1 % | 263 022 | 032 1'8] |00 |0-18 |O-IE
1'C | 40|22 |los| 267 |0 |05 o024
L€ | Sb4 1249 | 1-25 | 2.6) (0.4 |o.65 |0-24
lg | 2«2 |2.69 r_[-?,'s‘ 2206 |90:46 090 |0-22
18 | o |20 | ldao |Rys |0-47 |02 |0-25
104 |26D | ©0-2¢lo .46 (o1t |0 oS50 24|0.1Y
0.4 | 253 |oboloss |2¢co |oto [O-29]0- (7,
0.4 |22 | oS8 |0 65 |2.4€ 0.0 |O0RF|0-23
164 | /69 I'S310:%6 [2.7) | 024 | o 45025
(o€t | 1339 Lol |27 (o032~ |losr |lo2s




o< =10° r=0298, f=12.81k Hz

Test No - 42 csvis+

[ 8]

e oe | Mean Loads - kN Specific Loads -kN/mm

SPEED | VELOCITY | .6 senoin | DIE ORAW | SPECIFIC |LATERAL

mm/sec | mm/sec STRESS | AXIAL DIE
1004 | Q40|22 | 6 | 0C |0 | 0. 60| 0.22
[0-4]| S6-a|2 -4~ 129 | 306 |04} |06 |O.28
94| o |23 | 134 | 31 18.4D (0772 |0.259

o< =40°, r=0.464, {= 1305k Hz

Test No - o8 44-

]

M hie. |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY | _ BENDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
1.9 |20 |0 |0-SS 12239 |o2 | 025 |0l
19 1285 (078 loosq |2.48 oS 027 |0.20
1.9 127 |10.949 |0.62 |2:67) |08 |©O28 o2
14 1219 [.2S |00 | D06 |0.24-|0.3L |©0.24
1.9 [ 1895 092 |3 44 o) |o-4t | 0-20
(.49 263 (249 {113 |} Sy (o482 |05 |0.23
1.9 g | 2.7¢ 125|344 |O-S2 |06 |02
(1.9 o 2.2( 120 |3 Sy |lo-sFlosT o285
234?706 |09 lo.ey 248 | 0 | 029|020
| 23.4-266 ok o2 |28 | o2 |or2]0.27
23 G {209 -8 | 082 12.3) | 0.2 | 03D 0.2
234 [ 1S2 (A 098 | 34S | o) |49 [0-25
234 953|239 | 1'2 [R4a-|0.-46|0.S3 |0 .27
234 A0 12.6) | | |44 oS 055 | 0.2
Z3v4 19 2.0 | 1:1) | 249 | ©0.S3]0-62 |0.2)
Z3'4| o 209 1S |44 | o0.54 |o.61 | 0.2
23124 | L2y 0NN | 2N |lo4 (o3| 022
B0B|22% [1.49 |oga | 2.8) |©0.29| 033 (0.2
23| 1€l %X | 099 | 31S |0_5 0.4 (0.2 %5
22-% | 133 249 .o |325 o422 |0.948 [0-26
2) 8| 58| 2SS |20 | 3444|0949 |0-F4| 0.2
278 | 3B-I | 22S |30 | -G |O0-SR | 0SSR 029
25| © 2.5l A3 |36 (0.5 6-bolo.2%




o< =10°, r=0418, f=12-0SkHz

Test No - O 4=

~

MEAN hie.  |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY| _ | genoing| o1 | ORAW | SPECIFIC [LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE

20.8 | 226 ol e | lo 1T ] 0-350.26
22:-) 266 Y ey |Raus |02 | 0-3610-2%
22 |24) 1:129 009 {29102 |1 6.39 | 0-29
41-6 | 247 1.29 |09 |R1S |©0:23 1039 |0-2%
4). S |22% (.49 |0.%6 s |l0.26l0-93 |0.2.8
L2029 Il oA |2da | 022 |04 | O 3o
b4g-o | 200 1" |1.03 | s} | o032 |o-S5( |0
o] (%l (93 {1ho) |R:6R|0-35[0-S3| 0-32
2S- 6162 2.09 |l |RDZ]0.R) |O-5S |33
9.9 |/rs3 |27 |1h14 R B2 |oR% |06-5) |03
160215y 225 |1l | 38| 040 | 6S€ | o033
/o025y |—es [1./0 [3B2 040 |0:SE [0

o< =10° , r=0-421, {= 130SkHz

Test No- © 4o

MEAN

PEAK

Mean Loads - kN

Specific Loads-kN/mm

(]

DRAW  |DIE

mvese | mmvsec | TG | ENOWO| DIE | DR | [one
22 126 080 0.56 |R-449-|0- 14 |028 |0 -3
<3 |223 1:27 0.9 |Rd4- 0. 22 | 0.0 |03
206 |209 (4 |0-22 |36 |0.26[0-4( |02
233 |14y |69 0094 |3 &2|[0o30 |0.46 0.2
69 162 Y {109 | 41| lors|os4 (0.6
46-S |42 Z-oa [ 1-13 | 4 1L {037 |0-S6 026
b2-% |12} 2.2 | 112 4.1 | 0-40l0-58 |0 &
M. | 104- 231 | »22 {420 0.4 |0-60 | 0G|
-3 Qs | Z.47 | 1A {4.20 [0.44|0. 65 |06
go | s | 2.5t [ 1.3 1420 |0 .40 65 |06
225 1A | 24949 | 130 420 |o-45|0-64 |03 6




o< - 10° r=0s26, {=1306 kHz

Test No - © 477

~

MEAN IPe" |Mean Loads - kN Specific Loads -kN/mm
SPEED | VELOCITY | - senoING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE

13 [Re2 012 |00} | 2.4 |00 | o0l |01

s 362 0.2% | 0.t o 2SR |0-06 {004 |0.1%
139 (oS 0-88 1049 | Z2.67 |0-1% |0-19 |0-19
Zo.3 (236 .23 | 06 ¢ 27 o2 024 |ooS
27 {287 Y 064 |27 |00 |0-25 [0-19
332 |25 st o2 [ AZ.87 |02 |o.28 |o.20
416 {257 1169 o | 296 |o02c |0.31 0.2
46-2 1229 189 |o90 [31S |04l o3¢ |0.22
ses |1 209 | o — 0.45 | 040 | —

o< =10° , 1=0.-S4) f=13006kHz

Test No- 0 4 &

My |he. |Mean Loads - kN Specific Loads-kN/mm
SPEED YRRV tac | eenomo| o ORAW | SPECIFIC [LATERAL
1| 43¢ | ©-20 | O-to | Z.19 | 0.oS | o- 04| 0. |4
16:6 | 419 0.-44-| 027 | 210 |01l |o-10 |0.13
22 | 362 290 | 0406 | 229 |02 | 0.l |O 14
23R | 34 s | 2SN | 229 |03 (020 |0
4|-L_| 286 llen | 0-8 | 239 (042 |0-30 |0us

o< =10°, r=0.6, f=1+{3 kHz

Test No - © 44

]

ey |oie. |Mean Loads - kN Specific Loads -kN/mm
SPEED VELOCITY TAG geNDING | DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE

'3 |40z o.16 |o2¢ |2.44|0.-04 | 004 |0 .20
4.2 |38 0.22 | 046 | 341010 | oas | 020
Q.2 | 4< 6o | 0.6R | B.25]0:- 19 | oz |0-19
139 |22¢ 09 | 025 | 25026 | 0.2 |0.19
125 |30 X | 0% | B35 |03 o) o9
2332 |2 125 |1 083 251034 | 028 (019
277 (387 [A)] | 0832|3340 | 022 |0-206
270 |8 1'SC 1 0-8C | 31 0.4( | 029 |©-20
2 272 o) | 0oaq | 344 (0-45 | o2 |02
416 {2s€ | 1'B9 | |'o4-| SR | 0S| | 0SS |02
Ale  |249 2o 113 |32 |05t |03 | 0-22.
SSS |220 2251 125 1372 (0.6(_ | 24% |©0.22




o< =10 ,r=0682,1=1214kHz TestNo- oS0
MEAN |he® | Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | _ BENDING| DIE | ORAW | SPECIFIC |LATERAL
— d6o | 0l |0 |27 loos | — —
340|460 | O24 | 0-RY |28 {00% | — -
€3 422 |0.bd |04 | 2.6 |0-2| — -
Y |2&4 | L0l |05 |2.39 |036 | — —
15 1326 1S3 | 0.0 | 2.4 |o. 49 - —

o< =10°, r=0079, {=13-4gk Hz Test No- ©<
MEAN  |Peaf |Mean Loads - kN Specific Loads-kN/mm?
SPEED | VELOCITY | . BENDING| DIE | ORAW | SPECIFIC [LATERAL
mm/sec | mm/sec . STRESS { AXIAL  {DIE

17 |ss8 | o028 [oss| 420 [0R — | —

S | S |OSs210.62 | GOl | O | — —

o< =10°, r=0ma, f=4319kHz

Test No- OS2,

~N

MEAN |PEEX |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec TAO BENDING}  DIE STRESS | AXIAL |DIE
\RIsSsRBloS6|06g | 429 026 — —
o | SRQ |oBe|oNg | SR | O040| —~ —
— — 1291291 | — lo-60]| — —

o< =10°  r=02t0, 1=12.82k Hz

TestNo- OS5

b Ihe |Mean Loads - kN Specific Loads -kN/mm?

SPEED |V tae | eenome| oie ORAW | SPECIFIC |LATERAL
g |Sos 016 o018 'S | 0.0 (o 14 |o. 2L
Ha |42 013 (018 1'SY |v.on|0-14- |02
g (1< oz |02 (‘72 {00 |07 |0.2.4
ng |[244 078 039 210 | 0.1 o3| |02
-9 |120¢ 1004 |oss | 229 |oaS |oda oz
g (M -3 oS | 248 |0:18 |0-€2 |06 24
9 |¢sq 131 00S | 267 |08 |0. 60 |OoRE
a1y 1'8S |0 | 26) o026 o723 |odg
(.9 2.1 1229 |lug |21 1oR2109) |o.90
u-a. | o 235 (117 1287 o2 | oY ]|o-q,




o< =5° ,r=04a2, {=13{8kHz

Test No- © sS4

~

e e |Mean Loads - kN Specific Loads -kN/mm

iPmEESDm :&ZI:Y TAG BENDING | DIE g?r?t—:\;s i’ﬁil{lc E?EERAL
2. ( |6S4 |0.24 022 | 9-S2jp.0o4 |o-11- | 019
2 $3¢ |026 |02 | 24|00 |01Z | 0-20
2 SS& | 0.54-10-Ro |10-33 |04 |0 14- | 020
2l IR&S [ I o2 |22 029 |23
3| 250 230 | 1112 1120 |04 |0.sR |02
1. P | 23R 1126|1230 |0.So | 0.59 | 0-29-
3 s | 283 | 1034 | N-S2j0: S| 0.3 |02
| A [ 2N |13 | — 0S4 |o-64 | —

o< =57, r=020s5 {=1Z-88k Hz

Test No-Oos <

]

My e |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY |, BENDING |  DIE DRAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL DIE
2.< | 489 oL | p 1L | 4SS |02 |0-12 | 0.19
2.5 1451 o 14| o143 | 436 |p-02 |01 0.1
2.5 1432 0L | 014 | 476 |00 |04 [ O-20
2.2 |R§8S o016 | 014 |4SS|oox |0-14 |O2|-
2 |18€ 0N | 044 | 6 .SS|0o- 12 |6-45 | 0.28
2. | | 1'sy |0S |2t |020 |06 | 020
/9 S6S| 183 [0 N | 2SS 0.2 |0.728 |03~
(9 o 1'A7 | 082 | 7.SS 025 |03 |32
.1 Sog |18 |o.17 | 49 ©.02. | 017 | 02|
e { 470 {020 [0-18 | 4N |&6DR | 018 | O62¢
T 422 |02 | 0.184 | 4.9 |0- 03 | 0.8 o .2
] |38 | 03K | 026 | S |0 05| 02¢ | v2s
RN .63 | 069 | )B4 |lo-2( | 020 | O]
nl |2%t c9o (oSt | el ot | os2) 027
T8 B K Aal 0.98 | 0.49 | 6-SC| ©12 | 0.So | OK
1 272 121 | OS2 | 1S |ous | oS3 00
18 NN 1272 | 122 | 2d4S |o2s | 1123 | 0236
el o BB | 122 | 7S |oq2 | ') | 6.2




o< =S5°,r=0:529,{=13XkHz Test No- ©57

MEAM {hie. |Mean Loads - kN Specific Loads-kN/mmny
SPEED | VELOCITY | | cenomng| b1 | ORAW | SPECIFIC |LATERAL
mm/sec | mm/sec STRESS | AXIAL  |DIE
I3 467 (S22 I 14 | 1305|022 |0-45 |0.22
13 4670 [ 6R | 122 | 1269 | 036 |0-948& | 0.2
39 | 467 (S | 114 | (3 | 032 |0- 45 |0.22
N2 | 448 149 | 1.09 | 12¢ea |0 [ 0.42 | 0.2
11-9 | 448 ISt |1z | 1281 o2 |10-44 |0-2
16-6 442 A 17 12°S( | 035|046 |02
238 | 427 [[(6S | |20 | (267 0.3¢ |0-47 | 0.2
208 | 429 6] 120 | (R 0| 047 |02
212 | 409 2.4 1) 19| oS4 | 0.¢9 |e.20

o< =5° ,r=0s%,t=4326kHz

TestNo- & S&

MEAN |hie. |Mean Loads - kN Specific Loads-kN/mm
SPEED | VELOCITY X
S eec | mmseec | TAG BENDING | DIE 2;‘;&“’55 i’;‘i:ilflc B?EER L
.4 | SE! 0.4 '3 | 1930|021 0. 48] 02|
L4 skl o096 144 | 1I3&Y| 0.24- |O-So | 020
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o¢ = 5°, r=03¢4, {=1214 kHz

Test No- o

]
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o< =5° ,r=0.4R3, {=33 1L kHz

Test No -4 1.
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o< = 8%, r=0.44, =134k Hz

Test No-oos2-
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MEAN |ie¢ |Mean Loads - kN Specific Loads-kN/mny
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SPEED VELOCITY DRAW | SPECIFIC [LATERAL
mm/sec | mm/sec TAG BENDING | DIE STRESS | AXIAL DIE
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o<=5°,r=0345, f={209kHz Test No- O
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o =S r=0.4481 =110k Hz Test No - Lo comt
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ot = 1.S° = =42
o<z > | r=0481, {21310 kHz

Test No - Dboconer.

e et |Mean Loads - kN Specific Loads -kN/mmy
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e 1P T
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oc =1'S% r=0. =13 ‘No - =
~ox =S r=0.210, 1 13-10kHz Test.No -046%con

N |bET |Mean Loads - kN Specific Loads -kN/mm?
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“o¢ = 1S° rzpad, f=1324kHz
WMITHZAD
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"MJ;Z; r=0.43¢, f=4324kHz Test NO «-D7Dcon~+
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o 2 120547, (=335 K Hz TestNo -074
b |bie. |Mean Loads - kN Specific Loads-kN/mny’
SPEED VELCCITY TAG BENDING DIE DRAW SPECIFIC |LATERAL
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Appendix A3.2

Results of the Regression Tests
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APPENDIX 4) EQUILIBRIUM ANALYSIS FORDRAWING THROUGH VIBRATING DIES
(70)

Dawson , in his analysis of wire drawing with radially vibrating
dies used the followiﬁg relationship:

Volume flow rate into die = volume flow rate our of die - rate of

decrease of deformation zone

that 1is,

Flow rate into the die - Flow rate out of die = Rate of change of
deformation zone volume,

Dawson analyséd the wire drawing process in a similar manner to the
following plane strain (strip-drawing) analysis.

Referring to Figure (A4.1):

(hB + dh + hg)

= b dx + £ bdx
2

2 h bdx
8

+ &b dx
2

where § = Em sin wt

. d Vol d &m sin ot b dx
dt dt

wém cos wt b dx

Edx b
and dx = cot adh

From the flow rate equation

(V+dv) (h + dh) b = V hb = édx b

«.'« Vdh + hdv =& cot a dh

. - gﬁ - dv
* e h vV - Ecota v

Applying 1limits and noting that Vh =0




FiglA41) - Instantaneous

Velocity Conditions

!

Detail Of The Element

a s f
During Deformation
5 6 Vedy L Ve o |
£
I
| _ { i';
’_-—/-—‘-\\
e dX
~ FiglA4-2)-Variation Of Deformation Zone
Volume During_Indentation |
v R ~ ‘ o 4
' - . ; i
(IR e | 3
' —_— -~ |
[ ~ |
| T <= .
[ ’ ~3 ———— ———
I N M
Q 1 .
c !
l ] g I"x
[= o
N ARIRE
e L I 50 F E “:.
1 ~ 1
Il -
[ =
L._ R e
- L min. N J
_ L mean

L max,




h
0 L] vo
-1nh = In (V - £ cota)
h, Vn
. Eﬂ ~ Ecoto - VO
ho £ cota
Similarly:
Eﬂ ) Ecota - Vf
h L]
° £ cota

The velocity, V in this case, is due to both the indentation and

g
the drawing velocity fields. It is also implied that the deformation
zone volume decreases and the indentation phase proceeds, which is not
the case.

Referring to Figure (A4.2), with instantaneous values denoted by

suffix, 1i:

Volume of deformation zone:

(h0 + hfi) L, b

- i
2
where Li = (ho - hti) cota
2 hf 2) cot ab
" Vol =(h° .
i 2

That is, as the indentation proceeds the deformation zone volume

increases: this analysis was not carried any further.




