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Summary
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The study is concerned with an analysis of the shear spinning process. The upper-bound method is

applied to analyze the plastic deformation zone localized in a very small portion of the piece.

Velocity fields and strain rates are derived by consideriing the adequate deformation mode, and the

contact factor is introduced to obtain lower upper-bound power. Then the power and tangential force

are determined and calculated for some process variables, and are also compared with the previous

literatures.

The comparison shows that the theoretical prediction is in a reasonably good agreement with the

experimental results.
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tively, inch

; Effective sress, psi

; Mean effective stress, psi

; Half the cone angle of the mandrel,
deg.

; Ideal geometric angle for deforma-
tion zone and its average value, re-
spectively, deg.

; Total energy of deformation, pound-
inch/min.

; Strain rate

; Strain rate tensors in cylindrical coor-
dinates

; Velocity in X, Y, Z-direction,
inch. /min.

; Velocity in r, 8, z-direction,
inch. /min.
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; Finite effective strain
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INTRODUCTION

State of the Art

Spinning is a metal-for rming process widely
used to fabricate pieces having rotational symme-
try. .

Because of the simplicity of the operation,
spinning offers some distinct economical advanta-
ges. Spinning is more econnmical for producing
a small number of pieces than deep drawing
because of the low set up time and costs.

Until approximately thirty years ago, the
operation of spinning was done manually.

The tool was guided by hand back and forth
over the work many times until the material was
flatly laid on the mandrel. No instructions were
given to the operator concerning the manipulation
of the tool. The literature of that time is of little
value for this study.The first analytical approach
was made by Colding[1](1955) Colding attempts
to analyze the stresses and strains during the
process of spinning of cones by considering cone
spinning as a combination of rolling and extrusion
process.

The work of Avitzur[2](1960) was the first to
determine the power and tangential force by
using upper-bound method. He derived the velo-
city fields and strain rates and calculated the
power and tangential force. his assumed defor-
mation zone in which inlet area is sheared' and
velocity discontinuity is ignored, is different from
actual deformation zone.

In this paper, the inlet flow is considered
smooth and so the deformation zone is very
similar to actual deformation zone. Slater [11]
gives the approximate upper-bound estimates for
tangential force during shear spinning of cones

assuming the ideal axi-symmetric deformation.
But this assumption is not good enough for the
shear spinning process.

Recently Choi [12] (1980) derived the tangential
and the other forces by introducing a new defor-
mation model. His analytical results agreed with
the experimental data very closely for many wor-
king conditions.

General Description

This study deals with the mechanical spinning
of cones. However the spinning process can be
done by hand when spinning is done by a skilled
men who knows by experience how to lay the
sheet against the pattern, The advantages of
replacing manpower by mechanical power are the
same for spinning as for any other industial
process. Mechanical power requires control sys-
tem, and the controls require a prediction of the
forces and motions to which the machine has to
be set.

In spinning oferations, as they are performed
recently, this means the following things;

(1) The tool can no longer be manipulated
back and forth, but must perform the de-
formation in one pass.

(2) The rotational speed, the feed, and the head
in pressure have to be fixed and preset
before spinning is started.

The blank material is a disc or cone and the
thickness assumes to be uniform # in case of disc
and ¢, in case of cone. The disc or cone is moun-
ted on a circular conical mandrel, which is clam-
ped to the head of the spinning machine, and
rotated.

A forming roller, the radius (po+%) is driven
on tracks on the bed of the machine parallel to
the side of the mandrel, the outer radius R of
the cone(Fig. 1) remains the same as the original
radius of the disc.

The thickness of the cone is now;
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ty=tysin o
t.=ty sin B

sin o

U=tGn" g
In case that blank material is disc, 8=90°,
t.=1lo
ty=to sin o
This type of spinning is called by different
names like shear forming, hydro-spinning, etc.
The displacements and strains will be analyzed
in more detail.
The material of the roller is hardened tool steel
and the roller is mounted on a shaft with ball or

roller bearings. There are many shapes of rollers.

The relative position of the roller’s axis to
the side of the mandrel may differ much in diffe-
erent setups.

From this variety of possibilities, a common
roller (Fig.1) which is oriented with its axis

pararell to the side of the mandrel was chosen to
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be analyzed.

The difference between a successful operation
or failure might be somtimes made by the changes
in the rolle’s shape and its positioning.

The strains and stress during a successful ope-
ration do not differ much from case to case.

In this analysis, the geometry of the operation
have been described math ematically.

The equations of the cone and the roller have
also been formulated. And the boundaries of the
area of contact between the roller and the cone
have then been found.

A solution has been derived for the plastic work
of deformation which was based on the deforma-
tion theory(Stress-Strain Law) and the solution
was computed for the following material

1) Homogeneous and isotropic material;

2) Incompressible material;
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Mechanics of Shear
Spinning of Cones

Deformation Mode

Deformation mechanism of shear spinning of
cones from pre-spun cone blank is shown schem-
atically in Fig.1 (a), (b).

a is the half cone angle of the mandral and 8
is the half cone angle of the blank.

The process is characterized by the fact that
the R-position of an element in the blank ramains
the same during deformation and the angular
velocity is constant through whole work piece.
Morover, for simplicity, it was assumed that
during one revolution of the die and blank the
roller holds the same pcsition, and after one
complete revolution of the die the roller feeds f
sin a¢ to X-direction and f cos « to Z-direction.

This demands that the initial blank thickness to
and the final thickness of the cone #; for die
slope angle « is related by the equation.

ty= to sin o —

te= bysin 8 —| i, @-D
_ . Sina __
= *sin B
The Roller

The geometry of the roller Z; can be describ-
ed as [see Fig.1(a)]
[V XE4 7 —PoJe+Zy % —r2=0-(2-2)

[ v (Rcos 0 cos &~ Z, sin a—% )+ RZsint 0 —po)?
+(Rcos @ sin a+2Z,cos ot —g)2—rii=0

[V (X" cos a—Z," sin a—po)2+ 77i—p’)e
+(X* sin a+Z,* cos a)2—r2=0

Velocity fields and strain rates

To solve our particular deformation field, the
velocity field in the deformation zone was com-
puted first. Because of the deformation mode,
the flow line has to be of the form.

Ur = Ux-Cos @ +Uy-sing
Up =-Ux- 5m 8 +Uy-c058

(ch

Fig 1 Velocity components in x —y plane

Y(xy, 2)=x+y2=C ] ............... 2-3)
X(x,5,28)=2—-Zp=C;

Where Zp is the Z-value of the curve QQ'P’'P*
in Fig 1 (b). QQ’ is the contacted portion of the
roller Z, with the blank and Q’P’ is composed
like as Fig.1 (b) to get the same shear strain
& along the both side of point Q’.

When Q' and P’ approaches to P the flow
model becomes the similar one proposed by B.
Avitzur [2] for shear spinning of cones from flat
blank.

In this case velocity discontinuity exists at P
and shear loss term which is negelected by B.
Avitzur should be involved in the power.

The components of the velocity field, Uy, Uy.
and U, assume the form [10]
ow 90X _aw , OX\_

oy 9z 0z oy

v 90X _ 0¥ X\ o ay
U’=A(Bz 0z @-4>

0x ox
oV X v, 9X\_
U. =7\("_3_3c“' T2y 9y ox )

and from Fig 1(c), one gets

Uz =x
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Us=Uycos §—U:sin#=2zRN

i blank.
] (2-5) with the blan
Up=U,sinf+Uscos®
The Power
Inserting equations (2-3) into equations (2-4)
and (2-5), one gets The rate of total work done on metal under
= g N rerereie et s (2-6) the deformation zone becomes
Up=0 \ f J U, 1 U, \*
[ W= T (R5-) av
Ul=27!RN | (2 )
L e e, -9
U,= —2&( x—a—Z-A -y 9Zp ) l . . . . .
0y ox e 2-7D Inserting equations (2-8) into equation (2-9),
_ _ox 0Zp one gets
2 T , N
| i .4 lo Om
=3zN aaZ” ; W= (farea BRBH vIte dS)
4 : QuPyP,'Q; 2-10)
. 3y I Y R -
Noting that x-—Te- and—y= 30 Where
From the velocity fields of equation (2-7), one 327 327
-gets the strain rates in cylindrical polar co- 8= Raoz‘/ aReg ~TTTTC -1

-ordinates as follows. and . is the mean effective stress defined by

: _10U, _ ZN 02Zp. \’

REZ= 53R aR00 \ 5,,,=f6 dg /fdg ..................... (2-12)

s 13U, _ Nl _02Zp e (2-8)

coz= 2R 080 R 502 ; In the case of propotional straining in deforma-

all other ¢,;=0 j tion zone, one gets the average value of § from

The deformation zone is QoPy’ P’ @, in Fig.2 equation (2-11)

.and Qo' @' Q,” is the contact line of the roller av azZD 02 Zp
° Swi= [ g 45 / [ Grag 45
........................... (2-13)
X, x°
A Inserting equation (2-13) into equation (2-10),
& one gets
W 271Ntoo. Zp
v O] 2eladn [ 1tstave [B:28 as

T &)
/. Deformation Region

& P Pl
2, Cowtact Surface

of RoNer with Blank
Q @ U @

To get the power, the individual integration in
equation (2-13) should be calculated.

92 Zp
! x Ro L= —oaa-dS ]
' fsurf 3:2’820 : o (2-15)
= D
y AV Since g;?gg changes appreciably for slight

change of R, R itself can be considered as constant

. R.+ R
1§ 2. Approximated Qrea of Cowtact. (R?R=—;'—°— Therefore
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L=Rf .f » oRo9 9R40
Y4 R=upper limit
=R LD
f 9=030 | p=tower limit
& ~Z+k=r, )
=R f cosa(l—tan a cot B)--- (2-16)
Noting that
z, | R=R, () eeeeererersessasensessanes 2-17)
and
Z'x =f cos o(l—tan o cot B)
= 9Zp
L _fsurf R96° 45

=fRfo_?;TZog_RdodR

14

_ 0Z, =06,
_fR2 ‘ o dR

0 90 aZD

0=0y

% | =0

Noting that, from the flow model and Fig.1 (b),

0Zp | 0=0 _ 3Zp 0=o"
6=0 90 | 0=64
and
9Zp | 0=060" _ 8z, |6=00
26 | 6=0 98 | 6=0
Also from Fig.1 (b), one gets
Ig—%ﬂ |0=0 =0 eeeerereeeinenens 2-19)
and
DL (s
Ro6 0=0, R8o
#%Zlu ......... (2-20)
Noting that, from Fig.1 (b),
. _(RO) . (R

P= ImZy - 27,
Where 0.5<m<]1.
Insserting equations (2-19) and (2-20) into

0=6." )dR

equation (2-18), one gets

Iz—f 4‘/”' AT S 2-22)

Inserting the average valueof Z,’ and @, one
gets

4¢ m (Zy avg

b=—

“Yo(cos a—cos 8)

Where &, is the average angle of the deforma—
tion zone shown by @, in Fig.2
Noting that ~
(Z’s) avg =([Z'y R=R,; +Z' R=R, 12

=-%-fcos a(l—tan « cot )
Inserting the equations (2-16) and (2-23) into
the equation (2-13), one gets

=12
davg= T,

2-/ m ro{cos a—cos B)
...... (2-25)
R 6o
Inserting equations (2-16) and (2-25) into the
equation (2-14), one gets the required total

power
W=—2L5-V%L'iLR f cos a(l—tan o lcotﬂ)
VT g2avg reeeeereereeeneerenennans (2-26)

Where § avg is given by equation (2-25).
One can get the angle for deformation 8, from
equation (2-2) by inserting Ro to Rand k& to Z.

[V (Ry cos @, cos ai—h sin a—k)t+ Rot sin? 6o
—pol2+(Rocos fo sin at+h cos a—g2)
SN T | DO (2-27)

Where, from the geometry of Fig.1 (a).

h=a+rysin B—f cos a (1—tan acot By

k=dcosa—csina

g=ccosa+dsina

c=a—posina

d=b+pocos

b=Ro+pocos B
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a=(p— 10

Yo ~Ry)/tan ¢

Inserting the above equations into equation (2-
27), one gets

{¥ Ry cos atcos fo—(h—a) sina—b cos o
—poJt+Re?sin? o —po)?
+[Rysinct cos Go+(h—a)cosat
— RSN )2 — 2= (eresrereneares @2-27)

The average value of the angle for the defor-
- mation zone o is approximataly given by

g‘,:cos.;[;_:-ll"'(z}Tlo)z T’::'"l)]

[i

Where
P=yy?sin? B—r2+2p

[v 7% _(—rycos Bsina+r, cos a)?

—(rocos Bcos a+r,sinar)]
n=y ro?—r2 —rocos 8
ri=rosinB8—fcosax (1-tanacot &)
The derivation of equation (2-28) is shown in
the Appendix.

In the case of cone spinning from flat blank;

B-Z, one gets

2
i — 271Nto G.M —
W ﬁ=%_——‘/§ R f cos au/ 1+8avg?
........................ (2-26")
Where
2/ mrocos ,
Savg=-~2Y T T0- PO ey 2-95
=R 6 (2-257
and

........................ (2-28")
I2=ry2—(ro~—f cos a)?+2p,
[ Vre2—(ro—f cos a)? costx

—(ro—f cosat) sin a]
n=r¢—(ro—f cos a)

.

The Tangential Force

It will be shown that the greatest portion of
the power is absorbed through the tangential
component of the force acting between the roller
and cone.

The force might be resolved to its three follo-
wing components: Tangential Force(F;), Radial
Force(F,), and Axial Force(F;) In general, the
power is the sum of the forces multiplied by the
velocities directed parallel to this fdrces.

This can be written as

W=FUp+ FpoU,+ Fo U
where U, is the circumferential velocity

U, is the radial velocity
U, is the axial velocity

The roller does not move in the radial direc—
tion, so U,=0.

It follows that

W=F;-Ust FeoUs
=W+ W,
where W, is the tangential power
W, is the axial power

By Avitzur's degree thesis, the power consu-—
med by the feed force is less than 7% of the total
power in a typical case.

So we can neglect the feed power and the
power consumed can be regarded as done entirely
by the tangential force.

One now gets

W="FU,

where Uy=2xRN

And the tangential force component on the ro-
ller may be written in the form of

efecosa e v 148 avg?

RESULTS AND DISCUSSION

In Fig. 3-9. These theoretical results are com-~
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pered with the other thesis’results. (J.C..Choi
and Avitzur, B. 1980, 1960)

The effects of each of the parameters, Feed £
cone included angle 2ao, cone radius Ry, roller
round off radius ro, and roller radius po on the
tangential force, gre given in the fighues. '

When one knows "these five paraineters for
actual case, one finds the value of the welghted
tangentlal value from the suxtable figures.

For the analytxcal study, a dlsplacement fixed
was post&lgéc]a’d which gave the strain-rates field.
The strain-rates field satisfies automatically the
compatibility conditfohs.

In geometrical respect, Avitzur neglected the
shear loss term along in Fig 1-b, which viola-
tes the upper-bound theorem.

The shear loss along is pretty high and
<an not be neglected on the calculation of the
power in usual upper-bound solution based on
he Kinematically Admissible Velocity Fields.

In this study, as shown in Fig 1-b, it was
assumed that there is no shear but more deforma-
tion zone. The tangential force increases almost
linearly as the feed increases when other para-
meters are constants.

The effect of contact factor m, aer shown in
figures. They show that for larger contact factor,
larger tangential force is required but the diffe-
rence is very small. And also the figures show
‘that larger cone radius requires smaller force.

Fig 6, 7. show the comparison between the Choi's
‘theoretical results and the present results. When
m = 0.5 two results coincide very closely but
when m=1.0, the present results are larger than
<Choi's results and the Choi’s results are closer
to the experimental data.

However "in the range of small feed, the in-

fluence of contact factor .is negligible. .
Fig 8. shows comparison between Avitzur’s
theoretical restilts and the present results,
When m=0.5, Avitzur's results are usually
larger than the present results.
that Avitzur’s results should be larger than the

It_ is natural

present results accaording to the reason that
Avitzur neélected the shear term.

It is infefestihg to note that there are reaso-
nable agreements between the present theory and
the experimental data obtained from previous
literatures. - }

Ti‘lere is an excellent aéreeme_nt between this
deformation théory and the experimental results

as shown in Figures.

Spincratt Experimental Data( Ref. 2)

®Ro =2-18 inch -
— —aRo =7-3/8 mch
fo =4.5 inth
re =3/% nch
006 o =54
to =0.081 inch
& 005 Jo =17000 Psy
2
E Re=2-38(m40)
— 004 Wi N
: AT
3 Za
® 003
£
4
g 02
apt

0 a0z 004 D6 QOB 040
FEED [1PR) ’

Fig 3 Weighted Tangenhial Forces versus Feed
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Spincraft Expermental Data (Ref 2)
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