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Spinning

SPINNING is 2 method of forming
sheet metal or tubing into seamless
hollow cylinders, cones, hemispheres or
other circular shapes by & combination
of rotation and force. On the basis of
techniques used, applications, and re-
sults obtainable, the method may be
divided into two categories: manual
spinning (with or without mechanical
assistance to increase the force) and
power spinning. This article describes
spinning of sheet; spinning of tube is
dealt with in the article beginning on
page 317.

Manual spinning entails no apprecia-
ble thinning of metal. The operation,
ordinarily done in a lathe, consists. of
pressing a fool against a circular metal
blank that is rotated by the headstock.
The blank is ordinarily forced over a
mandrel of pre-established shape, but
simple shapes can be spun without a
mandrel. By using various mechanical
devices for applying force, the range of
applications for manual spinning is
broadened, because thicker blanks can
be spun than by manual force alone.

Power spinning is also known as
shear spinning, because in this method
metal is intentionally thinned, by shear
forces. In power spinning, forces as
great as 400 tons are used.

Power spinning is used for two broad
fields of application: cone spinning and {a)
tube spinning. In cone spinning, the
deformation or displacement of the
metal from the flat blank into the spun
shape conforms to the sine law (see Mandrel
page 203). In tube spinning, the sine 4. \

Mandrel

Workpiece

Tool rest

N
Y %

N

law does not apply, and metal displace-~ - .siock
ment follows a purely volumetric rule. ]

Manual Spinning

Any metal ductile enough to be cold
formed by other methods can be spun.
Most spinning is done without applying
heat to the work metal, although some-
times the metal is preheated to achieve
one of two objectives: (@) to increase
the duectility of hard-to-form metals
such as beryllium, refractory metals, or
magnesium; or (b) to reduce the
strength of work metals, thus permit-
ting greater thicknesses to be spun. 7

Applicability. Manual spinning is 14
used for forming flanges, rolled rims,
cups, cones and double-curved surfaces
of revolution such as bells. Several typ-
ical shapes formed by manual spinning
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Fig. 1. Typical conical, cylindrical and
dome shapes formed by manual spinning

(a) 8Betup using a simple hand tool, applied
like a pry bar. (b) Setup using scissorlike levers
and a roller spinning tool.

Fig. 2. Manual spinning in a lathe
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are shown in Fig. 1. Products regularly
produced by manual spinning inclnde
light reflectors, tank ends, covers, hous-
ings, shields, and components for musi-
cal instruments. Manual spinning is
also extensively used for the production
of aircraft and aerospace components,
often with mechanical assistance for
increased force, because of large blank
size (see Example 274, which describes
hot spinning of an alloy steel blank
into a hemisphere in three stages).

The practical maximum thickness of
low-carbon steel that can be spun
without mechanical assistance is 4 in.
In this thickness, the diameter can be
as great as 72 in, Diameters can be
greater when the sheet steel is thinner,
but the maximum practical diameter is
often limited by the availability of
equipment. The upper limit of thick-
ness increases as work-metal ductility
increases or strength decreases. For in-
stance, manual spinning of aluminum
as thick as 14 in. is feasible.

Advantages and Disadvantages. Man-
ual spinning has the following advan-
tages over a competitive process such
as press forming: (a) tooling costs less,
and investment in capital equipment is
relatively small; (b) setup time is
shorter; (¢) design changes in the
workpiece can be made at minimum
expense; and (d) changes in work-
metal composition or thickness reguire
a minimum of tool changes.

Disadvantages of manual spinning
include the following: (¢) skilled oper-
ators are required, because uniformity
of results depends greatly on operator
skill; (b) manual spinning is usually
slower than press forming; and (¢)
available force is more likely to be in-
adequate in manual spinning than in
press forming. The last disadvantage is
overcome to some extent by the use of
mechanical assistance for increasing
force in manual spinning.
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Equipment for Manual Spinning

A typical tool and workpiece setup
for manual spinning is shown in Fig.
2(a). The mandrel is mounted on the
headstock of a lathe. The -circular
blank (workpiece) is clamped to the
mandrel by the follower block. An an-
tifriction center is used between the
follower and the tailstock spindle, and
pressure is applied at the tailstock by
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Fig. 3. Breakdown and final mandrels used
in three-stage manual spinning of a cup
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SPINNING

into the main block to create a cross-
laminated structure, and then turning
the glued structure to the desired
shape. Such mandrels are stronger and
more durable than mandrels turned
from a solid block. Some wooden man-
drels are steel-reinforced at the ends
and at small radii to ensure mainte-
nance of radii in the spun workpieces.
Sharp corners can be produced in
workpieces by spinning them over man-
drels cornered with steel, but minimum
inside radii of 44 in. are more common
than sharp corners, and %-in. mini-
mum radii are preferred where possible.

Offset roller

Shank for mounting
mandrel in tailstock

¢ of offset rolier

_____ g

Rototing nest atached 1o lothe spindle

Preform is held bstween ths rotating clamp plate and the
rotating nest attached to the lathe spindle, The offset and form-
ing rollers are set slightly below the centerline of the spindle,

Fig. 4. Tailstock-mounted mondrel with offset roller used Jor spinning of re-enirant shapes

means of a screw, or by air or hydraulic
bressure, depending on the size and
type of lathe. The tool rest and pedes-
tal permit the support pin (fulerum) to
be moved to various bositions by swing-
ing the tool rest and moving the
-Spoport pin from one hole to another
as“needed. Spinning is done by manual-
ly applying the friction-type spinning
tool like a pry bar.

Figure 2(b) shows a more complex set-
up for manual spinning, Here, the spin-
ning tools (rollers) are mounted in the
fork sections of long levers, and the
tool support has a series of holes for
rapid changing of tool position. The
tool 13 manipulated by pulling, pushing
or pivoting the two scissorlike handles,
with the roller against the workpiece.

. Lathes. Several sizes of standard hor-
izontal spinning lathes are available

“ that can spin blanks ranging from 14 in.

+ b0 72 in.in diameter. Special pit lathes
permit the spinning of blanks as large
as 192 in, in diameter. Standard lathes
can be fitted with special chucks for
making oval parts. Lathes should be
*quipped with variable-speed drives to
Jermit quick changes of speed as
udged necessary by the operator.

Mal_xdrels, also known as form blocks
r spin blocks, are usually made of
‘easoned hard-maple wood. Most hard-
vood mandrels are constructed by
duing strips of maple 1 to 2 in. thick

Some mandrels are made up of alter-
nating wood and steel plates or rings,
to obtain a more economical yet dura-
ble mandrel. Other materials include
ﬁkger compositions, steel, cast iron, alu-
minum, magnesium, and plastic-coated

wood. Few mandrels are made entively:,

of heavy metals like steel and cast iron,
except for close-tolerance work. Cored
castings of these metals are then pre-
ferred, because of the saving in weight.
Solid steel or cast iron mandrels must
be statically balanced, and for use at
high speed they should also be dynami-
cally balanced.

Diamond

Round-nose, tongue and ball-nose tools are
used for spinning; diamond tool, for trimming.

Fig. 5. Typical shapes of working ends of
tools used in manual spinning

B

Mandrels are usually made to the
shape of the completed workpiece.
When the workpiece is to have a shape
more complex than can be spun in one
setup, or when it needs intermediate
heat treatment, a series of mandrels
can be used. Mandrels for earlier stages
of the workpiece are called preform or
breakdown mandrels (see Fig. 3).

Mandrels can be made collapsible, for
use in spinning workpieces that have a
turn-in or re-entrant shape smaller
than the largest diameter of the work-
biece. A collapsible mandrel is an as-
sembly of sections held in place by one
key section. When the key section is re-
moved, the mandrel collapses and the
remaining sections can be removed
from the spun workpiece one at a time.

Another method of spinning work-
pieces having re-entrant sections is to
make the mandrel from a low-melting
alloy (some have melting temperatures
as low as 117 F). After spinning, the
mandrel and workpiece are heated and
the mandrel is melted. This method,
however, is seldom used except for pro-
totype work.

Fay preduction .quantities of re-
entrant shapes, the use of off-center
setups and internal rollers is the most
practical approach. Usually, the main
shape of the workpiece is preformed by
spinning in the conventional manner.
To form the re-entrant shape, the
mandrel is mounted in the tailstock,
and the follower block is mounted on
the spindle. The mandrel consists of a
rotating clamp plate and an offset roll-
er. A pilot, used to support the end of
the mandrel, is fastened to the rotating
clamp plate. A nest attached to the
spindle serves as a follower block to
hold the preformed shell against the
clamp plate. The nest also has a recess
to receive the mandrel pilot. In opera-
tion, the preform is placed on the
mandrel, and the tailstock is moved
forward to clamp the work in the nest.
The preformed shell is then worked
down to the offset roller by the form-
ing roller set slightly below the center
of the spindle (see Fig. 4).

(Example 598, on page 422, describes
the spinning of 8. Wworkpiece with a re-
gnirapt curve frontia drawn shell, using
a mandrel that was split radially at
the minor diameter.)

Spinning Tools. Simple spinning tools
are usually made by forging carbon or
low-alloy tool steels (such as W1 or O1)
to the desired shape, and then harden-
ing the working ends to about Rockwell
C 60 and polishing them. Several typi-
cal shapes are illustrated in Fig. 5.
Tools of shaped aluminum bronze are
also satisfactory, especially for the
spinning of steel, Tools made of hard-
wood have performed satisfactorily in
spinning thin-gage ductile metals.

‘With the leVer arvangetbent (Fig. 2b),

'the tools usually consist of rollers

(sometimes called tool rings) mounted
in forks. Most rollers are made of hard-
ened tool steel or of aluminum bronze.

Manvual Spinning Practice

Because of the low tooling cost,
manual spinning is used extensively for
prototypes and for production runs of
1000 pieces or less. Larger lots can
usually be produced at lower cost by
power spinning or press forming.

S
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Ex. 271

For instance, the part in the middle
of the second row in Fig. 1 is a stainless
steel cover for a food-processing ma-
chine, produced in one plant at the
rate of 100 per year. The parts were
produced satisfactorily by manual spin-
ning, using only two hardwood
mandrels, the cost of which was only &
fraction of the tooling cost for press

.. forming the same shape. .

e Fligtion of guantity and cost for
producing a flanged cylinder by manual
spinning versus drawing in a press is
described in the following example.

Example 271. Cost of Steel Shells:
Spinning vs Drawing (Fig. 6)

Figure 6 shows a part that was producible
by either spinning or drawing, and plots
graphically the per-piece costs, in arbitrary
units, for producing various guantities of the
part by the two methods. As shown, the
breakeven point for the two methods was 700
pieces — spinning being the lower-cost method
for quantities of less than 700 pieces, and
drawing in a press for larger quantities.

B donical Parts’ (ke ‘thie shape on the

left in the middle row in Fig. 1) are
ideal for spinning, because only one tool
is required whereas drawing- in dies
would require four or five operations.
Many such cones, depending on their
included angle, can be spun in one op-
eration at a moderate production rate.
For this reason, manual spinning is of-
ten used for quantities up to medium
production (less than 1000 units). For
large-quantity production, power spin-
ning (shear spinning) is generally
cheaper than manual spinning.

Control of guality, including freedom
from wrinkles and scratches, and
maintenance of dimensional accuracy,
is largely a function of operator skill in
manual and power-assist spinning. Di-
mensional tolerances that are practical
to maintain in manual spinning in-
crease as the diameter of the blank in-
creases, as shown in Table 1. These
tolerances are typical of demands for
commerecial products and parts for
aerospace applications.

Sveeds (in surface feet per minute)

west- edited for mannal sy nning depend

mainly on work-metal composition and
thickness. For instance, a given blank
of stainless steel is successfully spun at
200 sfm (based on the diameter of the
starting blank), and it is determined by
#operator feel” that this is maximum
for the conditions. Under otherwise
identica® conditions, changing to 2a
blank of aluminum will permit speeds
of 400 to 600 sfm. Similarly, if the
thickness of the stainless steel blank
were decreased to half the original
thickness (no. other changes), speed
could be safely doubled or tripled.

Selection of optimum speed depends
largely on “operator feel”. In many
spinning operations, speed is changed
(usually increased) during the opera-
tion by means of a variable-speed drive
on the headstock.

Lubricants should be used in all
room-temperature spinning operations
regardless of work-metal composition,
workplece shape, or type of spinning
tools used. The usual practice is to ap-
ply the lubricant to the blank with a
swab or brush before loading the blank
into the machine. In some instances,
additional lubricant is added during
operation as judged necessary by the
operator. The need for additional lubri-
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Fig. 6. Relation of guantily and cost for

producing ¢ flanged cylindrical part by

manual spinning vs drowing in o press
(Example 271)

0

cant depends on the tenacity of the lu-
bricant used and blank-rotation speed.

The most important property of a lu-
bricant used for spinning is its ability
to adhere to the rotating blank. Ordi-
nary cup grease is often used. It can be
heated to reduce its viscosity, thus
making it easier to apply to the blank.
Upon application to the cold blank, vis-
cosity of the grease increases. Also,
cup grease can be easily removed.

Other lubricants used for spinning
include soaps, waxes and tallows (and
proprietary mixtures of two or more of
these materials), and pigmented draw-
ing compounds. All of these, however,
are more difficult to remove than sim-
ple grease. For this reason, the more
fenacious lubricants are not used if an
easier-to-remove lubricant will provide
acceptable results. Methods of cleaning
formed metal parts are described in the
articles that begin on page 307 of Vol-
ume 2 of this Handbook.

Power Spinning

Virtually all ductile metals are
processed by power spinning. Products
range from small hardware items made
in large quantities (metal tumblers, for
instance) to large components for
aerospace applications in unit or low-
volume production.

Blanks as large as 240 in. in diame-
ter have been successfully power spun.
Plate stock up to 1 in. thick can be
power spun without applying heat;
when heated, blanks as thick as 5% in.
have been successfully spun.

Conical and curvilinear shapes are
those most commonly produced from
flat (or preformed) blanks by power
spinning. The mechanics of the process
should be known, and the rules fol-
lowed, when planning manufacturing
processes that include power spinning.

Mechanics of Cone Spinning

The application of shear spinning to
conieal shapes is shown schematically
in Fig. 7. The metal deformation is
such that forming is in accordance
with the sine law, which states that the
wall thickness of the starting blank
and that of the finished workpiece are
related as follows:

“ta = ta(sin o)

Where #, is the thickness of the start-
ing blank, 2 is the thickness of the
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Table 1. Typical Dimensional Tolerances for
Manual Spinning
Diameter of ~———"Tolerance, in, ———
blank, in. Commercial Aerospace
Upto 12 ..........uen. et +0.008
13 to 36 .. veennes Elgy +0.015
37 to 54 .. +l4e +0.020
55 to 96 .. R ] +0.030
97 to 144 ...ovvvnnnns +4 +0.040

spun workpiece; and aiismone-half the
apex angle of the cone. T

Reducing wall thickness by 50% in
accordance with the sine law is illus-
trated in Fig. 7, where:

D= diam)eter (the same in starting blank and
cone

t: = flat plate thickness

t: = wall thickness of side of spun cone

a = 30° (which is half the included angle).

Using the sine law for Fig. 17,
te = ti(sin &) = 0.500 X 0.5 = 0.250 in.

When spinning in accordance with
the sine law, the axial thickness is the

same as the thic]mgs,s;o_qﬁ;he} starting. ..

blank (Fig. 7). z
When spinning cones to small angles
(less than 35° included angle), the best
practice is to use more than one spin-
ning pass with a different cone angle
for each pass, as illustrated in Fig. 8.
When using this technigue, the work-
piece is annealed or stress relieved be-

tween passes.

This practice permits a high total re-
duction while maintaining a practical
limit of 50 to 75% between process an-
neals. The reduction between successive
annealing operations is determined by
the maximum acceptable limits of de-
formation for the metal being spun
(see Table 2 on the next page), ob-
tained by multiplying #: by a factor (0.5
for 50%, 0.25 for 75%, and SO on) and
then dividing the result by #1 to obtain
the sine of the required hali angle.

L, (0‘250)*]

(30°

)

¢, 10.500)

D (7.500
diom)*

)

Fig. 7. Setup and dimensional relotions for

one-operation power spinning o/ & cone.

See text for application of sine low in relu-
tion to this illusiration.

f Lo

X a3 (14°29")

t5 (0.25)

_

= \\\\\

s

Completed workpiece

Fig. 8. Setup and dimensional relations for
two-operation spinning of a cone to a small
angle (less thun 35° included angle)
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Table 2. Maximum Reductions for Power
Spinning of Various Metals Without Inter-
mediate Annealing
Maximum reduction, % ——

Hel

Tube

Cone sphere

Alloy Steels

‘Work metal

............. 75 50 5

........ 85 50 75

........ 70 50 75

T0 50 75

............. 50 35 60
Maraging steel

(18% Ni) ...... 65 50 82

321 ... 75
347 ... 75
410 65
17-7 PH 85
A-286 ............ 70 55 -~ 70
René4l .......... 40 35 60
Waspaloy ........ 40 35 80
Aluminum Alloys
1100 ............ 75 50 75
2014 ............. 50 40 70
2024 ............. 50 70
2219 ............. 50 40 70
3003, 3004 ....... 75 50 75
5052, 5056 ....... 50 35 5
5086 ............. . BB S BO v B0
5154 ............. 8 =it] 5
6061 ............. 75 50 75
075 oo, 65 50 5
Titanium Alloys (Spun Hot)
Commercially pure 45 .. 65
Ti-8Al-4V ....... 55 . 75
Ti-6Al-6V-28Sn ... 50 .. 70
Ti-3A1-13V-11Cr . 30 .. 30
Other Metals (Spun Hot)
Berylium ........ 35 ‘e .
Molybdenum ..... 60 45 60
Tungsten ........ 50 . e

Even in multiple-pass spinning, the
original blank diameter is retained and
the exact volume of material is used in
the final part. At any diameter of ei-
ther the preform or the completed
workpiece, the axial thickness equals
the thickness of the original blank. For
instance, if a flat plate has a diameter
of 74 in. and a thickness of %-in., the
spun preform has this same %-in. axial
thi_ckness but the wall thickness is only
% In. (41 in Fig. 8), thus satisfying the

sine law. Likewise, the final workpiece

has an axial thizkriess o 1 jdni bub'in

accordance with the sine law has a wall
thickness of only 4 in. (£3 in Fig. 8).

The sine law applies to multiple-op-
eration spinning as follows, wherein a
total reduction of wall thickness of 75%
is obtained without exceeding 50% in
any one operation:

11 = flat~plate thickness

12 = preform wall thickness

ta= final-part wall thickness= 0.125 in.

®:= half angle of preform

oz =half angle of final part = 14° 29’

3= #1(sin as)

To find the fldi :ngte
the preform cone angle and thickness,
the following procedure is used:

To satisfy the requirement for a 50%
maximum reduction:

t: =11 X 0.5=0.500 X 0.5 = 0,250 in.

The half angle required to achieve this
reduction is found by:

thicknessand

SPINNING

sin s = o/t =9:250 — 0 500 or o= = 30°
0.500

Effects of Deviation From the Sine
Law. Deviation from the sine law is
usually expressed in terms of over-
reduction or underreduction. In over-
reduction, the final thickness of the
workpiece is less than that dictated by
the sine law; in underreduction, the
thickness is greater. In overreduction,
the flange will lean forward; in under-
reduction, the flange will lean back-
ward. If a thin blank is spun with se-
vere underreduction, the flange will
wrinkle. This phenomenon corresponds
to a deep-drawing operation in which
the blankholder pressure is insufficient.

In power spinning, overreduction has
an additional effect on the shape of the
workpiece. As the workpiece is overre-
duced, back extrusion (Fig. 9) can occur.
For a given amount of reduction, the
likelihood of back extrusion increases
with increasing mandrel angle (Fig. 9).

The phenomenon of back extrusion in
spinning is explained in terms of com-
pressive stress in the spun workpiece
that pushes the spun section backward.

..71f the tailstock of the machine is re-
moved, it is possible to obtain curvilin-

ear shapes on a conical mandrel by
varying the amount of  overreduction
during spinning.

Machines for Power Spinning

Most power spinning is done in ma-
chines specially built for the purpose.
Significant components of such a ma-
chine are shown in Fig. 10. Although
Fig. 10 illustrates power spinning of a
conical shape, similar machines are
used for spinning of tubes (see the ar-
ticle on Tube Spinning, which begins
on page 317 in this volume).

Back
extrusion

Fig. 9. Back extrusion as o result of
overreduction in power spinning
of low-carbon steel

Mondrelﬂ\g
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rrrrprresss.

Turntable —_| -

o

Partially spun
workpiece

Machines for power spinning are
usually described by specifying the di-
ameter and the length, in inches, of the
largest workpiece that can be spun, and
also the amount of force that can be
applied to the work. For instance, a 45
by 70-in. by 75,000-1b spinning machine
can spin a workpiece measuring 45 in. in
diameter by 70 in. long, and the great-
est force that can be applied by each
tool is 75,000 1b. It is also common prac-
tice to specify that the machine can
spin a given thickness of metal at a
50% reduction in thickness in one pass.

The capacity of spinning machines
ranges from 18 by 15 in. by 4000 1b to
machines capable of spinning work-
Dieces as large as 240 in. in diameter by
240 in. long. Force on the work can be
as great as 800,000 1b. Machines have
been built that spin steel 5% in. thick.

Spinning machines can be vertical or

horizontal. Machines used for spinning -

workpieces 70 in. or more in diameter
are usually vertical because they are
better suited for handling large work.

Machines for power spinning can be
automated to various degrees. The ma-
jority of spinning machines wtilige

template guides that control the uviiaps

and accuracy of the workpiece. Most
machines used for production spinning
are semiautomatic; that is, they are
loaded and unloaded by the operator,
but the entire spinning cycle is con-

trolled automatically. Machines can

also be equipped with automatic load-
ing and unloading devices, thus making
them fully antomatie.

Tools for Power Spinning of Cones
Mandrels, rollers and other tools ar

subjected to more rigorous service in
power spinning than in manual spin-
ning; thus, more careful consideration
must be given to design and materials
of construction.

Mandrels. A typical mandrel profile is
llustrated in Fig. 11. Dimensions A and
B and angle o can vary as required.
Usual practice is to have an integral
flange 1o permit bolting the mandrel to
the headstock and a boss of suitable di-
ameter and at least 5 in. thick that fits

into the headstock of the machine (Fig.
11). Radius R can vary from a wlal- o4 . i

mum of ¥ in. to a round nose.

Mandrel wear or failure is frequently
a problem in power spinning of conical
shapes. Mandrels used in production
spinning must be hard, to resist wear,
and must also be resistant to fatigue
resulting from normal eccentric loading.

Hold-down W/////'////////% Roller-
cylinder % é é / pressure é é
/% 2 g cylinder 2 g
. — T
" #Machine / ?/ Z ?" Z :
frume\\ g Roller Tailstock >/
¥ adapter
<"1 Biank clamp Angle-

positioning
cylinder

Vertical-
positioning
cylinder

Fig. 10. Schematic' illustration of power spinning in a veriical machine
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Ex. 272 SPINNING , 205

Mounting flange

Tracers are used for spinning work-

Failure is often caused by spalling
} diam—) pieces that vary in wall thickness oOr

(faking off). Mandrels can also be
damaged by the rollers plunging into
the workpiece at the start of metal low-carbon steel such as 1020, % to
flow. The need for plunging can some- 4 E [ % in. thick. Large templates have
times be eliminated by machining 2 T p lightening holes for easier handling.
ring on the preform to a depth equal to T Tracer templates are made to the same

shape. Tracer templates are made of

the depth the rollers would otherwise standards of accuracy as are dies and
be plunged. This technique permits the similar tools. Tracer followers can be
rollers to enter the machined space be- ball bearings or hardened tool steel fin-
fore they start moving along the man- gers, depending on cone shape.

drel, thus eliminating the severe stress - - _\ = 7 stripping devices may be full rings or

on the mandrel as spinning is begun. fork-type fingers, attached to the roller
Materials for mandrels used in cone ) carrier. The need for stripping devices
spinning depend mainly on the number Fig. 11. Typical profile of & mandrel for depends on the size and the shape of
of identical workpieces to be spun. power spinning of cones the workpiece.

Based on guantity, the most commonly
used materials are:

Preforms for Spinning Cones

1 Gray iron (as cast), for low-production _ 1 .

spinning of soft metals (10 to 100 piecesg1 10 1015diom co?lgesplilxslfl igfg gvlifefgr{?li :fl 01033."13%1%‘1;1 gillela

2 il-uloy cast iron (sometimes flame hardene (a) 12 10 20 diam : A

& areas susceptible to high wear), for g —~— of the cone is less than 35° or when the
spinning 100 to 250 pieces ~\ « percentage of wall reduction is high.

3 Steel — 4150 or 52100 hardened to about Face A — Preforms are usually prepared by

Riockwell C 60, for spinning 250 to 750

pieces L

4 Tool steels such as 08, A2, D2 or D4 R 104018 didimi e
(b) ‘——— '

_2_‘10 3 cold forming in a die, although hot
T forging or machining or a combination
12 16 20 diom - of both can be used. Some preforms are
° o made by spinning.
The following example describes &
procedure for producing a narrow cone

nardened to Rockwell C 60 or slightly
higher, for high production.

Pinish of mandrels should be no FaceA

rougher than 60 micro-in. The various R .
diameters shc_)uld'be within +0.001 in. . - from a preform.
and concentric with each other within "o¢ B ———10 to 15 diom s Example 272. Power Spinning a Narrow
apRpr(ﬁximat;g 0.005 in. TIR% 1 (c) 12 10 20 diam — Cone From a Preform (Fig. 14)

ollers. ree types of rollers are ; i ; inmi The final workpiece shown in Fig. 14 repre-
shown in Fig. 12. Rollers usually are 12 Fig. 12. Tyied o o/ sents the near-maximum reduction that can
to 20 in. in outside diameter, depending be obtained without intermediate annealing.

on the type and size of the spinning

machine. Roller widths are usually 2 to A 1042 steel
3 in., and inside diameters range from Workpiece {spheroidized)
10 to 15 in. The shape of the rollers de-

r-———-'Z7 diam——>|

pends largely on the shape of the

workpiece to be spun. Full-radius roll-

ers (Fig. 12a) are usually used for pro-
ducing curvilinear shapes, whereas

those illustrated in Fig. 12(b) and (c)

are preferred for the spinning of cones.

Angle o shown in Fig. 12 (b) and (c)

is necessarily varied 1o suit the work

being spun (particularly the angle of

Mandre!

} \ ]
z| g )

7.36% diam —

the cone). This angle is intended for ROLLER Fi ?

clealzi'anci fiuad shou%dtbe 1slufch that( 117',‘he J«/mﬁm Stlodck irst pass Second pass

work metal does not touch Iace A (Fig. \B - older

12b), or either face A or face B (Fig. : it & L gresd, st :‘:“m“g C°ndiii:;’io 1450 stmm(a)

ed, BS seeevrssvnens

120). The radius R shoml ot be 1685 risostoc Shecd, socond pass 11112111 400 to 1600 stm(1)
The type of roller illustrated in Fig. Feed, I DBSS o 6 ipm

12(b) is widely used in cone spinning. A Lubricant and coolant ......cneeeeeereenerte (d)

typical setup, using two of these rollers  Fig. 13. Relative positions of rollers and Tool Costs

opposed, is illustrated in Fig. 13. When workpiece in spinning & Cone Die for prefOrming ......cceeeevecece:

two rollers are used to spin a part from Mandrels (2 required) .........- .

flat plate, the rollers are sef the same. of gquantity of workpieces to be spun. Tailstock Dleces (2 required)

However, when spinning is done trom a  The less costly W2 and 08 are generally Rollers (4 e fatter second pass) .. __ 900

preformed shape, common practice is to  suitable for low to medium production TOLAL HOO] COSE «neecorncrarseosseees F7100(e)

make one the lead roller and to set it quantities. Tool steels D2 and D4 are Produetion rat Gost per

ahead of the other by %e to % in. If preferred for high production quanti-  operstion e or hour  piece(D)

more than two rollers are used, tnis ties. Carbide is seldom used except for Production Rates and Costs

increment is continued between suc- specialized applications in which the -

cessive rollers. The angle between need has been proved and the high cost Gas gutting ...-oo H $1.59

the axis around which the rollers re- —can be justified. g il om o710

volyve and the workpiece (angle « in Rollers made from any of the above TForming ......ceec-oeeeesess 80 0.40

Fig. 13) is usually about 10° whereas tool steels should be hardened tp Rock-  First spinning pass -........ g ‘Z-gg

ihe angle between the same roller axis well C 60 to 85. All rollers should be Second spinning pass ...

and the peripheral face of the roller polished to a maximum surface rough- Total produection €OSE .......-.c--ro $10.80

(angle g in Fig. 13) may vary, and is ness of 10 micro-in. Co(xﬁ)mﬁg 203 %:r?eldo g)’mél é&loﬁfc 203&{?;!10- ((8
; . o iys i s usl .

shown in Fig. 13 as approximately 30°. Auxiliary tools for cone SpPINNINg  yorkpieces were initially coated with proprie-

Rollers are made from a variety of include tailstock adapters, tracer tem- tary spinning oi], and a chemical emulsion was
haédlmateri%ls. The five materialig most glates, t'.ra.%er1 {olllgweé's, andlstripping t(l%edT%stafog%gg&w(ig)n %g;gr':i:g;i 1%1% di‘ilgfgpl;e:f:.
widely used for power spinning of coni- evices. A tailstock adapter clamps the g -
cal shapes, in order of ascending wear- work to the mandrel (Fig. 10) gnd is f;ifal5o%n?$$§5hf}-a dﬂ/)éoow 2? éséglfz? fggt)?igceiuig clgg
ability and cost, are W2 tool steel, 06 made of carbon or alloy steels such as for forming and spinning was $260.
tool steel, D2 tool steel, D4 tool steel, 1045 or 4150, or of tool steel. The clamp- Fio. 14, St ; aucti
SO0 Searbide. Choosing among these ing face of the taiistock adapter MUSt  aeres'by Hoa-puss inning.of o ratorm
materials is usually done on the basis be ground sguare to the spindle axis. (Example 272)°
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" The cones were produced by gas cutting 30-
in.-dlam blanks, drilling the 3%%-in.-diam
center hole, grinding the edges to remove
burrs and slag, and then making the 120°
preforms (Fig. 14) in a 2000-ton press. The
preforms were then spun to an included angle
of 60° (denoted as “First pass” in Fig, 14)
in a 100-hp spinning machine. The work-
plece was completed in a second spinning
pass. Total wall reduction was:

B . — 0. . 0.500 in.
0.750 in 0.250in. _ — 66%7%
0.750 in. 0.750 in.

Processing and cost detalls are given in
the table with Fig. 14,

Speeds and Feeds for Cone
Spinning

Most metals spin best at high speeds.
The minimum speed considered practi-
cal is about 400 sfm, but speeds this low
are seldom used except for spinning
small-diameter workpieces. Sometimes
for such workpieces machine spindles
cannot rotate fast enough to achieve
the desired surface speed. Speeds of
1000 to 2000 sim are most widely used,
regardless of work-metfal composition,
workpiece shape, or reduction per pass.

Feed. Most cone spinning operations
are done at feeds of 0.010 to 0.080 ipr.
In practice, however, feeds are usually
calculated in inches per minute (ipm).
Most machines used in cone spinning
are equipped with electronic or hy-
draulic devices that steplessly change
the rate of feed as the diameter on
which the rollers are working changes
continuously. The rate of feed usually
ranges from 11 to 15 ipm.

Feed rate is important, because it
controls the workpiece finish and the
fit of the workpiece to the mandrel.
With all other factors constant, an in-
crease in feed rate will make the
workpiece fit tighter on the mandrel,
and the finish of the workpiece will
coarsen. On the other hand, a decrease
ini feed rate will cause a loose fit, and
workpiece finish will improve. The di-
ameter of the mandrel should be the
same as the inside diameter reguired
on the workpiece (no allowance for
springback), and the workpiece should
be spun to fit the mandrel. The fit may
be loose, snug or tight. For example, a
feed rate of 0.005 to 0.010 in. per revo-
lution per roll will result in a loose fit,
because this approaches a ring-rolling
operation, in which the workpiece is
caused to increase in diameter rather
than in length. A feed rate of 0.015 to
0.020 in. per revolution per roll will re-
sult in a snug fit, and a feed rate of
0.025 to 0.030 in. per revolution per roll
will result in a tight fit on the mandrel.
Closest tolerances are obtained by =a
snug-to-tight fit between the workpiece
and the mandrel.

To find the optimum combination of
speed, feed and pressure, a few pieces
should be spun experimentally when a
new job is set up. During continuous
‘operation, the temperature of the man-
drels and spinning tools changes;
therefore, after the first hour or so, it is
often necessary to adjust the pressure,
speed and feed for uniform results.

Power Spinning of Hemispheres

The use of preforms to control per-
entage of reduction has enabled power
spinning to be applied to the forming

— -

SPINNING

Aluminum olloy 806] (solution treated)

i Lio1s0 oo |
, (0.

)
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[ 60 diam |

O starting Machined Flanged
blank blank preform

Fig. 15. Hemisphere spun from o muachined
and preformed blonk (Example 273)

I 144 diom ]

Blank

Second pass

)

Third poss

0.326

S50R

Processing Details

Type of machine ........... Power-assisted con-

ventional manual spinning machine
Speed ......0niiiiniieniiaseninans 800 to 1200 sfm
Lubricant ......... Molybdenum disulfide in oil
Time per piece .............. 20 min per pass(a)

Tool Details *

Spinning tool ..Full-radius roller; H11 ool steel
Mandrel material .................... Gray iron

(a) Plus setup timy.-}_ )
Fig. 16. Breakdown sequence used for form-

ing a lorge hemisphere by power-nssisted
hot spinning (Example 274)

of hemispheres, ellipses, ogives and, in
general, any curvilinear surface of rev-
olution. However, design of the preform
for curvilinear shapes is more compli-
cated than for conical shapes. In spin-
ning of conical shapes, it is possible to
find an axial thickness of the spun part
that corresponds to the thickness of
the blank (see Fig. 8 and the discussion
of this figure). No such relationship ex-
ists for a curvilinear surface, In the

axial thickness of the metal on a hemi-
sphere changes from stock thickness at

_the pole to infinity at the equator (the

inverse of sin 90° being infinity). The
blank thickness must be back-tapered
to compensate for the change in thick-
ness that will take place during
spinning. This is shown in Fig. 15,
where the machined taper started at
0.150-in. thickness (in the center of the

- Ex. 273

blank) and ended at 0.300-in. thickness
at the circle where the 30° radial line
of the sphere was projected to the
blank. At the corresponding 45° line,
the blank thickness was 0.212 in., and
at the 15° line 0.580 in. Below the 30°
line, however, reduction was greater
than permissible for the material, and
the operation was planned as if spin-
ning a cylinder. The blank for this por-
tion had a flange with a thickness pro-
portional to the percentage reduction.
A usable blank can be designed thus:

Find in Table 2 the allowable reduction for
the work metal to be used, Select a beginning
stock thickness that, with this amount of re-
duction, will give the thickness desired on the
sphere. Use the ratio of finished stock thick-
ness to original stock thickness as the sine of
an angle. This will be the angle of the surface
at the latitude where preforming must start, be-
cause beyond this point the reduction required
to make the hemisphere will be greater than
is permissible for the work metal. There will
be no reduction at the pole because thers blank
thickness and final thickness will be the same.
At 45° from the pole, final part thickness will
be 0.707 times blank thickness. At a corre-
sggnding circle on the blank, therefore, the
stock must be 1.414 times final part thickness.
Other latitudes can be similarly chosen and
necessary stock thickness at a corresponding
circle on the blank determined. At the circle
corresponding to the Hmiting latitude (maxi-
mum permissible reduction has taken place),
preforming must start.

In a cross-sectional view, the circles will
appear as points and the thickness of the stock
at these points can be determined. Fairing
between the known points will give a smooth
curve that can be machined to produce a
blank of the correct thickness. When the
points are laid out, a dozen or more points are
connected to give the final shape. Trigono-
metric calculations can replace layouis; then
as many as 180 to 360 points can be used,
resulting in a more accurate curve. Caleula-
tlons are now being replaced in many plants
by the use of computers, with which it is
common practice to use 1200 to 1500 points
on a shape such as a large hemisphere.

The starting-blank thickness can be
obtained by multiplying the known
thickness of the finished part by an ap-
propriate factor. Likewise, by dividing
the starting-blank thickness by the ap-
propriate factor, the thickness of the
finished part is obtained. The factors
are related to the percentage reduction
and are the reciprocal of the difference
between the percentage reduction (ex-
pressed as a decimal) and one, as

- Tollows;

For 50% reduction, use a factor of 2.
For 66%% reduction, use a factor of 3.
For 75% reduction, use a factor of 4.
For 82%% reduction, use a factor of 5.

Use of this system is illustrated in
the example that follows.

Example 273. Forming a 60-In.-Diam
Hemisphere by Power Spinning (Fig. 15)

Large hemispheres (Fig. 15) were power
spun from solution treated 6061 aluminum
alloy, using the following calculations.

From Table 2, it was determined that a 50%
reduction could be made with this alloy, Pre-
liminary calculations for thickness of the

o 4 starsing blank were as follows:
path from the pole to the egfiator, the + o o g vlank were

t == ﬁnal wall thickness X factor for percentage
reduction
== 0.150 X 2 = 0.300 in.

In calculating the blank thickness at var-
ious points on the sphere, it was found that
at the pole, or 90° point, the thickness had
to be reduced to 0.150 in., and that some
reduction was required out to a point directly
above the 30° tangency on the hemisphere,
where the thickness of the starting blank had
to be 0.300 in. Beyond this point, a flange
would be preformed by spinning and an ad-

—

g = <




~ R

—

Ex. 274

ditional thickness would be required. It was
estimated that an increase in blank thickness
of 30% would be enough, and initial blank
thickness was established at 0.390 in.
Machining of the blank to graded thickness
was done in a tracer-controlled vertical boring
mill, with the blank held on a vacuum chuck,
Following machining, the flange was pre-
formed to the desired contour by conven-
tlonal power spinning, accomplishing a re-
duction in wall thickness that provided a
uniform 0.300-in. wall.
., Final spinning wa .accomplished in one pass

-of #Fhe rollers dfter ths, slloy wes given a con-

trolled amount of room-temperature aging
(usually 13 to 18 hr). During final spinning,
one roller led the other by a vertical offset of
Ye to % In., using %-in.-radius too! rings at a
feed of about 0.090 in., per revolution. Speed
varied from 300 rpm max down to 40 rpm at
the flange.

The procedure described in Example
273 has also been successfully applied
to the forming of hemispheres and el-
lipses 6 to 70 in. in diameter from 17-7
PH and type 410 stainless steels, from
alloy steels such as 4130 and 4140, and
from aluminum alloys 5086, 2014 and

2024 {25 well a5 £D61). In one instance,

‘the procedure was used for Lot spinning
an oglve 30 in. in diameter and length
from molybdenum.

An application involving hot manual
spinning of a hemisphere by the use of
three breakdown operations is described
in Example 274.

Hot Spinning of Hemispheres

The use of heat for decreasing the
strength and increasing the ductility of
the work metal is sometimes required
either because the machine capacity is
insufficient for cold forming the thick-
ness to be spun or because the room-
temperature ductility of the work metal

_is too low.

Hot spinning is done only when nec-
essary, because heating, subsequent
cleaning, and increased tool deteriora-
tion all contribute to increased cost. A
specific application where high-strength
steel was heated for spinning is de-
scribed in the example that follows.

le, 274, Mot Spinning of 144-In.-

PIe, A
Bt ‘»”%ﬁaﬁh Elloy  Steel Banks (Fig, 16)

A manually operated $nachine with hy-
draulic power assist was used to spin 100-in.-
diam hemispherical heads from 0.500-in.-thick
by 144-in.-diam circular blanks of D-6ac alloy
steel. Spinning to final shape was accom-
Dlished in a series of three breakdowns (Fig.
18) by heating to 1550 F with oxyacetylene
torches. Temperature was determined with an
optical pyrometer, After spinning, the work-
plece was stress relieved, sand blasted, and
Inspected by the magnetic particle method.,
A minimum wall thickness of 0.272 in. was
specified. However, measurements taken after
spinning indicated an actual minimum thick-
ness of 0.326 in, To guarantee 8 uniform wall
thickness after spinning, it was necessary to
machine both the inside and the outside sur-
faces. Machining also removed decarburizatioy
resulting from elevated temperatures.

Lubricants and Coolants for
Power Spinning

Power spinning requires the use of a
fluid that serves as both a Ilubricant
and a coolant. Because of the large
amount of heat generated, a water-
base fluid is most commonly used.
Usually, a colloidal suspension of zinc
in lithium soap or molybdenum disul-
fide paste is mixed with water to func-
tion as the lubricant. These lubricant-

SPINNING

Roller

Fig. 17. Distribution of hardness ( Rockwell
F) in o copper workpiece reduced 43% by
spinning

B ]
ROLLER

Mandrel TRAVEL

Fig. 18. Setup for testing shear spinnability

Gray iron
Aluminum alloy

2024-T36

Aluminum olloy
6061-0

17-7 PH

stainless steel

Fig. 19. Location of fracture in specimens
of five different metals that were fested for
shear spinnability

coolant combinations are satisfactory
for most metals, although zine-free lu-
bricants and coolants should be used
for spinning stainless steel to avoid
surface contamination.

Various oils and oil mixtures, such as
10% lard oil in kerosine, have also been

used successfully for power spinning. .

Regardless of composition, the fluid
must be free flowing and applied by
bumps in copious amounts or both
workpieces and tools will be damaged
from heat.

When spinning aluminum or stainless
steel, the workpieces or mandrels, or
both, are sometimes coated with the lu-

20"

bricant before spinning. During spin
ning, workpieces and tools are floodec
with a coolant such as an emulsion o
soluble oil in water.

Effects of Spinning on
Work-Metal Properties

Power spinning is a severe cold work-

ing operaticn and therefore has -z

marked effect on' mechanical properties
of the work metal. Grain size is refinec
and made directional by power spin-
ning. Surface finish of a spun work-
piece is usually good enough so that nc
additional machining is required aftex
spinning. Spun finishes are commonly
about 60 micro-in., although finishes as¢
smooth as 20 micro-in. have been pro-
duced by power spinning.

Strength and Hardness. In spinning.
tensile and yield strengths increase and
ductility decreases. The magnitude ot
effect depends on the amount of wall

reduction and the suscentibility of the

metal 1o work hardening' (sge Tabies :
and 3 in the article on Tube Spinning,
pages 321 and 322).

In many applications, the increase in
strength caused by spinning is highly
desirable because it eliminates the need
for heat treating. In other applications.
the change in mechanical properties is
not desired and the workpieces must be
annealed after spinning.

To measure the work hardening in
the deformation zone, Rockwell F read-
ings were taken on the cross section of
a spun copper workpiece that was re-
duced 43%. The results are shown in
Fig. 17. It is evident that the area near
the roller contact has higher hardness
than at the mandrel side.

Shear Spinnability of Metals

Spinnability is defined as the maxi-
mum reduction a metal can withstand
before failure during spinning.

The setup for testing shear spinna-
bility shown in Fig., 18 consists of a

half-ellipsoid map@drél 8% At its leszer

diameter. According to the sine law,
when a flat blank is shear spun on this
shape of mandrel, the thickness of the
spun part will vary gradually from its
original to zero. All metals will fail
somewhere between these two limits.
Shear spinnability is defined as the
maximum percentage reduction in
thickness a metal can undergo before
failure. Thus, maximum spinning re-
duction percentage 1s:

fo— i1
to

Several specimens tested by this
method (Fig. 19) show that gray iron
and 2024-T36 aluminum alloy fractured
in a brittle manner under the roller. In
contrast to this type of fracture, cop-
per, 6061-O aluminum alloy, and 17-7
PH stainless steel all failed in tension
behind the roller.

Experiments on the influence of roll-
er corner radius, roller swivel, roller
axial velocity, and speed of mandrel
rotation have indicated that none of
these process variables has a significant
effect on maximum reduction. Nor was
any appreciable difference in spinnabili-
ty observed between results with dry

X 100
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Pig. 20. Correlation of meximum reduction
in spinning with reduction of aren in a
lension iest

and lubricated mandrels. The variable
that influenced maximum reduction
the most was deviation from sine-law
thickness. Thus, if the spun section was
thicker than that dictated by the sine
law, the maximum reduction was less
than when the thickness was less than
the sine-law thickness. The difference
in spinnability, however, was only a few
per cent for a deviation from sine-law
thickness of +30%.

In comparing the values of maximum
reduction Iy yhgarspinnimg-with: gon-
ventional mé ical propertiss’of the
metals used in the spinnability tests, it
was found that the best correlation is
with reduction of area in a tension-test
specimen. Figure 20 shows such data
and indicates a transition in the type
of failure of spun parts (metals includ-
ed those shown in Fig. 19). For metals
with a frue necking strain, e, of 0.6
(corresponding to about 45% reduction
of area) or greater in a tension-test
specimen, the maximum shear-spinning
reduction for one pass is about 80%.
Further.increase in the ductility of the
metal does not appreciably Increase
this maximum spinning reduction. For
metals with a true necking strain below
0.8, spinnability depends on ductility.
In production spinning and in spinna-
bility tests, the minimum included cone
angle to which a metal can be shear
spun from a flat blank in one pass is
approximately 30°.

Spinnability of tubes is described on
page 322. A setup for testing the spin-
nability of tubes is also.sho

‘Tube Spinning
Tube spinning, one of the major ap-
plications of the power spinning

process, is described in the article be-
ginning on page 317 in this volume.

Combination Processes

In some applications, two types of
spinning can be used in combination
with each other or in combination with
other fabricating methods to produce a

required shape. The following example

describes %~ procediure’ for producing
tank halves by using two types of spin-

ning and machining.

Example 275, Aluminum Alloy Tank
Halves Produced by Manual Spinning,
Machining and Tube Spinning (Fig. 21)

Storage-tank halves were produced by first
manually spinning a flat blank to the shape
shown in Fig. 21(a), and then machining the
workpiece as shown in Pig. 21(b). Next the
workpiece (aluminum alloy 6061) was solution
treated by heating to 970 F, water quenching,
and aging at 70 F for 17 hr. It was then tube

SPINNING

Aluminum

0.327 olloy 606!
0.297

36.080 . 0950 _,
™ 36,040 diom - 0930 |

{a) Spun preform

{b) Mochined preform

49

I~ 40 diom —=1
(d) Completed
workpiece

36. )

=~ 32020 gom |-
{c) Tube spun

Pig. 21. Sequence of shapes in production

of a lank holf by manual spinning, ma-
chining ond tube spinning (Example 275)

Steel, golvanized
/ 3 steel or
T aluminum olloy

(io

Completed

workpiece 9-diom ring
Blode { before spinring)
-} }=0.030 N,
Z %
L ,8 A
B “ Ring
Section A-A Detail A {after spinning)

Fig. 22. Blower wheel that was assembdled
by spinning (Example 276)

spun in two passes to reduce the wall thick-
ness by approximately 66% (Fig. 21c). The
end portion was heated to 600 F, and the
flange was manually spun (Fig. 21d).

Assembly by Spinning

Spinning is frequently employed for
less conventional applications than
those described earlier in this article
and in the article on Tube Spinning,
page 317. It is often the cheapest
means of joining two or more parts to
form an assembly. For instance, a tube
can be inserted through a hole in a
plate, and then the protruding end of
the tube can be spun to secure it to the
plate. Small parts are assembled by this
technique with a special tool rotated by
a drill press.

Assembly of components by spinning
is not, however, restricted to small
parts, as illustrated by the example
that follows.

Power(m) ........ 1
1 Ti-13V-{1iCr-3A1 515 .
2 Ti-13V-11Cri3Al 616+

Ex, 275

the next assembly. Assemblies were produced
at a rate of 91 per hour.

Production of the blower-wheel blades is
described in Example 103 In the article on
Press Bending of Low-Carbon Steel.
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Other Examples of Spinning
Applications in This Volume(a)

Phnns o TS Hmr
Stainless Steel
Manual .......... 4 305 476
Power ........... 1 430 477
Heat-Resisting Alloys
Power (b) A-286 496
"Tube(c) A-286 497
Tube(d) N-155 503
Refractory Metals
Power ..... beaaas 1 C-103 506
Power ........... 3 Ta-10W 507
Power ........... 1 Tungsten . 508
Aluminum Alloy LR
Power(e) ....... Multiple 6061-0O 531
Beryllium
Power(®) ........ .. Powder sheet(g) 572
Manual .......... 2 Powder sheet(g) 573
Manual .......... 9 Powder sheet(g) 574
Copper and Copper Alloys
Manualth) ....... Alloy 110 597
Manual(j) ....... Alloy 220 598

Magnesium Alloy
Manual(k) ....... 1 HK31-H24 608

Titaninm Alloys

Ti-6Al1-4V 814
Power

Example 276. Use of Spinning to Assemble \ (8) See also the section on Spinning, page

a Blower Wheel (Fig. 22)

Spinning was used to assemble the blower
wheel shown in Fig. 22. The 16 blades were
picked up in order by a template, which held
them in position for assembly into the end
rings. The assembly was placed in a special
spinning machine that had a 3-hp motor. As
the assembly rotated, the flange on the end
rings was spun over and flattened on the tabs
of the blades (Fig. 22) by a guide-rail shoe.
After both flanges were spun, the template
was removed and used to collect blades for

434 in the article “Forming of Nickel Alloys”
this volume. (b) Operation was changed
from spinning to deep drawing. (¢) Starting
groove was machined. Flange was left on each
end to avoid distortion. (d) Direction of grain
circumferential to resist hoop stress.

(e) Hemisphere produced. (f) Sheet was sand-
wiched between iwo steel sheets. (g) Cross
rolled. (h) Partly formed on mandrel; partly
free formed. {J) Hourglass shape spun on a
split mandrel. (k) Sizing operation on a welded
preform. (m) Spun at room temperature. The
same alloy, twice as thick, was spun at 800 F.
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