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SCOPE AND CONTENTS:

Gaining insight into the‘pressworking properties of
laminated sheet metal is the aim of this work. One of the
deformation processes in which the difference in behaviour
between single and laminated sheet metal is most distinct and
possibly the easiest to analyze is that of pure plastic bending.

A bending theory, initially proposed by Crafoord, is further
developed to analyze the pure bending of laminated metals., The
bending behaviour of single and laminated nonstrain hardening

and strain hardening sheets, with and without Bauschinger effect,
is treated extensively from a theoretical point of view.

Stretch forming, bending and deep drawing tests on
laminated sheets are also performed experimentally. It is found
that the orientation of the laminated sheet during the deformation
process has a significant influence on the bending behaviour and
the deep drawability of laminated sheet. The change in deep
drawability can be qualitatively predicted from the bending

behaviour.
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CHAPTER 1

INTRODUCTION

The reasons for the use of laminated materials, a
description in some detail of the most important laminates used
today and their mode of manufacture, will be given first in this
introduction. A brief survey of the state of the art of plasti-
cally deforming laminated materials follows. Finally, the scope

of this thesis will be explained.

1.1. Laminated Composites; Definition, Use and Manufacture

1.1.1. Why Composite Materials are Used

The demands on materials imposed by engineering applica-
tions can be very diverse. Some sought after properties of
materials are listed below.

1. Mechanical Properties
- high strength to weight ratio
- high ductility
- good formability
- weldability
- fracture toughness
- fatigue behaviour
- creep behaviour
2. Thermal Properties
- thermal insulation

- excellent heat transfer characteristics



7.

8.

high or low coefficient of thermal expansion
effects of temperature on mechanical properties
(e.g., high temperature creep)

melting point

Electrical Properties

electrical insulation
excellent electrical conductivity

magnetic properties (e.g., permeability)

Chemical Properties

corrosion resistance

Nuclear Properties

effects of radiation on the material
nuclear cross section for specific nuclear

reactions

Tribological Properties

wear resistance
abrasion resistance
surface hardness

surface roughness

Aesthetic Properties

Cost

color

surface appearance (e.g., for decorative purposes)

availability (scarce or abundant)

production .cost



It is virtually impossible to meet all the above needs
simultaneously (if this is ever required). In some applica-
tions, the material needs only a few of the above properties,
and requirements can be easily met by a wide variety of
traditional materials. In other applications, the demands are
more severe and/or more diverse, and can be met by improving
materials. ‘A great deal of research has gone into these methods
of improvement. In metals, for instance, change in properties
can be obtained by mechanical working, heat treatment and the
use of alloy elements. Plastics cén be improved by developments
in organic chemistry.

However, demands for some applications can not be met
by simple single-component materials acting alone. It becomes
necessary to combine several materials into a composite to which
each constituent not only contributes its share, but whose
combined action transcends the sum of the individual properties,
and provides new performance unattainable by the constituents
alone. This combination of materials can be done in different
ways. One way is to distribute the properties of both materials
evenly over the composite. This can be done with powder metallurgy,
the dispersion of particles in a matrix (fillers in plastics),.
or the use of reinforcing fibres (whiskers in metals, glass-
fibres in plastics). But this even distribution of material
properties over the whole composite is not always necessary or
desirable. For some applications, the best solution is to have

non-uniform material properties. The juxtaposition of materials,’



taking full advantage of the properties of the composing single
materials and of the properties of the whole composite, is
realized in laminated materials. Examples include structural
sandwiches and thermostat metals. Section 1.1;2. will treat
the laﬁinated materials in detail,
The above shows that materials can be classified as
follows.
1. Single Component Materials
A, Traditional materials (wood, metal)
B. Improved traditional materials
2., Composite Materials
A. Laminates of‘single component materials
B. Totally integrated composites (e.g., whiskers in

a softer matrix)

'

1.1.2, Laminated Composites

The use of laminated materials is very old. The
Egyptians used laminated wood, the Romans used plywood for
furniture, and swordmakers made arms from laminated steel.
Present-day applications of laminated composites are far ranging,

The remainder of this section is intended to show the
reader who is not familiar with this field what types of laminates
do exist, where they are used and how they are manufactured.

Most of the material presented in this section will be found
in the work by Dietz [1].
Since laminate types are very numerous, classifying them

is not straightforward. An attempt has been made to classify



them as laminates composed of non-metallic elements, laminates

that exist, or can exist, of metals and non-metals, and metallic

laminates, It is stressed however, that this classification

is not rigid, and deviation from it occurs.

1.1.2,1.

A.

Non-Metallic Laminates

Plywood is a panel consisting of an odd number of

plies of wood veneer with the grain of alternate

plates at right angles. These plies are bonded together
under hydraulic pressure with water resistant or water-
proof adhesives. Plywood is used in furniture, but its
main use is in residentialvconstruction.

Structural glued laminated timber consists of assemblies

of suitably selected and prepared wood laminations
securely bonded with adhesives. The grain of all
laminations is approximately parallel longitudinally.
Glued laminated members can be fabricated in almost any
length, size, or structural shape. They are used for
beams, columns, arches and domes.

High pressure plastic laminates are made from a layup

of sheets of paper, cloth, asbestos, synthetic fiber

or glass in sandwich construction, each bonded with a
suitable resin. They are pressed between metal pressure
plates at required temperature and pressure till
polymerization is finished., Originally, they replaced
mica as an insulator, and their main use is still as

a quality electrical insulator. Some are also used for

decorative purposes.
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Glass composites or laminates consist of two or more

layers of glass bonded to one or more layers of plastic
material to produce a composite strucfure. They are

used to improve the safety characteristics of glass,

as in automobile windshields; to produce resistance

to penetration by missiles, as in bullet-resisting

glass; or to achieve special optical prdperties, as

in light filters. Another form of glass 'laminate'

are insulating-glass windows, consisting of multiple
layers of glass separated by air cells to provide thermal

insulation.

Non-Metallic, Metallic Laminates

Structural sandwiches are constructions comprising a

combination of alternating dissimilar simple or composite
materials, assembled and intimately fixed in relation
to each other so as to use the properties of each to
specific structural advantage for the whole assembly.
They are a special form of laminated composite in which
thin, strong, stiff, hard and relatively heavy facings
are combined with thick, relatively soft, light and
weaker cores to provide a light-weight composite much
stronger and stiffer in most respects than the sum of
the individual stiffness and strengths. Thin strips

of metal are easily bent and a block of plastic foam

is easily broken, but when the metal strips are bonded

to opposite faces of the plastic foam the resulting



sandwich structure resists bending and requires a
heavy load to break it.

Applications of sandwich construction include aircraft
wings, helicopter rotor blades, aircraft fuselage
primary structure. Less exotic applications involve
the use of structural building panels in industrial
building construction.

Glassed steel is a family of laminates, each member of

which consists of a glass structure (which may vary in
formulation and number of\layers) applied and then

fused by high-temperature firing to a base metal,

usually mild steel. Unlike most other laminates, glassed
steel is formed into its desired size and shape before
the laminate, in this case glass, is applied to the

base metal. This type of laminate can be tailored to

its use by the selection of glass formulation and base
metal.

Coatings of amorphous glass, inert and smooth, are used
in making corrosion-resistant process equipment for
chemical, petrochemical, pharmaceutical, plastic,

brewery and biochemical process industries. '
Coatings of crystallised glass are also used for corrosion
resistance, but provide in addition abrasion resistance,
impact resistance, thermal shock, and even electrical

insulation.



Metallic Laminates

Laminates in which the surface is essentially only

a protective coating, like plated, galvanised and
similarly thinly coated metals.

A type of lamination is the provision of a hard,

wear resistart layer on metal parts by fusion welding.
The surface overlay deposited may be required for wear
resistance, corrosion resistance, heat resistance.
This hard facing of metal parts is widespread where the
above specifications must\be met. (e.g., rolling

mill guides, engine valves, forming dies, plowshares,
etc.).

A similar type of laminate is the one formed by flame
or plasma spraying of metal or ceramic to a substrate.
These laminates are used for wear and abrasion resist-
ance (carbide spraying), corrosion protection (anodic
or cathodic coatings), electrical conduction (copper
spraying) or electrical insulation (aluminum oxide
spray), high temperature applications (spray of
refractory materials).

Another important class of laminates are the thermostat
metals. A thermostat metal is a composite material,
usually in the form of sheet or strip, comprising two
or more materials of any appropriate nature, metallic
or otherwise, which, by virtue of the different
coefficients of thermal expansion of the components,

tends to alter its curvature when its temperature is



changed. Thermostat metals can be used in a variety
of ways when a change in temperature can be used to

control, regulate, compensate, indicate and the like.

Four main processes are used to create a bond between
components.

Casting the lower-melting alloy on the solid higher
melting one,

Joining the components directly by heat and static
pressure in a press.

Joining the components directly by heat and the dynamic
pressure of a hot-rolling mill.

Joining the components directly by dynamic pressure
alone at room temperature (cold rolling).

Aluminum alloy laminates are laminates of two or more
aluminum alloys of different compositions metallurgically
bonded (mostly sheet products). The core alloy is
chosen to have the required mechanical characteristics,

such as high strength, or formability or ductility.

When the coating alloy is chosen for the anodic pro-
tection it gives to the coré alloy, the laminate is
known as Alclad. Alclad is extensively used in aircraft
design, tube sheets for condensors and heat exchangers,
van containers for shipboard and highway transport,

high quality industrial siding and roofing panels.
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When the coating alloy has a melting point appreci-
ably lower than that of the core, and good fluidity

in the liquid state, the sheet is known as brazing
sheet. This can be used for construction of extremely
lightweight, high-strength sandwich panels (same type
as the ones in section 1.1.2.2.A)

In specific applications, when resistance per se
against chemical solutions is required, a corrosion
resistant coating is selected as cladding. This lam-
inate is used in the chemical industry.

Finally, there is a group of clad sheet products hav-
ing a pleasing uniform appearance after etching and
finished anodic coatings. This sheet type is known as
clad reflector sheet, and is used in reflectors and
sidings of buildings.

Stainless-steel-clad metals jnclude stainless-clad
steel, stainless-clad aluminum and stainless-clad

copper.

Stainless-clad steels are used for the corrosion
resistance of the stainless steel cladding and the good
heat transfer characteristics of the core., Stainless-
clad steel is used in processing industries and for
pressure vessels. In double clad, it is extensively
used for cooking utensils.

In stainless~-clad aluminum, the cleanability, stain-
resistance, strength and toughness of stainless steel

is combined with the lightness and excellent heat-transfer
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characteristics of aluminqm. This indicates why this
material is very widely used in the manufacture

of cooking utensils, the more since it has good draw-
ability. The electrical properties of aluminum,
combined with the properties of stainless steel, make

it a candidate for use in the electrical field.
Stainless-clad copper shows similar characteristics to
stainless-clad aluminum, and is also used for cooking
utensils and in the electrical field,

Nonferrous-clad steels include a wide variety, such

as nickel-clad steel, Monel-clad steel, Inconel-

clad steel, copper-clad steel, cupro—nickel-

clad steel, aluminum-clad steel. Nickel

clad steel is used for equipment handling hot concentra-
ted caustic in alkali, rayon, soap and process industries.
It is also used for pressure vessels and chemical tanks.
Monel-clad steel is used for heat-transfer equipment
that has to be resistant to sodium chloride. Inconel-
clad steel has uses similar to the previous clads,

with the advantage that it can be used in oxidizing

and reducing environments. In copper-clad steels, the
strength imparted by the backing steel allows the
corrosion resistant properties of copper to be utilized
at temperatures and pressures far exceeding those where
solid copper can be used., In addition to this, advantage
can be taken of the excellent heat transfer properties

of the copper. Hence, its use in heat exchangers,



1.1.3,

ways.

12

kettles and the like is not surprising. Aluminum clad
high carbon steel is used in the manufacture of heavy
current conductors. The steel provides the strength,
and the aluminum the good electrical conductivity.
Laminates for the nuclear industry , in which uranium

fuel is cladded with aluminum, stainless steel, Zircaloy.

Manufacture of Metallic Laminates

Metallic laminates can be produced in a lot of different

Where the manufacturing method will be described in

detail, bonding of stainless steel to carbon steel will be used

as example.

Fusion welding

Flame or plasma spraying

Casting the lower-melting alloy on the solid higher
melting one. One can weld two stainless steel plates
together at the edges, after inserting a parting
compound, such as chromium oxide, between the two to
prevent bonding between the stainless steel plates,
and place the plates in an ingot mold. Molton steel
is then cast around these plates. The ingot is then
hot rolled to convenient thickness, the welded areas
of the stainless steel plates are cut away, and the
result is two simple clad plates. Double clad, that
is stainless clad on either side of the carbon steel
core, can be produéed by placing stainless steel pro-

perly in the mold and pouring molten steel between them.
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Another way to produce stainless clad carbon steel

is one in which a mixture for producing stainless steel,
consisting of ferroalloys and other metals, is placed
on the carbon steel slab, and the mixture as well as

the steel slab are melted by electric arcs. A mold

is used around the upright carbon steel slab to retain
molten metal until solidification occurs. Afﬁer that,
the stainless steel-carbon slab can be further processed.
The most commonly used method is the pack assembly,.
Carbon steel slabs and stainless steel plates are
suitably packed together, and the edges of the pack are
welded together. Welding tends to minimize the oxida-
tion of the surfaces to be bonded and keeps the various
components in proper register during further processing.
After welding, the assembly is heated and hot rolled
sufficiently to achieve a bond. The welded edges can
then be removed, and the clad plates can be further
processed,

Because of the high chromium content of stainless steel,
there is a strong tendency for chromium oxide to form
on the surface. This oxide is a severe deterrent to
bonding. In an attempt to prevent this chromium oxide
formation, several techniques have been developed and
described in patents. One of them is to plate or coat
the stainless steel surface to be bonded with iron or
nickel. Another solution is to evacuate the pack to

a low residual pressure after welding to remove essenti-
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ally all oxidizing atmosphere. To achieve optimum
bonding, all surfaces to be bonded have to be as clean
and as oxide-free as possible. The assembly must also
be at the proper temperature for hot rolling.

The rolling step has to give a sufficient reduction to
bring the surfacesto be bonded in intimate contact, and
to break up any oxide film that‘eVentually may have
formed, Similar pack assembly hot or cold rolling is
also applied for a lot of other types of laminated
metal sheet. Table 1.1 gives the amount of reduction
required for successful bonding for different laminates.
The vacuum brazing technique can be used to bond stain-
less steel to carbon steel. Brazing alloy is placed

on the surfaces to be bonded. The assembly is welded
all around the edges, evacuated and heated under vacuunm
to achieve bonding. No reduction is required to achieve
bonding, and the plates used can already have their
final thicknesses.,

Explosive welding can also be used to achieve bonding.
The clad metal is held at a ;ontrolled distance from
the base metal and the explosive charge is detonated.
This brings the surfaces to be bonded into intimate
contact and bonding is achieved.

All the above methods provide metallurgical bonding.
Nonmetallurgical bonding can be achieved by using

adhesives to bond the materials.



TABLE 1.1

Minimum Reduction Required to

Produce a Bond in Roll Bonding

15

METALS USED % REDUCTION COMMENTS REFERENCE
Copper 45 - Agers (2)
Aluminium 40 - "
Copper and
Aluminium 65 - Donelan (3)
- 40 Minimum to pro- Rollason (4)
duce any bond-
ing
- 70 To give 100% "
bonding
- 2 Small work rolls" "
in vacuum
Niobium to 30-40 10-15% per pass Krivonosov
Steel et al (5)
Refractory or-
Reactive metal
Combinations 5-40 Rolled in inert Bianchi (6)

atmosphere
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I. Laminated bar or tube type products can also be
produced by other processes, such as extrusion.
There may be other processes used to produce laminates
of which the author is not aware. It is hoped that
this description has helped the reader to realize
the importance of laminated materials.

1.2, State of the Art of the Plastic
Deformation of Laminated Metals

It was outlined in section 1.1.3. that several methods
of plastic deformation, such as rolling and extrusion, are used
to provide a metallurgical bond by pressure welding between
dissimilar metals to manufacture laminates. A lot of research
has therefore gone into this laminate producing process.

Laminated rods, tubes and cans can be formed by the
extrusion of dissimilar metals. This type of process has
successfully been developed for the production of nuclear fuel
elements, see Internal Atomic Energy Authority [7]. In recent
years, the extrusion of dissimilar metals has been extended into
more general fields of application. The interested reader is
referred to work done at Batelle Memorial Institute [8], Nuclear
Metals Inc. [9], and Cleveland Crane and Engineering [10], and
to Whitfield [11]. A summary of the mechanical and metallurgical
factors involved in co-extrusion of dissimilar metals is given
by Loewenstein and Tuffin [12]. It is interesting to note that
it was even suggested to extrude simultaneously through a

single die two billets of different materials held in separate
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containers, to form bimetallic strip. See Darling [13], and
Alexander and Whitlock [14].

Rolling of dissimilar metals is used to produce a
laminated sheet by pressure welding: PUt the interest in rolling
dissimilar metals was also generated by the fact that a high
strength material, while rolled in a loose pack, i.e.,, the high
strength metal is simply put between sheets or slabs of softer
metal, can be more easily deformed than when rolled as a single
sheet. This loose pack rolling is used in the rolling of
stainless steel and titanium. Hence, work has been carried out
on rolling dissimilar metals, both for non-bonded and bonded
packs. '‘More information on the rolling of laminates can be
found in Arkulis [15], Arnold and Whitton [16], Pomp and
Lueg [17]. It may be useful to point out that rolling is the
process for which the most work describing the plastic deforma-
tion of laminated materials has been done.

In most cases, the laminated material is not produced
in its final shape in the bonding proceés. Hence, mechanical
working to change the geometry is necessary. The same processes
as used for single materials can be used. The fact that the
material is laminated can have an effect on how well these
processes can be carried out. It was mentioned before that loose
pack rolling of soft cladded high strength materials is easier
than the rolling of the single strong material. This is an
example in which the cladding makes the deformation process

easier to perform., This however is not always the case. An
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ekample is the drawing of copper coated steel wires. Failure

of the wire can occur, although an unclad steel wire of the same
size can be drawn without difficulty. These two examples make
it clear that it is necessary to analyze the mechanics of

the plastic deformation of laminated materials to gain insight
into the deformation patterns, and to understand why certain
processes are easier to perform with laminated materials, while
others are more difficult. .

One of the techniques applied to analyze laminate
plastic deformation is to assume tﬁat the different laminates
undergo equal straining. An equivalent flow stress, determined
by the traditional law of mixtures, can then be determined as a
function of the separate yield stresses and the volume fraction
of the layers in the composite. The composite is then treated
as a single metal witha flow stress the equivalent flow stress.
The plastic behaviour of laminates in tension, compression,
rolling, drawing and extrusion has been described using this
equivalent flow stress. See Weinstein and Pawelski t18],

Atkins and Weinstein [19], Arkulis [15]. The equal strain
hypothesis for all layers requires, since all the material

deforms plastically, that the stresses in the different materials are
different (sinc¢e they have different yield stresses). The different
behaviour of laminated and single materials in the two examples
above, rolling of loose pack and wiredrawing of copper coated

steel, can be accounted for by this difference in stresses in

the different laminates.



19

Hawkins and Wright [20], [21] mention a different
hypothesis, namely that the stress in the different components
is equal. Since the different materials have different
yield strength, the strains in the different components will
generally be different, so that the different materials must
be free to deform independently from each other. They indicate
that in practice, the behaviour of a laminated composite will
always lie betwéenthe behaviour found by using the equal strain
hypothesis, and the one found by using equal stress. For fully
bonded laminated materials, no relative movement at the laminate
interface will be allowed, and the equal strain hypothesis
seems therefore more appropriate than the equal stress hypothesis.,
More involved analysis of plastic deformation of
laminated composites has been made by slipyline analysis for
plane strain processes. See Brovman and Yudin [22], who indicate
how plane strain compression, rolling, drawing and extrusion
of laminated materials can be analyzed, and Arcisz [23], who
analyses the cutting of bimetallic strip by smooth rigid punches.
Not much information is available with regard to the
pressforming properties of clad materials, Substantial improve-
ment in drawability, over conventional steel sheet, have been
reported for tin, - see Duckett et al [24] - and zinc, - see
Nelson [25], coated steel. The improvement in drawability seems
to be attributed to the coating metal acting as a solid-state

lubricant or as an aid in retaining the lubricating oil film,
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Rathbone [26] did stretch forming on mild steel-
stainless steel laminates, and found deeper penetrations when
the thick component (mild steel) was the outer one. But he
did not indicate if the deeper penetrations were obtained
because the outer component was the thicker one, or because
it was mild steel rather than stainless steel.

Some more information became available with the work
of Hawkins and Wright [20], [21], who investigated the press-
formability of copper-mild steel laminated sheets. They found
that the stretch formability of a copper-steel bimetal is
dependent oﬁ the ductility of the outer component, and not on
the ductility of the composite as a whole, see Fig. 1.1. They
also found that the thickness strains over the punch nose in
deep drawn cups of copper-steel bimetal was greater when the
outer component was copper, see Fig. 1.2, and that the degree
of thinning increased with percent copper, see Fig. 1.3.
Hawkins and Wright also calculated the punch loads for deep
drawing and stretch forming using the equal strain hypothesis,
and their calculated values were in close agreement with their

experimental values.

1.3. Scope of this Work

This work will investigate the behaviour of laminated
metal sheets in metalworking operations. The pressworking of
sheet consists basically of two operations, stretch forming

and deep drawing. Stretch forming Of laminated sheet will be



21

investigated with the use of the hydrostatic bulge test.

Deep drawing is a more complex operation than stretching, as
shown by the stress system on a segment of a deep drawn cup
shown in Fig. 1.4. Deep drawing tests in bimetals will be

done to compare the results with those obtained by Hawkins

and Wright. When deep drawing a cup, bending and unbending

of the material takes place. The author felt that whichever
laminate is on the outside of the deep drawn cup could be of
importance in this bending and unbending. A big portion of
this work will therefore be devoted to an analysis of the bend-

ing of laminated sheet.



CHAPTER 2

EXPERIMENTAL STRETCHING OF LAMINATED
SHEET BY THE BULGE TEST

2,1, Materials Used in the Experiments

Four different laminates were used. They are des-
cribed in Table 2. All laminates were delivered in coils. 'One
of the coils, laminate D, was probably the endzone of 4
sheet and was not perfectly bonded. Thus it was possible to
separate the stainless steel from the aluminum for part of the
coil, These sheets will be called D-SS and D-AL. A replacement
coil for D was ordered, and this coil was labeled DD. The
reldative thickness of each laminate in the sheets was determined
by preparing metallographic specimens of cross-sections of
the sheet, and measuring the relative thickness under a measur-
ing microscope. The metallographic specimens were etched with
Keller's etch in an attempt to identify the different aluminum
laminates. Photo micrographs are shown in
Fig. 2.1. The distinction between the two aluminum laminates
was clear for material B only. In materials C, D and DD no
clear boundary or change in structure is visible.

Tensile tests on the different sheets were performed
using the tensile test specimen of Fig., 2.2. Specimens were
cut out under 00, 45° and 90° to the rolling direction, and
tested in an Instron Tensile Testing Instrument using a .5 in/min

crosshead speed and an extensometer with .5 in. gauge length and

22



Table 2.1

COMPOSITION CF THE LAMINATED SHEETS

23

Sheet Composition Percentage cof Nominal Sheet Real Sheet
Laminate Thickness Thickness
9 - -
b 1073 in 1073 in
434 SS 40.4
B €22 AL* core 4,2 22.5 .23.3
5052 AL 55.4
201 SS 39.7
o C22 AL core 1e60,3 22,5 23.0
5052 AL
304 SS 18,0
D C22 AL core 1g2.0 51 54.0
3003 AL
D-SS 304 SS 100 - 8.85
€22 AL 45.9
D-AL 100 -
3003 AL
304 SS 17.7
DD C22 AL core ) g2.3 51 53.3
3003 AL
430 SS 29.7
E C22 AL core 67.5 50 51.0
Zinc 2.8

%

€22 AL is 1100 AL with 1.5% to 1%

Si.
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50 percent maximum elongation for determination of the load-
elongation curve. For every test, values of the .2 percent
yield strength, the ultimate tensile strength and the uniform
elongation were determined. A set of about ten’points in the
plastic region of every stress-strain curve were taken to
determine the parameters A, €s and n in the stress-strain
relation

T = A (eo + E)n

Between two and six tests were performed for every sheet in the
different directions. The averages o these tests were used

to calculate the values given in Table 2.2, and to determine
the stress-strain curves given in Fig.. 2.3 to Fig. 2.9. The
above given stress-strain relation fits very well the experi-
mental stress-strain curves for sheets B, C and D-SS. However,
the suggested stress-strain curve does not provide a good fit
for the test data of materials D-AL, E, D and DD, Fig. 2.7

and 2.9 give the suggested stress-strain curve and some experi-
mental curves for sheets D-AL, and E. It is clear that the
suggested stress-strain curve is not suited to describe the
experimental data. The strain values obtained in the tensile
tests of materials D-AL and E are very low, as can be verified
in Table 2.2. For such small elongations, the elastic and
plastic strains are of the same order of magnitude. Since the
suggested stress-strain curve has no terms to account for

elastic behaviour, the fit of that curve is poor for materials



Table 2.2.

Tensile Properties of
the Laminated Sheets

Sheet Composi- Angle of Tensile Yield Stress Ultimate |Percentage Stress-Strain Curve
tion given in Axis with Roll- Tensile Uniform Parameters
Table 2.1) ing Direction. Strength |Elongation 5= A (e + E)n
* * % Y
A € n
0
- o 103 psi 103psi % 103psi - -
0 46.0 54.0 10 76.6 .0083 .111
45 46.2 54.2 8.6 72.5 .0017 .083
B 90 47.0 55.9 10 76.6 .0035 . 095
average 46.4 54.7 9.5 75.2 .0045 . 096
0 - 70.7 39 141 .0946 426
45 - 68.7 40 136 .0875 .410
C 90 - 67.9 37 137 . 149 .503
average - . 69.1 39 138 .111 .447
"k % 0 28.6 39,9 [39.7] 1.2 {20 57.7 .581 .766
D 45 28,6 37.9 | 37.7] 1.5 |15 46.4 777 .869
90 28.6 39.0 | 38.5| 1.4 |15 44,7 . 846 .961
average 28.6 38.9 | 36.6f 1.37| 17 49.6 .735 .865
0 77.1 109 34 224 .0953 447
45 73.6 104 38 196 .0533 .341
D-SS 90 73.3 104 35 215 ,126 .503
average 74.7 106 36 212 .0916 .430
. 0 24.8 28.7 1.10 |224 0. 419
D-A 45 25.1 28.0 1,03 203 0. .418
%0 25.8 28.6 .96 219 0. .409
average 25.3 28.4 1.03 215 0. .415

continued

S¢




Table 2.2. Continued

Sheet Composi- Angle of Tensile Yield Stress Ultimate Percentage Stress-Strain Curve
tion given in Axis with Roll- Tensile Uniform Parameters
Table 2.1) ing Direction Strength [ Elongation s = A (Eo . E)n
* * % :
A > n
0
- o 105 psi 103psi % 103psi - -
" ¥ 0 32,7 36.4 |38.0 .7 |30 69.3 .223 .475
DD 45 31.2 34,7 135.7 .8 130 66.1 .239 .476
90 33.3 34.7135.7 .6 130 64.6 .209 .449
average 32.4 35.4136.4 .7 |30 66.7 224 467
0 56.8 60.5 1.26 173 0. .218
% % ke 45 52.9 58.2 1.36 | 248 0. .301
90 60.1 63.5 .71 1616 0. .639
average 56.6 60.8 1.11 - - -

The first value given in this column for sheet D or DD is the stress, i.e., load divided

by original area, corresponding to the first maximum in the load-elongation curve. The
csecond value gives the stress corresponding to the second maximum.

ks The first value given in this column for sheet D or DD is the percentage elongation cor-
responding to the first maximum in the load-elongation curve., The second value gives the
elongation corresponding to the second maximum,
*kk The stress-strain parameters for sheets D and DD given in this table relate to zone 3 of
the stress-strain curve, as explained in the text and in Fig. 2.5 and 2.8.
*edkdkek The fit of the power-law with the stress-strain curve for sheets D-AL and E is poor. Since

the strain attainable in
are of the same order of

the tensile tests was very low, the elastic and plastic strain
magnitude. This explains the poor fit.

9¢
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D-AL and E. The suggested stress-strain curve does not provide
a perfect fit for the experimental curves of materials D and

DD for a different reason. Sheets D and DD have a load-elongation
curve with two maximums. The load goes through a first maximum

at a small strain, the load then decreases, starts to increase
again, and reaches the second maximum at a high strain. Final
necking and fracture follow. The first maximum load is the
biggest one for sheet D, and hence, this first maximum determines
the ultimate tensile strength for this material. For sheet DD,
the second maximum is the larger one. An example of the load-
elongation curve of a specimen of sheet D is given in Fig. 2.10:
Note that the first maximum in the load of tensile specimen D
occurs between 1, and 1.25 percent elongation. The maximum
elongation of the aluminum part of sheets D, D-AL, for a

specimen in the rolling direction has an average value of 1.1
percent, as indicated in Table 2.2. It is therefore thought

that the first maximum in the tensile tests On materials D

and DD is related to the fact that the aluminum has reached

its maximum load carrying ability. Since the aluminum is
supported by the stainless steel, any increase in load must be
absorbed by the stainless steel. It is possible that, when

the aluminum is maximally 1oaded,vthe decrease in cross sectional
area due to further elongation has a greater effect on the total
load than the effect of the strainhardening of the stainless steel.
Hence, the load goes through a maximum. However, real localized
necking does not occur. For further elongation, the strain-

hardening of the stainless steel becomes the more important



influence, and the load starts to increase, The new maximum
the load will reach, and at which necking starts, is dependent
on the stainless steel properties. The stress-strain curve
of the specimen of sheet D, whose load-elongation curve is
featured in Fig., 2.10, is given in Fig. 2.5. 1Its stress-strain
curve consists of three zones. In zone 1, the stress-strain
curve is very steep. This is the elastic zone., For zone 2,
the curve decreases in slope and becomes horizontal, The
beginning of this horizontal part coincides with the first
maximum in the load-elongation curve, and the horizontal part
itself with the decrease in load after this first maximum,.

In zone 3, the stress-strain curve increases almost linearly
with increasing strain. The stress-strain curve in zone 3 can
be represented by

o = A (so + E)n
' The values for A, € and n given in Table 2.2 for materials.

D and DD determine the stress-strain curve in zone 3 for these
materials.

It may be pointed out that in all the tensile tests
of laminated sheets, curling of the testpieces along the
longitudinal tensile axis (thus in transverse direction of the
testpiece) was observed during the tests. An example is
shown in Fig. 2.11. This has also been reported by Hawkins and

Wright [20], and they attribute this curling to different R-values
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for the different laminates. Since the R-value is the ratio
between width and thickness strain, a difference in R-values
between the laminates will cause a different width strain

for the same elongations. This causes stresses in the width
direction of the tested specimen, which can be relieved by
curling of the testpiece. When the laminated testspecimens
fracture, the laminated layers unload slastically. The difference
in their modulus of elasticity causes the testpiece to bend
along the transverse direction duripg this unloading. Although
no investigation in this curling and elastic bending was carried
out, it is important to know that the same effect applies when
pressforming laminated sheets. Warping of the formed sheets

can occur, especially for asymmetric shapes.

It was indicated that part of sheet D was defectively
bonded. A tensile test specimen of that defective material 1is
shown in Fig. 2.12, At fracture, the bond between the different
laminates becomes loose, and the laminates necked under different

angles to the longitudinal axis.

2.2. Biaxial Stretching of Laminated Sheet

It was pointed out in Chapter 1, section 1.2, that
Hawkins and Wright [20], [21] have found that the stretch-
formability of a copper-steel bimetal is bigger'when the copper
is on the outside than when the steel is, see Fig. 1.1, It is
interésting to check if their claim, that the stretch-formability
is only dependent on the ductility of the outer component,

is valid for the laminates that we have available. They performed
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stretching by the Erichsen-test. The stretching tests carried

out on our laminates were performed by the hydrostatic bulging

of circular and elliptical diaphragms. All sheets contain

a stainless steel laminate on one side. Tests were done with

the stainless steel either on the outside or on the inside of

the bulge, to see if this made a difference in stretch-formability,.
Balanced biaxial stressing by bulging circular diaphragms was
carried out for all sheets available, and will be treated in
section 2.2.1. A forming limit diagram for the sheet DD was
determined by bulging elliptical diéphragms, and this is dis-

cussed in section 2.2.2.

2.2.,1. 'Balanced Biaxial Stretching

During the hydrostatic bﬁlging of a circular dia-
phragm of an isotropic material, the material in the pole is
subject to an equal biaxial stress system. The bulge test
allows to determine a stress-strain curve of the material for
strains that are bigger than the ones that can be obtained in
a tensile test, since the point of instability, i.e., the
onset of necking, occurs at a higher strain, Analysis of the
deformation process in the circular bulge test has been
performed by Hill [27] and Mellor [28].:

The biaxial test equipment used is shown in Fig. 2.13,
and is described by Albertin [29]. The deformation history
during a circular bulge test is determined by recording the
hydrostatic pressure, the radius of curvature at the pole and

the strain at the pole. The two latter ONEs are measured by
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a combined spherometer and extensometer, originally described

in Johnson et al [30]. During the tests of circular diaphragms

of laminated sheet with the stainless steel to the outside of

the bulge, it was noted that the sharp points of the extensometer,
which normally should follow the deformation of the bulge, |
slipped on the very smooth stainless steel surface. To be able

to measure the strains without the extensometer, square grids

of .098 in spacing were printed on the specimens using a
photoresist technique. The grid spacing at the pole after deforma-
tion determines the maximum strain fhe sheet has undergone. It
was tried to use a replica technique, as described by Van Minh

et al [31], since it is easier and more accurate to measure the.
deformed grid spacing on a replica than on the bulged specimens.
Attempts to produce good replicas were unsuccessful and hence,

the strain measurements were done by placing the.bulged

specimens under a measuring microscope.

Circular bulge tests were performed on sheets B, C,
D and DD. Figs. 2.14, 2,15, 2.16 and 2.17 show the representative
strain at the pole, the radius of curvature at the pole and
the pressure for the failure of the 'specimens of sheets B, C, D,
and DD respectively, The first three specimens'in these figures
are diaphragms tested with the Qtainless steel to the ouside of the
bulge and the last three specimens are tested with the stainless
steel to the inside. For some specimens, the strain at the pole at

fracture could not be determined accurately. This accounts for the
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missing points on the graphs. A comparison, for every sheet, of the

results of the specimens with stainless steel to the outside, or to

the inside, shows that, if there is a difference in the maximum
stretching deformation between the two cases, then that difference
is of the same order of magnitude as the differences between

the different specimens for the same case. The results in Figs.

2.14, 2,15, 2.16 and 2.17 do not allow to conclude that there is a

difference between tests with one laminate to the inside or to
the outside, and as such, cannot be used to confirm the
results of Hawkins and Wright. Toadetermine if there is a
difference in stretch forming behaviour with one laminate to the
outside or the inside of the sheet, should require an extensive
series of tests for materials B, C, D and DD, Since the bulge
tests themselves require a large amount of work, since the amount
of laminated material available was limited, and since the
results thus far obtained show no significant difference in
behaviour, no further tests on the Stretch forming of the
sheets B, C and D were performed.

Attempts were made to bulge circular specimens of sheet
E, but the material always fractured at the edge of the specimens
near or in the clamping ring. The material could not sustain
the bending that occurs near the rim when the specimen starts

to bulge.

2.2.2, Forming Limit Diagram

The circular bulge test allows a sheet to be stressed

at the pole in balanced biaxial tension. When elliptical instead
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of circular diaphragms are used, the stress at the pole is
still biaxial tension, but the principal stresses are not equal.
By changing the ratio between the major and minor axis of the
elliptical diaphragms, different'stress ratios and hence
different strain ratios, can be obtained at the pole of the
bulge. The forming limit, i.e., the maximum allowable strain

in rolling and transverse direction of the sheet, can be
determined for different strain ratios. The data so collected
form the forming 1limit curve for that sheet material. Fig. 2.18
shows a typical forming limit curve, and different laboratory
tests to determine different points on the curve.

A part of the forming limit curve for sheet DD was
determined using the ellipfical dies, shown in Fig., 2.19,
having aspect ratios 4:3, 2:1 and 4:1, and the circular die,
Fig. 2.13, A detailed description can be found in Yousif et al.
[32] and Albertin [29]. The strains in rolling and transverse
direction were determined by using the method described in
section 2.2.1. For every die, tests were done with fhe major
axis in both rolling and transverse directions. All tests were
performed twice with stainless steel to the inside of the bulge,
and twice to the outside. The results of these tests are
featured in Fig. 2.20. For the specimens in region 1 the major
axis of the elliptical dies was ., parallel to the rolling direction,
and in region 2 the major axis was parallel to the transverse
direction of the sheet. The specimenstested in the 4:1, and one

in the 2:1 aspect ratio die, failed prematurely at the rim of the
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diaphragm. These points are represented on the graph, but

do not really belong to the forming 1limit curve.

The tests in region 1 seem to indicate that the stainless
steel to the inside of the bulge‘gives higher strains. In
region 2, it is however less certain if there is a difference
between stainless steel on the inside oxr outside. Hence,
another variable is introduced, since the rolling direction
has been reversed with respect to maximum strain axis.

It is clear in Fig. 2.20 that higher strains can be obtained
when the rolling direction is parallel to the major strain
axis (region2, i.e., rolling direction along minor axis of
elliptical dies). In a sheet with planar isotropy (or fully
isotropic) the behaviour in region 1 or 2 should be the same.
Since the maximum strain attainable at the pole is different
for regions 1 and 2, the sheet must be planar anisotropic. This
is not surprising, since during the rolling of even monometal
~sheet some form of anisotropy is produced.

Although higher strains seem to be obtaine& when the
aluminum is on the outside of the bulge when the rolling direction
is parallel to the minor strain axis (regiom 1), it is less certain
if there is a difference in region 2. The number of tests per-
formed, two for every configuration, is not‘sufficient to draw
valid conclusions from this graph. No more of material DD
could be used for determination of the forming limit curve,

since the remaining material was needed for other experiments.
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2.2.3. Conclusion

The results found in sections 2.2.1., and 2.2.2., on the
stretching forming of laminated sheet do not allow to draw
any firm conclusions regarding the influence of the outside
laminate on the stretch forming operation. More tests than
were performed for this thesis are necessary to see how big
the influence of the outside laminate on the stretch forming
of laminated sheet really is.

In bending, however, where the outside surface is
loaded in tension and the inside one in compression, it can be
expected that, if the sheet is laminated, the relative position
of the laminates in the sheet will have an influence on the
bending of the sheet. Since bending and unbending occurs in
deep drawing operations, an understanding of the bending of
laminated sheet could help to understand the deep drawing
behaviour of laminates. Hence, the next chapters will deal
with plastic bending. Experiments on the deep drawing of
laminated sheet ﬁill be treated after an insight intb.the

plastic bending of laminates has been obtained.



CHAPTER 3

GENERAL THEORY OF PLASTIC SHEET BENDING

This chapter provides a general theory of plastic
sheet bending following the earlier work of Crafoord [33]. The
essential features of the theory are given, along with the

basic assumptions used in developing the theory.

3.1, Basic Assumptions

3.1.1. Homogeneous Material

This means that the material is considered to be free
from defects, such as inclusions, cavities, and the material
properties must be uniform from point to point.

When considering laminated sheet, we allow for different
properties of the different laminates, but évery laminate must
be homogeneous,

This also implies that the bonding between different
laminates is such that it can sustain the deformatiéns without
failure of the bond. No voids between the different laminates
are allowed, since we will suppose that points in different
laminates that are infinitesimally close, will undergo exactly

the same deformation.

3.1.2, ‘Isotropic Material

This assumption is quite common in the analysis of

plastic deformation of materials. It is expected, however,

36
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that clad sheet metal, produced by cold roll-bonding, will

have a certain degree of planar anisotropy. It could be worth-

while to analyze the plastic plane strain bending of anisotropic
sheet, and compare it with the bending of an isotropic materiai,
but this is not included in the present study.

In the bending of laminated sheet, the different lam-
inates will have a different plastic stress-strain behaviour,
but each laminate is considered to be isotropic. Thus ortho-
tropic laminates, like fibres embedded in a metal matrix, are

excluded.

3.1.3. Pure Bending Assumption._

Pure bending signifies that there are no resultant
normal or radial forces on the radial cross sections of the
bend, and that there are no external forces, neither tangential
nor radial, acting on the inner or auter surfaces of the bent
sheet. This type of bend can be carried out by the four point
bend test. See Fig. 3.1, and Crafoord [33], Horrocks and
Johnson [34].-

Crafoord [35] has pointed out that the industrial
bending carried out in vee-formed tools can justifiably be
assumed to be pure bending, since the shear stresses are only
a small fraction of the other stresses in the bent material.
That industrial bending methods can be readily approximated
by pure bending was also pointed out by other authors, see for

example Onat and Shield [36], Drucker [37], Hodge [38].
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3.1.4 Plane Strain Assumption

Bending a strip with a width of the same order of
magnitude as the thickness, results in plane stress bending
since there is no significant stress in the width direction.
In this case the bent strip shows anticlastic curvature. See
Horrocks and Johnson [34].

For a sheet whose width is many times its thickness,
the central sections of the sheet are prevented to deform in
the width direction, the anticlastic deformation is restrained
in the central sections, and a state of plane strain exists in
these sections. Strictly speaking, a state of plane strain
does not exist at the edge of the sheet.

However, when the ratio of sheet width to thickness
is big enough, this different deformation pattern at the edge
of the sheet can be neglected, and the entire sheet is considered

to deform in plane strain,

3.1.5., Radial Sections in the Bend Remain Plane

This is the traditional Bernoulli hypothesis, and
applies since the shearing stresses are neglected. However,
this assumption is only valid in the zone of pure bending. 1In
the four point bend test, for example, Figs. 3.1 and 3.2, the
zones between the outside points are not subjected to pure bend-

ing, and the hypothesis does not apply there.

3.1.6. Incompressihle Material

This assumption is frequently used in the study of

metalworking processes, and sufficient data exists to support



39

the assumption.

3.1.7. Rigid-Plastic Material

The elastic behaviour of the material is neglected in
the pure plastic bending model to hold the theory as simple
as pdssible.

This implies that the theory cannot describe the
bending in its early stages, where the material is mainly elastic.
It also means that the theory cannot give any information on
spring-back, since this phenomenon is caused by the elasticity
of the material.

It is thought, however, that in the case of severe
bending the influence of the elastic properties of the material
is small compared to the iarge plastic deformations.

‘The analysis for the pure bending of an elastic-
perfectly plastic material (mono-metal) has.been made by Shaffer
and House [39], [40]. The elastic-perfectly plastic behaviour
of bimetal thermostats has been published by Mahrenhcltz and
Johnson [41].

The purely elastic behaviour of laminated sheets has
been given by Ashton, Halpin and Petit [42], Ashton and Whitney
[43], Calcote [44], Astm-Stp 450 [45]. The interested reader
is also referred to the Journal of Composife Materials where

the purely elastic behaviour of laminates is featured.
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3.2, Essential Features ¢f the Pure Plane
Strain Plastic Rending Theory

—

3.2.1. Equilibrium Equation

Fig. 3.3 represents an infinitesimal element in the
bending zone., Due to the symmetry of the deformed element,
the principal stresses act in the radial, tangential and width
directions. The sections of the element are therefore shear
stress-free. The symmetry of the element requires that the
tangential stress %4 be independent of the angular position ¢
of the section.

The equilibrium equation is therefore

do

c¢ -0, =T a?z- (3.2.1)

3.2.2. Yield Condition for Plane Strain

It is assumed that the material follows the Von Mises
vield criterion and the Levi-Mises flow rule. Since there
are no shear stresses, the principal directions of stress and
strain‘coincide, and will be indicated by the indices 1, 2
and 3, so that Oy > Oy 3 Oy ‘The effective stress is given

by

- _ 1 . 2 2 2
G = 7§ v;cl-cz) + (02-03) + (03-01)
Since the material is rigid-plastic, the strain and strain

increments are the plastic strain and plastic strain increments.

The effective strain increment 1is therefore
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- _ |2 2 2 2
ds-ﬁ—(del +de:2 +d€3 )

For plane strain conditions, with straining prevented in the

2 direction,

With the Levi-Mises flow rule, with o being the hydrostatic

pressure, this yields

Op = 95 = (ol + 03)/2

Since the constancy of volume requires

d €y +.d €, * d €z = 0
Then
d €y = - d €2
And hence,
aT=2]d¢,] (3.2.2.)
/3

It is assumed that the yield condition can be described
by a relationship between the equivalent stress and the integral

of the equivalent strain increments.

E=H(Id?)
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Under plane strain conditions, the Von Mises yjeld criterion

can be reduced to

- /3
o =5 (o) - 05)
Where
91 2 93 2 %3
And
0, = (01 + 03)/2
Hence,
o, - 05 = 2ZufaD (3.2.3.)
V3

which is the yield criterion for plane strain.

3.2.3. Tangential Strain and Unelongated Layer

Assume that 1, is the distance between two parallel
crosssections of the sheet when it is flat., After bending,
these two sections remain plane and are radial sections with
included angle ¢. A flat layer in the original sheet assumes

the form of a cylinder. The tangential strain of this layer is

(3.2.4)

During the bending of the sheet there will be a
particular layer whose length, for a given angle of ¢, is

unchanged and measures 10. This layer is known as the unelongated
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layer and specifying its radius as T, it follows that

r ¢ =1 (3.2.5)

The tensile strain for an arbitrary layer is therefore

= L
€, = 1n T (3.2.6)

Defining T, 2as the radius of the central layer, T,

the radius of the inside layer and ry the radius of the outside

layer, then

roo=(@; + ry)/2 (3.2.7 )
"Therefore
€y = 1n r/rm + 1n rm/ro (3.2.8)
Since plastic bending occurs under constant volume,
) 2.+.2y =8 -
1o to = 5 (ry T, ) = > (ry ri) (ry+ri)
1o to = ¢ t T
With (3.2.5 ), this becomes
T
-0 (3.2.9 )
t T
0 m
Hence
T to
€¢ = 1ln -i'-— + 1n -Tt— (3.2.105)
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3.2.4, The Neutral Layer

The neutral layer in plane strain bending is usually

defined as the layer in which the tangential stress o, changes

¢
from compressive to tensile when we cross that layer from the
inside of the bend to the outside. See Fig. 3.4. However,

Crafcord [33] has indicated that o, can be compressive to the

¢
outside of the neutral layer yhich makes the previous defini-
tion invalid. The present investigation also shows that, in

the bending of laminated sheet, we can have different radii in
one bend where o¢ changes sign. This can be illustrated with
Fig., 3.5, in which the radial and tangential stress distribution
across the sheet thickness is given for a sheet consisting of
three laminates bent to a relative curvature x = 1. The two
cladding laminates have four times the yield strength of the

core laminates. The percentages of the different laminates in
the sheet is twenty percent for the cladding on the inside of the
bend, forty percent for the soft core, and forty percent for

the clad on the outside of the bent sheet. The stress distribu-
tions of Fig. 3.5 were determined using the techniques des-
cribed in Chapter 4 and Appendix V. Fig. 3.5 shows that T4
changes three times in sign across the sheet thickness. Once

in the inside clad laminate, at the neutral radius, once at

the laminate boundary radius inside clad-core, and once for a
radius in the core laminate.

It seems therefore appropriate to review the definition

of the neutral layer.
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For plane strain conditions,

Q
]
Q
i

(o¢ + or)/2

where o is the hydrostatic pressufe. The deviatoric stresses

are then
1
c¢'— > (o¢ - or)
v _ 1
oL =7 (cr -<%) i
o' =0
z
so that
' 1]
c¢ =0,
when 6¢ > Tns thus c; positive, then the yield criterion
(3.2.3 ) becomes
. -5 = _2_ H( |a E-) (3.2.34A)
¢ T /3
when o¢ < Tps thus o; negative, then
o, - o = - 2. H(jd?) | (3.2.3B)
¢ T ¥ ' '

This leads to the following definitioﬂ of the neutral layer
in plastic bending.

'"The layer (surface), for which the deviatoric tang-
ential stress changes sign in pure plastic plain strain bending,

is called the neutral layer (surface). Its radius is the neutral
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radius." This implies that the material on the outside of
the neutral surface is subject to a stress system with a
tensile deviatoric tangential stress and a compressive
deviatoric radial stress. The material on the inside of the
neutral surface undergoes a ;ompressive deviatoric tangential
stress, and a tensile deviatoric radial stress.

Since plastic behaviour is independent of hydrostatic
pressure, and the principal directions of stress and strain
coincide, d £, has the same sign as o'. In addition to this,

¢ ¢

d ¢, has to vary continuously across the sheet thickness,

¢ .
(compatibility of deformations), so that d ¢, = 0 when o!

¢ ¢
changes sign. Hence, the last definition of the neutral surface
is completely equivalent to the following one :
"The layer (surface), for which the tangential strain incremeht
d e¢ is zero, is called the neutral layer (surface)".

It is obvious that, when the yield condition (3.2.3A)
or (3.2.3B) is substituted in equilibrium equation (3.2.1 ), the
equilibrium equation is different, depending on which side of
the neutral layer the material for which the equation is valid

is situated. For materials to the outside of the neutral surface

in the bend, the equilibrium condition becomes

T —75; = 7%. H ( Jé'?) for r 3 x ‘ (3.2.1A)

whereas, for materials to the inside, the equilibrium requires

that
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T _TE; - -2y ( Jﬁ €) for r § 1, (3.2.1B)
V3

3.2.5. The Movement of Individual Layers

During the plastic bending.of a sheet the unelongated
layer moves through the thickness of the sheet. Thus there
is a region in the sheet which has first undergone compressive
straining followed by tensile stréining. Consequently for
strain hardening materials (with or without Bauschinger effect),
it is necessary to follow the straining path of the individual
layers. Essentially this means that the sgrains for each layer
have to be compounded and that the current tangential strain,

i.e., €, = 1n r/ro, is not sufficient in itself to determine the

¢
stress state. ' The analysis becomes even more involved when
dealing with laminated materials but the method still involves
following the straining path of individual layers through the
thickness of the sheet.

When bending a mono-metal, it is convenient to character-
ize every material layer by a scalar A , Where 0 ¢ X g 1. A
being the volume fraction of material embraced by a particular
layer anq the inside surface of the strip. Thus during the
bending of a strip, defining A = 0 implies that the layer
coinciding with the inside surface of the bend is being considered,
and similarly X = 1 fixes the layer at the outside surface.

This volume fraction A does not change during bending, and there-

fore defines the material layer completely.



48

Considering a layer with volume fraction XA which
assumes a radius r after bending, it can be found, using the

definition of X, that
2
A= (x -T Y/ (x.%-r.%) (3.2.11)

Hence,

2 2 2 '
r = Vri + A (ry - T, ) (3.2.12A)

Considering the 5ending of 1aminafes, a material
boundary can also be characterised by a scalar p indicating the
volume fraction of material contained by this boundary and the
inside surface of the bent sheet. These u-values remain constant
during bending, and behave exactly in the same way as the A-
values for material layers. For instance, the radius Ty of

the material boundary characterized by volume fraction u, is

2 2 2
ry = VI& + U (ry - T ) (3.2.12B)

3.2.6, Introduction of Dimensionless Parameters -

(1.) Proksa [46] introduced the ratio between the.

g

Fon

actual sheet thickness and the central layer radius as a
dimensionless quantity to measure the ' amount of bending' . This

quantity is called the relative curvature,

K = (3.2.13)

t
rm
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Its value can vary between 0 and 2. The value 0 applies when

the sheet is flat, i.e., TS ®. The value 2 applies when

r. = 0, since then r = r_ =

i m 2; <%?

(2.) Proksa [46] also introduced the ratio between

Its value is 1 when r, = t/2,

since then T, = t.

the current sheet thickness and the original sheet thickness.

This ratio is called the relative sheet thickness.

n = t/to (3.2.14)

N

Introduction of n gives for the tangential-strain

€y = l1n r/zi1 - ln‘n (3.2.15)
(3.) It is important to know the position of the
neutral layer during the bending process. Crafoord [33]
introduvces the ratio between the neutral layer radius and the
unelongated layer radius to get a dimensionless indication of

the neutral layer position.

p = gL/ro (3.2.16)

It will be shown in section 3.2.8 that the values of «, n; and p
are sufficient to describe the bending process; The reader

who wishes to know how the bent geometry is expressed in
function of dimensionless parameters, is referred to Appendix I.

In some cases it is easier to use, notp , but another
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dimensionless parameter instead to indicate the neutral layer
position. The introduction of the volume fraction A to identify
individual ﬁaterial layers, can also be used to define the
current position of the neutral layer in the material, When the
A-value of the material layer which is currently the neutral

layer is used to define the neutral layer by putting

Then the values of «, n and An are also sufficient to describe
the bending process.‘ In facf, thgre are two ways to define the
dimensionless position of the neutral layer, using p or An.
The use of An gives us a very good insight intq what is happening
to the materials in the npeighbourhood©of the neutral layer. When
An decreases during bending, it means that material, previously
¢ 6~ r)

When An increases during the bending process (possible for

in compression (o, < cf), becomes loaded in tension (o

laminated sheet), material previously loaded in tension becomes

loaded in compression.

3.2.7. Change in Sheet Thickness

In Section 3.2.4. it is shown that the neutral layer
is the layer in the bend for which the tangential strain increment
d €, equals zero.

¢

Since

(€¢)r=f = 1n rn/ro = 1n p
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Then

=40y (3.2.17)

d —_
(d e >

) .

¢ r-rn
The neutral layer does not change its length, and consists of

the same material for an infinitesimal increase in bending.
Therefore, the value of An’ the volume fraction of material
contained by the neutral layer on the inside of the bend, remains

unchanged for that infinitesimal increase in bending.

Therefore,

When (3.2.17) and (3.2.18) is expressed as a function of «, n, p,
they give the sheet thickness relation

-2
K

1-5_

dn

—

1
T2 =5 — (=5 - 1) (3.2.19)
noe

The detailed derivation of this results is given in Appendix
11, If (3.2.17) and (3.2.18) are expressed in function of «k, n, An’

(3.2.19) becomes

1-2 An-K/Z

dn _ _ 1010
2k

- 1 | (3.2.20)

K2 )
(1-7) +2 .AIIK
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In Appendix II is also shown that this can be expressed as

n O n
= "3 ( N 5o - 1) = (3.2.21)
n

o

when this relation is expressed in texrms of the current sheet
thickness, t, and the bend angle ¢ between two radial cross-

sections, it gives

dt _ 1 n d¢
—==-5 (- )vTF v, (3.2.22)
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The pure bending problem theory gives us really two

differential equations
(1) Equilibrium equation

d o

(2) Sheet thickness equation

2
1- ET
dny _ . 1n - 4
e~ " 3% (7—=-1
n‘ p

or

=3

g£ = -

N

1 -2, - k/2
n > :
“Cla-pt e 22,k

and the yield condition

2 -
g - o, = — H( Jh e) for r > r
¢ r 3 n
o —o. = -2y (.jd ) forr gr

Substitution of (3.2.3A) and (¢3.2.3B) in (3.2.1) gives

d Iy

dr

T for r 3 r,

1l
o o
]
~
\—-—\
o
m
L —

T r‘._ 2H(J-d €) for r § T,

(3

(3

(3

5

(3

(3

.2.1)

.2.19)

.2.20)

.2.3A)

.2.3B)

.2.1A)

.2.18)
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When we know the behaviour of n and ¢ or n and knas a function
of x, we are able to calculate all the strains, stresses
and moments for a complete solution., This is clear when it
is realized that by knowing «, n,0 or «x, n, %1 we can
calculate all the radii (see Appendix I), therefore all the
strains, etc.

The problem is thus to solve the sheet thickness
equation (3.2.19) or (3.2.20). We know the starting condition
for this differential equation. It is the unbent condition,

for which

and the starting values for P or A, are determined by the
equilibrium (no resultant normal stress on a radial section)
when the yield stress for zero strain works on the section
(radial stresses are zero). The problem is then to integrate
a function with one independent and two dependent variables.
and this is one dependent variable too. much for immediate
solution. The independent variable is k, and the dependent

variables are n and P or A The second dependent variable,

n.
P or Ap, can be determined by using the equilibrium equation,
and really defines the position of the neutral layer. This

equilibrium equation is itself a differential equation, which

can be integrated along the sheet thickness., 1Integration can

be carried out to r, or, with transformation from r to A, to A.
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This equilibrium equation is subject to the following boundary
conditions.
1. Since the inside surface of the bend is a free surface,

the radial stress there is zero.

3. Equilibrium can only be satisfied when the radial stress
is continuous. This means that
3A. on every material boundary (for laminated sheet),
the radial stress in one material must be the same
as in the other material,
3B. in the neutral layer, there is only one value
for the radial stress.
We can now integrate the equilibrium equation (3.2.1A) from
the inside surface of the bend, with known boundary conditions,
for increasing values of r or A. (Condition 1). If, during
this integration, we move from one laminate to the adjoining
one by crossing the material Boundary, we use condition 3A:
the radial stress at the outside of one laminate must be the
same as the radial stress at the inside of the adjoining laminate.

The equilibrium equation can also be integrated starting from the
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outside surface of the bend, equation (3.2.1B), using start-
ing condition 2, and when a material boundary is crossed,
(condition 3A), the radial stress at the inside of one laminate
is the same as the one at the outside of the adjoining one.
Condition 3B makes it now possible to find the position of the
neutral layer. The radial stress, found by integrating the
equilibrium equation from the inside of the bent sheet, has to
be identical with the one found by integrating from the outer
surface, when the layer considered is the neutral layer (or

the radius is the neutral radius).

In the easiest cases, the integration of the equilibrium
equation can be done analytically, and the neutral layer position
can be found by solving an equation, derived from condition
3B by an iterative procedure, for p . In such a case,p is

known in function of « and n, and the sheet thickness equation

can be integrated to k without any difficulty.

In more difficult cases, like a strainhardening material
without Bauschinger effect, when the effective stress is depend-
ent on the current strain and the previous material history
(dﬁe to reversals of stress system when the neutral layer passes
through the material), the integration.éf the equilibrium
equation must be done numericélly, ahd the position of the
neutral layer ln is found iteratively by finding the value
for A for which the radial stresses, by integrating from the

inside or the outside of the bend, are the same. Once kn is
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known in function of « and n, we just integrate the sheet

thickness relation to «.

3.2.9. Radial and Tangential Stresses and Bending Moment

The radial stresses follow out of the integration of
the equilibrium equation with the boundary conditions given

in section 3.2.6. The tangential stresses follow out of

- 2 2
Op = Oy * = H ( J—/? I d e¢‘) (3.2.23A)
with
r>rT,
and
- -2 2
Oy = Op = H ( J@_M e¢|) (3.2.23B)
with
rg<r
n

M= o, rdr = L2 o, d A (3.2.24)

3.3. Conclusion of this Chapter

This chapter has provided an outline to the method
of solution for the plane strain bending of rigid-plastic

materials. The numerical technique developed is capable of
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evaluating the change in sheet thickness and the magnitude
of the required bending moment during continuous bending of
the sheet.
The simplest case to which the theory can be applied
is that of bending a non-hardening mono-metal and this is
treated in Chapter 4, section 4.1. The method is then extended
for non-strainhardening bi-metals (section 4.2) and tri-metals
(section 4.3.). The bending of strainhardening sheet is more
involved, and is treated in Chapter 5. A comparison is made
between the bending of a strainﬁardening material without
Bauschinger effect, and a material with a Bauschinger effect
in a simplified form, as suggested by Crafoord [33]. An attempt
to explain the instability in bending of materials with an upper
yield point (such as mild steel) is given, followed by the
behaviour of strainhardening laminated sheet in bending.
Although the general method of approach, outlined in
section 3.2.6., is valid for all the above mentioned cases,
each case has some distinct features which can simplify or
complicate the solution method. Computér prOgramé for all the
cases have been developed. The programs for complicated cases
involve a different approach than the ones for simpler cases,
however, they are general in the sense that they can be used to
solve for the less complicated cases. This way, the validity
and accuracy of the numerical methods can be checked. Of course,
this is done at the expense of central processing unit time and
memory requirements. The results are presented in the following

chapters, and the programs in Apbendices.



CHAPTER 4
PLASTIC PLAIN STRAIN BENDING OF NONSTRAIN -
HARDENING LAMINATED SHEET

The bending of a single nonstrainhardening strip occurs
under constant bending moment without change in strip thick-
ness.

However, when bending a sheet, composed of nonstrain-
hardening laminates of different yield strength, neither the
bending moment nor the thickness remain constant. It is interest-
ing to note that a thickening of the sheet can occur, and that
a decrease in bending moment results in instability of the bend-
ing, causing localised bending.

The bending of a nonstrainhardening single sheet, here-
after referred to as monometal, will be treated first to
show the different features of plastic plain strain bending,
followed by a treatment of the bending of sheets composed of
two and three nonstrainhardening laminates. These will be

referred to as bi- and trimetals respectively.

4,1, Plastic Bending of a Nonstrainhardening Monometal

Hill [47] has pointed out that the plane strain bend-
ing of an ideally plastic material occurs without change in
sheet thickness and under constant bending moment. This result
can be analytically arrived at by using the bending theory ex-

pounded in Chapter 3, and is featured in Appendix III.

59
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The distribution of radial and tangential stress across
the thickness of the bent sheet is shown in Fig. 4.1 for
different values of the relative curvature . The radial
stress is zero at the inside and outside radius, as required by
the boundary conditions. The radial stress reaches its maximum
compressive value at the neutral layer radius. It is alsa.
seen that the radial stress is very small compared to the
tangential stress in the early stages of the bending process
(small values of « ). This shows clearly why in a lot of simplified
bending theories the radial stress is assumed to be zero. The
jump of the tangential stress at the neutral radius is caused
by the non-elastic material. An elastic-plastic material should
have a continuous tangential stress. The reader is referred to
Shaffer and House [39], [40], for the treatment of the plane
strain bending of an elastic-perfectly plastic monometal.

Fig. 4.2 shows how ten originally equidistant fibres
in the sheet move across the thickness of the bent sheet during
bending. It is clear that a layer of material; of finite
thickness, towards the outside of the bend become;‘thinner dur-
ing bending,; while the reverse happens for a layer towards
the inside of the bend. The unelongated fiber always coincides
with the central fibre but the neutral layer moves towards the
inside of the bend., This inside movement of thé neutral layer
has for result that some fibres will become shorter during
the initial stages of the process, - when they are situated

to the inside of the bend with regard to the current neutral fibre,




61

but will start to elongate as soon as the neutral fibre crosses
them. However, the global effect of these thickening and
thinning layers on the sheet thickness is nil. The sheet
retains its original thickness.

It is shown in Appendix III that the ratio of the
volume of material contained between the neutral surface and
the inside surface of the bend to the total sheet volume, given

by A is a linear function of the relative curvature k. The

nl

same applies for A, the volume fraction ©f material contained
to the inside of the unelongated surface. See Fig. 4.2BIS.

Fig. 4.3 shows the tangential strain to which ten
originally equidistant fibres are subjected during the bending.
All fibres with X > 0.5 are only subjected to an ever increasing

tensile tangential strain ¢ But fibres with A< 0.5 are first

6

subjected to a compressive €, causing the fibre to shorten.

¢

When they coincide with the neutral layer, as shown in section

3.2.4., ¢ reaches a minimum, When the sheet is bent further

¢

€ starts to increase. d e, is now positive, and the fibre

¢ ¢

elongates. The tangential strain of the neutral layer €¢n

is a function of the relative curvature «k and is a curve going

through the minima of the e€,-k curves for different fibres. ¢

¢ ¢n
is therefore the minimum value_e¢ has ever reached for a fibre
through which the neutral layer has passed. €on indicates thus

the maximum compressive tangential strain such a fibre has under-

gone,
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These results can be analytically derived by using the
results of Appendix III and the formulas of Appendix I. The
results in this section, although known for many years, have
been repeated to remove any doubts as to what is happening
during the bending of a rigid nonstrainhardening monometal,
and to compare them with the bending of laminated sheet. The
known analytic solution for this case is also used to check the
accuracy of numerical methods developed to solve the bending

of more complicated sheets.

4.2, Plastic Bending of Nonstrainhardening Bimetal Sheet

4,2,.1, Introduction

The general theory of sheet bending can be applied
to calculate ;he bending of nonstrainhardening bimetal sheet.
How this is &one is featured in detail in Appendix IV. Since
no full analytic solution was found, a FORTRAN program for use
~on a digital computer is provided as well.
The essence of the treatment in Appendix IV is that

the dependent variable p¢ in the sheet thickness relation can

K2‘
dn _ _ 121 T -1 (3.2.19)
de 2 K 22 ter
n p
ke ekpressed as a function of « and n, so that (3.3.19) reduces

to the form