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ABSTRACT

BULGE FORMING OF TUBULAR COMPONENTS
M. I. HUTCHINSON

The bulge forming process is a method for
shaping tubular components using an internal hydrostatic
pressure combined with a compressive axial load.

Initial investigations involved carrying out an
extensive literature survey to determine the components
which could be formed and the effects of using
Tubricants and different tube materials. Die-blocks were
designed to produce tee pieces, cross joints and off- set
joints, and electronic on-line instrumentation was
1ncorporated so that the forming pressures and loads
could be accurately monitored.

A series of tests were carried out in the
forming of:
(1) tee pieces, cross joints and off-set joints from
copper tubes of two different wall thicknesses,
(2) tee pieces using different types of plungers,
(3) tee pieces using die-blocks coated with various
lubricants,
(4) tee pieces from aluminium, copper and steel
tubes,
(5) tee pieces using die-blocks with various branch
radii.

From the resulting components, formed with
various combinations of internal pressure and
compressive axial load, the 1limits for a successful
forming operation were established. Further analysis of
these components was then undertaken to evaluate the
effects of the internal pressure and axial load on the
bulge height and the wall thickness in. the deformation
zone. From these results, which have been illustrated
graphically, the greatest effect on the resulting bulge
can be seen to be the compressive axial load. '

Theoretical analyses are presented, which
predict the wall thickness distribution around the bulge
zone and also the axial Toads required in the forming
process. Comparison of these predictions with the
experimental results shows fairly good agreement.

( iii )
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1. INTRODUCTION

1.1)The Bulge Forming Process

The bu]gé forminb*procéss is a -method where by
tubular metal components can be shapéd without the use
of cutting tools. Instead, internal hydrostgfic
pressure 1is transmitted via a medium such as a Tiquid
(e.g. hydraulic fluid or water); an é]éstomér\(e.g.
rubber or po]yurethane); or a soft-metél'(e.g, lead or
a lead alloy). This internal pressure is applied to a
tubular blank whilst it is containedvin~a die beafing
the shape of the component to bé formed. Where the tube
wall 1is unrestrained,rexpansion occurs until the
required shape is formed.

Bulge forming occurring as a result of pure
internal pressure has a major limitation of producing
excessive thihning of the tube wall, which leads to
rupture of the tube for only moderate expansions.
However, if a compressive axial load is applied to the
ends of the tube, metal can be fed into the deformation
zone during forming. Provided that this axial Toad is
large enough to cause axial deformation of the tube
blank i.e a reduction in length, a much greater
expansion can bé obtained with lTess tube wall thinning
occurring. |

The bulge forming process has been described
in numerous articles and patents. A patent by érey et él.(i)
in 1939 described a process used for the manufacture of

seamless metal fittings having branches e.g. tees and



crosses. This was achieved by subjecting a tubular
blank to forces causing it to upset by plastic
deformation to a blank of approximately tee shape. If
entailed the control of the forces sﬁch that rupture of.
the blank was avoided, and which, in the course of the
upsetting operation, employed both endwise mechanical
pressure applied to both ends of the tubular biénk and
co-ordinated internal hydraulic pressure within the
tubular blank. The hydraulic pressure was carefully
controlled so that it did not exceed certain limiting
values at various stages of the upsetting operation.

In the course-of the_ubsetting operation on
the tubular blank, there was a substantial flow of
metal from certain regions of the blank to certain
other regions, thereby increasing the thickness and
therefore thé strength of these latter regions.

| ‘No specially formed blanks were required,
because the machine was adapted to use tubular b]ank§
made from standard and commercial copper tubing, and
required no special treatment or pre-forming except the
cutting of the blanks from long lengths of the tubing.

The process involved putting a tube blank in
between two die halves which were clamped together. A
compressive axial load was then appTied to the ends of
the tube via plungers which entered the ends of the die
block. The internal pressure was transmitted by a
liquid through a drilled passage in one of the
plungers, using a pump to provide the pressure, and a

check valve to maintain the pressure at a given Tlevel



during forming. The tube blank was filled with fluid
from a tank in which the die block was immersed. The
actual forming process involved increasing the internal
pressure to an initial value of between
3000 psi.(21 MPa) and 6000 psi.(42 MPa) after the
plungers had sealed the ends of the tube blank.
Hydraulic rams were then used to advance the plungers
and axial deformation occurred causing an increase in
the internal pressure. The maximum value of this
pressure was controlled by a preset pressure relief
valve, set to a value of between 6000 psi.(42 MPa) and
10,000 psi.(69 MPa), depending on the diameter and wall
thickness of the tube used. This combination of axial
load and internal pressure pushed the tube wall into
the recesses of the die, so forming the tee piece. The
formed tee piece exhibited thickening of the wall
opposite the side branch and at the side branch
junction, but this was deemed advantageous as it
provided added strength and reinforcement to the parts
subjected to the greater stress when the tee piece'was
in service. The manufacture of the component was
completed with the cutting-off of the cap of the formed
branch followed by the machining of the ends to equal
lengths. |

Although the basic process was by no means
new, it was the first time that the deforming pressures
(applied by the p]unger; to the tube énds, and |
‘internally by the hydraulic pump) were related in such

a manner that a satisfactory tee was produced.



An article by Crawford(2) described a factory
owned by the 'Empire Brass Manufacturing Company' which
produced seamless copper pipe installations, which were
used for heating and water supply services, from
0.5" (12.5 mm) to 3" (75 mm) including elbows, tee's,
couplings and return bends.

The tube blanks were cut to Tength and then
filled with a soft-metal (a bismuth-lead-tin alloy with
a melting point of 280 °F) which was poured in for most
of the tubes Tength. Endwise pressure was applied to
both the filler metal and tubing whilst they were
restrained in a die. The dies varied in size from
0.5" (12.5 mm) to 2" (50.0 mm). After the process was
’ completed the metal filler was removed by heating the
components in an oil bath,

The soft-metal filler process produced well
shaped components, but had the disadvantage of
requiring the filler metal to be added before, and
removed after the process, which was much more time
consuming than with a 1iquid medium. In a patent
presented by Sta?ter(3), a new method was introduced in
an attempt to perfect the soft-metal filler approach. A
comparison had been carried out by Stalter between a
solid filler rod, and filler cast into the tube. It was
found that the casting technique had the advantage of
giving a better fit between the slug and the inner wall
: of.the bltank, but did require eipensive, complex and
bulky equipment. The equipment also had high |

maintenance expenses and involved a high direct Tabour
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cost. Even though the cast filler slug gave a better
fit than the rpd insert technique, the cast slug
exhibited substantial shrinkage when it solidified and
cooled, preventing the tube from being completely
filled because of the shrinkage cavities created.

On the other hand, the technique of using a
rod type insert slug eliminated the undesirable casting
process and enabled the rods to be cut to fairly close
tolerance lengths for filler volume control. This had
disadvantages, in that it required the molten metal to
be firstly cast into billets which were cumbersome to
handle, then extruded into long rods and then cut into
the desired length slugs. This required a time
consuming process and a costly sawiné operation.
Furthermore, the casting of the rods had a high scrap
rate, and in the sawing of thefkods, there was a
substantial loss of the filler material through chips
and dust.

Another disadvantage possessed by both of ;he
aforementioned techniques was the difficulty in
carrying out the production operations autdmatica]]y,
and because of this, there were high expenses incurred
in the manual part of the process.

The patent detailed a method of forming a
branch type fitting from a tubular blank of a
pre-determined diameter and length by measuring out a
_ specific amount of pellets of filler material capable
of compaction into a usitary body. The compacted

pellets were in the form of a rod corresponding in



internal diameter to that of the tubular blank. When
pressure was applied to the ends of the blank whilst it
was contained in a die, it deformed into a
predetermined shape.

As the rod started off as small pellets, it
was easy to introduce it into the tubular blank, and

thus the process was much easier to automate.



1.2)Bu1ggrFormed~60mponent§

The bulge forming process, when applied to
open ended tube blanks, has been catagorised into two
main types. These are:.

(1) Axisymmetrical Components.
(2) Asymmetrical Components.

1.2.1)Axisymmetrical Components

Axisymmetrical components are ones which have
a uniform expansion over their whole circumference.
That is, they exhibit symmetry around their axis.
Components which come under this category are ones such
as: shouldered hollow shafts and’expansion/reductfon
pipe joints (formed by halving bulge formed components
centrally to give two joints) - see Figure 1. In the
forming of these components there is a critiﬁa]
relationship between the axial Toad and the internal
pressure. When an expansion has started to dccu}, there
is'a,tendency for the axial Toad to become too large
for fhe strength of the tube wall to withstand, and the’
tube buckles.-

1.2.2)Asymmetrical Components

Asymmetrical components are those which have a
localised or sectional expansion, such as tee or cross
pieces. The bulge forming method of manufacture for a
component such as a tee piece is much cheaper than the
alternative methods which are: machining from a casting
or a welded désign. There is a large variation of

asymmetrical components which have different diameters,



branch angles, and a]ignmenté to the main
branch (Figure 2)

1.2.3)Commercially Manufactured Components

Although much of the published work on bulge
forming is of a theoretical or experimental nature,
there are numerous examples of the process being used
in industry. In particular, the process, when applied
to the manufacture of pipe fittings, either for the gas
or water related industries, has
drastically reduced the cost of components. As stated
previously, tﬁe dn1y alternative method of production
is either by casting and machining, or welding. These
methods incur high manual costs, and are usually
multi-staged processes.

As well as copper components, the process has
"also been successfully used with mild steel, brass and
aluminium.

An article which appeared in Metallurgia(4)
described a hydrostatic cold forming multi-ram-press of
1000/850/850 tons (clamping and two axial rams)
capacity which was used by 'Wellman Enefco Ltd.' to
produce tee pieces within the range of 1.5" (38 mm) to
8" (203 mm) diameter, and wall thicknesses of between
2.00 mm and 8.00 mm. The tube blanks needed no special
preparartion, being simply pieces of standard quality
steel tube cut to length with reasonably square ends.
The top ram consisted of a compound of concentric rams
(the outer one for opening, closing and clamping the

dies). The inner ram was used to control the formation



of the branch. The movements of the side ram and branch
~forming ram were confro11ed during the forming
operation, although the internal pressure could not be
independantly changed.
v A bulge forming process is also used by
I.M.T. Yorkshiremfittiqgs Lﬁq.' to produce pipe fittings, and
by 'Raleigh' in the manufacture of bicycle frame
brackets. However the main exponents of the process are
tﬁe Japanese, who use bulge forming for a variety of
components. In addition to the types of asymmetrical
components produced for pipe fittings, they have also
produced stepped hollow shafts for use in electric
motors, wheel hubs for bicycles, rear axle casings for
cars and lorries, and Tlarge-sized structure parts.

1.2.4)Associated Applications

Apart from axisymmetrical* and asymmetrical
components such as those described previously, the
bulge forming process has also been used to manufacture
other types of components.

An article by Smith(5) noted the design of a
machine which could produce components using a
hydrostatic bulge forming technique which allowed for
component expansions over 100%. The system was very
similar to that patented by Grey et al;(l) except that the
pressurising medium was water. The main use for the
process was in the manufacture of brass kitchen tap
spouts. These were made from Tengths of tube bent into
a 'v' shape. The bent tube was placed into an

appropriately shaped die, filled with water and



pressurised. Load was then applied to the ends of the
tube to push them in, thus forming the tube into the
shape of the die.

Patents(6 and 7) taken out for a Dutch
organisation described a device which bent pipes and
formed elbow fittings. The device consisted of two die
blocks that could slide across one another, |
perpendicular t? the tube blank that was placed through
them both. The tube contained in the dies was filled
with a substantial incompressible medium in the form of
o0il, rubber, or a similar material and then pressurised
at each end by a pressure transmitting plunger. The two
die halves were so shaped that, when the tube was
Toaded to such an extgnt that plastic deformation
occurred, one half was forced to slide across the other
due to the forces on the tube. Using this process, two
'square' elbows (sma]]lcorner radius) were obtained
from one tube blank. If}however, slightly differently
shaped dies were used and forced to slide across one
another using an external force during the process, it
was possible to obtain curved elbows. The advantage of
this method of bending tubes was that it was possible
to obtain a very small radiused bend and nearly
constant wall thickness at the point of bending.
Previously this had been extremely difficult, or even
impossible to do, and in cases where a sha11 radius was
achieved, the outer wall thickness was very thin with
respect to the rest of the tube.

A similar process to the above was used by
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Remmerswaal et a],(g), who used an elastic medium to transmit
the infe;nal bressure. The tubes were filled with the
elastic medium and then bent into two 90° bends by
placing them into two die halves which s1id
perpéndicular to one another. When pressuke was applied
to the tube ends and the elastic medium, an angular 'Z'
shaped product was formed. The relationship between the
bend radii and wall thicknesses also agreed with the
above.

.qud et a],(g)‘did similar work with dies sliding
perpendicular to one another. Initially tests were
carried out using water as a medium and a 3" (75 mm)
outside diameter tube in a 3.5" (87.5 mm) diameter die,
but when the internal pressure caused bulging, ovality
occurred, stopping the two die halves from closing
properly. When 2.7" (67.5 mm) outside diameter tubes
were used in the same die, buf with an infeed
‘compressive load supplied to the die ends, severe
buckling occurred. The internal fluid was then changed
to oil that could be pressurised independantly, but
buckling still occurred during bending. This, however,
was removed by increasing the internal pressure once
the die-halves had closed. The resulting components had
less change in the wall thickness than conventional
methods.

Powell et a]J(IO) used the slide die‘process to bend
aluminium tubes of 1" (25 mm) outside diémeter. The
machine used an air?hydrau]ic intensifier which was

capable of producing up to 69 MN/m2. It was found that
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by applying a restraining force to the sliding die
half, the thickness of the tube wall could be
increased.

Theory was provided equatihg the external
force supplied to the power dissipation due to internal
 ghear (obtained from an Upper Bound solution),’
frictional power losses (between the tube and the die),
and the restraint loss (the force exerted to restrain
the die-half from sliding). The final equation could be
used to calculate the internal pressure from the flow
stress, the relative wall thickness, and the geometry
given by the bend angle. The correlation between the
theoretical and practical results was relatively close.

Woo(1l1l) detailed the use and operation of a
machine that had been developed to form aluminium and
pewter vessels from circular blanks. Using one rig, the
blank was deep drawn through a 'Tractix' die, passed
through an ironing die, and finally filled with oil and
bulged into the required shape using internal pressure
and axial load.

With the exception of some car axle housings
made in Japan, most bulge formed_components are small
in size. However, Yééhitomi et al.(12) described hydraulic
bulge forming equfpment which could be applied to Targe
size structure parts as well as small ones. The machine
was a three ram type similar in all but size to the
ones described previously. A variety of components were
formed with the design of pipe truss structures in

mind. The components were used as joints between main
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and branch pipes in order to achieve weight reduction
and also reduce the stress concentrations which were
norma11f generated by'welding. The tube blanks were
1100 mm in length, 430 mm outside diameter,vand hadia

wall thickness of 14 mm.
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Toad 1is

1.3)Failures. 0f The Process

There are two main modes of failure, and one

secondary type. The two main modes result in total

destruction of the component, whereas the secondary

type results in the component failing to achieve a
satisfactory surface finish or shape.

The first mode of failure is that caused by
fracture during expansion. The fracture is caused by
excessive thinning of the tube wall in the area of
max imum expansion (normally the centre of the domed
area). The reasons for this are two fold; eifher the
internal pressure is too high, or an ihadequate axial
USEd Whe“ftrying to obtain a large expansion.
Theoretically, it is possible to expand indefinitely,
if metal is continually being fed into the deformation
zone (assuming that the coefficient of friction is
zero), and the internal pressure is closely regulated.
However, without this regulation, the wall thickness
decreases until rupture.

The second mode of failure is that of
buckling. This is caused by insufficient internal
pressure compared to the compressive axial load. In
mild cases the problem can be seen as wrinkles on the
main branch, but in severe cases the whole tube buckles
and the branch becomesm{s-shapén;Components also become
buckled iﬁ after fractﬁre, the axial load is still.
applied. This is because the internal pressure cannot
be maintained once there is a ‘lTeak' in the system. In

most cases, the imba]ante between the pressure and the
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axial load occurs midway through the process, but there
are two occasions where this is not so. Firstly, when
the plungers are advancing.on the tube to seal the
ends, if the sealing Toad is foo high, there is slight
crumpling of the walls. Although this is often very
difficult to detect visually, these faults can cause
buckling during the ;nfming process, even if the
internal pressure and compressive axial load are
perfectly balanced. Secondly, if excessive fluid
remains on the die block surfaces prior to a tube blank
being introduced, when the die halves are clamped
toggtﬁer, entrapment of this fluid can also cause
slight crumpling of the sample. As in the above case,
these small defects can result in severe buckling.

The main reason that components are rejected
after being fully formed is that of shrinkage. This
occurs around the radius of.the die and refers to the
situation where the wall of'the component is not in
contact with that of the die. It can be caused by the
branch radius being too small, or by insufficient
internal pressure (but not so Tow as to cause
buckling). The problem is overcome by modifying the die
shape, or by better regulation of the internal
pressure, or by a combination of the two.

In the forming of satisfactory components, it
is essential to use the correct relationship between
‘the axial load and the internal pressure.

Examples of the modes of failure are sthn in

Plate ‘1.
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1.4)Previous Investigations

1.4.1)Axisymmetrical Bulge Forming

There have been numerous investigations into
axisymmetrical bulge forming, and the following are
representative extracts. Al-Qureshi(13) presented
experimenfa] evidencekshowing the difference between
the bulging of thin-walled tubes using the rubber
forming technique with polyurethane and the hydraulic
forming process. It was found that greater
circumferential expansions of thin-walled tubes, up to
50% and greater for some materials, was obtainable
using the rubber forming technique and was well worth
considering as a simple alternative to other forming
processes, such as electro-hydraulic forming. Also,
simultaneous ope;ations e.g. piercing, forming and
shearing could be easily achieved.

The rubber insert, however, created greater
frictional forces than hydraulic fluid, and this led
to greater circumferential and Tongitudinal strains. It
was concluded that the highly-developed hydraulic
forming machines gave better results than rubber
forming machines. '

Lfﬁﬁief &1.(14) used a bulge forming rig consisting
of a vertical hydraulic ram for clamping the die
together and two horizontal rams, each with a 300 kN
capacity. Forming was carried out using 1.5" (36 mm)
outside diameter seamless tubes of commercially pure
aluminium, aluminium alloy (HV9 - Al/Mag/Si alloy),

copper, 70/30 brass, and low carbon steel, in varying
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wall thicknesses - 0.048" (1.22 mm) to
0.080" (2.03 mm).

The most satisfactory method of producing
thin-walled tubes was found to be by increasing the
internal pressure 1ncrementa11y.1n steps during the ram
movement. A large increase in the wall thickness
occurred in the main branch during the process. The
formed tee had a very pronounced dome if there was no
lubricant between the tube and the die. The best
Tubricant was found to be P.T.F.E. film, followed by
collodial graphite and Rocal. With lubricants the dome
of the tee was much flatter, and the length of the
branch increased by as much as 20%. The wall thickness
of the branch was also found to have increased.

In a Tater paper Limb et al.(15) used the same
machine (except with a higher o0il presSure capabi]ify).
Three different shapes of axisymmetric components were
formed, all in the same die. The die had a large
central cavity, and inserts were used to give two
different sized unsupported regions on either side of
the insert. The same sized tubes and materials were
used as in the previou; investigation. The bursting
" pressure of the tube was first found with no axial
load, and then two-thirds of this value was used as the
initial internal pressure. The rams were advanced and
the pressure increased until failure, and thus the
forming 1imits were established. Each type of tube was
formed by the maximum amount, without bursting oé

buckling, sectioned, and strain measurements taken. In

- 17 -



—

all expanded regions, thinning of the wall occurred,
but thickness distributions varied considerably
according to the geometry. When failure occurred, brass
and steel tended to fail by buckling due to the
inability of the machine to provide a sufficiently high
internal pressure.

In addition to the above, tees were also
formed. The softer materials were formed with 1ittle or
no thinning of the branch wall, whereas the stronger
materials showed considerable reductions in wall
thickness in the branch.

Finally, lTubrication was -investigated using
eight different Tubricants, by measuring the maximum
lTength of fhe branch formed. The P.T.F.E. film was
again found to giVe the largest bulge height, if rather
expeﬁ%ive, and the next best, and cheaper, was P.T.F.E.

spray. Tellus 27 was found to be the worst.

" Woo(16) and ‘Woo et al.(17)derived a theory which used the

relationship between the cicumferential strain andvthé
thickness_stfain. The circumferential strain was
obtained from a numerical solution, taking the end
conditions into account (using a computer package),
whilst the thicknes§ strain was obtained by considering
the volume consistency of the material. In order to
satisfy the end conditions, the effect of anisotropy
was introduced using relevant parameters.

Two stress-strain curves were used to
calculate the theoretical strains, one being determined

from tensile tests, the other obtained from
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measurements taken during bulging. It was suggested
"that the stress-strain relationships should be
determined from the actual tube bulging process, which
could also cover a strain range Targer than that
possible in a tensile test.

A theory predicting the limiting bead height
(a bead being - a small radiused circumferential bulge on
the tube surface), the total applied load, and the
total ram movement required to form circumferential
cylindrical beads was presented by Al-Qureshi(18). As
with the author's previous work, an elastomer rod
technique was used to produce bulge forming. Dies were
used with either single, or multiple corrugations of
width 6.4 mm. Lanolin was used as a lubricant between
the die tools and the outer surface of the workpiece,
and the elastomer rod was dusted with French chalk to
prevent undue adhesion to the internal surface of the
workpiece.

| The theory was found to be in remarkably close

agreement with the experimental results obtained using
tubes made from different materials. |

Banerjee(19) carried out experiments on a rig
which clamped the ends of thin-walled (0.225 mm)
aluminium tubes, and bulged them with internal oil
pressure. The length of the tubes was kept constant
throughout the bulging process, which was carried out
slowly until rupture. Theory was provided to find the
pressure at instability (from the stress and strain at

instability), taking strain-hardening into
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consideration. Graphs were produced for both
experimental and measured results of the
diameter/length ratio against pressure and bulge
height. There was good agreement in the préssure
results, but there were dfscrepanCi¢Sfor the bulge
height values. o

Kandil1(20) conducted work into the effect of
the radius of draw on bulge forming. Axisymmetrical
components were formed from tube blanks of sizes
12.7 mm to 38.1 mm diameter and 1 mm thickness. The
radius of draw (the radius at the root of the branch)
varied from 4 mm to 8 mm. The tube materials used were
brass 63, copper and aluminium, all of which were
annealed before forming.

During forming, the 0il inside the tube was
compressed by the plunger, but there was no load
applied to the tube. The maximum expansions were 63.7%
with brass, 33% with copper, and 14.4% with aluminium.-

From the results, an’empirical relationship
was obtained which predicted that the hydrostatic
bh]ging load was directly proportional to the
deforming-resistance and the tube diameter, and was
inversely proportional to the drawing speed.

A rubber insert was used as the internal
pressurising medium in the bulge forming process used

by Badran et»al.(ZI). No axial Toads were directly applied
during bulging, although friction between the rubber
and the tube blank did apply some axial load which fed
the tube into the die.
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The theory presented gave equations for the
internal pressure required for various increments in
the deformation angle, assuming that the free part of
the tube (the bulged part), formed the arc of a circle.
An expression for the thickness of the bulged wall at
any deformation angle was also derived. The equation
for pressure was then modified to include
work-hardening using the value of the current yield
stress, determined from a stress-strain curve.

The equations were used to produce graphs to
predict the various values of pressure required for any
deformation angle, neglecting and including
work-hardening.

Saver et al.(22) conducted work on the theory o%
failure of buTQe formed tubes due to buckling and
fracture. This was applied to the forming o? parts with
very pronounced bulges such as rear—axle housings. A
numerical solution was used to compute values of axial
load and internal pressure, from increments in the
diameter of the bulge. The algorithm was based on ffve
principles: strain-displacement relations;
incompr§s§1b11ity; effective stresses and strains
(plasticity theory); equations of equilibrium; and
boundary conditions.

The rig used applied axial load and internal
pressure at a finely adjustable ratio, in order to
apply various constant stress ratios. |

Tubular blanks of 1.5" (38 mm) outside

diameter with a wall thickness of 0.050" (1.27 mm) were

- 21 -



slowly bulged until failure; measurements being taken
in between load increments. Experimental forces used
compared favourably with predicted values, although .the
actual fracture.strains were slightly higher than those
predicted.

Fuchizawa et al.(23) conducted experimental work on
thiﬁ;w511ed cyfiﬂ&é;;'of finite length. Experimental
results such as strain distribution, relationships
between the internal pressure and the tube radius,
bursting pressure, critical expanding radius (radius at
the centre of the cylinder when it bursts), were
obtained. These results were compared with analytical
ones calculated by a strain incremental and logarithmic
total strain theories. In general, the experimental
results agreed with the analytical ones by the strain
incremental theory except in the case of critical
expanding radius of short cylinders.

Manabe et al.(24) described the development of an
automatic testing system for tubular mate?ia]s under
bi-axial stresses by the use of a micro-computer. The
systém was used to study bulge forming of thin-walled
tubes under internal pressure and axial load.
Experimental analysis was carried out in order to
examine deformation behaviour and Timit the expansion
of aluminium tubes for linear and non-Tlinear loading
paths. In the Tinear path, it was found that the Timit
expansion of a tube increased as the stress ratio
(meridional stress/circumferential stress) approached

Zero.
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1.4.2)Asymmetric Bulge Forming

There has not been the same amount of papers
published on asymmetric bulge forming as on
axisymmetric bulge forming, but the relevant papers are
detailed below.

A hydraulic system very similar to that used
by Grey(1l) was described in a patent submitted by the
'*Agency of Industrial Science and Technology' (25).
Again a hydraulic medium and synchronised piston
movement were used. Production of tees , crosses and
other branched components was possible. However, the
machine was different to the ones stated previously as
it had a movement 1imiting device, located inside the
die cavity, to prevent rupture of the bulged portion of
the tube. The device featured a hydraulic operated rod
which could move transversely to the main machine axis
in the die cavity to allow the bursting pressure 1imit
to be increased.

| Ogura et al.(26 and 27) wrote two.papers which
investigated>the bulge forming process and in
particular the work that had been done fn Japan. Tee
pieces varying in size from 0.5" (12.7 mm) to
12" (305 mm) outside diameter were produced and
examples of the working pressures for different
diameters used were: a 4" (102 mm) outside diameter tee
piece was produced using a_press with a 4000 kN
clamping force to hold the die halves together, and two
2500 kN side rams for applying the compressive axial

load. These components were produced in multi-capacity
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dies and the cycle times ranged from 30 to 60 seconds.
The Tlarger tees  were formed singularly on a machine
with a 13 MN clamping ram, anq two 7000 kN side rams,
with a cycle time of 50 to 120 seconds.

Components were also formed with two axially
aligned but staggered side branches. These formed
similarly to tees , but it was found that the tube
blank had to be deformed twice as much to produce the
same height(s) of branch. The same was also found to be
true of the forming of components with two
circumferentially aligned branches, except for the case
where the angle between the two was 180°. In that case,
the forming process was slightly differént, as the
metal build-up that occured opposite a hon-a]igned
branch was used to help form the branch. Also, because
of the symmetrica] manner of plastic flow, there were
fewer variations in the deformation resistance and
therefore less compressive axial force was required.

‘ With coﬁponents cbnsisting of four branches,
two of which were large, circumferentially aligned and
very close to one another, problems were encountered.
The recesses in the die which produced the large
branches were found to allow the tube wall to fracture
at a relatively small pressure, because there was not
enough support for the tube. The problem was overcome
by controlling the rate of expansion of the two large
branches during the forming process, preventing rapid
bulging and thinning of the tube wall. This was
achieved using similar moveménf 1im1£fng‘deviées

to those patented in (25) except
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that the rods were now controlled by a cam connected to
the horizontal plungers.

For the range of components that were formed,
internal pressures of between 100 MPa to 300 MPa were
used, depending on the diameter of the tube being
formed. As this internal pressure had to be sealed
inside the tube using end plungers, it was necessary to
obtain a good seal, and thus the ends of the plungers,
which butted up against the ends of the tube blank,
were ground to a 'v' around the ring in contact,
resulting in a high pressure acting on a small seating
area.

Considerable friction forces between the tube
and the die were created by the high pressure required
for the forming process, and this resulted in rapid die
wear. Molybdenium Disulphide was found to be a good
Tubricant for reducing the wear of the die, especially
if permeated through bonderite treated surfaces.

Lukanov et a].(ZQ) described a method of forming tee
components so as fb minimise the amount of wall
thickening that occurred in the main branch. The method
involved forming two staggered tees from a single
blank tube, with branches on opposite sides of the
tube.

.In the formed tees the increase in wall
thickness was reduced to 15%, and a greater branch
height was obtained. This reduction allowed the initial
tube blank to be reduced in length by 4%, compared with

the forming of one tee.
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1.5)Aim_0f The Current Investigation

The investigation carried out initially
involved a 1iteraturé survey in order to assess the
previous work carried out into the bulge forming of
tubular components. This survey also highlighted the
various‘components that were formable using a bulge
forming process, and the machines and the forces
required for their production.

As an introduction to the actual process,
tests were carried out on the bulge forming rig
designed and commissioned by Barlow(29). These tests
were on a tee piece and showed the lTimitations of the
machine.

With this information, the aims of the
investigation were formulated;

1) Re-design certain parts of the bulge
forming rig in order to allow on-line instrumentation
to be fitted,

2) Design a range of axisymmetrical and
asymmetrical dies to be used in conjunction with the
bh]ge forming rig,

3) Carry out tests with the rig, varying the
dies, tube blank dimensions, materials and lubricants,

4) Analyse the formed components to show the
effect of various combinations of internal pressure and
compressive axial load on the bulge height and the wall
thickness around the deformation zone,

5) Compare the geometry of the formed

components with theoretical predictions.
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FIGURE 1
Schematic Diagram Of Typicalyﬁxisymmetrical

Components.
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1.4

FIGURE 2

Schematic Diagram Of Typical Asymmetrical

Components.
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2. THE BULGE FORMING MACHINE DESIGN

2.1)The Bulge Forming Machine Specifications

The specifications that follow are of the
bulge forming machine (Plate 2) prior to the
alterations necessary for the testing carried out in
this work. The design and commissioning of the machine
was conducted by Barlow(29).
2.1.1)The Hydraulic Components

2.1.1.1)Hydrau]iC~Supp1y Pressure

A maximum internal pressure of 69 N/mm2 is

available for the forming process, being obtained by
using a main circuit pressure of 17.5 N/mm% which is
increased to the necessary forming pressure through a
6.5:1 pressure intensifier.

2.1.1.2)The Hydraulic Cylinders Applying Axial lLoad

In order to provide axial deformation of the
tube during forming, two hydraulic cylinders, each with
a diameter of 125 mm and a stroke of 100 mm are used.
The stroke is suitable for the insertion of a 150 mm
tube blank into the die-blocks with the plungers
withdrawn and to provide sufficient axial deformation
of it during forming. It also allows the use of longer
tube blanks which may be required for more complicated
component shapes.

2.1.1.3)The Hydraulic Pump and Electric Motor

The power source for the hydraulic system is a
variable displacement piston pump driven by a 7.5 kW

electric motor. This pump is capable of operating at
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pressures of up to 21 N/mmz, but is set at an operating
pressure of 17.5 N/mm2.

The maximum theoretical forces that can be
applied by the hydraulic cylinders are 215 KN for the
cylinders applying the compressive axial load, and
352 kN for the clamping cylinders.

The maximum flow rate of the hydraulic pump is
32 Titres/minute according to the manufacturers
specifications, but less than this is obtained when
operating at 17.5 N/mm? and using only a 7.5 kW motor.
Thus the maximum theoretical flow rate is
25.7 Tlitres/minute.

The actual delivery flow rate is in fact a
lTittle less than this due to the volumetric efficiency
of the pump being less than 100%, and due to losses in
the circuit between the pump and the cylinders. The
max imum velocity during the outward stroke (closing the
two die halves) is therefore, 21 mm/s, hence a full
- stroke of 150 mm is completed in just over 7 seconds.
For the return stroke (opening the die), the velocity
is faster, 31 mm/s due to the smaller piston area
around the piston rod. This gives a return stroke time
of under 5A§econds. For the cylinders applying the
compressive axial load, the outward velocity is
17 mm/s, and for the return stroke, 25 mm/s. This gives
an outward stroke time of under 6 seconds and a return
stroke time of ¢ seconds to complete the 100 mm stroke

of both cylinders.
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2.1.2)The Hydraulic Circuit

The hydraulic circuit performs three functions
j.e. to connect the power unit and control the supply
to: '

1) the hydraulic cylinder clamping the two die
halves together,

2) the two hydraulic cylinders providing the
compressive axial load,

3) the internal pressurised region of the tube

blank.

These are controlled independently and each

has different control requirements.

2.1.2.1)The Clamping quraulicwCy]inder

The function of the hydraulic circﬁit
providing the clamping force is simply one of extending
and retracting the cylinder rod. The basic component of
. this paft'3¥ the hydraulic circuit is thus simply a
directional control valve with three positions - o&e
position to extend the ram (to close the two die halves
and when together to provide the clamping force), one
to stop it, and one to withdraﬁ it (to open the die).

2.1.2.2)The Hydraulic Cylinders Applying Axial Load

The two cylinders providing the compressive
axial load move relative to one another, in order to
produce equal deformation of each end of the tube and
so form the bulge centrally on the tube. This is
achieved by the use of a flow divider in the circuit
between the pump and the hydraulic cylinders. This

divides the flow from the pump into equal parts
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regardless of the load on each cylinder, and so
synchronises'the movement of the two cylinders. A
pressure reducing valve is-also used to control the
force being applied to the ends of the tube. A
directional control valve controls the extending and
withdrawing of the cylinders.

2.1.2.3)The Internal Pressurised Region of the Tube

Blank

As mentioned previously, a maximum pressure of
69 N/mm? is required for the forming of components.
This is achieved from the supply pressure by the use of
a pressure intensifier between the pump and the high
pressure circuit. Again, a pressure reducing valve is
also used, but this time itse functions are:

1) to by-pass the pressure intensifier (in
order to fill the tube blank, prior to forming, quickly
at the lower supply pressure),

2) to stop the supply, and,

3) to gupply the pressuré intensifer, and thus
generate a high forming pressure.

Also on this high pressure circuit is a valve
connected to the opposite end of the tube in order to
bleed air while filling the tube with oil. The air
would not have much effect on the formed component, but
in the event of a rupture in the hydraulic system, the
highly compressed air would prove very dangerous.

The complete -circuit used on the machine is
111ﬁstrated in Figure 3.

AT1 of the solenoids operate on a 24 Volt D.C.
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supply and are manually controlled by switches. The
switch arrangeﬁent is illustrated in Figure 4. Although
all of the.testing carried out for this thesis was
performed using the manual switches, a micro-processor
system is being developed to replace these and to
automate the system.

2.1.3)The Structural Design of the Machine

The two cylinders applying the compressive
axial load are located on opposite sides of the
die-blocks, acting in line and inwards towards each
other. The die-block is split axially in relation to
the tube blank, so the clamping cylinder is mounted
perpendicular to the other two cylinders. To facilitate
the arrangement of the cylinders, the clamping cylinder
is mounted vertically and acts downwards onto the .
die-block, with the other two cylinders mounted
horizontally, on either side of the die-block, acting
inwards. This is illustrated in Figure 5, along with
the general mounting arrangements.
2.1.3.1)Assembly

With respect to the present work, the most
important parts of the machine are the die-b]ock
assembly, and the plungers. Figures 6, 7 and 8 show the
tee piece, cross jbint, and off-set joint die-blocks,
whilst Figure 9 shows how the die-block is constructed
i.e. a central removable die-block contained in a
1arger holder. |

The plungers, Figures 10 and 11, are connected

to the cylinder rods by means of a collar which fits
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over the plungers and then bolts to the mount. This
allows for a floating connection, which ensures that
the plungers always locate correctly in the dﬁe when
transmitting the axial load to the ends of the tube.
The ends of the plungers are stepped.so that they
lTocate into the end of the tubes. This end section is
tapered to help in sealing the end of the tube when the
inside is pressurised with oil. To allow the oil in,
and the air out, Both plungers are drilled through, one
being connected to a flexible hydraulic hose, and the

other to a bleed valve.
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2.2)Alterations to the Bulge Forming Machine
2.2.1)The Die-Blocks

The die-blocks used in the machine consist of
a holder and an inserf. The die-block referred to as |
the 'holder' is attached to the 'Desoutter' die set by
two sets of clamps (one set of four for the bottom
half, one set of four for the top). The holders are
positioned with dowels which pass through them and into
holes drilled in the die-set. When the holders are
aligned, they are clamped in place and require no
further adjustment.

The inserts were designed so that they were
easily interchaqgab]e (the holders take a considerable
time to position due to the necessify for the machine
to be partially dismantled - the plungers infringe
about 15 ﬁ; at either end of the bottom die-block
“holder, as can be seen in Plate 3). As stated
previousiy; when the holders are correct1y‘positioned,
they can remain unaltered for any of the inserts used.
The inserts aré made of hardened steel (EN21) so that
they are more f;sijienﬁéto knocks and wear. They are
120 mm long, 100 6% wfde, and 50 mm deep - Figure 6.
Each inseft is held in place by four Allen screws which
pass through it and locate in holes drilled in the
holder (the screws do not pass into the die-set). Two
of the holes (diametrically opposite) in each of the
inserts are threaded so that screws can be used to
dislodge them if they become jammed (a seal is often

created by the hydraulic fluid caught between the
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holder and insert). Although the inserts can often be
dislodged by pulling on the screws, by making the
drilled holes in the inserts larger than in the holder,
it is possible to 'push' the inserts out by screwing
down the bolts. The range of insert shapes can be seen
in Figures 6, 7 and 8.

2.2.1.1)YVariation to the Inserts Branch Radius

When the original inserts were made, the
corners where the central passage connected to the
branch were rounded off without any degree of accuracy
(one corner had a radius of 2.5 mm, the other 3.5 mm).
However, from the initial tests it was clear that the
radius of the corner at this intersection was critical
in the formation of components. Therefore, the corners
of the inserts used in the testing were all of a given
radius (2 mm, 3 mm, 4 mm, or 5 mm). Not only was the
radius a given size at the face of the inserts, but the
corners were also blended all the way around the
interseﬁtion.

2.2.2)Instrumentation

The initial machine design lacked any accurate
method of recording the hydraulic fluid pressure and
the plunger loads. There was only one permanent gauge
in the hydraulic circuit and that measured the system
pressure. In addition, there were also some temporary
point gauges which recorded the value of the
low-pressure circuit pressure, the piston pressure, and
the sealing pressure, but these were inaccurate (the

readings were subjects to a +/- 10% error). In order

——
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to obtéin accurate results for use with the wall
thickness analyses, it was necessary toincorporate:
electronic on-1line instrumentation in tHe Bulgé fofming
machine. ’

2.2.2.1)Compressive Axial Load

The axial load is applied by two plungers
which simultaneously advance on the tubular blank. The
movement of the plungers is controlled by hydraulic
fluid which is split equally between the cylinder rods
by means of a flow divider. As long as the flow divider
is kept clean, it can be assumed that the flow to the
two cylinders is equal (if it becomes dirty, the
components formed have bulges which are no longer
central). Thus, only one lToad reading was felt to be
necessary, and this meant that only one of the plungers
needed altering to accept the instrumentation.

The cylinder rods?pTungers were designed so
that they were not connected to each other, but so that
the plungers were ffee-f]oating in"a sleeve attached to
the cy]inder rod.

It was decided that the best method of
recording the axial Toad would be to use a load-washer.
It was necessary to use a specific load-washer, as it
was found that although several types were suitable,
with regard to range, only one in the 'Kistler' range
was small enough to fit into the system, and still be
able to record the necessary values, without major
alterations. The washer used was a 'Kistler 200’

(max imum load 200 kN).
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To make a suitable position for the washer,
the plunger was removed from the machine and an inset
cut into it to locate the washer. The inset surface was
ground smooth, and a polished ring used on the other
side of the washer to ensure an even load distribution.
The assembly was then aligned and connected, and the
load washer cable fed out from the sleeve through the

hole used to connect the bleed valve - see Figure 12.

2.2.2.2)Internal Pressure

The choice of device needed to record the
internal pressure depended on the positioning of it,
and the accuracy‘required. It was decided that a
piezo-electric pressure transducer should be used,
since that would give a higher degree of accuracy than
a strain gauge device, and would be easily connected to
any electrical monitoring equipment. The most important
criterion was the position of the transddcer, because
it could go in either the high or low pressure circuit.
However, with it in the Tow pressure circuit, it would
be necessary to multiply the reading by the
intensifying factor when the machine was operating in
the high pressure mode (during deformation). Therefore,
fhe transducer was placed in the circuit near to the
inlet plunger.

The maximum internal pressure was known from
the machine specifications, and a transducer with the
required range picked (a 'Kistler 601H' - maximum
pressure 104 N/mmz). There was no place where a hole

could be drilled and tapped to mount the transducer in
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the original circuit, so a metal seating-block was
designed and connected in the circuit between the fluid
pipe and plunger. The transducer screwed into this
block so that its bottom surface lay flush with the

passage along which the fluid passes - see Plate 4.

2.2.2.3)Axial Plunger pisplacement

Although the internal pressure and axial load
readings were of the greatest significance, it was
still necessary to be able to relate the increase of
the above to the advancement of the plungers. This
could be achieved by recording the movement of the
plungers with respect to time. In order to do this, a
linear displacement transducer, with a 100 mm range was
used (a 'Kistler D2/1000 A'). Thi; was attached to the
side of the lower die-block and was positioned such
that it Tay para11e1‘to the plungers, and started
reading the plunger's progress just prior to the
sealing of the blank (on]y‘one plunger was monitored,
for the same reason as for the axial Tload).

Unfortunately, there was no smooth even
surface for the transducer tip to push against, so a
metal plate had to be attached to the bleed valve to
fulfil this role - see Plate 5.

2.2.2.4)Recording Equipment

The transducer and load-washer readings were
fed to scaling amplifiers where they were calibrated.
The pressure _transducer gave dh output of
15 pico-coulamb/bar, but this was calibrated to give

20.70 N/mm2/cm on a recorder and oscilloscope.
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Likewise, the load-washer gave 2.17 pC/N, but this was
calibrated to give 20 kN/cm. The displacement
transducer, however, gave a value in cm's, and it was
not necessary to do any calibration.

The va1des from the amplifier were fed into an
oscilloscope, ultra~-violet seven line recorder, and
digital voltmeters. The oscilloscope gave an instant
visual record, whereas the recorder gave a hard copy.
This incorporated a time-base grid which allowed the
period of formation to be calculated.

The digital voltmeters were used to set the
values o% the axial load and internal pressures,
because they were more accurate than the gauges on the
valves. However, the values used for the calculations
were obtained from the ultra-violet trace.

2.2.3)0ther Alterations

Although most of the alterations cérried out
‘were on the die-blocks or for the instrumentation, some
work was done on the machine in order to rectify long
standing problems.

2.2.3.1)Removal.of the Plunger Guides

Attached to either side of the lower die-block
holders, there were guides to align the plungers with
the die-block (Figure 9). However, the design of the
guides was such that the upper die-block had to pass in
between them every time a test was carried out.
Unfortunately, one of the guides became Toose and on
1owering.the upper die-block, came into contact with

the guide. This caused damage to the die-block holder
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and the guide, and the machine couid nOT D& USEQd unci
the surface of the holder had been ground flat again.

On studying the machine sét-up, it appeared
that the guides were unnecessary, because the plungers
always infringed on the lower die-block, and were not
advanced until the upper die-block was clamped in
place. Therefore, the guides were removed and a vafiety
of tests which had been carried out with the guides in
place, redone. There was no apparent difference and
hence the guides were never replaced.

In addition to}the advantage of having no
possibility of die-block damage, because the guides
were absent, the plungers could be dismantled very
quickly, without the need to unfasten the die-b]ock.
holder.

2.2.3.2)Plunger Tapers

The plungers were designed with tapered ends,
so that a precise fit was achieved with the tube blank.
This angle of tgper was increased from 0.5°% to 3.0°
after the initial tests, to analyse the effect of the
friction created by the contact between the plungers,
tube, and die-blocks. The reason for this alteration is
dealt with in the next chapter ('Test Procedure').

2.2.3.3)Alterations Carried Out For -I.M.I. Fittings Ltd.

In order to carry out tests on different
diameter tubes, the machine was altered to accept
die-blocks used by ' I.M.I. Fittings Lta; The main area
of alteration was that of the cylinder-rods/plungers. A

coupling was designed which allowed the smaller
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diameter plungers to be connected to the cylinder rods,
and also to encompass the load-washer and the pressure
transducer. A variety of plungers were used with this
configuration, andvare disb]ayed in Plate 6.

The die-blocks supplied were ones capable of
producing two components at the same time, QUt this
facility was never used because there was insufficient
room for the necessary couplings. The die-blocks were
clamped to the 'Desoutter' die-set in the same way as

the ones used in the rést of the tests.
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2.3)Rectification 0f Manufacturing Faults

The majority of the problems associated with
the machine were caused by the design of the
die-blocks. The method of production of the die-blocks
was to part machine them whilst bolted in the holders.
This proved successful in the production of components,
but created problems when the die blocks were made
differently. Although the die-b]dcks which were made in
conjunction with the holders operated in the machine,
they were out of tolerance (up to 0.5 mm difference
between the two ends of a die-block). When new
die-blocks were made, the machinist found that the dies
would not fit in the holders. The holders were checked
and also found to be out of tolerance.

The holders were re-machined and brought back
into tolerance, and the new die:bTOCkS, when inserted,
were checked and found to have a flatness tolerance
within 0.025 mm over their suffaces..In order to bring
the holders back into tolerance, it was necessary to
enlarge the holes where the inserts fitted. This meant
that the holders were no longer able to actvas locators
for the inserts, and hence to rectify this, and to
ensure a perfect matching of the two halves,
alterations were made. Firstly, the die-block holders
had their surfaces machined so that the die-blocks
stood proud, and the load bearing surfaces were tho§e
between the inserts. To ensure the plungers entered the
die-blocks correctly, and were not mis-aligned by the

passage in the holders (this occurred with the old set
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of dies, and led to extensive damage to the
die-blocks, holders and pTungers), the passage was
enlarged to 26 mm. However, by enlarging the passage, a
step was created between the holders and the blocks. |
The die-blocks were therefore modified so that where
the junction of the two passages occurred, there was a
tapered zone.

To align the two die-blocks, two of the holes
for bolting the inserts in place on each half were
drilled out and dowelled. These ensured the matching of
the halves with respect to each other, but not the
holders or plungers. This was achieved by fitting two
locating screws in the side of the Tower die-block
ho1de}. These forced the lower die-block against one of
the inside walls of the holder (which had been machined
so that it was an exact distance from the centre-Tline
of the passage), and so, when the assembly was bolted
together, thére was accuracy in all three planes.

At the same time,as.the above alterations, the
changes to the tapers of the plungers were made. When
the machine came to be tested, it proved nearly
impossible to form a component without it suffering
from folds over its surface (Plate 1). For all
combinations of internal pressure and compressive axial
load, the folds occurred. They were very similar to
those created by buckling (when there is not sufficient
internal pressure for a given axial-load), and at first
it was felt that‘the initial sealing load was too

great. However, this was reduced, and there was still
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no improvement in the proceés.

Eventually, after much cross-checking, the
fault was shown to be that of fluid entrapment. This
occurs when hydraulic oil is left on the surface of the
dies prior to the insertion of a tube. When the
die-blocks were closed, the clamping force compressed
the tube against the die walls, and the f]uidW?S unable
to escape. The effect of this was to slightly buckle
the tube walls (if a tube was removed at this stage,
prior to the forming process, the buckling was hardly
noticeable), and so when the axial load was applied,
there was insufficient axial strength. The tube,
therefore, folded at the point of buckling and then
continued to form normally. In some cases, the fold
appeared as 1ittle more than a 1ine on the component
surface, but inside, there was a fold of material
standing 5 mm proud of the wall and running the whole
length of the branch.

The reason the problem occurred With the new
dies was that; because all of the surfaces weré
perfectly flat, the oil would not drain away (in the
old dies, the oil tended to drain away because there
was a 0.5 mm variation in flatness across the die-block
surface), and merely settled in pools on the dies.

The problem was overcome by scribing several
interconnecting lines on the die-block surfaces
(Plate 7). These allowed the o0il to be forced away from
the area under the tube when the clamping force was

applied. Another problem associated with this occurred
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when the scribed lines became blocked with copper and
dirt, and the folds reappeared. The problem was
overcome by cleaning the dies, and then rounding the
edges of the scribed lines to prevent them from
becoming blocked through shearing material from the
tube surfaces.

The only other operating fault that occurred
was that of a Tack of internal pressure. At one stage
the maximum internal pressure the system would provide
was 41.40 N/mmz-(and not the 69 N/mm2 the pump was set
to deliver). The problem was found to be a leaking
gauge, which, when replaced, allowed the system to be

operated at the maximum pressure.
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3. TEST PROCEDURE AND RESULTS

3.1)Test Material
' The initial stages of the design of the bulge
forming rig involved estimating the size of the tube
blank to be used in the forming operation. This was so
that the forces involved could be allowed for in the
rest of the design. For design considerations, a
nominal value of 25 mm diameter and 150 mm length was
chosen. The actual tube blank used for the tests was
decided on at a Tater time, before the final
dimensioning of the dies and plungers. The original
tubes used were of copper and had an outer diameter of
24.12 mm, a ﬁa]] thickness of 1.37 mm, and came in
lengths of 107 mm.
| The first set of comparison tests involved the
use of copper tubing of a different wall thickness to
that stated previously. Since all of the copper éubes
used in the investigation were supplied by
M.T. fokahire Fittihgs‘Lfd.; it was necessary to accept a size of
a fube from their production lTines. The tubes used in the
comparison had an outside diameter of 24.12 mm, a wall
thickness of 1.03 mm, and were 147 mm in length.

To compare the effect of tube materials on the
bulge forming process, copper, mild steel and
commercially pure aluminium were used. The blanks had
outside diameters of 24.12 mm, wall. thicknesses of |
1.37 mm and were 107 mm in length.

The testing of the Tubricants was performed on
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copper tubes of dimensions: 16.86 mm outside diameter,
94.14 mm length and 0.95 mm wall thickness. These
blanks were also obtained from Yorkshire I.M.I. in an

annealed condition.

- 65 -



3.2)0perating Procedure

The operation of the machine requires the
clamping of a tube blank in the dje-blocks, with the
subsequent application of internal pressure and axial
load. However, the combination and the order in which
the internal pressure and axial load are applied
determines the final shape of the component.

The design of the machine is such that these
forces can be varied to form components at different
stages of expansion and various procedures can be used
relating to the internal pressure used. The high
pressure part of the hydraulic circuit is equipped with
a pressure reducing valve to control the internal
pressure. In the forming of components there is a
decrease in the volume inside the tube due to the axial
deformation (except in the case of forming due to pure
internal pressure only), which generates a high
pressure. Thus, the pressure reducing valve can be used
to set the initial internal pressure which can be
allowed to increase to any value, as long as that is
Tess than the value at which the pressure relief valve
is set (nominally 69 N/mmz). A]ternative]y, the relief
valve can be used to set a maximum system pressure,
which 1imits the forming process.

Application of compressive axial load, if
great enough, results in the axial deformation of the
tube, i.e. the tube gets shorter. As would be expected,
the greater the axial load, the more deformation that

occurs. Therefore, to take the control of the internal
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pressure a stage further during the process, the axial
deformation can be carried out in stages. During each
stage'the internal pressure is set to a constant value,
and at the end of each stage, when the deformation has
stopped, both the internal pressure and the compressive
axial Toad are increased.

The test procedures for these different
processes follow a common initijal stage, which is as
follows (the hydraulic components and switches refer to
Figures 3 and 4 respectively).

1) Connect the control board operating the
solenoid valves to a 24 V D.C. supply and turn on the
isolator to the electric motor and start it.

2) Open the die by moving switch S1 to the
OPEN position (during periods of rest, when the motor
is stil1l running, the switch should be returned to the
central - STANDBY - position to prevent excess heat
from being generated in the main relief valve).

3) Place a tube blank centrally on the bottom
die; the length, diameter and wall thickness of which
have already been noted. |

4) Close the die-block by moving switch S1 to
the CLOSE position.

5) Move switch S2 to extend tﬁe horizontal
hydraulic cylinders, and so bring the plungers into
contact with the tube blank. The forces acting on the
tube are controlled by the pressure reducing valve PR1
which should be set to provide sufficient force to seal

the ends of the tube without causing any axial
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deformation.

6) Having sealed the ends of the tube, it can
then be filled with 0il by moving switch S4 to the LOW
pressure position, causfng the pressure intensifier to
be by-passed to fill the tube quickly at low pressure.
At the same time the valve V5 should be opened to allow
the air to escabe from the tube. Once clear o0il starts
to flow out, this valve can then be shut off to allow
internal pressure to be generated.

The rest of the procedure depends on the
mode of operation required, and this will be dealt with
'separate]y for the three different variations.

3.2.1)Fixed Internal Pressure During Bulging

For this mode of operation, the high pressure
relief valve RV2 is set at a predetermined value, and
then during the forming process, the internal pressure
increases until it reaches the set value and is then
relieved. After operétions 1 - 6 have been completed,
the procedure is as follows:

| 7) Move switch S4 from the LOW pressure
position to the HIGH pressure, which causes the
pressure intensifier to be activated, generating a high
pressure inside the tube blank. This pressure is
controlled by the adjustment of the relief valve RV2,
with the pressure reducing valve PR3 adjusted to
provide a pressure just greater than that required.

8) Once the tube is subjected to an internal
pressure, the compressive axial Toad shou]d be applied

"(the duration between the application of the internal
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pressure and the compressive axial load should be very
small, and preferably simultaneous). This is achieved
by moving switch S3. The forces acting on the ends of
the tube are controlled by the pressure reducing valve
PR2 which should be set sufficiently high as to cause
axial deformation.

9) On completion of the forming process, when
the forming plungers stop moving, or the tube bursts,
switches S2, S3 and S4 are moved to the off position.
This causes the p]ungérs to be retracted, and stops the
internal pressure supply. This pressure is released as
soon as the plungers move apart. To open the dies to
gain access to the formed component, switch S1 is moved
to the OPEN position.

Having removed the formed component, the
machine is then ready for another blank to be placed in
the dies for the next forming operation. As an
alternative to the above process, step 8 can be
omitted, causing the tube to be formed due to internal
pressure alone. In this case, the axial load is only
used to seal the tube and not to deform it.

3.2.2)Increasing Internal Pressure During Bulging

For this process the initial pressure is set
by the pressure reducing valve PR3, and increases
during the process to a value determined by the relief
valve RV2. Ideally the relief valve RV2 should be set
before hand, either at the end of a previous test or by
subjecting a blank to the required pressure. Again this

procedure follows on after operations 1 - 6 have been
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compieted.

7) Move switch S4 from the LOW to the HIGH
pressure position. The pressure inside the tube blank .
is controlled by the pressure reducing valve PR3 which
should be varied to produce the required initial
internal pressure.

8) Once the tube is subjected to the internal
pressure, the compressive axial load should be applied
by moving switch S3 to the ON position. The force
actfng on the ends of the tube is controlled by the
pressure reducing valve PR2. During forming, the
internal pressure will increase, due to the decrease in
internal volume, until it reaches the value set by the
}e1ief valve RV2. A constant pressure will be
maintained once this pressure is reached,and until the
completion of the forming process, after which it will
drop due to leakages.

| 9) After comp]etioh of the forming process,
switches S2, S3 and S4 should be moved to the OFF
position, and the dies opened by moving switch S1 to
the OPEN position.

3.2.3)Increasing Internal Pressure In Stages

This process is similar to forming a component
with a fixed internal pressure, but at the end of the
deformation the internal pressure and ‘axial load are
increased to produce another deformation. The first
axial load applied to the end of the tubes should thus
be fairly small, to allow it to be later increased to

produce a further deformation. Again steps 1 - 6 should
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be followed.

7) Move switch S4 from the LOW to the HIGH
preésure position, which causes the pressure
intensifier to be activated, generating a high pressure
inside the tube blank. This pressure is controlled by
the adjustment of the relief valve RV2, with the
‘ pressure reducing valve PR3 adjusted to provide a
pressure just greater than that required.

8) Once the tube is subjected to an internal
pressure, the compressive axial load should be applied.
This is achieved by moving switch S3. The forces acting
on the ends of the tube are controlled by the pressure
reducing valve PR2 which should be set to a suitable
value for the initial deformation.

9) When the deformation has stopped.i.e. the
plungers have stopped moving, the internal pressure can
be increased by adjustment of the relief valve RV2 (the
pre§§ure reducing valve PR3 may also require adjustment
so that a sufficient pressure is being produced from
the pressure intensifer).

10) After dincreasing the internal pressure, the
axial deformation can be continued by adjusting the
pressure reducing valve PR2, so as to increase the
axial Toad acting on the ends of the tube.

11) When the deformation has stopped, steps 9
and 10 can be repeated, increasing the internal
pressure and axial load again, or the component can be
removed from the machine By moving switches S2, S3 and

S4 to the OFF position, and moving switch Sl»to the

- 71 -



3.3)Analysis of the Formed Component

After the bu]gé forming process was complete,
the components were taken from the die-blocks and their
final lengths and bulge heights meésured with a digital
Vernier calliper (initially the readings were taken
with a rule, but the Vernier improved accuracy and
speeded up the process). The components were then cut
in half through the centre of the bulge (the original
tee piece and cross joint components were cut
lTengthwise, but this tended to damage the domes of the
bulges. However, these 'halves' were better for
presentation, as can be seen in Plates 8, 9 and 10. A
0 mm to 25 mm round-nosed (1 mm radius) micrometer was
uséd to take wall thickness measurements at selected
'x' and 'y' co-ordinates, starting at a point on the
tube wall just before the bulge, and finishing at the
centre of the dome. The position of the measurement
points can.be seen in Figure 13a.

A11 of the componénts were marked with their
given test numbers in both ink and by scribing, and
then stored.for future cross-checking.

The results of the tests carried out using the
hydraulic bulge forming machine can be divided into two
types. Firstly, there are those which deal with the
feasibility of the process, and concentrate on the
formation of a tee piece, cross joint and a
non-symmetrical component. Secondly, there are those
which show the.effect of using different forming

materials, lubricants, plunger variations and die-block
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geometries. Whereas the initial tests show the forming
Timits of different components, the Tatter ones deal
with comparisons between different parameters on a

given shape.
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3.4)Tee Piece

A die-block with branch radius of 3 mm
(Figure 13b) was used to form the tee pieces, Two
thicknesses of.cohper tubing were used: 1.37 mm and
1.03 mm.

The method of testing was that the axial
deformation load would be set at a value, and then the
internal pressure incremented in steps of - 3.45 N/mm?
from a value which was just sufficient to seal the tube
b]ankl(3.45 N/mmz), to one where the tube burst. The
value of the internal pressure was regulated by the
pressure relief valve (RV3).

From the results obtained from the tests,
thfee types of graphica1 representation were selected:

1) tﬁe ratio of the wall thicknesses at any
point on the formed bulge compared to the original tube
blank (t/to) were plotted against the 'y' co-ordinate
where the thickness measurement was taken;

2) the ratio of the bulge height to the
original radius of the blank (H/ro) was plotted against
the internal pressure required to give that amount of
deformation, and;

3) the ratio of the final length of the tube
blank compared to the original length (Lf/Lo) was
plotted against the compressive axial load.

The trends shown by these graghs enabled
diagrams to be drawn which show the forming zones of

the various components.
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3.4.1)Tee Piece - 1.37 mm Wall Thickness

The tee piéces were formed using three values
of compressive axial load: 43 kN, 85 kN and 128 kN. For
each of these loads, a value of internal pressure was
selected which caused a small bulge to form
(20.70 N/mmz). Test were then taken in increments of
3.45 N/mm2 until the tube burst, and at that stage the
next Toad would be selected. Figures 14 to 17 show
graphical repfesentations of the results.

The components foémed with the 43 kN
compressive axial load developed only small bulges (the
bulges were not 'branches' but merely domed surfaces on
the wall of the cylindrical tubes), and burst at a
pressure of 48.30 N/mm2. There was no sign of buckling
with an internal pressure of 20.70 N/mm? and the
percentage of original wall thickness did not drop
below 70%. The max imum bulge height was 4.38 mm. See
Figure 14.

With an axial load of 85 kN, the components
formed consisted of a branch with a domed top. There
was some buckling with an internal pressure of
20.70 N/mmz, and as previously, the tube burst at
48.30 N/mmz. Again, the bercentage of original wall
thickness did not drop below 70%, but the increase in
axial load tripled the bulge height to a value of
12.00 mm. However, in the tests carried out at 43 kN
and 85 kN, the bulge heights were not sufficient to
deem the components 'fully-formed' (a fully-formed

component being one where 'all three 'branches' are of
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approximately the same length). See Figure 15.

The tests carried out with an axial Toad of
128 kN produced the greatest bulge heights. A1l of the
components formed with an internal pressure of under
37.95 N/mm2 suffered from buckling, but those above
that were fully-formed. The upper forming pressure was
55.20 N/mmz, and the lowest value of the percentage of
original wa]];thickness recorded was 65%. For this
reduction in wall thickness, a bulge height of 21.58 mm
was obtained. See Figure 16.

Graphical representations of selected tests
for the previous three axial loads are shown in
- Figure 17.

Although thg above are the results obtained
for the forming range of a tee piece, it was found that
it was possible to improve upon the values by using a
two stage process. if a tube blank was initially
formed at, say, an internal pressure of 34.50 N/mﬁz,
and then the pressure relijef valve (V3) opened up so
that the pressure rose to 55.20 N/mmz, the component
would have an increased bulge height, but not the same
amount of reduction in wall thickness as if it had been
formed initially at 55.20 N/mm® (in cases where the
tube burst at 48.30 N/mm% with a one stage deformation,

it was possible to exceed 58.65 N/mm?

if a two stage
process was used. |

Figure 18 shows the relationship between the
axial deformation load and the internal pressure, and

~is split up into four areas. Failure of the forming
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process will occur if the forming conditions fall into
areas C or D. Area C indicates that the axial
deformation load is too high, or the internal pressure
is too Tow, resulting in buckling of the tube
occurring. Fracture of the tube will occur in area D.
This was found to occur in the dome formed by the
internal pressure. Fracture will also occur if the
initial conditions fall into area B. In order to form a
perfect component, the conditions have to fall into
area A. However, after the deformation has been partly
completed, the forming conditions may move into area B.

3.4.2)Tee Piece -~ 1.03 mm Wall Thickness

The thinner walled tee pieces were formed
using compressive axial loads of 43 kN, 85 kN and
106 kN. Loads in excess of 106 kN caused buckling for
all values of internal pressure. Figures 19 to 22 are
the graphical representations of the results, and
Figure. 23 shows the forming zone. As in the previous
tests, the 43 kN load was insufficient to create a
branch and a dome was formed on the side of the tube.
The max imum value of internal pressure the tube could
withstand was 31.05 N/mmz, and this created a bulge
height of 5.0 mm, with a corresponding reduction—in
wall thickness ratio of 63% at the dome centre. See
Figure 19.

The tests carried out using an 85 kN Toad
prbduced a tee piece which was fu]]y-férmed, but which
would only withsténd 31.05 N/mmz'pressure. At this

value, a bulge height of 19.1 mm was achieved for a
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reduction to 71% of the original wall thickness. See
Figure 20. |

With a Toad of 106 kN, it was possible to
operate the machine with internal pressures up to
34.50 N/mm2. At this maximum value, a bulge height of
28.5 mm was recorded with a corresponding minimum wall
thickness ratio of 58%. See Figure 21.

The two stage deformation process was tried
again, and similar results obtained to those for the
thicker material. A1l other trends were the same as for
the thicker material.

The tests showed that it was possible to form
tee pieces from various thicknesses of material. The
thinner the wall of the tube, the more Timited the
range of compressive axial loads and internal pressures
that could be used (buckling and rupture occurred at
values of load and pressure in thinner walled tubes
that thicker ones would withstand). However, both
thicknesses produced perfectly acceptable tee pieces.

In the formation of a tee piece, material is
forced into the deformation zone to form the branch.
However, because the tube is uniformly compressed and
there is only one branch forme&, there is a
considerable build-up of material on the opposite side
to the branch (percentage of original wall thickness in
the order of 250%). This build-up is a major problem
for manufacturers and is discussed later.

The minimum value of the percentage of the

original wall thickness is always recorded at the
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centre of the dome and tubes always burst around this
area. Although in the manufacturing process the domes
are shéared-off to create the third branch, the value
recorded at the dome is still the most reTevant p&int.
Figures 24 to 29 compare the variations in the

two types of tube blank.
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3.5)Cross Joint

Tests were again carried out using two sizes
of tube blank (1.03 mm and 1.37 mm wall thicknesses).
The testing and analysis were the same as those used
for the tee piece.

3.5.1)Cross Joint - 1.37 mm Wall Thickness

‘ The cross joints were formed using compressive
axial loads of 43 kN, 85 kN, 106 kN, 128 kN and 149 kN.

2

The mimimum internal pressure used was 27.60 N/mm“ and

2 per test. A1l of the above

the increment was 3.45 N/mm
tests were one stage formations, although several
two-stage ones were performed in order to verify the
results obtained from the tee piece. Graphical
representations of the results are shown in Eigures 30
to 33.

The components formed with the compressive
axial 'séa1ing' load (43 kN) were only partially
bulged, and with an internal pressure‘of 48.30 N/mmz,
‘the bulge heights were only 4.5 mm (there was no visual
difference between the bulges [except in the case where
a burst octurred], and therefore only one set of values
were recorded and no graphical representation made).
With this pressure, the minimum wall thickness ratio
was 67%. Burst components were noted with an internal

pressure of 51.75 N/mm2

and above.

With an axial Toad of 85 kN, the components
were not fully-formed. The bursting pres§ure was
55.20 N/mmz, and the highest forming pressure was

51.75 N/mm2. This value gave a bulge height of 12.0 mm
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which consisted of a branch and dome, unlike the lower
axial load. The minimum wall thickness ratio was 85%.
See Figure 30.

When the axial load was increased to 106 kN,
buckling was observed for internal pressures up to and
including 34.50 N/mm%. Above this value, the components
were deemed fully formed. At 44.85 N/mmz, there was a
bulge height of 18.0 mm and a minimum wall thickness
ratio of 80%.

Using an axial load of 128 kN gave the best
results over the widest range of pressures. Although
some buckling occurﬁed for the low pressures, the rest
~had a good shape and it was only at pressures of around
55.20 N/mm2 that over-forming or bursting occurred
(over-forming was deemed to have occurred when the
lengths of the remaining branches were in the order of
half that of the bulge height. The components were not
flawed in anyway, but the length of the branches made
them unusable as fittings). For an internal pressure of
51.75 N/mmz, a bulge height of 19.5 mm was achieved
with a minimum wall thickness ratio of 82%. See
Figure 31.

To give an example of how the cross joint was
deemed to be fully formed, it is necessary to check the
final length of the component. For the above, the
final length was 60.5 mm; and the diameter of the tube
24.12\mm. Therefore each of the branches is
(60.5-24.12)/2, which is 18.19 mm - this compares with

a bulge height of 19.5 mm. An over developed component
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might have a final Tength of 50.0 mm, which would give
branch‘lengths of 13 mm, compared to a bulge height of
25.0 mm. )

The tests carried out with an axial lToad of
149 kN proved unsuccessful, because all of the
components were either buckled or over-deformed. The
only specimen produced without f]awskwas produced with

an internal pressure of 48.30 N/mm?

. This gave a bulge
height of 28.0 mm and a minimum wall thickness ratio of
88%. The branches were only 7.0 mm in length, which is
25% of the bulge height. see Figures 32 and 33

The results from tests on components formed
with a two-stage process were similar to those from the
tee piece. An increase was seen in the bulge heights
and wall thicknesses, and the value of internal
pressure before a component burst was increased.

When comparing the formation of a tee piece
and cross joint from the same wall thickness, there
were comparable bulge heights for the same values of
axial loads and internal pressures. However, the tee
piece had a minimum wall thickness ratio which was up
to 15% less than the comparable cross joint value.
Although the tee piece could be analysed as half a
cross joint, the fact that there is a build up of
-material opposite the branch in a tee piece affects the
wall thickness. Some material does flow from the Tower
half of the tee piece, but most of it remains in the
lower section of the branch. However, in the cross

joint there is an equal distribution of the material
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and this means that there is a greater volume of metal
in the bulge, which, given a similar bulge height,
means that the walls are thicker. The bulge height is
dictated by the axial Tload, iﬁterna] bressure and the
material properties, and as they were constant for any
two relevant tests, the bulge heights were similar.

3.5.2)Cross Joint - 1.03 mm Wall Thickness

The results obtained for the cross joint
formed with the thinner material showed the same trends
as with the thicker material, but formation took place
at Tower compressive axial loads and internal
pressures., The axial Toads were 43 kN, 64 kN and 85 kN,
with internal presgures starting at 20.70 N/mmzvand
incrementing in 3.45 N/mm2 steps. Graphical
representations of the results are shown in Figures 34
to 39.

With an axial load of 43 kN, there was only
partial deformation for internal pressures of
20.70 N/mm? and 24.15 N/mm?, and the highest value
achieved without bursting was 27.60 N/mme. At this
pressure, the bulge height was 4.0 mm, and the minimum
wall thickness ratio was 89%. See Figure 34.

The most successfu] axial load was found to be
64 kN and although the components could only be formed
over the same range of internal pressure as the 43 kN
load, with an internal pressure of 27.60 N/mmz, a bulge
height of 12.0 mm was achieved and a minimum wall
thickness ratio of 80%. See Figure 35.

The 85 kN Toad produced components, but at the
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lTower values of internal pressure (up to 24.15 N/mmz),
the specimens were buckled. At a value of 31.05 N/mmz,
the bulge height was 26.0 mm, and the minimum wall
thickness ratio 80%,. See Figures 36 and 37

Although cross joints couia be.fdrmed from the
thinner material, the values of internal pressure and
compressive axial load capable of producing a component
were limited - perhaps only one internal pressure for
any given axial load. Generally speaking, for both the
tee piece and cross joint, it seemed that the diameters
of the tube blank and branch compared to the wall
thicknesses were the important ratios when determining

the range over which a component could be properly

formed. See Figures 38 and 39?
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3.6)0ff-Set Joint

As stated previously, it was felt that the
build-up of ﬁateria] on the opposite surface to the
branch affected the wall thickness ratio. In order to
analyse this, and the formation of a non-symmetrical
componept, a die was designed which had branches at
1809 to;éach other, but not on the same axis
(Figure 8). The reason for the selection of this shape
was that if it proved successful, it could be used to
form two tee pieces from the same tube, the component
being divided after the formation process. The thinner
walled tubes (1.03 mm) were selected, since they
allowed Targer deformatidns for any given pressure/load
combination.

In the tests carried out, no combinations of
axial load or internal pressure created a perfectly
shaped component. A11 the bulges were lop-sided, with
the sides of fhe branches nearest to the tuybe ends being
longer than the inner ones (Figure 13c). The
compressive axial loads used were 43 kN, 64 kN, 85 kN
and 106 kN. With a Toad of 43 kN, the tubes withstood
the highest pressure, 31.05 N/mm2, resulting in bulge
heights of 5.0 mm, with @ minimum wall thickness ratio
of 65%. The other three values of axial load could only

2, and for this

withstand a pressure of 20.70 N/mm
value; the 64 kN test produced bulge heights of 7.0 mm
with a minimum wall thickness ratio of 67%, the 85 kN
test produced bulge heights of 10.0.mm with, a minimum

wall thickness ratio of 75%, and the 106 kN test had
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bulge heights of 17.0 mm with a minimum wall thickness
ratio of 77%.

Figures 40 to 49 show how the percentage of
original wall thickness varies against 'y' for the
off-set joint, tee piece, and cross joint components
formed from tubes of 1.03 mm wall thickness. There is
the Teast reduction for the cross joint, followed by
the tee piece, and then the off-set joint component.
However, the cross joint and tee piece are correctly
shaped, whereas the off-set joints are not. The bulge
heights obtained for any combination of compressive
axial load and internal pressure are §imi1ar for all
three shapes - the value obtained for the off-set joint
bejng a maximum and not at the centre of the dome, as

with the tee piece and the cross joint.
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3.7)Tee Pieces Formed From Aluminium, Copper and Steel

Tests were carried out on three different
materials - copper, steel and commercially pure
aluminium. A11 of the tube blanks were of the same
dimensions: 107 mm in length, 24.12 mm outside diameter
and 1.37 mm wall thickness. The materials were annealed
prior to testing and the tube surfaces were of a
similar surface finish.

Testing was performed over a range of internal
pressures and compressive axial loads. The steel and
copper components were formed over the same range:
27.60 N/mm2 to 62.10 N/mm® internal pressure and 85 kN
to 149 kN compressive axial load. The aluminium,
however, would not form in these ranges and was fested
between 6.90 N/m% and 20.70 N/mm® internal pressure and
43 kN and 106 kN compressive axial load. -

The results obtained from the tests were not
analysed in the same manner as for the previous
components. In those cases, the results were used to
obtain all the variations over which deformation tbok
place, in order to ascertain in what ranges a component'
was best formed. However, for these tests a comparison
was sought between the various materials when used to
form a tee piece. Unlike the tests cérried out on one
material, here the forming ranges differed and this
meant that it was impossible to graphically represent
the trends without adjusting the axes.

Graphs were plotted of: ’

1) the ratio of the bulge height to the

- 88 -



original tube radius compared to the 1internal pressure
(Figure 50),

2) the percentage of the original tube length
compared to the compressive axial load (Figure 51) and,
3) the percentage of the original wall
thickness at varying 'y' co-ordinates on the branch

(Figures 52 to 59).

However, where previously the graphs were for
fixed axial Toads and internal pressures, here that was
inapplicable. Instead, the results were analysed and
three similar sets of.resu1ts (one for each material)
were plotted and their forming ranges shown.

Table 1 (page 209) shows the maximum forming
values for the tests.
3.7.1)Aluminium

The aluminium tubes were formed using four
compressive axial loads: 43 kN, 64 kN, 85 kN and 106 kN
and internal pressures siarting at 6.90 N/mm? and

incremented in 3.45 N/mm2 steps unti} faﬁ]ure.

The-components had a very poor surface finish
with the material flow lines in the deformation zone
being very noticeable. |
3.7.2)Copper

The copper was tested with compressive axial
loads of 85 kN, 106 kN, 128 kN and 149 kN. The internal
pressures used varied from 27.60 N/mm2 to 55.20 N/mm?
and the results obtained at the maximum forming
pressures are shown in Table 1.

The trends for these tests were the same as
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the previous tests on copper. The surface finish of the
components was satisfactory, although the flow paths of
-the material in the deformation zone could be seen. -~
3.7.3)Steel

As might have been expected, the steel
required the highest values of compressive axial Tload
and internal pressure to produce a formed component.
Even at the maximum forming limits of the machine, the
steel had not achieved a branch height which could have
deemed the component fully-formed.

For the full range of internal pressures and
axial loads used, there were no cases where the
components were buckled or burst. The surface finish of
the steel components appeared polished even after major
deformations.

3.7.4)Compression Tests on the Tube Material

Compression tests were carried out on the -
three materials to obtain stress-strain relationships.
Tubes of the material were machined, and severa1%ringsAof

5 mm length . of each material obtained. These were coated with
lTubricants and then deformed in a 'Denison' testing
machine. A record was made of the loads and reductions
in thickness of the samples. A graph was plotted
showing the relative stresses and strains for the
materijals (Figure 60).

As expected, the steel had the highest stress
to strain ratio, followed by copper, and then

aluminium,.
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3.8)Plunger Variation

Two of the main problems with the bulge
forming process are friction and the material build-up
opposite the branch in a tee piece. Friction hinders
the flow of the material into the deformation zone, and
limits the height of the branch. The build-up of
material inside the tube is an unwanted side-effect of
the basic bulge forming process. In the manufacturing
process, this build-up has to be removed by a secondary
machining operation, which is both time consuming and
costly. If this unwanted material could be forced into
the deformation zone, or away from the centre of the
tube, it would aid the process by increasing the bulge
height.

The problem of friction can be improved with
the use of lubricants, as is shown in the results in
the next section.

Three approaches were used in an attempt to
remove the material build-up, which were:

1) the material was forced into the
deformation zone,

2) the ﬁateria] was sheared from inside the
tube, and,

) 3) the material was allowed to flow away and
not build up opposite the branch.

The plungers used for all of the initial tests
had a 0.1 degree taper on the section which entered the
tube.(Figure 10). When the tube was sealed, most of the

tapered part of the plungers were in contact with the
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inner wall (the inner diameter of the tube was the same
as the end of the plunger, so when the plungers were
advanced they'made an interference contact with the
tube). During the deformation process, the sides of the
tube'in contact with the plungers (end 15 mm) were also
in contact with the die-block (the tube walls being
pressed between the two), and this greatly increased
the frictional force. Also, the tips of the plungers
acted as rams and forced the material building-up
inside the tube ahead of them. This effect concentrated
the built-up area (it appeared as a stepped section in
the centre of the tube, 15 mm from either end), so the
greater the branch height, the greater the build-up.

Modified plungers were used (Plate 6) where
the Tower half of the section that entered the tube was
drawn out to a round nose. When the tubes were
fu]]y-formed, the plunger tips almost met in the
centre. Th{s prevented the material building-up in the
lTower section and forced it up into the deformation
zone. Although the principle worked, fhe plungers héd
the effect of moving the 'stepped' area away from the
bottom of the tube and into the sides. There was still
the same amount of friction as the geometry of the
plungers was unaltered except for the added ‘nose'. The
bulge height was not noticeably improved, and the new
plungers still Teft a stepped area which needed to be
machined in a secondary operatidn.

The second tybe of plungers used were ones

which had shearing tips (Plate 6). They had the same
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finely tapered initial section, but had additional
cutting tips at the end. These tips were of a length
where they were 1 mm apart when the tubes were

fully formed. A chip of material was left in the middle
of tﬁe tube which could be removed after the process by
forcing a rod through. However, when tested, the
plungers did shear through the built-up material, but
the process created such forces in the tube that small
micro-gracks were found opposite the branch. Unlike
ones found in previous tests, these passed complietely
through the wall and made the components unusable in an
industrial application. The gap between the tips was
increased, but the same problem was encountered, and
the brocess had to be drastically altered.

In the new method, the components were formed
as normal, and then a shearing process used with a
separate machine. The tubes were supported end on, and
a specia11y.designed plunger, with a greatly extended
cutting tip, forced through; This plunger removed the
built-up material and was much more convenient than the
old method.

The final method used was the one which proved
the most successful. The original plungers were
regrouhd so that the new angle of taper was 3 degrees.
Only the section of the plungers before the sealing
step were in contact with the tube (last 1 mm), and
this meant that the frictional force was the same along
the whole 1ength of the tube. When the tubes were

deformed, the material built up along the entire length
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and did not appear as a step. There was an increase in
thickness towards the centre of the tube, but this was
only about 30% to 50% of the thickness at the ends
(with the old plungers, the stepped area thickness
could be in the order of 300% that of the ends).
Although no material was forced into the deformation
zone, the effect of reducing the friction was most
noticeable. Not only were greater bulge heights
achieved, but in some cases it was possible to form
components at higher internal pressures. For example,
with an axial load of 43 kN and internal pressure of
48.30 N/mmz, the old plungers produced a bulge height
of 4.38 mm and a minimum wall thickness of 71%.
However, the new plungers produced a bulge height of
13.29 mm and a minimum wall thickness ratio.of 76% (an
increase in bulge height of over 200%). For a load of
128 kN, the respective values were 21.58 mm to 28.51 mm
(32% increase), and 68% to 77% (13% increase).

Figures 61 to 71 show the improvements created
by the new plungers over all ranges of compressive

axial load and internal pressure,.
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3.9)Lubrication

In the bulge forming process, the amount of
friction acting petween the tube blank and the
die-blocks determinés the extent of deformation. The
whole process is reliant on the internal pressure in
the tube being Targe enougH to prevent the axial load
buckling the tube. However, this internal pressure
forces the tube walls against the sides of the
die-blocks and hence maximises the resistive nature of
the co-efficient of friction. Friction Timits the
extent of the bulging process, since the material
cannot flow as easily into the side branch. Also, the
build-up of material on the opposite side of the tube
to the branch is increased.if the material cannot flow
as easily across the deformation zone.

Any method which can be used to reduce the
co-efficient of friction must improve the bulge forming
process, as greater bulge heights can be achjeved for
Tower combinations of compressive axial load and
internal pressure. The alteration of the plunger tapers
has been shown to reduce the area over which the ends
of the tube are forced against the die-blocks. This
enhances the process, but cannot affect the formation
of the bulge within the branch (it merely allows more
material to be forced into the deformation zone).

Under normal circumstances, the tubes are
formed with the hydraulic oil used as the pressurising
medium acting as a lubricant (it is difficult to keep

the 0il1 off the die-block surfaces, because each time a
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component 1s unsealeg arter tneé process, 1ts contents
are spilled over the Hies).

Four Tubricants were used to analyse the
effect on the components, and these were compared
against the standard tests ddne with the normal
hydraulic oil. Three of the lubricants were oil based,
whereas the fourth was a P.T.F.E. solution in aerosol
form. The lubricants were coded 'A', 'B', 'C' and 'D’',
and were as fo]iows:

Lubricant 'A'- A baée oil with an I.S.0.
viscosity of 32, containing 2% of oleic acid.

Lubricant 'B'- The same base oil with 2% of
P.T.F.E. (the P.T.F.E. would not stay in suspension,
and the oil had tokagitated prior to use).

Lubricant 'C'- The base oil with 2% friction
modifier (as used in wet-brake applications).

Lubricant 'D'- The P.T.F.E. in an aerosol
spray.

The hydraulic oil used in the process was
'Silkolene Derwent 32', and is coded as 'Lubricant N‘.
As the viscosities of Tubricants 'A', 'B' and 'C' were
the same as the hydraulic oil, it would have been
theoretically possible to‘incorporate the additives
into the main fluid system. However, the suspension of
P.T.F.E. could not be used without extensive
alterations to the filtration system, because it
required constant agitation to remain in suspension.
For the purpose of these tests however, it was not

feasible to introduce any additives into the systems
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hydraulic fluid.

The tubes used were of énnea]ed copper;
94.14 mm in length, 16.86 mm outside diameter and
0.95 mm wall thickness. Prior to being placed in the
machine, the tubes were totally immersed in the
lubricants and the excess allowed to drain off (except
in the case of the P.T.F.E. spray when they weré evenly
coated and a]]qyed to dry). The bulge forming process
was then carried out as normally.

The compressive axial loads applied to the
tubes were: 26 kN (merely a sealing load), 43 kN, 64 kN
and 85 kN. For each of these axial Toads, the internal

2

pressures were increased from 20.70 N/mm® up to

rupture, in 6.90 N/mm? increments. A1l of the samples
. were then analysed, except for those which were buckled
or ruptured.

After‘each sét of tests, the die-blocks were
thoroughly cleaned with alcohol to remove any traces of
the lubricants. When a set of tests were to be carried
out, several components would be formed with the
relevant Tubricant to coat all of the die-block
suffaces prior to the samples to be analysed.

Table 2 (page 210) shows the maximum forming
values for the tests along with the respective tube
dimensions.

The analysis of the tubes fo]]oﬁed the same
pattern as previous investigations, with close
attention being paid to the bulge heights, wall
thicknesses and the tube lengths. A11 of the Tubricants
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were capable of forming tee piece components.

In order to analyse the results, those
obtained from the components formed using lubricants
were compared against the standard (Lubricant N) set.
Results were compiled which indicated the differences
between relevant components (those formed with the same
internal pressures and compressive axial loads).
Although in some cases the standard samples gave better
results than those with lubrication, it was apparent
that the components formed with additional lubrication
had improved features. For each axial load, the
cumulative bulge height differencés were tabulated and
in all but one of the sixteen cases, positive values
were optained. These values, which are shown in
Table 3 (page 211), were compared and it was found that
the P.T.F.E. spray gave the most consistent improvement
in bulge height (1.10 mm), followed by the P.T.F.E.
film (0.625 mm), friction modifier (0.57 mm) and
finally the oleic acid (0.415 mm). The values were
minimums, because it was usually the case that the
standard samples burst at the Towest internal
preSSUres, and so the corresponding lubricated
components could not be compared.

However, when a different approach was used,
the trends altered slightly. Instead of comparing the
results over the full range of tests, only those
combinations of axial load and interna]Apressure which
produced fully-formed tee pieces were considered. The

values compared were: 64 kN with 41.40 N/mmé and
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48.30 N/mm%, and 85 kN with 41.40 N/mm® and
48.30 N/mm?. The results are shown in
Table 4 (page 211).

The change in values obtained when considering
the smaller range of loads and pressures indicated that
" the P.T.F.E. film produced greater average bulge
heights than the P.T.F.E. spray, with the other
lubricants showing the same trends as in Table 3.

The ana1ysis of the wall thicknesses showed no
clear trends, but the fact that the components could be
formed at higher internal pressures when lubricants
were used on them, suggested that the walls did not
thin as much. As stated previously, the wall
thicknesses were similar for the various combinations
of axial load and internal pressure.

The variation in the final lengths of the
tubes gave the same trends as had been experienced in
the other tests. The reduction in length was relatively
constant for any given axial load, and the effect of
the Tubricants not noticeable,

Figures 72 to 88 show the graphical
representations of the results.

3.9.1)Determination of the Coefficient  of Friction

In order to relate the results obtained from
the lubrication tests to the theory which had been
developed to predict the required compressive axial
loads, it was necessary to obtain a value for the
co-efficient of friction between the die-blocks and the

‘copper tubes. This was achieved by carrying out tests
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on the machine using a solid cylinder of copper (a
standard copper tube could not be used, as the process
required the blank to be axially Toaded from one
direction only, and without internal pressufe the tube
would be crumpled and not stay in contact with the
die-blocks).

The billet was 24.20 mm in outside diameter
(it was slightly Targer than the standard tubes so that
it could be clamped in place between the die-blocks)
and 107 mm in length. One of the plungers was removed
from the machine, so that the axial load was only
applied from one side. The billet was clamped in‘the
die-blocks, and then the plunger advanced until if
touched it (the pressure to the cylinder was just
sufficient to advance the plunger, but not to push the
billet through the die-blocks). The pressure to the
cylinder was then increased until the plunger started
to move the billet. This procedure was repeated several
times, with the loads and displacements monitored on
the ultra-violet recorder.

When the loads were analysed and averaged, the
value obtained for the CoeffiC%e"t of friction

was 0.3.
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3.10)The Effect of Altering the Branch Radius

Four sets of die~blocks were manufactured
which were identical in every respect except for the
branch radius. The radius in question is that at the
intersection of the central passage and the side
branch. When the dies are manuféc@ured, the curves of
interpenetration result in 'knife-edges'. Components
cannot be formed with die-blocks such as these, because
the edges shear the metal at very low axial loads and
internal pressures. .Therefore, all die-blocks have a
radius along these curves, to prevent the above
happening. The following tests were carried out to
jnvestigate the effect of varying this radius.

. The radii selected were 2 mm, 3 mm, 4 mm and
5 mm. This range was selected because, for any value
below 2 mm, the tubes ruptured at the intersection
because of the severity of the corner angle. Die-blocks
were not manufactured with a radius iﬁ excess-of 5 mm
because the formed components were visually
unsatisfactory with respect to an industrial
application (the crisp tee piece shape was 1bst).

A11 of the die-blocks were tested over the
same range: compressive axial Toads of 85 kN, 106 kN,

128 kN and 149 kN and internal pressures of 27.60 N/mm2

2 steps. Most of the

and incrementing in §.90 N/mm
samples withstood the highest internal pressure the
machine could produce, although there weré two

exceptions when the tubes burst at 55.20 N/mm2. The

max imum forming values and the respective tube
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dimensions are shown 1in Table 5 (page 212).

Figures 89 to 94 show the graphical
representations for tubes formed with a compressive
axial lToad of 85 kN and various internal pressures.
Although the bulge heights obtained for the four values
of branch radii are similar, the 2 mm radius provides a
branch with the highest value of the percentage of
original wall thickness at the dome centre, followed by
the 3 mm radius, with maximum reductions in thickness
being obtained with the 4 mm and 5 mm radii.

Figures 95 to 100 depict the results for a
compressive axial lToad of 106 kN. The trends are
similar to the above, except that the 2 mm and 3 mm
radii tend to give greater bulge heights than the 4 mm
and 5 mm ones.

. Figures 101 to 106 depict the results for a
load of 128 kN. The trends are the same as for the
106 kN Toad.

Figures 107 to 112 depict the results for a
lToad of 149 kN. Again the results are similar to those
for the 106 kN and 128 kN Toads.

Table 5 shows the components which burst or
buckled, and these are not included in the graphical
representations.

Figure 113 shows that the ratio of final to
initial length of the tube decreases as the compressive
axial load increases. HoweQer, varying the value of the
brancﬁ radius does not produce any apparent trends.

Figure 114 depicts how the ratio of final
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bulge height/original radius varies with internal
pressure and axial Toad. The internal pressure only
produces a small improvement in the value of HVRO,
whereas the compressive axial Toad produces a
noticeable increase in the ratio. With loads of 149 kN,
128 kN and 106 kN, the smaller the branch radius, the
higher the value of'H/RO. However, with the 85 kN load

the trend is reversed.
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OFF-SET JOINT TUBE HALVES
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FIGURE 13(a)

A Tee Piece During Forming.

FIGURE 13¢(b)

Elememt Of Tee Piece During Forming.

FIGURE 13(c)

Mis—Formed Off-Set Joint.
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The Wall Thickness Distributions Along The Side
Branches And Domes Of Cross Joints Formed At

Various Internal Pressures.
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The Wall Thickness Distributions Along The Side

Branches And Domes Of Cross Joints Formed At

Various Internal Pressures And With Various

Compressive Axial Loads.
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FIGURE 34
The Wall Thickness Distributions Along The Side
Branches And Domes Of Cross Joints Formed At

- Various Internal Pressures.
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The Wall Thickness Distributions Along The Side
Branches And Domes Of Cross Joints Formed At
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The Wall Thickness Distributions Along The Side

Branches And Domes Of Cross Joints Formed At

Various Internal Pressures.
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The Wall Thickness Distributions Along The Side

Branches And Domes 0f Cross Joints Formed At

Various Internal Pressures And With Variocus

Compressive Axial Loads.
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FIGURE 39

The Bulge Height To Original Tube Radius Variation
Against Internal Pressure For Cross Joints Formed

From Tubes With Different Wall Thicknesses.
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FIGURE 40
The Wall Thickness Distributions Along The Side
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FIGURE 42
The Wall Thickness Distributions Along The Side
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The Wall Thickness Distributions Along The Side
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FIGURE 350
The Bulge Height Toc Original Tube Radius Variation
Against Internal Pressure For Tee Pieces Formed

From Aluminium, Copper And Steel.
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The Wall Thickness Distributions Along The Gide
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AXTAL FORCE = 85.00 kN
A ORIGINAL LENGTH = 107.00 mm
9 ORIGINAL WALL THICKNESS = 1.37 mm
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p FIGURE 61
.The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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PERCENTAGE OF ORIGINAL WALL THICKNESS
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FIGURE 62
The Wall Thickness Distributions Along The Side
Branches And Domes 0f Tee Pieces Formed With

Plungers With Different End Tapers.
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PERCENTAGE OF ORIGINAL WALL THICKNESS
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FIGURE 63
The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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FIGURE 64
The Wall Thickness Distributions Along The Side
éranches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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