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roughness of the formed flange is improved with increasing all working
conditions. A theoretical analysis to model the flange forming loads (axial,
radial and tangential) was presented. A comparison between forming loads
analytically and experimentally was discussed. The comparison indicates
that this percentage of error up to 4% occurs, instead of error percentage up
to 28%, in case of neglecting the low feed rate.

Introduction used. One important method that used to join
these tubes is a flange, whereas it keeps the

Flanged tubes are used in tube lines for the axiality of the tube line assembly and is easy to

transportation of crude oil, natural gas as well as
the other industrial applications; these lines
consist of several tubes that are joined together.
Many ways to join tubes; e.g., welding, clamped
joint, union joint, nosing, flaring and flanges are

be tightened.

Several techniques have been used to flange tube
end. A multi-step upsetting technique has been
developed by Hu and Wang [1] to obtain a thick
flange. The process has been simulated using the
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FEM code DEFORM, the simulation results are
investigated with the discussion of the method of
determining the step length. Isaevich et.al. [2]
used punch and die technique to form tube
flange. A deforming force in shaping the flange
of a tubular workpiece has been calculated. The
stresses during the experiments have been
investigated. The axial rotary forging process for
producing a flange and other parts from tube
blanks on machines has been studied by Leonid
etal. [3], in which they concluded that the
possibility of rotary forging is restricted due to
stability loss in tube blanks which occurs during
forming of thick ad wide flanges. Zhongjin et.al.
[4] discussed, in detail, the cold upsetting
extrusion process of a tube flange. A FEM
simulation, 2D DEFORM program were used to
investigate the effect of the tube dimensions and
interface friction on the material flow and the
cause of forming defects.

Cao et al [5] developed a new incremental sheet
forming (ISF) flanging tool as a proposed
processing method. A comparative study is
carried out by conducting hole flanging tests.
Both of ISF conventional ball nose tool and the
new flanging tool are used to evaluate the
deformation behavior of the quality of the final
part. A numerical simulation and analytical
approach were used to investigate stress-strain
distribution. Experiments have been carried out
to verify analytical and simulation results.

Hole flange is considered one of the new flange
production techniques that uses single point
incremental forming (SPIF). Asheet, with a
concentric precut hole and the outer periphery
rigidly fixed by a blank holder is gradually
compulsory with a tool to manufacture
cylindrical or conical smooth flanges [6-11].
Another investigation of the ability of SPIF
process to perform hole flanges in a single stage
has been conducted by Borrego et. al. [12] to
introduce a better understanding of the sheet
formability in this demanding situation. Several
experimental tests are conducted for AA7075-O
metal sheets to evaluate the limiting forming
ratio.

Several studies have investigated the flange
forming mechanism, the effects of upward and
downward burr orientation flange forming
directions and the analysis of the direct
penetration and re-penetration in the hole
flanging process. The analysis of the types of the
failure, e.g. necking and cracks, that appear
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under different process conditions have been
performed [13- 19].

In this decade, novel spinning processes are
being developed which challenge the limitation
of traditional spinning technology being used for
manufacturing axisymmetric, circular cross-
section, and uniform wall thickness parts [20-
28]. An optimum spinning process for
manufacturing the integrated stub end keeping
with the dimensions presented in the code has
been developed. A suitable multi-step spinning
process and rollers that can set required shapes
and dimensions at each location of the
component have been designed by simulation.
Hardness has been measured to predict the
strength of the flanged part [29]. A new process
with empirical model has been presented by
Hess etal. [30] to investigate the flange
geometry of the surface roughness after a friction
spinning process. The thermos-mechanical
elements of the friction welding process and
conventional metal spinning process are
combined. Parameters such as rpm, feed, head
radius, and tool infeed width are considered to
lead to a measurable surface of the component,
as classifier, a gradient boosting machine has
been used to predict the valid areas of the design
space.

El-Sheikh et al [31, 32] investigated the effect of
plug cone angle, tube wall thickness, and tube
length on the flanging ratio, surface roughness
and surface hardness of the generated widened
tube ends. EI sheik [33] has developed a new
flanging technique, in which a special spinning
flange roller is aided with a flange supporting
and sizing roller of constant pressure to assist the
preventing bending and cracking of the
deforming flange. The effect of process
parameters on the limiting flanging ratio (LFR),
soundness of the generated flange and flanging
loads has been investigated. A theoretical
analysis has been carried out estimating the
flanging loads. Fouly et. al. [34] carried out a
flange forming of Al tubes using a ball-shaped
tool. A calculation of the contact area has been
discussed to investigate the calculated loads. The
relation between flanging ratio and thickness has
been discussed.

From literature review, it seems that the
generality of the published work on flanging
processes adopt the techniques of forging (die
and punch) or welding, whose operation costs
effort and time. Conversely, this work adopts a
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metal spinning technique with developed flange-
forming tool to form the flange. Clearly, the
proposed method with the developed tool would
have an apparent advantage in the process time
and cost reduction. Moreover, the flange
characteristics and soundness are improved.

The current work presents the possibility of a
flanging tube by a spinning process using a
developed tool hold at the center lathe machine.
The design of the developed tool (collet,
mandrill, and roller) is based on the outer tube
diameter. An experimental work was conducted
to form the tube flange from lead metal as
received. Different working conditions, i.e., feed
rate (Sv), 0.3, 0.4 and 0.5 mm/rev, rotating speed
(N), 76, 150, 230 and 305 rpm and thickens 4,
5and 6 mm are considered. The flanging process
for all specimens was conducted at different
working conditions. The parametric study is
presented to demonstrate the working condition
effects on the flanging load, wall-thickness
variation, Vickers hardness, surface roughness,
and flanging ratio. A theoretical analysis to
model the flange forming loads (axial, radial and
tangential) and its  comparison  with
experimentally measured load are discussed.

2. Experimental work
2.1. Experimental material

In this work, the material of workpiece was lead
(as received), Table 1 depicts its mechanical
properties. The tube dimensions were length
(Lo) and outer diameter (Do) of 75 and 84 mm
respectively, with different wall thicknesses (T).

2.2. Experimental Setup

In this work, the flanging process is conducted
using a flange-forming tool whose design was
based on the outer tube diameter. A forming
process and the tool component (collet, mandrill,
and roller) are shown in Fig. 1.

A conventional lath machine was used to carry
out the flanging experiments. Lathe motor is 10
HP, the rotational speed ranges from 12 to 1200
rpm and the feed rate is up to 1.5 mm/rev.

Fig. 2 illustrates the set of an experiment, to form
a flange, the mandrill is inserted into the
workpiece, for the sake of dent prevention, and
interfered together with the collet. The set of the
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specimen with tool components is fixed from
one end by the lathe chuck, and another end is
free. The roller was contracted in the groove of
ball bearing that existed in the housing. Once the
roller is engaged with the workpiece, it is rotated.
A dynamometer device was joined with the
flange-forming roller set to measure flanging
loads. The set of the flange-forming roller is
inclined with an angle of 35° to the longitudinal
axis of the tube. This set moves axially until the
mid of forming a length of specimen
approximately and touch it. The specimen free
end was flanged by a spinning process. The
flange forming roller rotated, during flanging
process, and moved radially perpendicular to the
axial axis of the workpiece. During one stroke,
the flange was formed to the flange diameter
required. To reduce the friction between flanging
forming roller and workpiece, a lubricant oil was
used to decrease the generated heat and improve
the quality of the formed flange as well.

2.2. Flange Forming Procedures

The flanging process is conducted as explained
in the following steps:

Table 1. Mechanical properties of lead (specimen
material).

Yield-stress uTsS Strength Strain hardening
6y Omax coefficient exponent
(N/mmz2) (N/mmz2) K (MPa) n
63.95 70.21 36 0.53

Fi. 1. Developed f(;rming process and tool.
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1. The set of flanging forming roller moves
axially to the specimen free-end until stopper,
and radially until it touches the tube wall.

2. The flange forming roller moves radially
with definite rotating speed (N) and feed rate (Sy)
to produce flange width in one stroke, the flange
forming roller becomes far from the flange at the
end of the forming stroke.

3. The set of the flange forming roller returns to
the beginning location.

4. Another specimen with a new working
conditions is switched with the above-mentioned
steps. Working conditions are shown in Table 2
and Fig. 3.

(b)

1- Gearbox

2- Chuck

3- Collet

4- Specimen (tube)

5- Roller (tool)

6- Dynamometer device
7- Computer device

8- Transducer

9- Datalogger

Fig. 2. Flanging process ((a) before and (b) after
forming) with a set of flanging loads measuring.

Table 2. Working conditions.
Rotational speed, rpm 305, 230, 150, 76

Feed rate (Sv) mm/rev 0.4,0.3,0.2

Thicknesses (T) mm 4,5, 6
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N (rpm) Sv (mm/rev) T (mm) Flanging

Fig. 3.
arrangement.

conditions

Experimental

working

2.3. Experimental measurements and tests

In this research, several tests were carried out to
study the working conditions effect on the loads
and flange characteristics. The flanging load
components (radial, tangential, and axial) that
acting upon the flanged part, as illustrated in Fig.
4, were measured at different working
conditions. Referred to Fig. 2, the dynamometer
was connected to a transducer which transfers
the output signals to volt to deliver them to data
logger that was joined with a computer Pico log
program. The data of the load were interpreted
and converted into KN. Also, a microhardness
test was conducted to investigate the working
condition effect on the produced flange
hardenability. The hardness was measured along
the flange length for the sake of determining the
metal hardening of the produced flange.
Furthermore, the variation in thickness was
measured, using a digital camera with high-
resolution up to 20 M Pixel in which the flange
thickness is calculated based on the pixels of the
flange photography to determine either thinning
or thickening occurs. Also, surface roughness
occurs due to the flanging tool contact with the
workpiece. A surface roughness test was
conducted, using the surface device, to check the
surface roughness of the flange at different
working conditions. The roughness was
measured along the flange length in different
positions at flange circumference. Finally, a
flange ratio (Df/Do) has been measured using a
digital micrometer to study the working
conditions effect on it, where Ds and D, are
flange and outside tube diameter respectively.
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Fig. 5. Schematic of three components of the project
area.

2.3.1. Analysis of flanging loads

In the theoretical analysis, the flange rotary
upsetting is assumed to be a simple case, while
the element of the material under plane strain is
considered upsetting state. The tangential force
component on the roller, as well as the axial
force component, was obtained explicitly. Fig.
4 shows the deformation of the flanges in rotary
upsetting with initial tubes thickness (t) and the
inner tube radius R1. The influential normal
force on the contact area (A) between the tube
wall and flanging roller is calculated by Egs. (1-
3).

F=c A (1)

o=Ke" 2

An experimental and analytical . . .

Vol. 11, No. 1
where
2 R
e=gen &=Lngl and  Ry=x+R
3)

For determining the contact area through the
indentation phase, it is assumed that the
displaced material motion causes only a little
change in the overall specimen geometry other
than the top surface contouring.

Once this assumption was made, the problem
becomes simply an upsetting analysis, the
bounds of the plane being specified by the rollers
and tube diameters.

Fig. 5 presents a possible contour of the contact
area boundary between the upset tube and the
rotary flanging roller.

Referring to this figure, the projected areas in
three directions of the segment between the
roller and the specimen can be computed as
follows Egs. (4-11).

According to the constant volume concept
volume of the workpiece, and

Vin = Vinst (4)

where V;, and Vi, are the initial and
instantaneous volume of the workpiece (mm3)
respectively during the flange forming process
(mm3).

E(DZ — Di*)Lg = %h [(IQZ + (Di+ 2htan 6 +

2tinst)2 + D= (Di + 2htjng + 2tinst)) -
(Di2 + (Di + 2htan 6)? +>] 5)
Di * (Di + 2htan 0)

where D is the outside tube diameter (mm), Di is
the inner tube diameter (mm), L¢ is the initial
length of forming part (mm),h is the
instantaneous length of forming part (mm), 6 is
the angle inclination tool with the tube center and
tinst 1S the instantaneous tube thickness during
the forming (mm).

E(];)Z — DAL = %h[l;)z + (Di+ 2htan6 +
2tinst)((Di + 21'ltinst + 2tinst) + ]o)) - Diz +
(Di+ 2htan 8)((Di + 2htan 8) + Di)]

(6)
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Assume the term value of (Di+ 2htan8) = m,
substitute about m in the Eq. (6), and divide both
sides of deduced equation by (D? — Di?)

3Lg=h [1 + m(2tinsc+D— D.)]

(D?-Di%)

(")

Substitute about (m) in Eq. (14) then

mftane(g%%§§%%ﬁ)ﬂ—h[l+

Di (Hzt )| — 31, = 0 8)

From public law

h = -b+vb2-4ac (9)

2a
_ (Ztinst"'Do_Di)
where a =2tan9 (—(DZ—DiZ) ) ,

_ ) (2tinst + D — Di)
b= |4 oi(Hm IR

CcC = —3Lf

the final diameter of the specimen at maximum
contact area is calculated as follows:

x =htan0 (10)
Dinst = Di+ 2x = Di+ 2htan 0 (11

where x is half the distance between Dj;,¢: and
i, Dinst IS the tube diameter that has the
maximum contact area.

Calculate the instantaneous tube thickness
during the forming Egs. (12, 13).

Tin+T
tinst = Tf (12)
tinst = O-gTin (13)

where T; is the final tube thickness after forming.
Calculate the final diameter of the cone (tool) at
the maximum contact area by Eqgs. (14-17).

h 00
linst = #5(2; (14)
hioo1 = linst * cOS @ (15)
Y = linst * sin @ (16)
Dinst tool = Dtools + 2y (17)

where l;,,s¢ IS the length of the slanted part of the
flange during forming, hy,o IS the height
between the small diameter of the tool and the
instantaneous diameter at the contact area, @ is
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half tool angle, y is the distance corresponding to
the angler ( @ ), Dinsttool 1S the outside tool
diameter at the contact area of the flange during
forming and Dy, s IS the small diameter of the
tool.

The tool angle that contacts with the specimen is
calculated as follows Egs. (18-19):

coso = R_TS" (18)
o= cos_l% (19)

where « is the cone angle at the contact area, R
is a large radius of cone (tool) and S, is the feed
rate (mm/rev).

Calculate the cone area by Egs. (20-23).

A = (R — r)\/ (R-1)?+ htool2 (20)

where A;. is a total cone area and r is the small
radius of the cone.

Total cone areaxa

— (21)
360

Atc*a

A=— (22)

Contact area =

By substituting in Eq. (1), the deformation loads

can be calculated as follows:

F=
| n
_[1+D‘(%>]+ [HDi(%)r
2(2tan6(%))
k(%) In *tanRe1 .

<[(n(R—r)‘/ (R-1)2+(ljpst*COS (D)Z)*(cos‘l(%))]>

(23)

The required data for calculations are listed in
Table 3. A comparison between computed
results by mathematical model and experimental
results is presented and discussed in the
following section.
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Table 3. Parameters of the calculation of the
spinning force components.
Parameter Value
Strength coefficient (K), Mpa 36
Strain hardening exponent (n) 0.53
The initial wall thickness of tube (t), 456
mm T

workpiece outside radius before

forming (R), mm 85

Radial feed rate (Sv), mm/rev 0.2,0.3,0.4

3. Results and discussion
3.1. Flanging loads

The flanging loads mean the deformation load
generated due to the forcing of the flanging tool
on the tube end to form its flange. The flanging
load components are illustrated in a load-
displacement diagram as shown in Fig. 6 in
which the abscissa y represents the resultant load
while the abscissa x represents the flange stork.
The experimental conditions for this example are
T = 4 mm, N=76 rpm, and S,=0.3 mm/ rev. It
could be seen that there is an incremental
increase in radial load from the beginning until it
becomes maximum in the middle of x-axis
approximately; and then it decreases gradually to
the end of flanging process. This is referred to as
the contact area between flanging tool and the
specimen, i.e., the contact area is small at the
beginning of the flanging process then increases
gradually to the middle point approximately and
decreases again gradually to the end of the
flanging process. Conversely, the axial and
tangential loads have a gradual decrease from the
starting of the forming stroke until they becomes
minimum in the middle of the x-axis
approximately and then they increase gradually
to the end of the flanging process. Because at the
beginning of the flanging process high axial and
tangential forces are required to vyield the
material in the direction of the flanging, also at
the end of the flanging stroke high axial and
tangential forces are required to iron the flange.
Fig. 7 depicts the effect of the roller feed rate,
(Sy) on the maximum of resultant flanging load.
The maximum flanging load is referred to as the
higher value of the flanging load along the
flanging process. In this example, the working
conditions are T =4 mm and different N for Fig.

Vol. 11, No. 1

7(a) while N = 76mm/rev and different values of
T as shown in Fig 7(b). It could be seen from
both figures a and b that the maximum flanging
load decreases gradually from the beginning of
the process until Sy equals 0.3 mm/ rev; then it
turns and increases gradually to the end of the
flanging process. It should be noted that the
minimum flanging load is at the feed rate of 0.3
mm/rev (either at different rotational speeds or
different thicknesses in both figures). This may
be referred to as the effect of roller rpm on the
material flow, i.e., at low feed rate over-rolling
occurs which results in work hardening and then
a need to high force. With increasing the feed
rate, there is a harmony between material flow
and feed rate, which tends to decrease in the
forming force. At high feed rate, the required
load for the flanging increases to force the
material flow to be formed through the forming
stroke. It should be noted that this analysis
indicates that the optimum and recommended
feed rate is 0.3 mm/rev.

Evidently, it can be seen from both Fig. 7(a and
b) that the flanging load increases with
increasing both rotational speed and tube
thickness. i.e., Fig. 7(a) shows that the rotational
speed has an effect on the flanging load with a
constant thickness. Since the flanging load
raises, this has resulted from the surface
hardening that has occurred on the workpiece;
i.e. the rpm increasing tends to excess passes on
the particles of the workpiece surface. Therefore,
it becomes very hard and needs a higher forming
force. Also, Fig. 7(b) illustrates the increase in
flanging load with increasing the tube thickness,
because the volume of the material has to be
formed, it increases with increasing the material
thickness which leads to needing a high forming
force. Evidentially, from this figure, it could be
seen that the minimum force could be obtained
at working conditions (S,= 0.3mm/rev, N =
76rpm and T = 4 mm) which are considered as
recommended values of these parameters to
optimize flanging load.

Fig. (8) presents a comparison between the
theatrical and experimental results of flanging
loads. It could be seen that the error between the
theoretical and experimental values ranges from
1 to 28 %. This may be referred to as the
changing in feed rates, i.e., at low feeding rates;
there is a considerable difference between the
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experimental and theoretical results because the
surface hardening of the metal occurs, during the
process, due to the extra rotation on the surface
particle, which leads to increasing the surface
hardening.

1.8 + Radial force kN
16 W Axial force,kN
» * Tangential force,kN
= 14 —
Z / + ——
3 12 ¢
v
2 1
g 0.8
¥
2 0o m A
0.4 B S - 3 4
L ‘ -
0.2 "'—_‘_l'!-.'.--"_,'
04+ | "A— —R- A
0 10 20 30 40 50
Displacement (mm)

Fig. 6. Loads - displacement diagram (Sy =
0.3mm/rev, N =76 rpm and T =4 mm).

1.9
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g 1.7 N=305 rpm
En 1.65
'En 1.6
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3 165 =L Lol
E‘ 1.6
2 ss
=
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1.45
1.4
1.35
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0.15 0.2 0.25 0.3 0.35 0.4 0.45
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Fig. 7. Effect of feed rate on the maximum flanging
load, (a) Different rotational speed T=4 mm, (b)
Different tube wall thickness N= 76rpm.

At medium and high feeding rates there is a very
high correlation between theoretical and
experimental results because surface hardening
of the metal does not happen during the flanging
process. This error ranges from 1 to 4% in case
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of neglecting the low feed rate because of the
surface hardening explained above.

3.2. Limiting flanging ratio (LFR)

Fig. 9 depicts the effect of the roller feed rate,
(Sy) on the limiting flanging ratio (LFR). The
LFR is defined as the maximum limit of flange
diameter to tube outer diameter ratio.

A digital micrometer was used to measure the
produced flange. The experiment working
conditions in this example are T =4 mm and
different N as in Fig. 9(a) while n = 76mm/rev
with different values of T as in Fig. 9(b). It could
be seen from both (Figs 9(a and b)) that the
behavior or trend of (LFR) is the same as the
flanging load at the same parameters and
experimental conditions; i.e., a gradual decrease
occurs from the beginning of the process until Sy
equals 0.3 mm/ rev then it turns with a gradual
increase to the end of the process. It should be
noted that the minimum LFR also occurs at the
feed rate of 0.3 mm/rev (either at different
rotational speeds or different thicknesses in both
figures), which confirms the dependency of LFR
on the flanging force.

Practically, it is known that the recommended
flanging ratio FR about 1.4 could be obtained in
this study at all working conditions. It should be
noted that these values could be recommended
for these parameters to produce practical FR.
This is because of the limiting flanging ratio
(LFR) practically rapprochement 1.5.

It should be noted that the limits of flanging ratio
depend on the reduction in flange thickness, i.e.
when the LFR reached 1.5, the reduction in
thickness was less than 20% but at LFR about
2.5, the reduction in thickness was more than
80%.

24
E 22
&
i x
=
%(/ 13 "
_g 16 o
F th. T=4mm F th. T=5mm
12 F th. T=6mm F exp. T=4mm
#= = F exp. T=Smm F exp. T=6mm
1
0.15 0.2 0.25 0.3 0.35 0.4 0.45
Sv. ( mm/rev)
Fig. 8. Comparison between theoretical and

experimental flanging loads.
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3.3. Thickness Variation

Fig. 10 illustrates the thickness variation (T)
along the flange at different values of rotational
speed (N) and feed (Sy = 0.3). The x-axis, in this
figure, refers to different positions (1 to 12) over
the flange length from the tube wall to free side
as shown in Fig. 10. It can be seen that a little
rise in the flange thickness, seems to be constant
approximately, over the flange length because
the flange is exposed to ironing process during
the flange forming which keeps the thickness in
equal distribution. On the other hand, the flange
thickness is affected by rotational speed, and the
minimum reduction in thickness occurs at N
equal 305 rpm, which is more consistent with
recommended parameters to obtain the flange
ratio as mentioned previously.

3.4. Hardness of flange surface

Fig. 11 shows the flange surface variation as a
function of the rpm. The X-axis, in this figure,
refers to the various positions (1 to 5) over the
flange length from the tube wall to flange end. In
this example, the working conditions are T= 4
mm, Sy = 0.30 mm/rev, and different rotational
speeds. It could be known that the hardness
measured overall positions were larger than the
hardness of the received material due to work
hardening. From the figure, it can be seen that
the surface hardness increases gradually from
the tube wall to the free side of the flange. This
is due to the standing contact between the tool
and free side of flange from the start of the
flanging  process with the increasing
incrementally to the end of the process; this
continuous incremental contact increases the
surface hardening gradually. Furthermore, the
hardness of the flange surface over the flange
length increases due to increase in rpm, because
excess rotations on the particles of the formed
part causes the hardening in workpiece surface.

3.5. Surface roughness of the flange

Fig. 12 shows the relation between feed rates and
the waviness variation of the flange surface
measured in um. In this example, the working
conditions are T= 4 mm, and different rotational
speeds. In this figure the surface roughness
increases incrementally from the tube wall to the
free side of the flange. Because with increasing
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feed rate, more vibrations occur, this incremental
vibration increases the surface roughness
gradually. Moreover, as the rpm increases, the
surface roughness of the flange increases over
the flange length, because the more rpm the
higher vibrations also occur, which tends to high
surface roughness.
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Fig. 11. Micro-hardness over the flange length (T = 4
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Fig. 12. Effect of feed rate on the surface roughness.

4. Conclusions

A flanging process using the metal spinning
technique with a developed flange-forming tool
is proposed. Experimental work was conducted
for various specimens with different working
conditions to form a flange of the lead metal
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tube. A new finding of this work can be
concluded as follows:

* Along the formed flange, the thickness is
uniform, but it varied with different working
conditions. Conversely, the surface hardness
increases gradually from inner to outer diameter
of the formed flange with all working conditions.
Surface roughness increases with increasing all
working conditions along the formed flange.

» The limiting flanging ratio increases with
medium values of rotational speed and both low
and high feed rate, conversely, it decreases with
both low and high rotational speed and medium
values of feed rates.

« The flanging load was affected by working
conditions. The flanging load increases as rpm
increases and wall tube thickness decreases with
medium values of feed rates and increases with
both low and high feed rate.

» An analytical flanging loads formula was
derived. A good agreement between the
deducted forces analytically and that measured
experimentally were found. A little error ranges
from 1 to 4% could exist instead of 1 % to 28%
in case of neglecting the low feed rate because of
the surface hardening explained above.
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