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Abstract The flaring of a thin-walled tube is conventionally
carried out by pressing the tube end using dedicated die sets.
As an alternative process with the high flexibility and low
complexity, in this research, the utilization of single point
incremental forming (SPIF), which is the simplest variant of
incremental sheet metal forming (ISMF) processes, was
assessed and investigated experimentally and numerically
for flaring of the tube end. Results predicted by the finite
element (FE) model through the commercial code Abaqus/
Explicit showed a reasonable agreement with the experimen-
tal results. In the present research, the formability in SPIF was
compared with that in pressing process and it was concluded
that using multistage SPIF, the maximum semi-cone angle
achievable before fracture can be improved at least 100%.
The results showed that the thickness distribution in the con-
ical flaring of the tube end includes thinning and thickening
regions affected by the deformation strategy of multistage
SPIF. In this regard, the formability of the tube end and the
material deformation were studied under various forming
strategies. Finally, for non-axisymmetric flaring of the tube
end in the form of a pyramid with the semi-angle of 20° using
SPIF, different three-stage forming strategies were designed
and successfully implemented. The thickness distribution and
the geometric accuracy under designed three-stage strategies
were investigated.
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1 Introduction

The forming process of thin-walled tubes has wide applica-
tions in aerospace, automotive, and ship building industries.
One of the most concerned processes in this field is the
forming of tubes end through nosing or flaring processes.
The tube end flaring is often carried out in the form of axi-
symmetric geometries using a dedicated die and punch. In this
process, a conical punch with a specified semi-angle is pressed
into the free end of the tube by a desired ram displacement.
Several works have focused on the tube end flaring to pre-
dict the success of the process and avoid possible defects like
the edge crack, the wall wrinkling, and the local buckling.
Huang [1] numerically studied the aluminum tube end flaring
using conical punches with different semi-angles at various
ram displacements. The results showed that at the semi-cone
angle of 52°, the edge curling can occur. Therefore, this angle
was considered as a critical angle. Lu [2] performed experi-
mental and theoretical investigations on the formability of the
stainless steel in the tube end flaring at the angles of 20°, 30°,
and 45° with considering different friction conditions. It was
concluded that the maximum expansion ratio and forming
depth can be achieved at the semi-cone angles of 45° and
20°, respectively. Theoretical and experimental studies of the
forming of thin-walled AA6060 tubes by Almeida et al. [3]
showed that the formability in the flaring and nosing process
can be limited by the ductile fracture, local buckling, and
wrinkling which are significantly affected by the friction.
The flaring and nosing processes of two-layer metal tubes
were considered by Huang [4], and it was recommended to
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locate the tube with the higher strength on the outer side and
the one with the lower strength on the inner side for obtaining
better results. The elliptical flaring of titanium microtubes
using a two-stage forming strategy was investigated by
Nikhare et al. [5]. They evaluated the effect of the geometry
of the first punch on the strain path and the tube expansion
using the numerical simulation. The maximum expansion ra-
tio was obtained by implementing a circular punch at the first
stage. To reach a uniform thickness distribution and mechan-
ical properties, Zhao et al. [6] carried out the tube spinning
together with the tube end flaring as a hybrid process on tita-
nium tubes. In their research, firstly, a preform with a variable
thickness distribution was produced using the spinning pro-
cess and then it was formed to the final shape by the tube
flaring process at high temperatures.

The utilization of dedicated die and punch sets, especially
in the multistage forming with high tooling costs, can only be
economically reasonable for the mass production. On the oth-
er hand, for the customized production, processes with the
high flexibility and low-cost tooling such as the incremental
sheet metal forming (ISMF) can be promising. Some initial
variants of ISMF were proposed by Roux in 1960 and Leszak
in 1967 as US patents [7]. With development of more ad-
vanced computer numerically controlled (CNC) machines,
ISMF has attained much attention from academic researchers.
The simplest variant of ISMF is single point incremental
forming (SPIF). In SPIF, a hemispherical rigid tool controlled
by a CNC movement gradually and locally deforms a sheet
metal along a predetermined path generated based on the de-
sired geometry of the final part. Owing to its high flexibility
and low-cost tooling, SPIF can be considered as a rapid
prototyping process for sheet metal parts.

Several researches have dealt with SPIF. Shim and Park [8]
experimentally compared the formability of an annealed
AA1050 aluminum sheet in conventional forming processes
with that in SPIF and showed that the higher formability can
be reached using SPIF. Hussain and Gao [9] proposed a new
fast formability test based on a variable wall angle cone to
predict the limiting wall angle during SPIF. Jackson and
Allwood [10] experimentally compared the deformation me-
chanics of copper sheets in SPIF and two point incremental
forming (TPIF) with that in a conventional stamping process.
They concluded that the existence of shear strain parallel and
perpendicular to the tool movement direction is the main dif-
ference between ISMF and stamping process. To assess the
formability of AA6082-T6 sheet metal in SPIF of a truncated
cone, Manco and Ambrogio [11] conducted a design of exper-
iment (DOE) through which the effect of the process parame-
ters including the tool diameter, the vertical pitch, the initial
thickness, and the wall angle was investigated. The results re-
vealed that the minimum thickness is not significantly affected
by the tool diameter and increases with increasing the vertical
pitch. Hamilton and Jeswiet [12] analyzed the effect of the
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rotation speed and feed rate of the forming tool on the thickness
distribution and indicated that these parameters have no much
influence on the thickness. Mirnia et al. [13] studied the effect
of the tool diameter and the vertical pitch on the thickness
distribution in SPIF of an aluminum alloy sheet using the finite
element method (FEM) and experiments. It was stated that the
minimum thickness does not monotonically increase with an
increase of the vertical pitch and consequently an optimum
vertical pitch can be found. The studies carried out by Mirnia
et al. [14] on controlling the thinning and bottom bulging of the
part during three-stage SPIF revealed that it is possible to re-
duce the thinning from 74% in the single-stage SPIF to 51% in
the proposed three-stage strategy. Kurra et al. [15] focused on
the optimization of the surface roughness in SPIF using genetic
algorithm. They concluded that the optimum process parame-
ters for an appropriate surface roughness are 10 mm, 0.15 mm,
and 55° for the tool diameter, the vertical pitch, and the wall
angle, respectively.

The applicability of SPIF is not limited to the sheet metal
parts. Recently, the utilization of SPIF in the forming of thin-
walled tubes has attracted much attention. Teramae et al. [16]
conducted their studies on SPIF of branched tubes. The defor-
mation strategy in SPIF of branched tubes was investigated by
Yang et al. [17]. Sequences of the forming process using three
and five-axis CNC machines with an improved bar tool were
analyzed. Incremental forming of the tube end from 316 L
stainless steel and AA6061 aluminum tubes was studied by
Wen et al. [18] through the FEM simulation and experiments
and two forming strategies were proposed. In the first strategy,
the forming height in the intermediate stages is the same but
the forming semi-angle increases gradually between succes-
sive stages. In the second strategy, the forming height in-
creases gradually between successive stages while the
forming semi-angle in the intermediate geometries is the same
as the one in the final shape. As an industrial case study,
Raujol-Veille et al. [19] implemented SPIF to manufacture
an inner race of the low alloyed steel DC03 for a thrust bearing
from an initial cylindrical ring and numerically investigated
the forming process.

Regarding the advantages of SPIF over the conventional
pressing process such as the higher formability and the low-
cost tooling, implementing SPIF in the tube end forming can
be a promising manufacturing process. Based on the literature
reviewed above, limited works have dealt with this emerging
forming process. The present research is focused on the fur-
ther investigation of the incremental tube end flaring. In this
way, experimental and numerical studies are carried out. The
effects of different multistage strategies on the thickness dis-
tribution, the material deformation, and the formability are
investigated, and a comparison with the conventional pressing
is made. It is worth mentioning that due to the high flexibility
of SPIF, the incremental tube end flaring is not restricted to the
axisymmetric conical shapes and it is possible to form a wide
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range of non-axisymmetric geometries. Therefore, the feasi-
bility of the pyramidal flaring of the tube end using different
multistage SPIF is analyzed to enhance the process window of
the incremental tube end flaring.

2 Incremental tube end flaring

In the present paper, SPIF of the end of the aluminum tubes
with the outer diameter of 40 mm and the initial thickness of
1 mm is considered. The considered geometry of the final
expanded tube in the shape of a cone and a pyramid is
depicted in Fig. 1. In this figure, « is the semi-apex angle of
the truncated cone and pyramid. The corresponding length for
flaring is 15 mm from the free end of the tube. In pyramidal
flaring, the minor base of the truncated pyramid is assumed to
be the average of the inscribed and circumscribed squares
about the initial cross section of the tube. The chemical com-
position and the mechanical properties of the aluminum alloy
are presented in Tables 1 and 2, respectively. The mechanical
properties of the aluminum tube were captured using the uni-
axial tension test according to ASTM E8-M along the axial
direction. The Ludwik law was assumed to describe the work
hardening behavior of the material as follows:

o =0, + k" (1)

in which & and n are respectively the strength coefficient and
the work hardening exponent as presented in Table 2.

The SPIF process was performed on a three-axis CNC mill-
ing machine as demonstrated in Fig. 2a. Figure 2b shows the
designed rig for clamping the aluminum tube during SPIF. In
Fig. 2b, the backing plate with a circular hole of the same
diameter as the tube diameter is located on the upper plate
firmly fixed by four supports on the lower plate. The aluminum
tube is placed inside the designed rig from the top and held by
means of a clamping system on the lower plate. The clamping
system includes the movable and stationary parts. To ensure
that the bottom end of the tube is firmly fixed and to avoid
any rotation of the tube during the process, a polyurethane bar
is located inside the tube and compressed by a screw to push the

Fig. 1 Schematic illustration of flared tubes by SPIF in the shape of the
truncated a pyramid and b cone

Table 1  The chemical composition of the aluminum alloy tube

Element Fe Si Zn Cu Mg Mn Ti Cr Al

Weight % 1.6 0.54 033 028 0.17 0.10 0.02 0.01 Balance

tube wall onto the clamping system. The experimental setup is
mounted on the CNC machine as in Fig. 2. A hemispherical
head tool with 10 mm diameter is utilized in incremental flaring
along a predefined tool path with the feed rate of 1260 mm/min
and no spindle rotation. According to Fig. 3a, b, the spiral and
Z-constant tool paths with a desired vertical pitch are generated
using the CAM software PowerMILL 13.0.06. Figure 3c, d
illustrates the two kinds of tool movement considered in the
present research along a predetermined tool path, namely top
towards bottom (TB) movement and bottom towards top (BT)
movement, respectively. Hydraulic oil is continuously fed in the
forming region to reduce friction between the tool and the tube.

As a comparison with SPIF of the tube end, a conventional
pressing test for the same flaring process was experimentally
conducted using a 25-ton hydraulic press depicted in Fig. 4a. In
this way, a pressing die set was designed and made from cold
working tool steel. Figure 4b shows the conical punches with
the semi-apex angle of 10°, 15°, and 20°.

The thickness measurement was carried out using a vernier
caliper with an accuracy of 0.01 mm along a desired cut section
prepared by the wire EDM process and a surface roughness
measurement device with a resolution of 0.001 um was utilized
to examine the surface quality. Circle grids with the diameter of
2.5 mm were electrochemically etched on the aluminum tube to
measure major and minor in-plane strains, i.e., €; and &;, ex-
perimentally. After the flaring process, in-plane principal strains
were captured by measuring the major and minor diameters of
the formed ellipses as follows:

c =n (%) @)

g =In (Z—z) (3)

in which d| is the initial circle diameter and d, and d, are the
major and minor diameters of the deformed circle along

Table 2  The mechanical properties of the aluminum alloy tube

Properties Symbol Value
Density (kg/m®) p 2700
Young’s modulus (GPa) E 71
Poisson’s ratio U 0.34
Yield stress (MPa) oy 108.2
Strength coefficient (MPa) k 318
Strain hardening exponent n 0.34
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(b)

Fig. 2 a The experimental setup mounted on the CNC milling machine.
b The exploded view of the designed rig for incremental tube end flaring

circumferential and axial directions, respectively, as demon-
strated in Fig. 5.

In SPIF of metal sheets, the forming tool is initially tangent
to the blank surface and its movement starts from the zero
height along a predetermined path. But, the initial positioning
of the forming tool in multistage SPIF of tube ends differs
from the one in SPIF of metal sheets. According to Fig. 6a,
in multistage SPIF of the tube end with an angular step of 6,
the free end of the tube moves downwards gradually.
Therefore, for the TB movement, the initial position of the
forming tool in each stage should be calculated based on
Fig. 6b. Otherwise, at the start of a stage, the forming tool
approaches the tube from outside and pushes the free end such
that a failure of the process can occur. Figure 7 depicts such a
failure due to an improper position of the forming tool at the
start of the second stage.

Regarding Fig. 6b, in ith stage of the forming process, the
tool moves downwards in the Z direction along the path 1 and
then traces the path 2 to arrive at the start point of the corre-
sponding stage. In this instant, the tool is in contact with the
tube edge (the point T corresponds to the contact position)
which is pushed outwards. After that, the incremental flaring
process is carried out along the predetermined tool path (spiral
or Z-constant) up to the depth of L from the free end. If the tool
movement starts from the bottom of the described path to-
wards the top, the tool path is named the BT movement in
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which the end point of the path is the start point of the TB
movement (Fig. 3¢, d). The initial downward displacement of
the tool along the Z direction (from o' to 0) to reach the contact
point T for ith stage can be calculated as follows:

Z; =—(Ah; + H; ) 4)

in which A%; and H; are obtained based on Fig. 6b as follow-
ing:

Ah; = L—Lcosa (3)
H; = R x (1-sin«) (6)

where L is the considered length of the tube in the flaring
process, « is the semi-apex angle, and R is the forming tool
radius. In Eqgs. (4) and (5), Ak, corresponds to the downward
displacement of the free end in ith stage.

3 FE modeling of incremental tube end flaring

The FE modeling was carried out using the commercial code
Abaqus/Explicit 6.13.3. To reduce CPU time, a time scaling
scheme was utilized such that the ratio of the kinetic energy to
the internal energy is less than 1% during the simulation. In
this way, after a sensitivity analysis on the speed up factor, the
velocity of the forming tool was artificially increased by a
factor of 1050 as compared to the one in the experiment. To
ensure that the tool path in the simulation is the same as the
one in the experiment, the G-codes utilized in experiments
were converted to appropriate inputs as the amplitudes defined
in the boundary condition for the tool movement using a
scripted code in the MATLAB environment.

The hemispherical head tool was modeled as an analytical
rigid shell. The aluminum tube was discretized using 3075
shell elements S4R with five integration points through the
thickness. Only the tube end, which is involved in the plastic
deformation with the length of 25 mm from the free edge, was
considered in the FE simulation as illustrated in Fig. 8. The
plastic behavior of the tube was assumed isotropic and de-
scribed using the Von Mises yield criterion. The elastic-
plastic properties were defined as presented in Table 2. A fixed
boundary condition was imposed at the bottom end of the tube
to avoid any movements and rotations. The friction between
the rigid tool and the tube was modeled using the Coulomb
law with a coefficient of 0.05 according to [20].

4 Results and discussion
4.1 Validation of the FE model

The experiments of the incremental tube end flaring were
conducted to validate the results of the FE simulation. In this
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Fig. 3 The tool path and
movement in incremental tube
end flaring. a Z-constant path. b
Spiral path. ¢ Top towards bottom
(TB) movement. d Bottom
towards top (BT) movement
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Fig. 4 a The conventional pressing die set. b The conical punches with
different semi-angles and the utilized die

way, SPIF of the tube with a tool of 10 mm diameter along a
spiral path was considered to expand the 15 mm length of the
tube end in the shape of a truncated cone. The TB movement
with an angular step of 5° was implemented. Figure 9 shows
the thickness distribution for semi-cone angles of 10° and 25°
along the longitudinal path illustrated on the simulated con-
figuration. The true distance is the traveled length from the
bottom of the longitudinal path towards the considered point.
As seen, an appropriate agreement exists between experimen-
tal and numerical thickness distributions. The maximum de-
viation between the results of the FE simulation and

Fig. 5 Circle girds electrochemically etched on the aluminum tube
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(a) S

Fig. 6 a Multistage SPIF with an angular step of 6. b Calculation of the
initial position of the forming tool for ith stage

experiment is less than 3% for the semi-angle of 10° (Fig. 9a)
and 4% for the semi-angle of 25° (Fig. 9b). The major and
minor in-plane strains obtained from the experiment and sim-
ulation on the outer surface of the tube are shown for the semi-
cone angle of 55° at which the fracture occurred according to
Fig. 10. It is obvious that the trend of in-plane strains can be
reasonably captured by the FE model.

4.2 Forming strategies of incremental tube end flaring

The flaring process of the tube end using SPIF can be carried
out through different forming strategies. In this section, the
effect of different strategies on the material deformation is
investigated. Regarding Fig. 3c, d, the forming tool can move
along the predetermined path through either the TB or BT
movement. In SPIF, the tube is subjected to concentrated loads
asymmetrically while it is under uniformly distributed loads in
pressing process. Accordingly, in order to avoid buckling and
high forming forces, the incremental flaring process cannot be
performed using a single-stage SPIF, and instead, a multistage
strategy should be utilized. One of the possible multistage
strategies is to increase the semi-apex angle gradually at

Fig. 7. A failure in incremental tube end flaring due to an improper
positioning of the forming tool at the second stage
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Fig. 8 The FE model of incremental tube end flaring
intermediate geometries with a specified angular step. Here,

two angular steps of 5° and 10° are utilized for the TB move-
ment. The BT movement is only considered with the angular
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Fig. 10 In-plane strains on the
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outer surface of the tube at the 0.5
semi-cone angle of 55° obtained
from the experiment and FE
simulation

Strain

-0.4

step of 5°. The samples formed under the abovementioned
strategies together with the maximum semi-apex angles be-
fore fracture are depicted in Fig. 11. For the sake of compar-
ison, the maximum semi-angle achieved in pressing process
has been also presented. Although it is possible to perform the
pressing process in single-stage, the multistage strategy with
the angular step of 5° was implemented such that the defor-
mation condition remains the same for both the pressing and
SPIF processes.

It is apparent from Fig. 11 that the highest possible semi-
angle can be achieved using the TB movement with the angular
step of 5°. As expected, regardless of the SPIF strategy, the
maximum semi-angle achievable in incremental tube end flar-
ing is higher than the one in pressing. Compared to pressing

Fig. 11 The effect of different
forming strategies on the
maximum achievable semi-cone
angle
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process (Qpressing = 20°), the maximum semi-angle is improved
175, 150, and 100% (as calculated by % x 100 ) using

g

the TB movement with the angular step of 5°, the TB move-
ment with the angular step of 10°, and the BT movement with
the angular step of 5°, respectively. Using the TB movement
with fewer forming stages as a result of the larger angular step,
the formability is reduced, but it is still higher than that in the

BT movement.
Since in SPIF, the tube is deformed locally and incremen-

tally and subjected to the successive bending and unbending,
different mechanisms as mentioned by Emmens and van den
Boogaard [21] can lead to the necking suppression and the
formability enhancement compared to the conventional press-
ing process. For all samples of Fig. 11, the fracture was initiated
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Fig. 12 Simulated configurations of intermediate stages for the a TB and b BT movements together with the equivalent plastic strain distributions

at the free edges. The FE simulations of abovementioned mul-
tistage strategies were carried out up to the last stage in the
corresponding experiment in which the fracture occurred.
Figure 12 indicates the simulated configurations together with
the equivalent plastic strain distribution of the intermediate
stages in the TB and BT movement with the angular step of
5°. By comparing the strain distribution in the same intermedi-
ate stages of both movements, it is apparent that the equivalent
plastic strain in the BT movement is usually higher than that in

3

—=—TB(5°)
2591 _+—T1B(10°)
o] BT ()

Equivalent plastic strain
=
v

0 25 5 75 10 125 15 175 20 225 25
True distance (mm)

Fig. 13 The equivalent plastic strain distribution along the longitudinal
path on the outer surface of the tube
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the TB movement. The vertical displacement of the free end in
the TB movement is higher than that in the BT movement at the
same intermediate stage. The distribution of the equivalent
plastic strain on the outer surface of the tube along the longitu-
dinal direction is shown in Fig. 13 for the last stage of the
considered multistage strategies. With respect to Figs. 12 and
13, owing to the more circumferential expansion, the free edges
undergo larger equivalent plastic strain and so fracture is more
likely to occur. The maximum equivalent plastic strain at

N
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-
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Fig. 14 The evolution of the equivalent plastic strain on the outer surface
of an element with the highest value of the equivalent plastic strain
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Fig. 15 The strain path of the element with the highest equivalent plastic
strain in different forming strategies

the last stage in which the fracture occurs can be regarded
as the fracture strain which is larger in the BT movement
with fewer forming stages than the one in the TB move-
ment. As depicted in Fig. 13, the equivalent plastic strain
in the BT movement at each point far away from the free
end is smaller than the one in the two other strategies
because of the fact that the tube end undergoes less de-
formation in the BT movement with fewer stages. But,
near the free edge, the equivalent plastic strain increases
suddenly leading to a premature fracture.

With respect to ductile fracture mechanics, rupture is more
likely to occur at the point with the highest equivalent plastic
strain [22]. Figure 14 indicates the evolution of the equivalent
plastic strain at the outer surface of an element located on the
free edge of the tube for the three multistage incremental flar-
ing strategies of Fig. 11. The strain evolution is stepwise that is
the characteristic of multistage strategies in which each strain
step corresponds to a forming stage. The equivalent plastic
strain increases more gradually in the TB movement with
the angular step of 5° than in the one with the angular step
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of 10°. This can lead to a premature fracture in the TB move-
ment with the angular step of 10°. At the angular step of 5°,
the equivalent plastic strain increases more rapidly in the BT
movement than in the TB movement. Small steps can be ob-
served in Fig. 14 for each increase in the equivalent plastic
strain at the respective stage. Such small steps can be related to
the successive deformation of an element in SPIF at a partic-
ular forming stage.

The strain path of the element with the highest value of the
equivalent plastic strain, located on the free edge of the tube, is
demonstrated in the space of the in-plane principal strains of
Fig. 15 for the multistage SPIF strategies. As seen, the strain
path is non-linear which can be attributed to the localized and
incremental nature of deformation in multistage SPIF. The
fracture limit of the material can be significantly affected by
the non-proportional loading path [23]. The highly non-linear
strain path suggests the existence of redundant strains due to
successive bending and unbending during SPIF. These redun-
dant strains induced differently during the investigated
forming strategies can affect the distribution and accumulation
of the equivalent plastic strain, as shown in Figs. 12, 13,
and 14). Varying the forming strategy, the strain path goes
from the strain state close to the uniaxial tension towards the
plane strain tension. From the deformed circle grids shown in
Fig. 11, it is apparent that the in-plane major in-plane strain is
along the circumferential direction and the minor in-plane
strain is along the axial direction. The final state of the in-
plane principal strains at the outer surface of all elements is
depicted in Fig. 16. So, Fig. 16 demonstrates the effect of the
forming strategy on the strain state. The strain states near the
origin of the diagram correspond to the bottom region of the
tube and the ones far away from the origin correspond to the
free edge. The strain states in the TB movement with the
angular steps of 5° and 10° are the same except at the regions
far away from the free edge, in which strain states for the
angular step of 10° tend to be plane strain. In the BT move-
ment, the majority part of the tube experiences the plane strain
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Minor strain
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02 -01 O
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Fig. 16 The state of in-plane principal strains on the outer surface of the tube at the end of forming process. a The TB movement with 5° angular step. b
The TB movement with 10° angular step. ¢ The BT movement with 5° angular step
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state, but the free edges undergo the strain state close to the
uniaxial tension. Regions under the uniaxial compression,
which can potentially lead to wrinkling, are much more in
the TB movement rather than in the BT movement.

Figure 17 shows the thickness distribution of the aluminum
tube in each forming stage of the TB movement with the 5°
angular step up to the semi-cone angle of 30° along the lon-
gitudinal direction in which the true distance is calculated
from the fixed end. In Fig. 17, two different regions on the
tube wall can be distinguished, namely thickening and thin-
ning regions. Since the tube undergoes the circumferential
expansion in the flaring process, the thinning region appears
on the wall such that the minimum thickness occurs at the free
edge with the highest expansion. By increasing the semi-cone
angle at each forming stage, the thinning gradually increases.
As the forming process proceeds, the thickening also becomes
larger. The observed thickening region can be attributed to the
axial compressive stress imposed on the bottom of the defor-
mation field during the process.

The thickness distribution obtained from the FE simulation
in the incrementally flared tube up to the semi-cone angle of
30° using the considered multistage strategies is shown in
Fig. 18. On the tube wall, the thinning is higher in the BT
movement than in the TB movement, but on the free edge,
the thinning is the same for both movements. An approximate-
ly identical trend of the thickness variation exists in the TB
movement with different angular steps. In the TB movement,
the tube wall is thicker using the angular step of 10° instead of
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Fig. 17 The thickness distribution in each SPIF stage of the TB

movement with the angular step of 5° up to the semi-cone angle of 30°
predicted using the FE simulation
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Fig. 18 The thickness distribution obtained from the FE simulation for
different multistage strategies at the semi-cone angle of 30°

5°, but at the free edge, the equal thickness is observed. As in
the BT movement, the material undergoes the plastic defor-
mation from bottom towards the top, the axial compressive
stress is reduced, and consequently it can be seen from Fig. 18
that the thickening becomes smaller.

The type of tool path can be regarded as a subcategory of
the SPIF strategy. For further investigation, the spiral and Z-
constant tool paths with the vertical pitch of 1 mm were con-
sidered in the TB movement with the angular step of 5°.
Figure 19 compares the thickness distributions obtained from
the numerical model at the semi-cone angle of 30° for the both
tool paths. According to Fig. 19, by utilizing the spiral tool
path rather than the Z-constant tool path, the maximum thin-
ning and thickening can be reduced by 5 and 2%, respectively.
In the spiral tool path, the material undergoes a smoother and
more uniform plastic deformation than in the Z-constant tool
path in which the forming tool descends by the amount of the
vertical pitch suddenly at the end of each circular contour
path.

The effect of the vertical pitch on the thickness distribution
was numerically investigated and depicted in Fig. 20. The
incremental tube end flaring was performed up to the semi-
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Fig. 19 The thickness distribution obtained from the FE simulation using
the TB movement with the angular step of 5° through the spiral and Z-
constant tool path at the semi-cone angle of 30°
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Fig.20 The thickness distribution obtained from the FE simulation using
the TB movement with the angular step of 5° and the spiral tool path for
different values of the vertical pitch

cone angle of 30° using the spiral tool path and the TB move-
ment with the angular step of 5°. As can be seen, the vertical
pitch in the considered range of the present research has no
significant effect on the thickness distribution. The possible
reason may be attributed to the small angular step between
two successive stages. As discussed in detail by Mirnia et al.
[13] for the single-stage SPIF of a truncated cone, the vertical
pitch can affect the thickness distribution through its effect on
the bending and stretching deformation modes. But here, a
multistage SPIF with a small angular step is considered and
consequently bending and stretching effects of the vertical
pitch on the thickness distribution diminish. Besides the thick-
ness distribution, the surface roughness of the flared tube is
strongly dependent on the vertical pitch, as depicted in Fig. 21.
As expected, by increasing the vertical pitch, the surface
roughness increases.

Fig. 21 Surface roughness at

different values of the vertical

pitch using the TB movement

with the angular step of 5° and the 25 -
spiral tool path

= N
%] o
1 1

Roughness (um)
(=Y
o

4.3 Pyramidal flaring of the tube end using multistage
SPIF

One of the most prominent advantages of SPIF is its high flex-
ibility to form symmetric and asymmetric parts. In this section,
SPIF of the tube end in the shape of a truncated pyramid with
the semi-apex angle of 20° is considered. To this end, different
three-stage forming strategies are implemented. At the first
forming strategy (named as strategy #1), the semi-apex angle
increases gradually in each stage and the intermediate geome-
tries are pyramids with the semi-apex angles of 10° and 15°.
Since the initial cross section of the tube is circular, at the first
stage, the corners undergo more deformation and the pyramid
wall is formed at the following stages. Hence, the second strat-
egy (named as strategy #2) was designed such that a truncated
cone with the semi-apex angle of 10° and a truncated pyramid
with the semi-apex angle of 15° are formed at the first and
second stages, respectively. At the third strategy (named as
strategy #3), intermediate geometries include the truncated
cones with the semi-apex angles of 10° and 15°. For the de-
scribed multistage strategies, the TB movement with a spiral
tool path and the vertical pitch of 1 mm was utilized. Simulated
configurations at each stage of the abovementioned strategies
are demonstrated in Fig. 22. As can be seen, the free edge at last
stages has some slight variations in the formed height resem-
bling the so-called earing phenomenon. The slight earing ob-
served at the free edge can be attributed to the more deformation
imposed on the corners and the less deformation of the wall.
From Fig. 22, it can be observed that the equivalent plastic
strain in the last stages is highest at the corners. Since for strat-
egy #1 the forming tool moves along a square path at the first
stage, only the corners of the tube are formed. Consequently, in

Vertical pitch (mm)
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Fig. 22 Simulated configurations using the FE model in intermediate forming stages. a Strategy #1. b Strategy #2. ¢) Strategy #3

strategy #1 at the first stage, the tube wall undergoes a less
plastic deformation, and in contrast, the corners have the largest
equivalent plastic strain. In the other two strategies, because of
forming a truncated cone at the first stage, the wall is also
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subjected to the large plastic deformation. As a result in the
strategy #1 at the third strategy, the equivalent strain of the
corners is higher than the one in the other two strategies and
the less deformation occurs in the wall. Similarly, the corners of

Fig. 23 Predicted thickness 11
distributions for different three- —e—Strategyl-corner —a— Strategy2-corner —«— Strategy3-corner
stage forming strategies 1.05{ — o Strategyl-wall —m- Strategy2-wall — ~ Strategy3-wall

€ 1 =k = o

£ A~ - - -5

—~— S o

a

9 0.95 -

£ -

(%) A

£ 0.9-

-

0.85- Wall
Corner
0-8 Ll Ll T L) L) L}
5 7.5 10 12.5 15 17.5 20 22.5 25

@ Springer

True distance (mm)



Int J Adv Manuf Technol (2018) 94:867—880

879

Fig. 24 Flared tubes in the shape (a)
of a truncated pyramid using
multistage SPIF. a Strategy #1. b
Strategy #2. ¢ Strategy #3

the flared tube at the last stage in strategy #2 exhibit a larger
equivalent strain than that in strategy #3.

The predicted thickness distribution at the wall and corners
of the flared tube in the three multistage strategies is shown in
Fig. 23. Regarding the above explanations, it can be seen that
the material thinning at the wall and the corners of the alumi-
num tube flared using strategy #1 is respectively lower and
higher than the one formed through the other two strategies
and consequently, strategy #1 leads to a more non-uniform
thickness distribution. As thinning of the wall and corners of
the formed tube gets closer together in strategy #3, a more
uniform thickness distribution is achieved. This is due to the
fact that the intermediate geometries in strategy #3 are trun-
cated cones by which the tube wall is much more involved in
the deformation process. On the other hand, it is qualitatively
clear that the flared tube using strategy #1 has a closer cross
section to the expected square profile of the truncated pyramid
than the one obtained by strategy #3, according to Fig. 24. In
strategy #3, the forming tool moves along the square path only
at the last stage and so, the wall of the truncated pyramid
cannot be properly formed. Accordingly, by varying the mul-
tistage strategy from strategy #1 to strategy #3, the thickness
distribution becomes more uniform and, conversely, the di-
mensional accuracy gets worse.

5 Conclusions

In the present research, multistage SPIF was utilized in the end
flaring process of thin-walled aluminum tubes. The conical
and pyramidal flaring processes of the tube end were consid-
ered. Through experiments and FE modeling using the

1

commercial code Abaqus/Explicit, the effect of various de-
signed forming strategies on the thickness distribution, the
material deformation, and the tube formability was investigat-
ed. The comparison of the thickness distribution and the in-
plane principal strains shows an appropriate agreement be-
tween the FE modeling and the experiment. Accordingly, the
following conclusions can be drawn:

» Compared to the pressing process for conical flaring of the
tube end, the maximum achievable semi-apex angle can
be improved by 175, 150, and 100% using the TB move-
ment with the angular step of 5°, the TB movement with
the angular step of 10°, and the BT movement with the
angular step of 5°, respectively.

* The thickness distribution and the strain state are signifi-
cantly influenced by the forming strategy of the multistage
process affecting the tube formability. It can be found from
the results that using the BT movement, the tube thicken-
ing is more reduced compared to the TB movement.

* At the considered range for the forming parameters, the
vertical pitch has a negligible effect on the thickness dis-
tribution of the incrementally flared tube. On the other
hand, the surface roughness is highly dependent on the
vertical pitch such that with increasing the vertical pitch,
the surface roughness increases.

* Non-axisymmetric flaring of the tube end using the mul-
tistage SPIF is possible. By means of the designed three-
stage strategies, it was shown that the thickness distribu-
tion is improved using the intermediate geometries in the
form of the truncated cones with the semi-apex angles
lower than the semi-angle of the final part, but the dimen-
sional accuracy becomes worse. On the other hand, using
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the truncated pyramids with lower semi-apex angles as the
intermediate parts can result in an enhanced dimensional
accuracy.

As future work, the dimensional accuracy in incremental
tube end flaring which needs further investigation and im-
provement will be studied. Here, the effect of the deformation
strategy was mainly investigated, as well as the effect of the
tool path and the vertical pitch. In the future, effects of the
other key parameters which have not been considered here,
including the forming tool diameter, the feed rate, the spindle
speed, and the lubrication, will be studied on the process
performance.
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