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In the current work, a new method is proposed for hot incremental forming. The method is based on
simple tooling and is easy to employ. It makes use of electric current for heating hard-to-form sheet
metals at the tool-sheet interface in order to fully utilize the formability of these materials. The
potential effect of processing parameters, namely current, tool size, feed rate and step size, on the
formability are investigated using AZ31 magnesium. In addition to this, the shape distortion of
TiAl,Mn, 5 titanium workpiece after hot forming has also been addressed herein. Experimental results
demonstrate that this technique is feasible and easy to control.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Incremental forming (IF) is an innovative numerically con-
trolled sheet metal-forming process [1,2]. This method can
replace existing conventional forming methods in order to
produce low-cost small batches. The process can be classified
into two major types: (1) two-point IF and (2) single-point IF [3].
The latter type is economically more attractive than the
former, as it does not make use of any solid die to shape the
components.

In spite of spending a great deal of work [4-7], the process
yet has not been employed for industrial applications. To
deploy it in industry, many challenges are still there to be
resolved. Duflou et al. [8] have shown that local heating
can improve the process performance. They employed a laser
source for dynamic local heating of aluminum sheet. The
cost of the set-up (laser source and accessories) used is high.
This will directly affect the final product cost. On the other
hand, the promise of IF is to produce components at low cost.
This necessitates more simple and economical method. In
the current study, preliminary advancement carried out in
this direction is presented. An electric heating system was
developed and employed for local heating of sheet at the

* Corresponding author. Tel.: +86 1340193 6716.
E-mail addresses: fggnh@hotmail.com (G. Fan), meelgao@nuaa.edu.cn (L. Gao),
gh_ghumman@yahoo.com (G. Hussain), markzhaoli@163.com (Z. Wu).
' Tel.: +86 138 1586 8506.
? Tel.: +86 1367516 1625.
* Tel.: +8613355386111.

0890-6955/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.ijmachtools.2008.07.010

tool-sheet interface. The suitability of the device was examined
by forming hard-to-form sheet metals, in contrast to Duflou
et al. Two materials, namely AZ31 magnesium and TiAl,Mn;s
titanium, having low formability at room temperature were
successfully formed. The current values required for their
successful forming were investigated. The surface quality and
formability were also investigated at varying operating para-
meters. In addition, how to decrease distortion in forming was
also discussed.

2. Principle and equipment for electric hot forming

Fig. 1(a) describes the principle of electric hot IF. A DC power
source (transformer), cables, forming tool and sheet blank
constitute a closed circuit. According to the Joule's law, when DC
current flows from the tool to sheet, the high-current density
generates heat. This raises the temperature in the localized zone
at the tool-sheet interface, which in turn increases the ductility of
the material at the contact zone. To prevent the current flow to
machine tool, an insulation made of polyethylene is provided as
shown in Fig. 1(a). Duflou et al. [8] used a 3-axis beam positioning
system in order to properly position the laser spot on the
deformation point, as shown in Fig. 1(b), which increases
the complexity of the set-up. However, in the current method,
the current flows from the tool to the sheet and thus there is no
need to employ such a system. In this way, the present technique
is simple and easy to control as compared to laser-assisted
forming.
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Fig. 1. (a) The principle of electric incremental forming and (b) the structure of the laser-assisted incremental forming machine.

3. Materials, tool and lubricant

In view of the low density and high specific strength,
magnesium alloys are being considered for structural components
in aerospace and automobile industries [9]. At the same time,
titanium alloys with light mass and high specific strength are
widely used in aeronautics and astronautics applications [10]. But
magnesium and titanium alloys have low ductility at room
temperature and offer much difficulty during forming. Therefore,
these materials are normally formed at high temperatures. The
current investigations were carried out with AZ31 magnesium and
TiAl;Mn, 5 titanium alloys. The purpose of selecting these sheets
was to check the adequacy of the newly introduced hot forming
technique to provide enough temperature to successfully shape
hard-to-form materials.

In hot forming, the selection of the tool material and the
lubricant is very essential for successful forming. The tool was
manufactured from tungsten carbide (YG8) and was brazed to the
holder. In order to reduce friction at the tool/sheet interface, MoS,
powder was dusted on the surface of the sheet metals as
lubricant.

4. Investigations on the effect of optimal current on formability
4.1. Test description

In hot forming, the temperature directly affects the likelihood
of part to be formed successfully. Since heating was carried out
using electric current and this is rather complex to measure
temperature at local point of heating, the current value was used
as a criterion of successful forming. Due to limited availability of
TiAl,Mn, s material, the experiments at varying current values
were conducted with AZ31 of 1 mm thickness only. The form-
ability was defined as the maximum wall angle (0max) without
sheet fracture. The wall angle corresponding to the fracture point
was taken as Onax and it was determined by employing the
varying wall angle conical frustum test, as defend in Hussain and
Gao [11]. A conical frustum with continuously varying wall angle
ranging from 30° to 90° was selected to evaluate the formability.
Required object modeling and too-path programming were
carried out in the commercial CAD/CAM software ‘UG NX-3'. The
forming tool traveled along the spiral tool path. The forming speed
was set at 1000 mm/min, tool diameter was 8 mm and step size
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Table 1
Formability test results of current

Table 2
Formability test results of various processing parameters

Current value (A) Wall angle () Remarks

300 44 No sheet burning
400 56 No sheet burning
500 64.3 No sheet burning
600 Failed Sheet burns

Fig. 2. AZ31 magnesium conical frustum.

was maintained at 0.2 mm for all the tests. The electric current
value was varied from 300 to 600 A.

4.2. Results

Table 1 shows the surface quality and formability at different
current values. As can be seen from the table, except for damaged
workpieces, the wall angle is increased as the current value is
increased. The maximum formability (64.3°) is achieved at the
current value of 500 A (see Fig. 2). In fact, as the current value is
increased, the temperature of the tool-workpiece contact zone is
increased too. The yield strength of magnesium alloy sheet in the
tool-workpiece contact zone is decreased, so the formability and
the wall angle of magnesium alloy AZ31 is increased.

5. Investigation on the effect of processing parameters on
formability

In the above section, current was found to be an important
parameter for formability. However, if the other processing
parameters, such as feed rate, tool diameter and step size,
are altered, the current density will vary, which will affect the
temperature at the tool/sheet interface. This means that the
parameters other than current may also affect the formability. In
this section, the influence of the aforementioned parameters will
be simultaneously discussed. The current was Kept constant at
500A. The experiments were conducted with AZ31 of 1 mm
thickness.

5.1. Feed rate

Table 2(a) presents the effect of feed rate on the formability. As
can be seen from the table, too low or too high feed rate are

(a) Formability test results of feed rate (tool diameter: 8 mm; step size: 0.2 mm;
current: 500A)

Feed rate Wall angle Remarks

700 Failed Sheet burns

1000 64.3 No sheet burning
1300 53 No sheet burning
1600 43 No sheet burning -

(b) Formability test results of tool diameter (feed rate: 1000 mm/min; step size:
0.2 mm; current: 500A)

Tool diameter Wall angle Remarks

6 Failed Sheet burns

8 64.3 No sheet burning
12 443 No sheet burning

(c) Formability test results of step size (feed rate: 1000 mm/min; tool diameter:
8 mm; current: 500A)

Step size Wall angle Remarks

0.2 64.3 No sheet burning
0.3 49 No sheet burning
0.4 42 No sheet burning

unfavorable for formability. Except for the damaged workpiece
achieved at the feed rate of 700 mm/min, the wall angle is
decreased as the current value is increased. The maximum
formability (64.3°) is achieved at the feed rate of 1000 mm/min.
Too low feed rate causes sheet burning, while at too high feed
rate, there is not enough time for the current to soften the sheet.
In this way, both low and high feed rates are not acceptable. This
means that, in electric hot forming, formability is dependent on
feed rate.

5.2. Tool diameter

The effect of tool size on the formability and surface quality is
shown in Table 2(b). This is to be seen from the table that, with
the exclusion of the process failure, the wall angle is decreased as
the tool diameter is increased. The process could not be executed
when very small-sized tool (6 mm) was employed. Actually, very
small-size tool concentrates the heat at extremely localized region
and burns out the sheet. On the other hand, when the process is
performed with large-sized tool, the heat is spread over relatively
large zone of sheet, which cannot properly soften the -sheet,
leading to low formability. Therefore, the selection of proper tool
size is very essential for successful electric forming.

5.3. Step size

Table 2(c) presents the influence of step size on the formability
and surface quality. A trend can be seen from the table: smaller
the step size, the larger the formability. It is obvious that, as the
pitch is increased, the current density is decreased, and the heat
generated by current is decreased too, so the formability of AZ31
magnesium is decreased.

6. Investigation on the effect of material resistivity on the
temperature

According to the Joule’s law (Q = I?Rt), the quantity of heat
generated by current is directly proportional to resistance. It is
obvious that the resistivity of TiAl,Mn, s titanium is higher than
that of AZ31 magnesium. As previously mentioned, when the tool
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b

A5 6 7 8 94

Fig. 3. TiAl,Mn, s workpieces: (a) a cone, current: 400 A; feed rate: 800 mm/min; step size: 0.1; tool diameter: 8 mm. (b) A distorted tetragonal pyramid, current: 400 A;
feed rate: 800 mm/min; step size: 0.2; tool diameter: 12 mm. (c) A well-formed tetragonal pyramid, current: 400 A; feed rate: 400 mm/min; step size: 0.1; tool diameter:

8 mm.

diameter was 8 mm, pitch was 0.2 mm, feed rate was 1000 mm)/
min, and current was 500A, the magnesium AZ31 sheet with
1 mm thickness could be well formed. That is to say, the
temperature in the tool-workpiece contact zone did not reach
400 °C (the oxidation temperature of magnesium). The head of the
tool and the magnesium sheet in the contact zone did not turn
red. However, in same parameters, both TiAl,Mn, s sheet in the
contact zone and the head of the tool turned red. The temperature
is about 700 °C. This shows that sheet metals with high resistivity
are relatively easy to acquire more heat.

7. Distortion of non-axial symmetry workpieces and solution

The residual stresses can affect the shape accuracy of the part
after hot forming. In order to study this point, cones and pyramids
with 50° were formed. The parts formed at various processing
parameters are shown in Fig. 3. As can be seen from Fig. 3(a), cone
has no distortion, while the pyramid is severely distorted (see
Fig. 3(b)). This is due to the fact that the pyramid does not have a
rotational symmetric shape and has stress gradient due to the
presence of corners. While, cone is a rotational symmetric part
and has relatively much smaller stress gradient as compared to
the pyramid.

In order to decrease the local stress, the best way is to raise the
temperature and reduce the feed rate to get sufficient forming.
When small tool diameter (8 mm), small pitch (0.1 mm), and low
feed rate (400 mm/min) in the beginning levels (up to 4 mm depth
of pyramid) were adopted, a tetragonal pyramid was successfully
formed without distortion (see Fig. 3(c)). At the same time, the

surface was very smooth. Parameters adopted in formings are
shown in Fig. 3.

8. Conclusions

In this study, a new hot forming method, for which a patent
has been applied, is used to form hard-to-form sheet metals by
the single-point IF process. The results obtained from the study
using magnesium alloy and titanium alloy workpieces, lead to the
following conclusions:

(1) The electric hot IF technique is feasible and easy to control.
Probably the process could be used for other hard-to-form
materials.
Processing parameters, such as electric current, feed rate,
tool diameter, step size, and resistivity, have effect on
the formability of hard-to-form sheet metals. An increase in
the electric current can increase the temperature and
formability of hard-to-form sheet metals. On the contrary,
an increase in feed rate, tool diameter, or step size can
decrease the temperature and formability. In same para-
meters, the sheet metal with high resistivity can acquire more
heat.

(3) After hot forming, asymmetric parts (such as pyramids) show
more distortion than axisymmetric parts (such as cones). A
strategy to eliminate distortion in electric hot forming was
proposed.

2
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Abstract

In negative incremental forming, a characteristic thinning band occurs on the parts when wall angles approach the maximum
obtainable [D. Young, J. Jeswiet, Wall thickness variations in single point incremental forming, Proceedings of the Institute of
Mechanical Engineers, Part B, Journal of Engineering Manufacture 218 (2004) 1453-1459]. The effect of this ultra-thin band on the
fracture occurrence of part was studied in the current investigation. It was found that the occurrence of a thinning band on the test
specimen of a formability test does not mean an effect on the test result. A reduction in the formability due to the occurrence of the
thinning band occurs only if the specimen fractures in the flange area. In order to evaluate the real forming limit of a sheet metal. a

condition regarding the occurrence of part fracture is proposed.
(1 2008 Elsevier Ltd. All rights reserved.

Keywords: Negative incremental forming; Thinning band: Formability; Part fracture; Real forming limit

1. Introduction

Single-point incremental forming (SPIF) is a flexible
sheet metal-forming process that is economically promising
for low production-run manufacturing. In this process, a
small-sized tool moves along a programmed tool path and
shapes the part in an incremental fashion. The process is
mainly performed by shear deformations, at least in the
regions of the work piece where the horizontal radius of
the curvature (p, as defined in Fig. 1(a)) is large [l].
The process has two principal variants: (1) positive
incremental forming (PIF), and (2) negative incremental
forming (NIF) [2].

It has been reported that, in NIF, a characteristic
thinning band (see Fig. 1(b)) occurs along the surface of the
part when wall angles (f) approach the maximum
achievable [3]. Also, the Sine law (¢ = focosf), where ¢ is
the wall thickness, #, is the blank thickness and 6 is the
wall angle as defined in Fig. 1(b)) can not predict the
part thickness in this unexpected band. As can be seen from

*Corresponding author. Tel.: +8613675161625.
E-mail addresses: ¢gh_ghumman( yahoo.com (G. Hussain), nasirhaya-
tte uct.cdu.pk (N. Hayat), meelgao@ nuaa.edu.cn (L. Gao).

0890-6955/% - sce front matter « 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijmachtools.2008.02.003

Fig. 1(b), the part thickness in the band region is smaller
than that of the remainder of the part. Therefore, if steeper
walls are attempted, fracture will occur at this location
prior to reaching the real forming limit of sheet. The effect
of the thinning band on the sheet formability has not been
investigated, in explicit terms. Moreover, no method to
determine the actual forming limit of a sheet metal has
been proposed in literature. The present work is an attempt
in these directions. The experiments were performed with
four different aluminum sheet metals. In order to quantify
the formability, it was defined as the maximum wall angle
(Bimax) Without sheet fracture. The current study was carried
out by employing the varying wall angle conical frustum
(VWACEF) test proposed by the authors in [4].

2. Part geometry and mathematical expressions

The part geometry employed for the present investiga-
tions is shown in Fig. 2(a). An arc of a circle with 115mm
radius (R) was used as a generatrix to generate the surface.
This is obvious from the figure that the wall angle
continuously increases along the generatrix from point
Pi(xi, y;) to Pl xp, yp), thus inducing a corresponding change
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Nomenclature

ay yield strength

Gy ultimate tensile strength

n strain hardening index

K strength co-efficient

0 percent elongation in tensile test

0 wall/forming angle of a part having constant
slope (see Fig. 1(b))

0; wall/forming angle at the initial point P;(x;, y;)

of a part having varying wall angle (see
Fig. 2(a)), or the wall angle imposed on the
sheet in the beginning of the forming process

O¢ wall/forming angle at the final point P(x, yy) of
a part having varying wall angle (see Fig. 2(b))

0iax maximum wall angle that a sheet could endure
without fracturing

Oi(criticaly the minimum value of 6; on imposing which a
thinning band affects the occurrence of part
fracture, or the condition A4 = Ay, is met

R radius of curvature of generatrix of part having
varying wall angle (see Fig. 2(a))
Pi curvature radius of the base of a part

(see Fig. 2(a))

or curvature radius of the bottom of a part (see
Fig. 2(a))

h design depth of part (see Fig. 2(a))

hq distance of fracture point, along y-axis, from
the part flange (see Fig. 2(a))

hy distance of the extreme end of the thinning
band from the part flange (see Fig. 3(b))

ty thickness of blank (see Fig. 1(a))

t/ts nominal wall thickness of part based on Sine

law Eq. (2), or nominal wall thickness at an
arbitrary point P(xp, yp)

*t/*t, actual wall thickness of part measured with a
dial gauge, or actual wall thickness at an
arbitrary point P(xp, y;)

€3(fracy Nominal fracture strain (in thickness direction)

based on Eq. (3)

*€3(racy actual fracture strain (in thickness direction)
based on actual thickness measured at fracture
point

Ae deviation of actual fracture strain from the
nominal one

Smax ~ maximum standard deviation

F, forming force imposed by the tool on the sheet
prior to its fracturing

in the wall thickness () of the specimen (see [4] for details).
Due to these variations in thickness, a fracture on a point
D(x4,y4) could occur whenever the thinning limit is
surpassed. The instantaneous wall angle (6,) and the
nominal thickness (7,) on an arbitrary point P(x,,y,) can
be computed as derived in [4] and presented below

By =g08™" (y_I;) = cos™! (X‘;—hp) (1)

Iy =ty CO8 § = %)(yi — hp) (2)

Making use of Eq. (2), the nominal thickness strain
(£3(p)) On point P(xp, yp)can be calculated as

. —
&xp) = In (%) (3)

To obtain its safe value, the wall angle at a point
M(xy, ym) situated I mm prior to the fracture point
D(xq4,yq) (see Fig. 2(a)) was regarded as the maximum
wall angle' 6,,,, without sheet fracture.

"During experiments it was observed that a part could be formed safely
if the forming operation was terminated when the tool reached the depth
(hg—1)mm. Therefore, in casc of fracture, the wall angle on the point
corresponding to (ig—1) can be regarded as the maximum wall angle
without sheet fracture (see Fig. 2a).

3. Process parameters

The process of NIF is now well-known to the
researcher’s community. Its schematic representation along
with the real experimental setup has been shown in a
previous paper of the authors [4] and many others. For this
reason, the process setup is not presented here. However,
some important process parameters used in the experi-
ments are as below:

Tool material = high-speed steel; radius of the hemi-
spherical tool end = 4 mm; feed rate = 500 mm/min: step
size = 0.32 mm/revolution; lubricant = machine oil: and
blank size = 150 x 150 mm square.

4. Preliminary experiments and the design of test specimens

As mentioned previously, the thinning bands occur on
the parts only when the wall angles approach the maximum
attainable. Therefore, in order to design test specimens to
investigate the effect of a thinning band on the formability
of a sheet metal, an approximate value of the minimum
initial wall/forming angle (6;), as defined in Fig. 2(a), on
imposing which on a sheet a thinning band could occur was
required. For this purpose, the VWACF tests were
performed with four different sheet metals (see thickness
and mechanical properties of sheets in Table 1) namely AA
2024 (annealed), AA 3003 (annealed), AA 1060-H24
(extremely strain-hardened) and AA 2024-T4 (tempered).
The tests were conducted using the process parameters
listed in Section 3, and the part dimensions as given in the
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Fig. 1. (a) Definition of curvature radius p, and (b) schematic
representation of a thinning band present on the part formed with
constant wall angle 0.

footnote.” A set of parts of each sheet was formed by
varying ;, in an equal increment of 4°, from 36° to 52°. In
order to see the occurrence of a thinning band on a part,
the wall thickness profile of each specimen was determined.
To do so, a number of points (in an equal increment of
1 mm) were marked on the specimen’s surface along the
depth and the actual wall thickness (*z) was measured on
each marked point. The points were marked with a depth
gauge (0.01 mm least count), and *# on a marked point was
measured with a dial gauge (0.001 mm least count). The
thickness profiles of the parts were examined and the
deviation of the actual thickness from the nominal one
(¢ based on Eq. (2)). was seen. It was found that three (AA
2024, AA 3003 and AA 2024-T4) of the four sheets showed
thinning bands at about 52°, 6;; there can be deviation of
—3°in this value because 6; was increased in the step of 4°.
However, no thinning band occurred on the parts of the
AA 2024-T4 sheet, as it could endure the maximum wall
angle 6.,.x of only 47°. The value of 0,,,, (without any
effect of the thinning band) for each sheet was also
evaluated from these tests. An approximate value of 0.,

>The curvature radius (p;), as defined in Fig. 2(a), of the base of part was
kept constant (55mm) in cach specimen of cach sheet, and the final wall
angle (0p) in cach specimen of the AA 2024, AA 3003, AA 1086-H24 and
AA 2024-T4 sheet was maintained at 757, 857, 85” and 60°, respectively.

obtained for four sheets is as follows: AA 2024: 69°, AA
3003: 81.5°, AA 1060-H24: 79° and AA 2024-T4: 47°. Since
thinning bands did not occur on the parts of the AA 2024-
T4 sheet, as stated earlier, it was dropped from the list of
the potential materials needed for further experimentation.
The formability of the AA 1060-H24 sheet was comparable
to that of the AA 3003 sheet; therefore, further investiga-
tions were carried out only with two sheet metals, i.e., AA
2024 and AA 3003.

For further experimentation, a set of specimens, for each
of the AA 2024 and AA 3003 sheets, with a variety of 0,
was designed (see Table 2). The value of 6; was increased in
small steps between 52° (or below as for the AA 2024 sheet)
and the respective 0,,,, of each sheet, while the curvature
radius (p;) of the bottom underwent a variation due to
variation in 6; as clear from Fig. 2(b) and Table 2. The
value of prin each specimen was kept large so as to avoid
any negative effect of bi-axial stretching, which is
dangerous for material formability as reported in [l], on
the occurrence of sheet fracture.

5. Brief experimental procedure

The forming forces were measured by employing a force
dynamometer (Kistler 9443B) under the forming fixture. as
explained in [5]. The test specimens were formed to fracture
using the process parameters listed earlier. Some represen-
tative test specimens formed for the current investigations
are shown in Fig. 2(c).

The wall thickness profile of a specimen was outlined as
described in the preceding section. The actual fracture
strain (*&3(rrac)) in thickness direction was computed, as
reported in [6], using the following equation: and shown
below: *&3(prac) = In(*t4/1p), where *t4 is the actual thick-
ness measured on the fracture point D(xq4, yq) and ¢, is the
blank thickness.

The nominal fracture strain (&3yac)) on point D(xg4, Vq)
was calculated using Eq. (3). In order to determine the
strain state at part fracture, the lengths (/) of the minor
axes of the fractured grid circles, which (with 2mm
diameter (/)) were printed in ink on the sheet blanks before
forming, were measured with a traveling microscope
(0.0l mm least count). From a measured length /5, the
minor strain (&) was calculated as: & = In(/5//) and
the corresponding major strain (g;) was computed using
the relation: ¢, + ¢, +&3 = 0 (see [6] for details).

6. Results and discussion

Fig. 3(a) represents the fracture strain states of various
parts made of two different sheets (AA 2024 and AA 3003).
This is obvious from the figure that all the parts fractured
in the same deformation mode, i.e., plane-strain stretching,
as expected. Therefore, it can be said that the results of the
formability tests to be discussed in the coming paragraphs
are free of any negative effect of the hoop strains, i.e., &.
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Fig. 2. (a) Part gcometry, (b) methodology to design test specimens, and (c) some representative test specimens formed for the current investigations.

Table 1
Mecchanical properties and the thickness of the experimental materials

Matcrial type o, (MPa) o, (MPa) n K (MPa) o (%) 1, (mm)

AA 2024 80.4 166.6 0.2 312 18.7 1.42
AA 3003 543 103.7 024 172 41 1.41
AA 1060-H24 132.6 140.4 0.08 171 535 1.2

AA 2024-T4  296.3 427.5 0.17 676 194 098

Note: Sec nomenclature for symbols.

Some examples of the thinning bands occurred on the
parts of the AA 2024 sheet are presented in Fig. 3(b). The
variations in the wall thickness of the parts indicate that
two parts (parts 4 and 6) fractured due to the effect of the

occurrence of the thinning bands and one part (part 2),
inspite of having a thinning band, fractured normally (see
deviation of wall thickness profile of each part from the
nominal one). This is due to the fact that a thinning band
occurs in the flange area of a part (see the wall thickness
profiles and schematic shown in Fig. 3(b) and, therefore,
affects the fracture occurrence of the part when the fracture
limit of its base sheet metal falls in the flange area. In other
words, the part fracture is affected by the thinning band
when Ay becomes equal to h,, where Ay is the distance
of the fracture point from the part flange, and /7, is
the distance of the extreme end of the thinning band from
the part flange (see Fig. 3(b)). This can be seen from
Fig. 3(c), that the minimum value of the initial forming



