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Abstract
Conventional hole-flanging by stamping is characterized by low formability. It is common knowledge that formability can 
be improved by forming at high temperatures. High-speed punch rotation is introduced to conventional hole-flanging to 
use frictional heat to improve and control formability. Thermomechanical finite element (FE) simulations of conventional 
hole-flanging and hole-flanging with punch rotation are used to determine the effects of punch rotation on the process tem-
perature. Hot tensile tests were conducted to find the effects of temperature and strain rate on the forming limit of the blank. 
The Marciniak–Kuczynski (M–K) forming limit model is used to estimate temperature and strain-rate dependent forming 
limits of the material. Hole flanging experiments were conducted at different punch speeds and feeds to determine process 
windows that maximize formability. A maximum hole expansion ratio (HER) of 4 was obtained in hole-flanging with punch 
rotation compared to 1.48 in conventional hole-flanging experiments. In theory, a rise in blank temperature to 400 °C in 
hole-flanging with punch rotation enhances the HER by 30% based on the FE simulations. However, experiments of hole-
flanging with punch rotation reveal a 170% increase in formability. The difference in formability between the experiments 
and FE simulations is attributed to the influence of high-speed deformation, in-plane shear and non-proportional loading 
paths. To control formability in hole-flanging with high-speed punch rotation, it seems sufficient to establish a closed-loop 
control of the process with a pre-defined temperature profile.
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Introduction

Hole-flanging is a sheet metal forming process used to form 
flanges (collars) around holes in sheet metals. Traditionally, 
flanges are made by stamping operations. Blanks with pre-
cut holes are clamped using a die and blank holder, while a 
punch expands the holes to flanges. The blanks are bent to 
the desired angle (usually 90°). Flanges may be classified 
into convex, concave, and straight flanges based on their 
shape. Flanges serve as connector elements between tubes 

and sheet parts in assemblies, fluid passages, and provide 
holes needed for threading operations.

Because of the importance of flanges in metalworking, 
several studies have been undertaken to determine the pro-
cess mechanics and find the forming limits in hole-flanging 
by stamping. Using FE simulations, Worswick and Finn [1] 
showed that deformation at the flange edge occurs by uni-
axial tension since the blank is deformed by stretching along 
the circumferential axis and shortening along the meridional 
and radial axes. The maximum deformation of the blank 
occurs at the flange edge and deformation reduces towards 
the clamped end. Suzuki et al. [2] analyzed the effect of 
sheet anisotropy on the HER of flanges using experimen-
tal investigations and FE analyzes. They concluded that 
the HER of flanges highly depends on the anisotropy of the 
blanks. Cracks occurred in the regions of the flange edge 
with the lowest tensile strength. Yoon et al. [3] showed 
that hole-flange ability can be estimated using the fracture 
toughness of the blank material. Fracture toughness tests 
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and hole-flanging experiments conducted on 8 materials 
with different microstructures were used to arrive at this 
conclusion.

The forming limit of hole-flanging operations is usually 
designated using the maximum HER. This is obtained by 
dividing the internal diameter of a flange by the diameter of 
the minimum hole size needed to form the flange (calculated 
by,HER = Df∕Di : where Di is the hole diameter and Df  is 
the diameter of the inner surface of the flange). The HER 
depends on the mechanical properties and microstructure of 
the blank material, the punch geometry, and the hole prepa-
ration process [4]. Hole-flanging by stamping is character-
ized by low HERs [5].

Present demands for the use of lightweight materials 
that have high strength and stiffness in vehicle construc-
tion require manufacturing processes that can form mate-
rials with low formability [6]. New hole-flanging process 
variants are needed to increase formability in hole-flang-
ing. Blanks may be formed in several press strokes using 
progressive die sets rather than a single press stroke to 
improve formability in hole-flanging operations. Alter-
natively, Groche and Erhardt [7] proposed laser-assisted 
heating of the flange edge (blanks of aluminum and mag-
nesium wrought alloys) to improve formability. In the 
same way, Motaman et al. [8] increased hole-flange abil-
ity by conducting laser-assisted heating of dual-phase 
steel (DP1000) blanks. The increase in formability was 
attributed to the dynamic strain ageing of the steel. These 
process variants lead to higher formability. However, they 
increase equipment costs and process time.

Non-conventional forming processes such as electromag-
netic forming (EMF) have been applied to hole-flanging [9]. 
Sow et al. [10] optimized the shapes of aeronautic compo-
nents having flanges with elementary geometries (straight, 
convex, concave, circular, and jogged flanges) formed by 
EMF. EMF produces flanges with high formability, low 
spring back, and high surface quality. However, only work-
pieces made from suitable materials that are electromagnetic 
can be formed using this method, and the process is still 
in the development stage. Hence, new process variants are 
needed to meet high formability requirements at low costs. 
Cost reduction may be achieved by using dieless forming 
processes, which eliminate or minimize the use of dies [11]. 
In addition, Abele et al. [12] proposed using the same equip-
ment to make a variety of products (machine flexibility) to 
minimize cost.

Hole-flanging by single point incremental forming (SPIF) 
with multiple forming stages was introduced by Cui and Gao 
[13] to benefit from the dieless nature and low equipment 
cost of SPIF processes. In the process, a tool is programmed 
to follow pre-defined tool paths on a computer numerical 

control (CNC) machine center and progressively expand 
holes in clamped sheets to form flanges. Low equipment 
cost, high formability and process flexibility make hole-
flanging by SPIF ideal to produce small batches of flanges 
[14]. However, poor geometrical accuracy and a long pro-
cess time have caused a slow take-up of hole-flanging by 
SPIF in the forming industry as stated by Bambach et al. 
[15]. Borrego et al. [16] explored single-stage incremen-
tal hole-flanging by SPIF to reduce the process time. This 
strategy leads to a drop in formability compared to multi-
stage strategies. Cao et al. [17] developed a ‘featured tool’ 
to improve the blank thickness distribution and formability 
of flanges formed by hole-flanging using single-stage SPIF. 
The featured tool had limitations in forming flanges with 
small wall radii. Laugwitz et al. [18] investigated high-speed 
incremental hole-flanging on a lathe machine to reduce pro-
cess time. The process set up limits the blank sizes that can 
be formed and is ideal for research rather than industrial 
use. However, the setup showed that axisymmetric hole-
flanging can be sped up considerably compared to standard 
hole-flanging by SPIF.

The process variants outlined above to improve form-
ability in hole-flanging have limitations, as demonstrated. 
A novel hole-flanging process that combines the high 
formability of incremental forming processes and a short 
process time (~ 2 s) was presented by Besong et al. [19]. 
It draws upon paddle forming, in which a paddle-shaped 
tool rotating at high speed induces heat and shear on a 
blank to improve formability. A rise in blank temperature 
due to high-speed punch rotation can improve formability 
in conventional hole-flanging. Formability increases at 
high temperatures, as shown by Zhang et al. [20]. The 
paddle forming process variant requires a paddle tool 
mounted on a spindle driven at high speeds and may not 
always be easily integrated into existing production lines. 
To allow for high formability in existing conventional 
hole-flanging set-ups and without a loss in productivity, 
the use of punch rotation with a solid ball-shaped tool is 
explored. This new variant is called hole-flanging with 
punch rotation. Along similar lines, Allwood and Shoul-
der [21] proposed adding shear to sheet metal forming 
operations when possible to improve formability. The first 
step towards hole flanging with punch rotation was under-
taken by Thiruvarudchelvan [22] as far as the authors are 
aware.

The setup of hole flanging with punch rotation is shown 
in Fig. 1. The blank is held using a clamp and die as in 
conventional hole-flanging, see Fig. 1a. A punch moves to 
expand the pre-drilled hole while rotating at sufficiently high 
speeds as shown in Fig. 1b, and c. The forming operation 
is completed when the punch reaches the flange height in 
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Fig. 1d. The punch returns to its original position above the 
assembly as at the end of the process, in Fig. 1e. The form-
ing time depends on the punch feed and the flange length 
and can be kept in the range of typical flanging operations 
in the forming industry. The main hypothesis is that this new 
process will keep the process time in the order of magnitude 
of typical stamping processes while increasing formability 
because of a rise in blank temperature and the influence of 
shear. In contrast to hole flanging by a conventional stamp-
ing process, the new process variant generates heat and shear 
which are coupled with the punch rotation and feed.

Aim of the research

The current investigations on hole-flanging with punch rota-
tion were conducted to achieve the following objectives:

–	 to increase the formability in hole-flanging by using 
punch rotation at varying feeds and speeds.

–	 to control the temperature in the hole flanging tests on 
a conventional milling machine to form flanges with the 
maximum formability.

–	 to determine the maximum HER of the flanges made by 
conventional stamping and stamping with punch rotation.

–	 to find the range of punch speeds and axial feeds (process 
window) required to form flanges of specific HERs. The 
variation of the blank temperature is used to explain the 
process window.

–	 to explain the difference in the maximum HER of hole-
flanging process variants by using the influence of the 
process temperature, shear, and strain rate.

The paper is structured as follows. The material and 
methods used to describe the forming mechanisms and mate-
rial forming limits are presented in Section 2. The results 
and discussions on the FE simulations and experiments of 

the hole-flanging process variants are shown in Section 3. 
Section 4 presents the conclusions and outlook.

Materials and methods

Tensile tests

Blanks from the same batch of the aluminum alloy EN AW-
6181-T1 with 0.8 mm thickness investigated in [19] were 
used to conduct the experiments. Aluminum blanks are ideal 
for warm working. Geiger and Merklein [23] stated that at 
250 °C, the elongation of the Aluminium is about 3 times 
that at room temperature, and the flow stress decreases by 
50% compared to room temperature.

Hot tensile tests were carried out on a dilatometer DIL805 
machine using test specimens of the blank material hav-
ing the dimensions shown in Fig. 2. The tensile tests were 
conducted in the rolling direction of the blank at different 
temperatures and strain rates to find out the variation of 

Fig. 1   Hole-flanging by stamping with punch rotation

Fig. 2   Dimension of the specimens used to conduct hot tensile tests 
in the dilatometer
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formability. The specimens were heated using induction 
coils in a vacuum of 10−4 bar. Thermocouples were welded 
in the middle of the test specimens. The temperature was 
maintained constant in the tests. True stress–strain curves 
were obtained for test specimens deformed at 25 °C, 300 °C, 
350 °C, 400 °C, and 450 °C. To determine the influence of 
the strain rate, hot tensile tests were performed using strain 
rates of 1 s−1, 0.1 s−1, and 0.01 s−1 at 350 °C.

Finite element model

Virtual forming by FE simulations provides the possibility 
to determine the feasibility of metalworking processes and 
reveal the influence of process parameters. The temperatures 
in numerical simulations can serve as guidelines to achieve 
process control in the new process variant and maintain the 
process formability within defined limits. FE simulations 
were conducted to find out the correlation of punch rotation 
with the process temperature and forming load. From the 
FE simulations, the optimal parameters for the experimental 
design and process control can be determined. The blanks 
were modeled as deformable shells with 7 fully integrated 
points in the through-thickness of the sheet. The blanks were 
assumed to be isotropic and the mechanical properties were 
assigned using the values in Table 1. Fixed boundary con-
ditions were used to clamp the blanks. The punch and die 
were considered as rigid bodies in the FE model setup. The 
conventional hole-flanging simulation was conducted with 
a punch feed of 1500 mm/min and no punch rotation. Hole 
flanging with punch rotation was carried out with a punch 
feed of 1500 mm/min and the punch was rotated at a speed 
of 6000 rev/min. The simulations were executed on the cou-
pled structural and thermal solvers of LS-DYNA implicit 
dynamic with double-precision (ls-dyna_smp_d_R11). The 
thermal and mechanical solvers were assigned variable time 
steps. The displacement convergence tolerance in the solu-
tion control was set to 0.05.

Thermomechanical material model

The flow stress of the material was defined by the John-
son–Cook flow stress model, which depends on the strain, 
the strain rate and the temperature, see Eq. 1.

where � is the flow stress, A and B are the strain hardening 
coefficients, C defines the strain rate strengthening coeffi-
cient, �n

p
 is the plastic strain, 𝜀p is the effective plastic strain 

rate, 𝜀0 is the reference equivalent strain rate, T is the tem-
perature of the blank, Tr is room temperature, and Tm is the 
melt temperature. n describes the strain hardening and m 
is the thermal softening exponent. The values of the John-
son–Cook flow stress model were determined by matching 
the stress-stress curves of the hot tensile tests. The coef-
ficient of friction between the punch and blanks was deter-
mined by parametrization of the hole-flanging FE simula-
tions in Ls Opt software to obtain forces and temperatures 
with the same magnitudes as in the experiments.

Thermal model

There is an increase in blank temperature due to friction at 
the contact of the tool and blank [19]. The thermal energy 
Q generated per unit area at the contact between the sliding 
surfaces is obtained by:

where P is the contact pressure between the surfaces,� is the 
coefficient of friction, V1 is the velocity of the punch and, V2 
is the velocity of the blank. The rate of heat flow through the 
blank is expressed as:

where ΔQ is the net heat transfer,Δt is the time interval 
required to transfer heat, k is the thermal conductivity, ∇T  is 
the temperature difference between 2 points, A is the surface 
area and Δx is the distance between 2 points. An additional 
increase in blank temperature may be caused by the conver-
sion of plastic work from the deformation of the blank into 
thermal energy, because of the fast-forming rate. Heat loss 
due to radiation and convection was not included in the FE 
simulations since the process time is short. The thermal con-
ductivity and the specific heat were assigned as 237 W/m K 
and 0.92 kJ/kg K for aluminum and 52 W/m K and 0.48 kJ/
kg K for steel, respectively.

(1)𝜎̃ =
(
A + B𝜀n

p

)(
1 + C𝑙𝑛

𝜀p

𝜀0

)(
1 −

(
T − Tr

Tm − Tr

)m)

(2)Q = �P
(
V1 − V2

)

(3)
ΔQ

Δt
= −kA

ΔT

Δx

Table 1   Mechanical properties 
of EN AW-6181-T1

E(GPa) A(MPa) B(MPa) T
m
(◦C) T

r
(◦C) C n m

70 114.5 347.56 650 25 0.0628 0.23 0.71
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Determination of the process mechanics 
through finite element simulations

The first law of thermodynamics states that the total energy 
of a system � can be expressed as the total power entering 
the system [24].

The variation of � is expressed as Eq. (5).

For a volume, the internal energy U is defined by:

The change in the kinetic energy dK describes the dis-
placement of the volume.

The total energy � is equal to the sum of changes in the 
internal and kinetic energies

where � is the mass density, V  is a volume bounded by a 
surface S , � is the Cauchy stress tensor, D is the rate of 
deformation (strain tensor), q represents the heat flux, r is 
the heat production rate and n is the unit normal. The kinetic 
energy is not stored as the internal energy of the volume. 
Hence the total internal energy dU of the volume is

The mechanical contribution of the internal energy of 
the volume is determined by ∫

V
� ∶ DdV  . The variation 

of the heat energy in the medium with time is given by 
∫

V
�rdV − ∫

�V
q ∶ ndS

For a very small volume, the integral can be dropped 
(Reynold’s Lemma and the divergence theorem). Hence 
Eq. (9) reduces to

From the infinitesimal strain theory, strain D = 𝜀̇ Eq. (11)

(4)
d�

dt
= Pe + Qe

(5)

(6)U = ∫ V

�udV

(7)dK =
d

dt� Vt≡V
1

2
�V2dV

(8)d�

dt
=

dK

dt
+

dU

dt
=

d

dt � Vt≡V
1

2
�V2dV + � V

� ∶ DdV + � V

�rdV − �
�V

q ∶ ndS

(9)

dU

dt
=

d

dt� Vt≡V
�udV = � V

� ∶ DdV + � V

�rdV − �
�V

q ∶ ndS

(10)�u = � ∶ D + (�r − qn)

(11)

The strain is comprised of a plastic deformation and elas-
tic deformation 𝜀̇ = 𝜀pl + 𝜀el . FE simulations were conducted 
to study the forming mechanics of hole-flanging by conven-
tional stamping and stamping with punch rotation. Using 
a similar procedure as in Maqbool and Bambach [25], the 
quantitative contributions of membrane stretching, bending, 
and shear to the deformation mechanisms in the process var-
iants were obtained by splitting the plastic energy density. 
The plastic energy density is defined by:

where σij = stresses, �pl
ij

 = plastic strains, t = process time, and 
indices i, j ∈ {1, 2, 3} are the principal axes. The plastic ener-
gies from the simulations are the sum of the deformation 
energies due to membrane stretching, bending, and shear:

The energy densities were calculated using the average of 
the integration points through the sheet thickness. The shear 
energy is obtained by substituting the out-of-plane shear 
stresses (�13, �23) and strains (�pl

13
, �

pl

23
) from the FE simula-

tions into Eq. (12). The plastic energy due to the normal 
stresses-strains 

(
�33 ∶ �

pl

33

)
 and the out-of-plane shear com-

ponents are added together because the normal stresses-
strains and the out-of-plane shear have the same effect in 
preventing blank failure and enhancing formability [26]. The 
membrane stresses obtained from the simulations contain 
the combined effects of bending and membrane stretching 
deformation mechanisms.

where the membrane stresses, � =
(
�11, �22, �12

)
 , the bend-

ing stresses �b =
(
�b11, �b22, �b12

)
 , and the membrane 

stretching stresses �s =
(
�s11, �s22, �s12

)
 . For a perfect plas-

tic bend and using the bending moments obtained from the 
simulations, the bending stresses are obtained as;

where the bending moments, Mp =
(
M11,M22,M12

)
 , and h 

is the sheet thickness.
The bending stresses from Eq. (15) and the corresponding 

membrane strains 
(
�
pl

11
, �

pl

22
, �

pl

12

)
 , from the simulations are 

substituted into Eq. (12) to obtain the bending energy. The 
membrane stretching energies are determined by substituting 
the plastic energy densities from the simulations, the shear 
energies, and bending energies into Eq. (13). The energy 
splitting method is validated if the energies from the 

(12)Eplastic =

t

∫
0

σij ∶ �
pl

ij
dt

(13)Eplastic = Estretching + Eshear + Ebending

(14)� = �b + �s

(15)Mp =
�bh

2

4
⇒ �b =

4Mp

h2
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deformation modes sum up to the plastic energy density. 
Thermal energy density is discussed separately with the tem-
perature evolution of the blank.

Forming limit estimation with the M–K 
model

Forming limit diagrams (FLD) developed by Keeler and 
Backhofen [27] are commonly used to describe and evalu-
ate the formability of sheet metals under various forming 
conditions. The FLD of a material is obtained by deforming 
the blank over the range of strain ratios using in-plane and 
out-of-plane tests. To estimate the forming limits in the FE 
simulations, a temperature and strain rate dependent failure 
criterion based on hot tensile tests is needed. The forming 
limit of the blank material was estimated using the M–K 
model that assumes an initial geometric imperfection on the 
blank surface [28]. The model is based on the presumption 
that the blank material has a shallow groove (zone B) on a 
flat surface (zone A) as shown in Fig. 3a. This groove leads 
to an inhomogeneity factor, f  defined by Eq. (16).

tB
0
 is the blank thickness in the groove and tA

0
 is the blank 

thickness at the surface. f0 has a major influence on the 
forming limit strains. The groove can be rotated at any angle, 
θ between 0 and 180 in the global coordinate during defor-
mation. The strains-stresses tin the global coordinates are 
converted to the groove coordinates by Eq. (18).

T� is a rotation matrix, Tt
�
 is the transpose of the matrix.

(16)f0 =
tB
0

tA
0

(17)f = f0 ⋅ exp
(
�b
zz
− �a

zz

)

(18)�̃ = � t
�
⋅ � ⋅ ��;�̃ = � t

�
⋅ � ⋅ ��

The groove angle is updated using Eq. (20) as deforma-
tion progresses.

Assuming surface traction occurs in both zone A and 
zone B, the stresses perpendicular to both regions are con-
sidered equal, Eq. (21).

The stresses in region B are obtained using the force equi-
librium at the boundary of region A and region B.

The strain compatibility between the homogeneous and 
inhomogeneous regions is stated as

The increments of the strains ( d� ) and stress (d�) in 
the groove and surrounding blank are obtained based on 
the true stress–strain curves of tensile tests input into the 
M–K model, obeying an isotropic von Mises plasticity. A 
set of nonlinear equations are solved to obtain the stresses 
and strains until the fracture strain. The material in zone B 
deforms at a faster rate than in zone A until the effective 
strain at zone B becomes 10 times the effective strain of zone 
A, which leads to plastic instability and fracture.

The M–K model was used to simulate the hot tensile 
tests performed in the dilatometer, see Section 2.1. The true 
stress–strain curves from the hot tensile tests were used to 

(19)�� =

⎡
⎢⎢⎣

���� ���� 0

−���� ���� 0

0 0 1

⎤
⎥⎥⎦

(20)���(� + d�) = ���(�)
1 + d�A

xx

1 + d�A
yy

(21)� A
zz
= � B

zz
; � A

z1
= � B

z1
; � A

z2
= � B

z2

(22)
{

�B
22
tB = �A

22
tA

�B
12
tB = �A

12
tA

⇒

{
�B
22

= �A
22
∕f

�B
12

= �A
12
∕f

(23)d�B
11

= d�A
11

Fig. 3   a Schematic of a defect used in the M–K model. b) Stress state of an element in zone A of the sheet
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define the mechanical properties of an S4R shell element. 
The inhomogeneity factor ( f0 ) was varied so that maximum 
true strains (elongation at break) from the FE simulations of 
the M–K model match the fracture strains in the hot tensile 
test experiments. 100 imperfections with 0° initial angles 
were used in all the analyses. All the critical values of the 
deformation severity were set equal to zero [29]. The M–K 
model provides a rough estimate of forming limits of the 
material at different temperatures and strain rates. The M–K 
model is not included in the simulations of process variants.

Process forming limits in terms of the stress 
triaxiality and equivalent stress

The M–K formability model is implemented only for plane 
stress ( �13, �23, �33 = 0 ) element types in ABAQUS software 
and it can estimate the forming limits of forming operations 
that occur mainly by in-plane stretching. However, hole-
flanging by stamping with punch rotation is characterized 
by out-of-plane deformation that includes the effects of out-
of-plane stresses-strains. In addition, the strain paths in the 
hole-flanging process variants may differ from those in the 
tensile tests. The forming limits of the process variants were 
also expressed as a variation of the stress triaxiality and the 
equivalent plastic strains. The stress triaxiality � is the ratio 
of the hydrostatic stress to the equivalent stress, calculated by.

where the hydrostatic stress is �h =
�11+�22+�33

3
 and the equiv-

alent stress is.

�̃ =

√
1

2

[(
�
11

− �
22

)2
+
(
�
22

− �
33

)2
+
(
�
33

− �
11

)2]
+ 3

(
�
2

12
+ �

2

23
+ �

2

31

)

(24)𝜂 =
𝜎h

𝜎̃

The equivalent plastic strain, dε is defined by

where d�1 , d�2 , and, d�3 are the plastic strain in the principal 
directions. The forming limit is attained when the ductile 
damage criterion D, is reached.

where �f  is the equivalent plastic strain at fracture. The form-
ing limits were determined to obtain a simple approach to 
maximize the process formability.

Setup of hole‑flanging experiments

The setup of stamping with punch rotation is shown in 
Fig. 1. The blanks were clamped using the same clamp and 
die in the 2 hole-flanging process variants, see Fig. 4a. The 
die and blank holder had 42 mm inner diameters. Holes with 
initial diameters (Di) were cut in the blanks using a milling 
cutter. The minimum hole diameter needed to form flanges 
for each process variant was found. Stamping with punch 
rotation was conducted on blanks with hole diameters of 
12 mm and 10 mm corresponding to HERs of 3.3 and 4, 
respectively. A punch with a diameter of 40 mm was used 
to form the flanges, see Fig. 4b. The same punch was used 
in conventional hole-flanging and stamping with punch rota-
tion. The punch was fixed in the conventional hole-flanging 

(25)d� =

√
2

3

[(
d�1

)2
+
(
d�2

)2
+
(
d�3

)2]

(26)D = ∫
𝜀f

0

𝜎h

𝜎̃
d𝜀

Fig. 4   a Experimental setup 
of hole-flanging with punch 
rotation. (b) Punch used in 
experiments. (c) Location of 
the thermocouple on the blank 
before and after hole-flanging
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experiments while it was rotated in stamping with punch 
rotation. The flanges were formed between punch feeds of 
250 mm/min and 3000 mm/min. The punch speed varied 
from 1000 rev/min to 6000 rev/min. The blank material 
adhered to the punch surface, and the punch was cleaned 
after every few tests using sandpaper. Raziol CLF 100 cold 
forming oil was used as a lubricant in the tests.

The temperatures of the blanks were measured close to 
the hole by using thermocouples glued on the outer surface 
of the blank during the forming processes, see Fig. 4c. A 
dynamometer was used to measure the forces in the forming 
processes. The assembly of the dynamometer and die set 
were clamped on the machine bed as shown in Fig. 4a. A 
data acquisition system was used to record the blank temper-
ature and forming forces. A vertical milling machine center 
Arrow 1000 was used to conduct the experiments.

Grids with a point distance of 2 mm and a point diameter 
of 1 mm were etched on the outer surfaces of all the blanks. 
GOM argus® photogrammetry system was used to meas-
ure and analyze the deformation of the formed flanges. The 
principal strains are obtained by comparing the grid point 
distances on the outer side of the formed flange to the non-
deformed blank before forming. The principal strain meas-
urements in this study are ‘logarithmic principal surface 
stretches’ because punch rotation causes significant shear 
[30].

Results and discussion

Finite element Simulation

The Johnson–Cook material law that matched the hot tensile 
tests is shown for the strain rates and some temperatures in 
Fig. 5. The parameters of the material law are presented in 

Table 1. The coefficient of friction between the punch and 
blanks was determined to be 0.12.

Force and temperature variation

The forces from the experiments and FE simulations of con-
ventional hole flanging are presented in Fig. 6. The initial 
hole size was 25 mm, which represents the maximum HER, 
based on the results in [19]. The blank temperature remained 
at approximately 25 °C in conventional hole flanging.

The initial hole size was reduced to 10 mm diameter in 
stamping with punch rotation based on the high formability 
reported in [19]. High temperatures were obtained in the 
hole-flanging with punch rotation, compared to conventional 

Fig. 5   Tensile test results. (a) 
Effect of temperature. (b) Effect 
of strain rate

Fig. 6   Forces in hole flanging of a flange with an initial hole diameter 
of 27 mm (experiment and FE simulation)
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hole-flanging, as shown in Fig. 7b. The high temperature in 
hole-flanging with punch rotation is due to friction at the 
contact of the blank and punch, and a high rate of mate-
rial deformation. The blank temperature increases with an 
increase in the flange length because there are a higher num-
ber of contacts between the rotating punch and blank as the 
flange length increases. The temperature distribution of a 
flange formed at a spindle speed of 6000 rev/min and feed 
of 1500 mm/min at the process end is shown in Fig. 7a. The 
temperature of element A, which corresponds to the posi-
tion of the thermocouple in the experiments, is presented 
in Fig. 4c. A maximum blank temperature of 300 °C was 
achieved at about 0.8 s when the rotating punch and element 
are in contact, see Fig. 7b.

The forces acting on the punch in the z-direction (direc-
tion of tool feed) are presented in Fig. 7c. The forces along 
the z-axis were higher in conventional stamping than in 
stamping with punch rotation. This is because thermal 

softening reduces the stiffness of the material in stamping 
with punch rotation. The FE simulations demonstrate that 
punch rotation reduces the forming forces and increases 
the blank temperature. The effect of the drop in the pro-
cess forces caused by inhomogeneity of the MK model 
is not included in the process forces estimated by the FE 
simulations.

Energy split from FE simulations

To determinate the process mechanics, the plastic energy 
densities of elements in FE simulations are split using the 
procedure presented in Section 2.3. An element close to 
the flange edge (element 1) was chosen for the energy split 
analyses because fracture usually occurs close to the flange 
edge in conventional hole-flanging. The deformation mecha-
nism at this point can be used to understand the difference 

Fig. 7   a Temperature distribu-
tion of flange obtained from FE 
simulations of hole-flanging 
with punch rotation. (b) The 
temperature of element A in 
hole-flanging with punch rota-
tion and conventional hole-
flanging. (c) The z-forces acting 
on the punch in hole-flanging 
with punch rotation and conven-
tional hole-flanging

Fig. 8   a Element considered 
for energy density analysis in 
conventional hole-flanging. 
(b) The energy density split of 
element 1
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in the formability of the two process variants, see Fig. 8a. 
The contributions of the deformation modes as a portion 
of the plastic energy density of element 1 are presented in 
Fig. 8b. The results indicate that deformation in conventional 
hole-flanging is achieved primarily by membrane stretching. 
Bending accounts for about 10% of the plastic energy and 
the influence of out of plane shear energy is negligible.

To study the forming mechanisms of the flange formed by 
hole-flanging with punch rotation, the plastic energy densi-
ties of 4 elements along the flange length were analyzed in 
Fig. 9a. Element 1 is next to the flange edge, and element 
4 is about 1/4 the flange length from the clamped end. The 
percentage contribution of the deformation mechanisms 
determined by the plastic energy densities of element 1 in 
conventional hole-flanging and hole-flanging with punch 
rotation are compared in Fig. 9b. The comparison reveals 
that the forming mechanism is similar in both processes. 
The plastic energy density is significantly higher in conven-
tional hole-flanging compared to hole-flanging with punch 
rotation, see Fig. 8b and Fig. 9c. The plastic energy density 
reduces as the punch is rotated because thermal softening 
decreases the amount of force (stresses) required to form the 
blank. This explains the large difference in the magnitude 
of the maximum plastic energy density obtained from the 
simulations of conventional hole flanging (365 mJ/mm3) and 
hole flanging with punch rotation (55.93 mJ/mm3) as shown 
in Fig. 8a and Fig. 9a. Similarly, the plastic energy density of 
element 1 reveals a higher plastic energy density in conven-
tional hole flanging. The mechanical power (plastic energy 

density) should reduce with an increase in thermal power to 
obtain a balance of the total internal energy density based 
on the principle of energy conservation, see Eq. 11. A high 
plastic energy density indicates that more force is required 
to achieve the same plastic deformation.

The energy split of element 1 in Fig. 9c reveals that the 
deformation in hole-flanging with punch rotation occurs 
mainly by membrane stretching. The bending has a signifi-
cant contribution to the deformation mode and makes up 
about 10% of the deformation energy. The out of plane shear 
energy is negligible. For element 2, deformation occurs 
mostly by bending rather than membrane stretching, as is 
expected in hole-flanging operations, as shown in Fig. 9d. 
This is probably because, at high temperatures (Fig. 7a), 
the elements in this region require low membrane stretch-
ing forces which causes the bending energy to be high as a 
proportion of the total plastic energy density. However, at 
the flange edge in element 1, the stretching energy increases 
to achieve the flange geometry. Negligible shear was present 
at element 2. The deformation of elements 3 and 4 occurs 
mainly by membrane stretching. The bending energy was 
about 11% and 12% respectively, for both elements. Simi-
larly, negligible out of plane shear was detected. The con-
tributions of the forming mechanisms to the deformation 
of elements 3 and 4 are similar to element 1. The plastic 
energy density decreases from element 1 to 4 since there is 
a decrease in blank deformation from element 1 to 4 as the 
flange length reduces, see Fig. 9d.

Fig. 9   a Elements along the 
flange length chosen for the 
plastic energy density split in 
hole-flanging with punch rota-
tion. (b) Percentage comparison 
of energy density splits of the 
2 process variants for element 
1. (c) Contribution of deforma-
tion modes to the plastic energy 
density of element 1 in hole-
flanging with punch rotation. 
(d) Energy density variation 
along the flange length in hole-
flanging with punch rotation
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Results of the hot tensile tests and forming 
limit curves obtained by the M–K model

The true stress–strain curves of specimens deformed at 
25 °C, 300 °C, 350 °C, 400 °C and 450 °C at a strain rate 
of 1 s−1 were used to study the effect of the temperature on 
the tensile properties and formability of the blank material. 
The results show an increase in the maximum true strain 
(elongation at break) with an increase in blank temperature, 
see Fig. 10a. There was a drop in the maximum force (stress) 
required to form the blank at high temperatures.

The M–K model is used to calibrate the failure strains 
in the FE simulations to the elongation at break of the 
tensile tests at the different temperatures and strain rates. 
The elongation at break of the tensile tests in Fig. 10a and 
Fig. 11a correspond to the black dots along the form-
ing limit curves in Fig. 10b and Fig. 11b. The rest of 
the points on the forming limit curves are obtained by 
extrapolating the failure strains using different deforma-
tion paths. The FE analyses of the stress–strain curves at 
different temperatures show that the forming limit curve 

(FLC) moves upwards with an increase in temperature. 
This indicates a rise in formability with temperature since 
higher blank deformation can be achieved without fail-
ure. The reduction in the maximum stress as temperature 
increases is in line with the first law of thermodynam-
ics, Eq. 11. High blank temperatures in stamping with 
punch rotation cause a drop in the forming forces due to a 
decrease in the stiffness of the blank material as observed 
in Sect. 3.1.1. This is accompanied by an increase in the 
elongation at break.

Tensile tests conducted at different strain rates reveal a 
decrease in the maximum stress and strain with a reduc-
tion in the strain rate, see Fig. 11a. This is similar to the 
results of hot tensile tests carried out on AA6061 aluminum 
alloy at 500 °C [31]. The increased formability at high strain 
rates at 350 °C is explained by the effect of high-strain-
rate superplasticity at high strain rates and temperatures. 
Figure 11b indicates that there is a movement of the FLC 
downwards as the strain rate reduces, which shows a drop 
in formability. The forming limit curves in Fig. 10b and 
Fig. 11b demonstrate that the formability of the material 

Fig. 10   a The variation of 
the true stress–strain curves 
at different temperatures. 
(b) Estimated forming limits at 
different temperatures

Fig. 11   a The variation of the true stress–strain curves at different strain rates. (b) Estimated forming limits at different strain rates
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can be increased by forming the flanges as fast as possible 
at high temperatures.

The groove sizes used to define the forming limits at dif-
ferent temperatures and strain rates are presented in Table 2.

The FLCs at 25  °C and 450  °C were expressed in 
terms of the stress triaxiality and equivalent plastic 
strain obtained from the simulations with the M–K 
model, see Fig.  12. The formability based on stress 
triaxiality and equivalent plastic strain is more effec-
tive at estimating the forming limits when loading is 
non-proportional and cyclic strain paths occur [32]. The 
stress triaxiality ranges from 0,33 (uniaxial tension) to 
0,66 (biaxial tension) which is typical of sheet forming 
operations. The characteristic U-shape of the equivalent 

plastic strains in this range of stress triaxiality was 
observed, see Fig. 12b.

Formability estimation of the hole‑flanging 
process variants

In this section, the forming limits of the hole-flanging pro-
cess variants were determined using the temperature and 
strain-rate dependent forming limits based on the M–K 
model. Conventional hole-flanging occurs at approximately 
25 °C and the process limits are described using the forming 
limit at 25 °C. The equivalent plastic strain of the flange with 
the maximum HER formed by conventional hole-flanging 
is shown in Fig. 13a. The evolutions of the stress triaxiality 
and the equivalent plastic strain of the inner and outer sides 
of an element at the flange edge are presented in Fig. 13b. 
The strains from FE simulations in Fig. 13b is close to the 
forming limit, which implies that the process border for the 
conventional flanging is reached. The flange had an initial 
diameter of 27 mm, which corresponds to an HER of 1.48.

Maximum equivalent plastic strains of 0.35 and 0.4 were 
obtained on the inner and outer surfaces of the element. The 
higher equivalent plastic strain of the outer surface than on 
the inner surface indicates an increased tendency for crack 

Table 2   Groove sizes used in the MK model

Temperature °C Groove size Strain rate at 
350 °C

Groove size

25 0.98 1 0.87
300 0.9 0.1 0.885
350 0.87 0.01 0.87
400 0.927
450 0.95

Fig. 12   a The FLC at 25 °C 
and 450 °C. (b) The forming 
limits in terms of the equivalent 
plastic strain and triaxiality

Fig. 13   a Flange formed by 
conventional hole-flanging. b) 
Evolution of stress triaxiality 
and equivalent plastic strain
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development on the outer surface [32]. The stress triaxi-
alities of the inner and outer surfaces of the element were 
approximately 0.33 during the process. This magnitude of 
stress triaxiality corresponds to a uniaxial tensile stress state, 
which is similar to the results obtained by Chung et al. [33] 
in conventional hole flanging. The stress triaxialities agree 
with previous observations that deformation occurs in a uni-
axial tensile stress state at the flange edge in conventional 
hole-flanging [1].

Hole-flanging with punch rotation was conducted on a 
blank with a hole diameter of 21 mm (HER = 1.9). The form-
ing limit of this flange matches the forming limit of the blank 
at 450 °C. There was a high variation of the stress triaxiality 
towards the end of the hole-flanging process probably due 
to high-speed punch rotation and spring back of the blank, 
as shown in Fig. 14b.

Based on the results of the FE simulations, stamping with 
punch rotation should have higher formability compared 
to conventional hole-flanging. Increased formability was 
observed at high temperatures and strain rates.

Results of hole‑flanging with punch rotation

Experiments were conducted to determine the process win-
dow and to obtain information about optimal process con-
trol. The force and temperature variations with changes in 
the process parameters are examined. Optical strain meas-
urements were conducted to determine the surface stretch 
of the formed flanges.

Variation of temperature in hole‑flanging 
with punch rotation

Same as in the FE simulations, the blank temperature 
increased because of heat generated at the punch-blank 
contact due to friction caused by the relative motion of the 

punch and blank. The temperature variation of flanges with 
an HER of 4 formed at different punch speeds and feeds are 
shown in Fig. 15. The rotational speed of the punch was 
maintained at 6000 rev/min. The maximum blank tempera-
tures were 390ºC for a 500 mm/min punch feed, 275ºC for 
a 1500 mm/min punch feed, and 170ºC for a 3000 mm/min 
punch feed, as presented in Fig. 15a. The maximum tem-
perature of the blank reduced as the punch feed increased 
at a constant punch rotational speed (6000 rev/min). The 
high blank temperature at 500 mm/min is because the punch 
makes contact with the blanks for a high number of rotations 
at low feed rates. The number of contacts between the punch 
and blanks reduces with an increase in the punch feed that 
causes less rise in blank temperature. Similarly, there was a 
reduction in the blank temperature as the punch rotational 
speed reduced from 6000 rev/min to 5000 rev/min at a con-
stant punch feed of 1500 rev/min as shown in Fig. 15b. This 
is due to the lower number of contacts between the punch 
and the blank as the speed of rotation of the punch reduces. 
The variation of blank temperature with the change in punch 
feed and speed follow the same trend as reported for the pad-
dle feed and speed in hole-flanging by paddle forming [19].

Change in the forming forces

Negligible forces act in the plane of the sheet (x and y-axis) 
in hole-flanging by stamping with punch rotation since 
axisymmetric punch rotation is self-stabilizing in the x and 
y-axis. The same trend was observed in the variation of the 
x and y-forces in paddle forming [19]. There is an increase 
of the forces in the z-direction as the punch feed increases 
at constant paddle speed, see Fig. 16a. This is because more 
blank material is deformed per unit time as the punch feed 
increases. In addition, the heat generated by friction leads 
to thermal softening of the blank, which reduces the form-
ing forces required to deform the blank at low feeds. The 
forces in the z-direction increase with a decrease in punch 

Fig. 14   a Flange formed by 
hole-flanging with punch 
rotation. b) Evolution of stress 
triaxiality and equivalent plastic 
strain
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rotation speed at the same feed rate, as shown in Fig. 16b. 
This is because low punch speeds cause a drop in blank 
temperature, which leads to higher forces required to form 
the blanks.

Experimental strain measurement

Optical strain measurements of the outer surface of the 
flanges formed by stamping with punch rotation were used to 
study the deformation of the flanges. A flange with an HER 
of 3.3 formed by stamping with punch rotation at 6000 rev/
min speed and 1500 mm/min feed is shown in Fig. 17a. 
The major and minor strains of the flange are shown in 
Fig. 17b and Fig. 17c. The strain distribution on the form-
ing limit diagram of the flange in Fig. 17d is displayed using 
the legend of the major strain in Fig. 17b. The deformation 
of the flange is described using a line section, as indicated 
in Fig. 17c and Fig. 17d. Point A represents the clamped 

section of the blank, see Fig. 17c. The blank is not deformed 
and the principal strains have a magnitude of zero. Point B 
is the flange bend that corresponds to the principal strains in 
the wrinkling zone in Fig. 17d. Point C in Fig. 17d is a point 
located at one-third of the length of the flange with principal 
strains approaching plane strain deformation ( �2 = 0 ). Point 
D is about two-thirds of the flange length, and the princi-
pal strains are close to a plane strain state. The principal 
strains are approaching uniaxial tension at the flange edge 
(point E, �1 = −2�2 ), as shown in Fig. 17d. The principal 
strain measurement of the flange formed by stamping with 
punch rotation in Fig. 17d reveals a 2-shape curve. Similar 
2-shape principal strains were reported by Borrego et al. 
[34] in axisymmetric conventional hole-flanging of annealed 
AA7075-O blanks of 1.6 mm thickness. The principal strains 
of the flanges formed by both processes are primarily in the 
left quadrant of the FLD. This indicates a similarity of the 
forming mechanisms in both processes. However, the optical 
strain measurements of the flanges produced by stamping 

Fig. 15   a Blank temperature for different punch feeds. (b) Blank temperature for different punch speeds

Fig. 16   a Change in z-forces 
with punch feed. (b) Change of 
z-forces with punch speed
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with punch rotation represent logarithmic principal surface 
stretches, caused by the effects of shear and nonlinear strain 
paths during the forming process [30].

Process window

In this section, the robustness of the new process is shown 
using the process window in Fig. 18. The red dots show 
flanges with cracks, while the green circles represent flanges 
with no edge cracks. The lines indicate the limits of process 
parameters needed to form flanges with no cracks.

Figure 18a shows the punch feeds and speeds required to 
form the flanges with an HER of 4. Flanges were formed at 
punch speeds between 5000 rev/min and 6000 rev/min. The 
flanges formed at a punch feed of 500 mm/min and a speed 

of 6000 rev/min had cracks. The cracks may be due to a 
high abrasion of the blank surface by the tool at high punch 
speeds and low feeds. The results of the flanges having a 3.3 
HER indicate that flanges can be formed using a wide range 
of punch feeds and speeds, Fig. 18b. The process is highly 
robust, and nearly all the combinations of punch feed and 
speed can be used to form flanges.

The flange with an HER of 4 had a maximum temperature 
of 390 °C close to the flange edge, see Fig. 7a. The tempera-
ture is probably higher at the flange edge, which may lead to 
an increase in formability. High strain rates improve form-
ability at high temperatures (350 °C) as demonstrated in the 
forming limit diagram in Fig. 11b. However, forming at high 
feed decreases the blank temperature that may cause a drop 
in formability and crack development. This is observed in 

Fig. 17   a Flange formed by hole-flanging with punch rotation. b) Major strain. c) Minor strain. d) Forming limit diagram
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the flanges with an HER of 3.3 formed at speeds of 1000 rev/
min, 2000 rev/min, and 3000 rev/min, see Fig. 18b.

The large diameter of the punch has a reduced ability to 
locally stretch the blank and cause biaxial stretching [35]. On 
the other hand, the sharp edges of the paddle stretch the blanks 
to varying degrees at different paddle speeds and feeds, which 
causes biaxial tension and a change in the principal strains 
as reported in [19]. As a result, stamping with punch rota-
tion is more robust compared to paddle forming, which is 
indicated by the broader range of tool speeds and feeds that 
can form flanges with an HER of 3.3 in stamping with punch 
rotation. In addition, Allwood [30] suggested that a smooth 
contact between the punch and blank may cause surface tex-
turing of the blank that prevents removal of material from the 
blank surface, compared to the line contact between the blank 
and paddle in paddle forming that promotes the removal of 
the blank material. These account for the higher formability 
(HER = 4) obtained in stamping with punch rotation com-
pared to paddle forming (HER = 3.3) in [19].

Reliability of temperature measurement

To determine the reproducibility of the experimental results in 
production environments, the temperatures of flanges formed at a 
punch speed of 6000rev/min and feed of 500 mm/min with 14 mm 

initial hole diameters were measured. To ensure accurate blank 
temperature measurement, a low punch feed rate was used in the 
experiments to prevent the thermocouple from being detached 
from the blanks during forming. The maximum flange temperature 
had a mean value of 411 °C ± 11. The temperature variation in the 
3 test repetitions is approximately the same and demonstrates that 
the process temperature is stable, see Fig. 19a. The reliability of 
the results indicates that the process temperature can be pre-defined 
based on the desired formability and closed-loop process control 
used to form flanges with high HERs.

The temperatures are higher in these tests compared to 
the results in Sect. 3.4.1 because the thermocouple ele-
ments were welded to the blank instead of glued. The better 
contact between the blank and the welded thermal element 
caused higher temperature measurement. The thermocouples 
were welded very close to the clamped edge of the flanges 
(Fig. 19b) because welding the blanks at the same position 
in Fig. 4c may cause an alteration of the microstructure of 
the blank and early failure during forming.

Flange lengths

The flange lengths changed with variation in punch feed 
and speed for flanges having the same HER. The flange 
lengths were between 15.20 mm and 16.90 mm for flanges 

Fig. 18   a Process borders of 
flanges with an HER of 4. 
b) Process borders of flanges 
with an HER of 3.3

Fig. 19   a Blank temperatures 
for the flanges with an initial 
hole diameter of 14 mm formed 
at the same punch speed and 
feed. (b) Position of thermo-
couple
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with an HER of 3.3 mm, see Fig. 20. The longest flange 
lengths were formed at a rotational speed of 4000 rev/min 
at feeds of 500 mm/min and 1000 mm/min. The flange 
lengths reduce as the punch speed and feed diverge from 
these values. The difference in flange length may be 
explained by the effect of blank temperature on form-
ability and the capacity of the punch to pull the blank at 
high rotational speeds. There is an increase in blank tem-
perature as punch speed increases from 1000 rev/min to 
4000 rev/min which leads to high formability. However, at 
the high punch speeds (5000 rev/min and 6000 rev/min), 
friction between the punch and blank reduces as shown by 
Chowdhury et al. [36]. This decreases the ability of the 
punch to pull the blank into the die and results in shorter 
flange lengths. The flange length reduces as the punch feed 
increases due to a drop in blank temperature and formabil-
ity. In addition, convex tool geometries with a large edge 
radius such as the round punch have a lower capacity to 
pull the blank into the die at high forming feeds and cause 

an increase in flange length compared to the concave tools 
as revealed from FE simulations [35]. This may explain 
the reduction in flange length as the punch feed increases.

Conventional hole‑flanging

The conventional hole-flanging tests were carried out at 
500 mm/min punch speed. The initial hole diameter was 
varied until the minimum hole size needed to form flanges 
with no edge cracks was determined. The minimum hole 
size required to form flanges was found to be 27 mm, which 
corresponds to an HER of 1.48. This agrees with the form-
ing limits of the process estimated by the equivalent plas-
tic strain and stress triaxiality of the material at 25 °C, see 
Fig. 13b. Table 3 presents the test results. Flanges with 
cracks are shown by the crosses (x), while the flanges with-

out cracks are represented by zeros (0) in Table 3.

Comparison of stamping 
with and without punch rotation

The results of experiments on conventional hole-flanging 
and hole flanging with punch rotation are compared. Fig-
ure 21 shows flanges having the maximum HERs made by 
stamping with punch rotation and conventional stamping.

The forming limits in stamping with punch rotation and 
conventional hole flanging are compared using the equiva-
lent plastic strains and stress triaxialities of element 1 from 
the FE simulations in Fig. 8a and Fig. 9a. The magnitudes 
of the equivalent plastic strains of the inner and outer sur-
faces of both process variants are almost the same, see 
Fig. 22a and Fig. 22b. At the beginning of the processes, 
there is an initial increase in stress triaxiality to about 0.6 

Fig. 20   A representation showing the length of flanges with an HER 
of 3.3

Table 3   Results of conventional 
hole-flanging

Diameter of pre-cut, Di(mm)

18 19 20 21 22 23 24 25 26 27 28 29 30

x x x 0 0 0

Fig. 21   A comparison of 
flanges formed by hole-flanging 
with rotation and conventional 
hole-flanging experiments
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which indicates biaxial stretching. This is followed by 
a decrease in stress triaxiality to below 0.4, which corre-
sponds to the stress triaxiality in uniaxial tension. There is 
a wide fluctuation of the stress triaxiality at equivalent plas-
tic strains of 1 and above in stamping with punch rotation 
(Fig. 22b). This may be caused by stresses due to the spring 
back of the blank and high-speed punch rotation. The form-
ing limits of the material at the temperatures of the 2 process 
variants are included in the FLDs. Figure 22a shows a failure 
of the blank in conventional hole-flanging as expected. This 
agrees with the results of the hole-flanging tests in Table 3. 
The forming limit of the conventional hole-flanging process 
was accurately estimated, in Fig. 13b.

The forming limits obtained from the hot tensile tests 
fail to estimate the forming limits in stamping with punch 
rotation because the effects of out-plane stresses-strains and 
non-proportional loading paths are not included in the plane 
stress assumption of the M–K model, see Fig. 22b. In addi-
tion, there is a high rate of deformation of the blank material 
in stamping with punch rotation compared to the hot tensile 
tests, this is demonstrated by the high punch speeds and 
feeds required. A high rate of deformation enhances form-
ability as demonstrated in Sect. 3.2. Balanethiram et al. [37] 
showed that strain rates above 15s−1 cause increased form-
ability using tensile tests and a dramatic rise in formability 
was observed for very high strains rates (hyperplasticity) 
in electrohydraulic forming. They further stated that high 
forming velocities cause the propagation of plastic waves in 
the blanks. This may change the mechanical properties of 
the blanks from quasi-static equilibrium to dynamic equilib-
rium. The change in the constitutive model of the material 
may increase the forming limits. Neugebauer et al. [38] also 
stated that high-speed forming causes twinning and strength-
ening at grain boundaries that increase the load-carrying 
capacity and formability of blanks.

Besides high strain rates, the round surface of the punch 
makes a smooth and continuous contact with the blank and 
induces in-plane shear 

(
�12 ∶ �12

)
 and contact stress on 

the blank that increases formability. The in-plane shear is 

included in calculating the membrane stretching and bend-
ing energies in Eq. (14). The in-plane shear in stamping 
with punch rotation can be observed by the slight twist of 
the grid points from a straight line on the flange surface, 
as seen in Fig. 21. Shouler and Allwood [39] showed that 
in-plane shear causes an increase in formability using spe-
cially designed tensile test specimens. Similarly, in-plane 
torsion tests by Traphöner et al. [40] revealed an increase 
in formability. The increased formability in the presence of 
shear is because shear stresses-strains may act in planes that 
prevent void nucleation, crack growth, and coalescence [41]. 
In-plane shear is absent in tensile tests and low formability 
was observed in the tensile tests. Non-linear loading of the 
element indicated by the fluctuation of the strain paths in 
Fig. 22a enhances the forming limits as demonstrated by 
Liu et al. [42]. This is due to local compression, varying 
stress triaxiality and shear, observed by Qian et al. [43]. A 
recent review on the modeling of forming limits in metal 
forming by Volk et al. [44] presents the challenges in deter-
mining appropriate formability models for different forming 
processes. The forming limits derived from the hot tensile 
tests are used to explain the rise in process formability due 
to punch rotation. However, more extensive tests which 
involve a range of triaxialities, temperatures and strain rates 
are required to determine the process forming limit.

Conclusion and outlook

The present research was carried out to increase the form-
ability in axisymmetric hole flanging by using high-speed 
punch rotation. The maximum HER of stamping with punch 
rotation was compared with conventional hole-flanging. The 
following conclusions were made from the investigations.

•	 Tool rotation leads to a rise in formability. Flanges 
formed by conventional stamping had an HER of 1.48. 
However, when the punch was rotated the HER increased 

Fig. 22   Evolution of stress 
triaxiality and equivalent plastic 
strains for flanges with a hole 
diameter of 10 mm. a) Flange 
formed by conventional hole 
flanging. b) Flange formed by 
hole-flanging with rotation
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to 4. The gain in formability is due to high forming tem-
peratures and rate of deformation.

•	 Deformation in both hole-flanging process variants 
occurs primarily by membrane stretching. Bending con-
stitutes about 10% of the deformation energy. Negligible 
out-of-plane shear is present as revealed by a split of 
the plastic energy density from the FE simulations of 
the processes. Punch rotation reduces the plastic energy 
density in hole-flanging in stamping with punch rotation 
due to thermal softening.

•	 The M–K model reveals that there is an increase in form-
ability due to a rise in blank temperature and strain rate. 
The process conditions that maximize formability were 
estimated and the estimated forming conditions agree 
with the experimental findings.

•	 The maximum hole expansion of conventional stamp-
ing agrees with the estimated forming limit of the mate-
rial at 25 °C. However, the quantitative forming limit of 
stamping with punch rotation could not be estimated by 
the M–K model because of the effects of out of plane 
stress-strains, non-proportional loading paths, and the 
difference in the rate of deformation in the tensile tests 
and hole-flanging with punch rotation. The experimental 
results showed extended formability of the process. In 
future, more experiments will be conducted to calibrate 
better material and formability laws to estimate the form-
ing limit in hole-flanging with punch rotation.

•	 Optical strain measurements of a flange made at 
6000 rev/min speed and 1500 mm/min feed reveal that 
the principal strains of the flanges formed by stamping 
with punch rotation are in the left quadrant of the FLD, 
which is similar to the principal strains obtained in con-
ventional hole flanging.

•	 The ranges of punch rotational speeds and axial feeds 
needed to form flanges with no cracks were determined 
for flanges with HERs of 4 and 3.3. The robustness of 
the process is shown by the results of the flanges with 3.3 
HER. The reliability of the process was demonstrated by 
temperature measurements from 3 repetitions of flanges 
having an HER of 2.86 and formed at a punch speed of 
6000 rev/min and 500 mm/min feed. The results show 
that the process temperature is stable and can be con-
trolled to improve formability.

•	 The flange height is dependent on the punch speed and 
feed. For flanges with an HER of 3.3, a punch speed of 
4000 rev/min and feeds of 500 mm/min and 1000 mm/
min formed flanges with the longest length.

•	 The experiments of hole flanging with punch rotation 
show that the process is highly suitable for flanging 
materials with low formability. The punch speed and 
feed can be controlled to form the blanks at high tem-
peratures and strain rates that achieve the optimum 
HER for a given material. Forming temperatures of 

about 450  °C and high strain rates are optimal for 
EN AW-6181-T1 blanks of 0.8 mm thickness. This 
corresponds to process parameters approaching a 
punch speed of 6000 rev/min and a feed of 1500 mm/
min. For other materials, the forming temperature can 
be measured during forming using a thermal sensor 
and the punch feed and speed adjusted to form flanges 
using optimum process parameters without the need 
for time-consuming FE simulations. Thus, the hole 
flange-ability of other materials can be maximized by 
using a predefined temperature profile. Hole-flanging 
with punch rotation increases process formability and 
opens interesting research into process control and new 
opportunities for maximizing the HER. The residual 
stresses of flanges will be analyzed in future works to 
determine the effects of the forming mechanisms and 
temperature change which is needed for the take up of 
the process in industry.
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