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ABSTRACT

A major limitation of the incremental sheet forming (ISF) is its difficulties to manufacture hard-to-form materials.
The existing ISF process variants require additional systems or devices, which compromises the process flexibility
and simplicity, the unique advantages of the ISF. In this study, a novel type of rosette tools is proposed for
developing a new ISF process to improve material formability, named as Rotational Vibration-assisted ISF (RV-
ISF). A hard-to-form material, magnesium alloy AZ31B, has been successfully formed in the RV-ISF experiment
by creating low-frequency and low-amplitude vibrations, and elevated temperatures at the local forming zone in
the range of 250-450 °C. By developing the new RV-ISF, it has achieved a 60% increase in fracture depth than
that by friction-stir ISF and more than 46% reduction in forming force than that by the conventional ISF.
Experimental evaluation and analytical prediction of temperature increase, forming force and flow-stress
reduction have concluded that the combined thermal effect and vibration softening is the key mechanism
leading to the significant formability enhancement. The results show that both the rosette tool design and tool
rotational speed are critical factors determining heat generation and transfer as well as vibration frequency and
amplitude. Investigation on microstructural evolution has revealed that the low-frequency and low-amplitude
vibrations created by the rosette tool have activated dislocations and dynamic recrystallization, and produced
refined grains and increased micro hardness. The new RV-ISF developed has potentials to manufacture other
hard-to-form materials and complex geometries of sheet products, overcoming the formability limitation of the
current ISF technology.

1. Introduction

limitation of the ISF is its difficulties to manufacture hard-to-form ma-
terials because of their poor ductility when processed at room temper-

Incremental sheet forming (ISF) attracted considerable attention due
to the flexibility offered by the process in manufacturing small-batch
and customised sheet products. Emmens et al. (2010) conducted a re-
view on the historical development of ISF. In an environmental focused
study, Cooper and Gutowski (2020) predicted significant energy and
cost savings for the US car industry through implementation of ISF. ISF
has a number of variants including single-point and two-point incre-
mental forming (SPIF and TPIF) and double-sided incremental forming
(DSIF). Duflou et al. (2018) presented a comprehensive review of the
state-of-the-art and future prospects of SPIF and highlighted the poten-
tial of the ISF for a large number of application domains. Although many
unique advantages were identified, Attanasio et al. (2008) and Hirt et al.
(2021) reported that industrial adoption of the ISF technology was still
limited due to low geometrical accuracy, rough surface finishing, and
fracture caused by sheet thinning during ISF processing. Another critical

ature. To overcome the formability limitation of the ISF, heat-assisted
and vibration-assisted ISF processes were investigated.

Ambrogio et al. (2008) designed a heater band and insulation
chamber in SPIF to form magnesium alloy AZ31 at targeted tempera-
tures of 200-300 °C that improved the formability of the material.
Duflou et al. (2007) proposed a laser-assisted ISF process by localised
heating of the deforming sheet that reduced forming forces, improved
dimensional accuracy and increased formability for a range of materials.
Fan et al. (2008) proposed an electric hot ISF (E-ISF) by making use of
electric current passing through the deforming sheet that successfully
formed magnesium alloy AZ31 and titanium alloy TiAlI2Mn1.5. Xu et al.
(2016) developed an electrical-assisted double-sided ISF (E-DSIF) and
designed a force control device to ensure a stable tool-sheet contact.
However, surface quality and geometrical distortion of the formed parts
are the two major issues due to the extremely high temperature at local
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areas in the electrically assisted ISF processes. Otsu et al. (2010) pro-
posed the friction stir-assisted ISF (FS-ISF) in which a hemispherical tool
was rotated under a high speed, ranging from 1000 to 10,000 rpm to
form magnesium alloy. Otsu et al. (2011, 2014) further studied forming
aluminium alloys. To reduce friction at the tool-sheet interface and
control the level of heat generation in the FS-ISF, Xu et al. (2013)
developed a forming tool with laser etched surface texture. Xu et al.
(2014) conducted a follow-on comparative study in forming magnesium
alloy AZ31B by the FS-ISF and E-ISF and concluded a higher processing
efficiency of the FS-ISF. To reduce the undesirable frictional effect on
surface quality, Lu et al. (2014) developed an oblique roller-ball tool
that showed an improved surface quality than that using the hemi-
spherical tool. To overcome the contradicting effect of process variables
on formability and surface quality in the FS-ISF, Wang et al. (2020)
proposed a processing window in the FS-ISF of AA2024 for generating
higher forming temperatures while achieving a reasonable surface
quality.

Ultrasonic vibration assisted ISF (US-ISF) processes have been
explored by a few recent studies. Vahdati et al. (2017) and Amini et al.
(2017) applied ultrasonic vibration to the tool in forming straight
grooves in the SPIF experiment of AA 1050-O sheets, under vibration
frequency of 20 kHz and vibration amplitude of 7.5 ym. Amini et al.
(2017) found that the vertical forming force was decreased by up to 36%
and the formability was enhanced by up to 48%. Yang et al. (2019)
applied a varied range of vibration frequency and amplitude in US-SPIF
of AA1060 sheets and found that the formability was improved under
vibration frequency of 25 kHz and vibration amplitude of 6 yum. How-
ever, higher vibration frequencies and amplitudes caused sheet cracking
because of greater plastic strains in the direction of the ultrasonic vi-
bration being applied. Effects of process parameters in US-ISF processes
were also investigated, including tool diameter, feed rate, and vibration
amplitude by Long et al. (2018). as well as tool rotational speed by
Amini et al. (2018). Long et al. (2018) found that significant forming
force reductions and temperature increases could be achieved under
conditions of higher ultrasonic energy input and lower tool feeding
speed. Amini et al. (2018) concluded that combining tool rotation with
tool ultrasonic vibration significantly reduced surface roughness. By
employing both experiment and finite element (FE) modelling, Li et al.
(2017a) investigated forming force variations during the US-SPIF of
Q235 steel under various vibration frequencies and amplitudes. It was
found that the vertical forming force decreased significantly when
applying vibration frequency up to 40 kHz and amplitude up to 40 pm.
However, if the frequency and amplitude applied were beyond these
levels, the vertical forming increased significantly. Cheng et al. (2019)
applied the longitudinal ultrasonic vibration to a hemispherical tool at
20 kHz oscillating frequency in both SPIF and TPIF processes and
observed a significant tool force reduction in the US-TPIF process. By
developing a constitutive model under ultra-high strain rates, Zhang
et al. (2021) investigated the effects of tool size, rotational speed, feed
rate, tool pitch, and vibration amplitude on the reduction of forming
force and springback of material AA1050 in US-ISF. Li et al. (2017b)
investigated effects of different vibration amplitudes at 5, 10 and 20 pm
under vibration frequency of 20 kHz in US-SPIF of two aluminium alloys
AA1050 and AA5052. It was found that the forming force was reduced
considerably with an increasing vibration amplitude especially at later
stages of ISF process, and the ultrasonic softening effect was more
obvious for the material with higher yield strength. In a follow-on study,
Cheng et al. (2022) developed a hybrid constitutive model for
AA1050-O in a FE simulation of the US-SPIF and the microstructure
characterisation results showed the occurrence of relative larger grains
and an increase of low angle grain boundaries (LAGBs) indicating the
occurrence of ultrasonic-activated dynamic recovery of the material. By
developing a physics-based constitutive model, and conducting experi-
ment and FE modelling in ultrasonic vibration assisted forming by using
vibration amplitudes from 5 to 20 pm, Sedaghat et al. (2019) suggested
that greater vibration amplitudes led to an increased reduction in
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material flow stress. However, in these US-ISF studies, only low strength
aluminium alloys of AA1050 and AA5052 and steel Q235 have been
investigated. The potential of applying ultrasonic vibration in ISF to
improve the formability of hard-to-form materials is yet to be
demonstrated.

Mechanical vibration assisted ISF processes have also been explored
in few studies. Lu et al. (2017) developed an elliptical tool to enable tool
rotation-induced vibration in ISF (V-ISF) of magnesium alloy AZ31B. Wu
et al. (2022) adopted the same idea of the elliptical tool design by Lu
et al. (2017) but used a hemispherical tool with flat head and compared
the results of the V-ISF and FS-ISF in forming a hyperbolic cone of
AA5052-H32. Xiao et al. (2022) developed a forming tool-connecting
device consisting of a motor and cam system to provide the tool with
longitudinal low-frequency vibrations from 0 to 100 Hz and amplitude
from O to 100 um in SPIF of AA1050 sheets. Nasulea and Oancea (2021)
developed a circumferential hammering tool to reduce geometrical
inaccuracies of SPIF formed parts without the necessity of implementing
other complex solutions. Compared to the US-ISF processes employing
vibrations with high frequencies and low amplitudes, the tool rotation in
the V-ISF generated relatively low vibration frequencies but higher vi-
bration amplitudes. Laminated ultrafine grains and higher micro hard-
ness have been observed at the inner side of the formed hyperbolic cone
by Lu et al. (2017); however further study and microstructure charac-
terisation are necessary to understand the mechanism of formability
enhancement in V-ISF.

Vibration effects on material plastic deformation behaviour have
been investigated by a few studies. Zhou et al. (2018) conducted ultra-
sonic vibration assisted compression experiments of aluminium and ti-
tanium alloys, demonstrating that the ultrasonic softening effect on the
flow-stress reduction was not only influenced by vibration amplitude
but also by the vibration frequency. Although the ultrasonic softening
effect was enhanced by increasing the vibration amplitude, increasing
vibration frequency above a certain limit had reduced the ultrasonic
softening effect, reported by Zhou et al. (2018). Blaha and Langenecker
(1959) and Langenecker (1961, 1966) concluded that the preferential
absorption of acoustic energy by lattice imperfections activated dislo-
cations and reduced the resolved shear stress required for substantial
dislocation migration on the slip plane, resulting in softening. Pohlman
and Lehfeldt (1966) performed both ultrasonic oscillation assisted wire
drawing and bending experiments that showed reductions of friction
and forming forces being proportional to the amplitude of ultrasonic
oscillation. Their findings also provided explanations that the flow-stress
reduction in the ultrasonic vibration assisted processes, in addition to
the activation of dislocations, was due to the superimposition of the
alternating acoustic stress on the stress produced externally. Green
(1975) discussed the interaction between ultrasonic waves and dislo-
cations that had resulted in work softening and stress reduction by
increasing the amount of plastic strain; however, the interaction also
resulted in work hardening by causing the dislocations to become less
mobile. Huang et al. (2009) found that the magnitude of acoustic soft-
ening effect was linearly proportional to the ultrasonic vibration
amplitude and concluded that the characteristics of the atomic structure,
such as the condition of the lattice structure and the number of imper-
fections, might have a greater effect on the acoustic softening than the
material properties themselves. Siu et al. (2011) conducted indentation
experiments simultaneously excited by ultrasound and concluded that
the softening effect by the latter constituted recovery associated with
extensive enhancement of subgrain formation during deformation. The
enhanced subgrain formation was resulted from the combined applica-
tion of the quasi-static loading and the ultrasound. Yao et al. (2012)
developed a crystal plasticity model to investigate the acoustic softening
and acoustic residual hardening by applying the thermal activation
theory and dislocation evolution theory. Their results showed that the
stress reduction due to the acoustic softening was proportional to the
vibration amplitude, while the acoustic residual hardening effect was
influenced by both the vibration amplitude and duration. In addition to
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the ultrasonic softening effect, Yao et al. (2012) and Zhou et al. (2018)
also found that the ultrasonic vibration could lead to the residual
hardening effect to aluminium alloys but residual softening effect to
titanium alloys. Lum et al. (2009) explained that the ultrasonic vibration
could induce sufficient heating to cause the annealing effect and reduce
the dislocation, leading to residual softening effect. Zhou et al. (2017)
conducted a comparative study of two different materials undergoing
ultrasonic assisted compression, the microstructural characterisation by
Electron Backscatter Diffraction (EBSD) revealed that for aluminium,
the ultrasonic vibration reduced the grain size and changed the orien-
tation of the grain boundaries, both contributed to the residual hard-
ening effect. On the other hand, for titanium alloys, the grain refinement
induced by ultrasonic vibration was limited; the ultrasonic vibration
could promote saturation of twinning and reduced fraction of twinning
boundaries, contributing to the residual softening effect. However, these
studies could not explain the material deformation behaviour under
vibration assisted ISF with cyclic plastic deformation and superimposed
tool vibration on the quasi-static forming loading.

It is clear that the FS-ISF has maintained the process simplicity and
flexibility without the need of employing additional devices for
providing localised heating. However, as the interfacial friction is the
only heat generation mechanism to improve the formability by forming
at elevated temperatures, the adverse effects of friction on poor surface
quality, uncontrollable forming temperature, and severe tool wear are
major limitations of the FS-ISF, as reported by Xu et al. (2016, 2013,
2014), Luetal. (2014) and Wang et al. (2020). The ISF processes assisted
by ultrasonic or mechanical vibrations have shown great potentials on
the formability enhancement but investigations on hard-to-form mate-
rials are limited. The combined thermal effect and vibration softening on
formability improvement in ISF is unclear. Furthermore, the mecha-
nisms of vibration softening on flow-stress reduction by dislocation
activation and dynamic-static stress superimposition under
low-frequency vibrations in ISF have yet to be investigated.

In order to develop an ISF process not only maintaining its process
simplicity and flexibility but also being capable of forming hard-to-form
materials and complex geometries, this study develops a new rotational
vibration-assisted ISF (RV-ISF) process by employing a novel type of
rosette tool design to improve the material formability. By examining
the capability of the new RV-ISF process, the mechanisms of the com-
bined thermal effect and vibration softening leading to the formability
improvement are investigated. Vibration frequencies and amplitudes in
the RV-ISF process are characterised by conducting the contact analysis
of the rosette tool, FE vibration modelling and experiment. RV-ISF
experimental tests of magnesium alloy AZ31B are performed to
demonstrate a significant improvement in formability of a hard-to-form
material and to evaluate the correlation of forming force reduction with
the combined thermal and vibration effect. Effects of key process pa-
rameters, including tool design, tool rotational speed, and material
deformation modes, on sheet fracture strain are investigated. Thermal
modelling of heat generation and heat transfer is developed to evaluate
the effect of interfacial friction and plastic deformation on temperature
increase in the RV-ISF. Analytical modelling of the tool rotation induced
vibration softening in the RV-ISF is also developed to evaluate flow-
stress reduction due to stress superimposition and vibration energy
activated dislocations. By performing EBSD scanning of the RV-ISF
formed samples, the microstructure evolution is analysed to evaluate
vibration-activated dislocations during RV-ISF. The findings from the
experiments, modelling and analysis lead to new understanding of the
combined thermal effect and vibration softening on the significant
formability enhancement in the RV-ISF.
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2. Analysis of tool rotation induced vibration in the RV-ISF
process

2.1. Contact analysis of the rosette tool

In a conventional SPIF process, it only requires a simple hemi-
spherical tool to deform a sheet material locally and incrementally by
moving the tool along a predefined tool path created directly from the
CAD model of a desired geometry. In this study, a new type of the rosette
tool with a number of grooves is developed. By rotating the tool, it
generates vibrations of the deforming sheet at tool-sheet contact. Fig. 1a,
b show illustrations of the RV-ISF and periodic surface contacts between
the tool head and inclined wall of the deforming sheet. During the tool
rotation, grooves on the tool head create localised cyclic vibrations of
the deforming sheet, as shown in Fig. 1c. Different from all existing vi-
bration assisted ISF processes, in the RV-ISF, the tool rotation induced
vibration of the deforming sheet is dependent on a specific tool geom-
etry, tool rotational speed and the wall angle of a part formed.

To evaluate the rosette tool design on vibration characteristics of the
deforming sheet, the variation of the contact area between rosette tool
and sheet due to grooves on the tool surface is evaluated. Fig. 2a illus-
trates that a sheet blank is plastically deformed under the tool feed
motion. Using a rosette tool of four-grooves, 90° pitch, the tool design
parameters considered are the tool radius r, and groove depth D and
width W. By assuming the tool-sheet contact area, A, can be considered
as an elliptical shape, as reported by Chang et al. (2019), it can be shown

A= m (hl +r(1 — cosa) ﬁ)

2 I3
2(1 — w
- 7r*(1 — cosa)arccos <2r> o
=—h + where hy = \|— (€D)]
2 2a r

where t = ty cos a is the deformed sheet thickness, ty is the initial sheet
thickness, « is the wall angle, and h is the step size of the tool path. By
cutting a groove on the hemispherical tool surface, the area of the
intersection between groove and contact area, Ay, can be expressed as

2

[L+D-% 2rD w 2
A, =A, 2T :Larcsin—(lJrilfﬂ) where
D? n 2r D 2D
2
. w
A == -
) arcsin -

where A, is the groove area. The reduction of the contact area A; due to
cutting a groove on the tool surface can be evaluated by the ratio of the
two areas, Az/Aj. Fig. 2b shows the effect of the wall angle and groove
dimensions on the reduction of the contact area due to cutting grooves
on the tool surface. A greater wall angle increases the ratio thus a higher
reduction of the contact area, producing a greater vibration effect and a
reduced frictional heating due to periodic loss of contacts. By increasing
either groove length or width it increases the reduction ratio of the
contact area proportionally thus creating a greater vibration effect of the
deforming sheet. Increasing the tool radius reduces the ratio; the step
size shows a relative small effect on the contact area reduction.
Following on the contact analysis, the rosette tools with three grooves
(T3) and four grooves (T4) are developed to evaluate the effect of a
varied degree of frequency, as shown in Fig. 3. To compare the effect of
tool rotation in the RV-ISF with that in FS-ISF and V-ISF, the hemi-
spherical tool (T0) and the elliptical tool with double offsets (T2), shown
in Fig. 3, are also tested.

2.2. Vibration measurement and FE modelling

To measure local vibration frequencies and amplitudes of the
deforming sheet, RV-ISF experimental tests are conducted and an Eddy
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Fig. 1. Illustration of periodic tool-sheet contact and localised sheet vibration in the RV-ISF. (a) Rotational vibration assisted ISF (RV-ISF); (b) Localised sheet
vibration at groove of the rosette tool; (c) Rosette tool-sheet contact areas, away from groove and at groove of the tool.

current sensor (CSH1-CAm1l from MICRO-EPSILON) is used for mea-
surements. The Eddy current sensor is positioned at a fixed distance of
1 mm to the wall of a formed pyramid with a wall angle of 50° at the
forming depth of 30-40 mm, as shown in Fig. 4a. Tool T2 and T4 used in
the experiment are shown in Fig. 4b. In the tests of vibration measure-
ments, the tool rotates under a constant speed of 2000 and 3000 rpm
respectively and tool feed rate is 1000 mm/min. The sheet displacement
data is recorded when the tool moves past the sensor position. The data
is processed through centralisation and discrete Fourier’s trans-
formation to calculate the vibration frequencies and amplitudes of the
deforming sheet.

For better understanding of the measured frequencies and ampli-
tudes in the RV-ISF, FE vibration modelling of the deforming sheet in the
RV-ISF is also developed under the same condition of the experimental
tests by using FE software ABAQUS. For simplification, the FE model of
using each tool design consists of a pre-formed sheet at a forming depth
of 30 mm, as shown in Fig. 5. The forming tool moves down for a step
size of 0.5 mm and continues to follow the designed circular toolpath on
a fixed forming layer. Material plasticity is defined by applying the
Johnson-Cook (J-C) model, as shown in Eq. (3). The J-C model param-
eters and material properties required in the FE models are given in
Table 1. For FE meshing, 8-node brick element type with reduced inte-
gration (C3D8R) is used for the deforming sheet while 4-node tetrahe-
dral element type (C3D4) is used for the forming tool, and the meshed
elements have a global size of 1 mm. A stable time increment is defined
at1.12 x 107° seconds. The field output is requested at every 0.001 s, so
that the sampling frequency of the sheet displacement change comes as
1000 Hz. The processing method for determining frequencies and am-
plitudes is the same as that used for the experimental results by
extracting the displacement-time data of a selected node at the upper
boundary of the contact area.

3

é T Ty \"
=(A+Be")|1+Cl 1 (o
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2.3. Characterisation of vibration frequencies and amplitudes

Vibration frequencies and amplitudes obtained from the experi-
mental measurement and FE modelling by using tools T2 and T4 under
two different rotational speeds are shown in Fig. 6 and summarised in
Table 2. From the results of the RV-ISF measurement and FE modelling
by T2 and T4, fundamental frequencies are found to be the same as the
reference frequency, as calculated in Table 2. As can be seen in Fig. 6, at
a higher frequency range, second and even third harmonics can be
observed, usually occurring at integer multiples of the reference fre-
quency. At the lower frequency range of the experimental results, the
smaller peaks show subharmonics but no obvious subharmonics are
observed in the FE modelled results. Further FE modelling results show
these low frequencies are not the natural frequencies of the deformed
sheet. It is considered that these may be resulted from the tool system
runout and tool surface wear, as well as machine system related effects.
Specifically, using tool T2, the measured vibration frequencies match
closely with the FE modelled values, however, the measured vibration
amplitudes are approximately twice of the FE modelled values under
low frequencies but correlated better under higher frequencies, as
shown in Fig. 6a and Table 2. The reason for the underestimated
amplitude under low frequencies by the FE models may be the delayed
sheet response to material elastic recovery in the FE modelling. For tool
T4, both the measured frequencies and amplitudes are similar to the FE
modelled values, as shown in Fig. 6b and Table 2.

The vibration results using tools T2 and T4 confirm that the RV-ISF
process has much lower vibration frequencies, in the range of
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/,: contact section created by the tool contact pressure;
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/,: contact section between the inclined wall and tool;

h,: height of the tool deforming into the sheet at contact

(a)

14
12
10

Reduction ratio A,/A, (%)

o N B O ®
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Fig. 2. Contact analysis of the rosette tool. (a) Sheet deformation caused by tool feed motion and the definition of contact area and groove area; (b) Parametric
evaluation of the rosette tool design on the ratio of contact area reduction (t, = 1 mm, a = 30-90°, r = 3-7 mm, D =2-7.5 mm, W =0.5-4.5 mm, h =0.1-1 mm).

67-400 Hz if tool rotational speed is 2000-6000 rpm, in comparison
with the ultrasonic vibration assisted ISF process, typically operating in
the range of 20 kHz frequency. The double offset tool with offsets
2 x 1 mm, T2, creates significantly higher vibration amplitudes than
that produced by the four-groove rosette tool T4 with groove depth of
6 mm and groove width of 2.5 mm. Under a tool rotational speed of
2000 to 3000 rpm, for T4, the amplitudes measured by the experiment
vary from 2-11 um, much smaller than 18-80 ym generated by T2.
When using the same tool, the amplitudes show a reducing trend with an
increasing tool rotational speed. The reason may be that within one
vibration cycle when the tool contacts the deforming sheet, if the rota-
tional speed is higher than a certain limit, there is insufficient time for
the elastic deformation of the sheet to be recovered, resulting in a

reduced vibration amplitude.

3. RV-ISF formability experimental method and results

3.1. Fracture depth and fracture strain

RV-ISF experimental tests for formability evaluation are carried out
on a 3-axis CNC machine (SIEMENS XYZ 1060HS VMC). To record the
tool forming force time history during the RV-ISF, a 3-component
piezoelectric force transducer (Kistler 9367 C) is placed under the
sheet fixture. An infrared thermal camera (FLIR T650sc) is used to re-
cord the sheet temperature variation, positioned approximately at a 40°
inclined angle between camera lens and workbench of the CNC machine.
A hard-to-form material, magnesium alloy AZ31B, is selected to inves-
tigate if the RV-ISF process can improve the formability. In the experi-
ment, rosette tools of three-grooves, T3, and four-grooves, T4, with
groove depth of 6 mm and groove width of 2.5 mm are tested and
compared with four-grooves T4R with reduced groove depth of 4 mm
and groove width of 2 mm. Two forming geometries, a truncated



H. Long et al.

Conventional

tool, TO tool, T2

Double offset

Journal of Materials Processing Tech. 326 (2024) 118311

Four-groove
tool, T4

Three-groove
tool, T3

Fig. 3. Tools tested: hemispherical tool (T0), double offset tool (T2) with offsets = 2 x 1 mm, rosette tools of 3-groove (T3) and 4-groove (T4) with groove depth

= 6 mm and groove width = 2.5 mm, using a radius of 5 mm for all tools.
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Fig. 4. Measurement of sheet vibration frequencies and amplitudes. (a) Position of Eddy current sensor; (b) Double offset tool T2 with offsets = 2 x 1 mm and
4-groove rosette tool T4 with groove depth = 6 mm and groove width = 2.5 mm.

hyperbolic cone and pyramid are designed because they have an
increasing wall angle with increasing forming depth thus an increasing
difficulty to deform the sheet without fracture. When forming the hy-
perbolic cone and pyramid geometries, the material experiences
different deformation modes; the hyperbolic cone is under plane strain
while for the hyperbolic pyramid the deformation varies between plane
strain and biaxial stretching. By testing two different geometries, the
effect of the tool designs on the material deformation modes can be
investigated.

Fig. 7a shows examples of the hyperbolic cone formed by using
AZ31B sheets. Fig. 7b,c show fracture depth and fracture strain results
from the tests using tools TO, T2 and T4 under different tool rotational
speeds, step sizes of 0.3 and 0.5 mm, and sheet thicknesses of 1 mm and
1.6 mm, respectively. For the tools tested, higher tool rotational speeds
significantly increase the fracture depth and fracture strain; however,
after reaching a certain speed limit, depending on the tool design, the
fracture depth starts to decrease. For the rosette tools tested, the rota-
tional speed range of 3000-6000 rpm has achieved an improved fracture
depth and fracture strain. Thicker sheets achieve the highest fracture
depth and fracture strain even under lower tool rotational speeds. A
smaller step size of the tool path slightly improves the fracture depth but
it shows a greater effect when tool T2 is used.

Without tool rotations, the sheet is fractured soon after the test starts,
with a very small fracture depth of 5.4 mm. By comparing the RV-ISF
using T4 with the FS-ISF using TO under rotational speed of 3000 rpm,
the fracture depth of 35.7 mm in the RV-ISF shows a 60% increase than
the fracture depth of 22.3 mm in the FS-ISF when forming 1.6 mm
thickness sheets, as shown in Fig. 7b. Tool T4 achieves greater fracture
depths and fracture strains than tool T2, as shown in Fig. 7b,c. T4 is able
to achieve higher fracture strains under lower rotational speeds than
that by T2, indicating each tool has its own optimised rotational speed
range. Considering T4 has much lower amplitudes than that of T2, these
results indicate that if the amplitudes created by a tool are too high, such
as that of T2, the fracture strain reduces. The difference in fracture depth
and strain results by using T2 and T4 also show that both vibration
amplitude and frequency are important for formability improvement.

To investigate the effect of material deformation modes on form-
ability in the RV-ISF, the hyperbolic pyramid is formed by using AZ31B
sheets of 1 mm thickness. The rosette tools with three-grooves T3 and
four-grooves of reduced grooved dimensions T4R, as shown in Fig. 8c,
are tested. Fig. 8a,b show examples of the hyperbolic pyramid formed
and the fracture depth obtained under different tool rotational speeds.
Fig. 8b shows all pyramid tests produce higher fracture depths than that
of the hyperbolic cone tests. This may be explained by the difference in
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Fig. 5. FE simulation of tool rotation induced sheet vibration in the RV-
ISF. (a) FE models using tool TO, T2, and T4; (b) Modelled sheet displacement
and vibration frequencies and amplitudes at tool-sheet contact.

sheet deformation modes between two geometries. The deformation
mode when forming a hyperbolic cone can be considered as plane strain.
In forming a hyperbolic pyramid, the deformation mode of the sheet
varies between plane strain and biaxial stretching, occurring at each
corner of the pyramid, which may cause the sheet fracture at these lo-
cations if employing the conventional ISF. However, by employing the
rosette tools, both vibration effect and frictional heating effect are
enhanced at the corners of the pyramid due to an increased contact area
between tool and deforming sheet that delays the sheet fracture. This
indicates that the RV-ISF process is capable of achieving higher form-
ability under multiaxial stress conditions. By comparing the fracture
depth obtained by using T4 and T4R, it shows that the tool T4R with
smaller groove dimensions operated under lower rotational speeds also
achieves excellent results of the fracture depth.

3.2. Correlation of force reduction with vibration and temperature

Fig. 9 shows the measured vertical tool force when forming the hy-
perbolic cone using AZ31B sheet of thickness of 1 mm by T2 and T4
under tool rotational speed of 7000 and 6000 rpm, respectively. The
selection of the different speeds for comparing the tool force results is
because they are the rotational speeds when T2 and T4 have achieved
their highest fracture depth respectively, as shown in Fig. 7b, as the
analysis is to evaluate the formability improvement. The tool force using
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TO without tool rotation is also presented as a reference. At the initial
forming stage, there is no obvious difference in the force-time histories
between tools TO and T4 by creating low vibration amplitudes. This is
because when forming a small wall angle of the cone at an early stage of
the process, the tool rotation induced vibration has not taken its effect of
impact on the sheet surface, as shown in Fig. 9a. As the process pro-
gresses, comparing time I, IT and III as shown in Fig. 9a,b, an increasing
effect of the tool-induced vibration results in greater cyclic variations of
the vertical force when the wall angle becomes greater with increasing
forming depth, which resulting in an increased contact area between
tool and sheet. Due to the different vibration amplitudes created by T2
and T4, it is clear that the vibration amplitude directly affects the var-
iations of the vertical tool force. By comparing the maximum vertical
force using TO and T4, the vertical force by using the rosette tool T4 in
RV-ISF is reduced to 46% of that in the SPIF by using TO.

Fig. 10 shows the measured vertical force and local sheet tempera-
ture together when forming the hyperbolic cone using AZ31B sheet of
thickness 1 mm by tool T4 under rotational speed of 6000 rpm. As can
be seen in Fig. 10a, the vertical force increases sharply at the initial
forming stage and reaches a maximum value of just below 400 N but
displays a sudden drop when the average temperature reaches 200 °C.
While the temperature continues to increase from 200 to 300 °C, the
forming force remains nearly unchanged which may be explained by a
balanced state due to strain hardening under increasing wall angle at
greater forming depth. The subsequent stage is a gradual reduction of
the forming force when the average temperature keeps an increasing
trend towards the end of the process, reaching a maximum value of
450 °C. The tool force reduction is closely correlated with the increase of
local sheet temperature as the material AZ31B is softened significantly
at the temperature range of 200-350 °C. As shown in Fig. 10b, when the
tool moves along its tool path, the local temperature of the sheet changes
cyclically, the temperature is the highest at the tool-sheet contact (zone
A) and it reduces while the tool moves away from the contact (zone B).

To compare the RV-ISF with the FS-ISF, Fig. 11 shows variations of
the measured vertical tool force and local sheet temperature from the FS-
ISF process when forming a hyperbolic cone using AZ31B sheet of
thickness 1.6 mm by tool TO, under rotational speed of 4000 rpm. Un-
like that observed in the RV-ISF, the vertical force continues a sharp
increase trend after the initial stage of the process, reaching the
maximum force of 720 N at time 260 s. As can be observed, the sheet
temperature only has significant increases after time 260 s, which re-
sults in a sharp reduction of the vertical force after time 300s. A
considerable large range of temperature variations can be seen and the
sheet temperature reaches a maximum temperature over 500 °C. Af-
terward, the vertical force shows a steady reduction trend. The consid-
erable temperature variations can be explained by the contact condition
of tool TO, which is in full contact with the sheet during the entire
duration of the process. It is difficult to control frictional heating to
achieve a uniform sheet temperature that is desirable to improve the
formability. These observations are in agreement with the reported
limitations of the FS-ISF by Xu et al (Xu et al., 2016, 2013, 2014). and Lu
et al (Lu et al., 2014). It is clear that the elevated sheet temperature is
directly correlated with the dramatic reduction of the vertical forming
force after time 300 s. Comparing the two processes, in the RV-ISF, the
temperature variation is relatively uniform, maintaining an increasing

Table 1
J-C model parameters and material properties of AA5052 used in FE vibration modelling.
J-C yield strength J-C hardening J-C strain hardening J-C softening Melting temperature Tmert Reference temperature Ty¢
A (MPa) coefficient exponent, n exponent, m (K) (X)
B (MPa)
170 325.4 0.5119 0.8577 893 298
J-C strain rate Reference strain rate Density (kg/m®) Young’s modulus Poisson’s ratio Coefficient of friction
constant, C Eror(s™h) (MPa)
0.02 0.1 2680 69300 0.33 0.05
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Fig. 6. Comparison of FE modelled and experimental measured vibration frequencies and amplitudes in the RV-ISF. (a) T2 and (b) T4, under rotational speed
of 2000 and 3000 rpm.

Table 2
Characterisation of frequencies and amplitudes of sheet vibration in RV-ISF.

Tool T4 (rosette tool, D=6mm & W=2.5mm) Tool T2 (double offset = 2 x 1 mm)

T4 at 2000 rpm ‘ T4 at 3000 rpm T2 at 2000 rpm ‘ T2 at 3000 rpm
Reference frequency (Hz) = Number of tool offsets or grooves x Tool rotational speed / 60
133.33Hz | 200Hz 66.67Hz | 100Hz

FE modelled frequencies and amplitudes FE modelled frequencies and amplitudes

66.67Hz 133.33Hz | 100Hz 200Hz 66.67Hz | 133.33Hz | 100Hz 200Hz
2.06pum 15.96um | 0.99um 8.04um | 33.19um | 41.05um | 31.48um | 13.20um

Measured frequencies and amplitudes Measured frequencies and amplitudes
68.36Hz 136.72Hz | 103.52Hz | 205.08Hz | 68.36Hz | 136.72Hz | 101.56Hz | 203.13Hz

1.97um 11.15um | 2.05um 4.15um | 81.53um | 31.01um | 64.67um | 18.37um
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Fig. 7. Formability evaluation of AZ31B hyperbolic cones by TO, T2 and T4. (a) Samples formed by sheets of thickness of 1 and 1.6 mm; (b) (c) Fracture depths

and strains under different rotational speeds.

trend until the end of the process. Due to the relative uniform temper-
ature variations, resulted from a reduced contact area by using the
rosette tool thus a reduction of frictional heating, it achieves less sharp
reductions of the vertical force following the sheet temperature in-
creases. As a result, the fracture depth has a 60% increase by the RV-ISF
than that by the FS-ISF, as shown in Fig. 7b.

3.3. Effects of tool design and rotational speed on tool force and sheet
temperature

Fig. 12 shows the time history of peak vertical force and temperature
by T2 and T4 when forming the hyperbolic cone under different tool
rotational speeds. Both tools produce relatively steady sheet tempera-
ture increases and vertical force reductions in the RV-ISF, different from
that produced by TO in the FS-ISF. It is clear that employing T2 produces
the highest reduction of the vertical tool force; however, T2 under
rotational speed of 4000 and 5000 rpm only produces the maximum
peak temperature below 250 °C, while under rotational speed of
7000 rpm, it reaches the maximum value of 350 °C. In contrast, under
rotational speed of 5000 and 6000 rpm, T4 achieves the maximum
temperature above 400-450 °C, while at 4000 rpm, the sheet tempera-
ture maintains at the level of 250 °C after the initial stage of the process.
The higher temperatures achieved by T4 may be explained by the
greater frequency of the tool-sheet contact by T4 of four grooves than
that by T2 of two offsets. Due to higher and stable sheet temperatures
achieved by T4, the RV-ISF process enables forming at elevated tem-
peratures of AZ31B sheet to achieve significant formability

improvement, as presented in Section 3.1. Comparing the vertical tool
force histories, T2 and T4 produce different force variation patterns,
showing that T2 with high vibration amplitudes creates greater vibra-
tion effect and greater force reduction earlier in the process than that by
T4, as it takes longer for T4 to create vibration effect, depending on
groove dimensions. T4 also produces obvious vertical force variations at
times between 150-500 s. Although achieving highest vertical force
reductions by T2, the sheet fractures earlier at a considerable lower
fracture depth than that by T4. It is clear that between the force
reduction and temperature increases, the latter plays a more important
role in formability improvement.

Fig. 13 shows the time history of peak vertical force and temperature
by T2, T3 and T4R when forming the hyperbolic pyramid under different
tool rotational speeds. The selection of the different speeds for
comparing the tool force and temperature results is because they are the
rotational speeds used for achieving the highest fracture depth by each
tool, as shown in Fig. 8b. Similar force variation patterns can be
observed in forming two different geometries of cone and pyramid by T2
and T4; whilst T2 leads to the biggest reduction of the vertical tool force.
T3 with groove depth of 6 mm and width of 2.5 mm causes greater
vertical force reductions than that by T4R of a reduced groove depth of
4 mm and width of 2 mm. This indicates that the bigger groove depth,
the greater vibration effect of the rosette tool on the deforming sheet,
resulting in greater force reduction. From the temperature results, T3
produces a highest temperature increase up to 360 °C at the final stage
of the process; while T2 and T4R both maintain a stable temperature
around 250 °C but also achieve greater fracture depths. However, T2
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Fig. 8. Formability evaluation of AZ31B hyperbolic pyramids by using T2, T3, and T4R. (a) Pyramid samples formed by sheets of thickness of 1 mm; (b)
Comparison of fracture depths of hyperbolic pyramid with that of hyperbolic cones under different conditions; (c) Groove dimensions of rosette tools.

requires higher tool rotational speeds than that by T3 and T4R to
improve the fracture depth; this is because T2 has a lower frequency of
tool-sheet contact than T3 and T4R under the same tool rotational speed.
This indicates both temperature increase and tool-sheet contact fre-
quency are important factors for improving the fracture depth.

The experimental results of the formability study show that signifi-
cant sheet temperature increases and tool force reductions have
occurred in the RV-ISF process; these lead to significant formability
improvement of material AZ31B. It is hypothesised that the thermal
effect and vibration softening are the key mechanisms for the improved
formability of a hard-to-form material in the RV-ISF:

A. Thermal softening due to heat generation created by

e friction due to tool sliding resulted from tool rotation and feeding
motion. This effect is similar to that in the FS-ISF but with a reduced
degree due to the reduced contact area using the rosette tool;

o plastic deformation of the sheet material and tool-sheet surface cy-
clic contact under a high strain rate.

B. Vibration softening due to the flow-stress reduction by

e superimposition of the oscillating dynamic load due to tool rota-
tional vibration onto the quasi-static forming load due to tool feeding
along ISF tool path;

e dislocations activated by low-frequency and low-amplitude vibration
created by rotations of the rosette tool.

10

4. Discussion of softening mechanisms in the RV-ISF
4.1. Evaluation of thermal effect

Heat generation due to frictional heating and material plastic
deformation is essential in increasing the sheet temperature locally to
improve the material formability at elevated temperatures. To evaluate
effects of various factors on temperature variations in the RV-ISF, the
theoretical model of temperature prediction proposed by Giuseppina
et al. (2016) for conventional ISF is applied to the RV-ISF process by
considering key characteristics of the RV-ISF. In the RV-ISF, the heat
generation, Q;, consists of heating from the plastic deformation, surface
friction due to tool rotation speed w, and tool feed v, these three ele-
ments are expressed respectively in Eq. (4). As shown in Fig. 14, by
integrating along the meridional direction i and circumferential direc-
tion j of the forming geometry respectively, the heat generation over
time increment At; can be expressed as:

Qj; = AVjoiiei + uFjwLAt + pFvAt; (€)]
where Vj; is the volume of the contact area A; as analysed in Section 2.1;
ojj is the material flow-stress as a function of the plastic strain ¢, plastic
strain rate &; and temperature Tj; defined by the J-C model as given in
Eq. (3). By applying elementary analysis of the sheet deformation, it can
beshown t; = tocosa, & = 2[In(t1 /to) |/v3 and &; = [(1 —sina)/(27)]At.
Fj is the load applied on the contact area by the tool. y is coefficient of
friction and A is the percentage of the plastic deformation energy
transformed to heat. It is assumed that the friction heat generation is
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Fig. 9. Variation of vertical force in forming hyperbolic cones of AZ31B sheet of thickness 1 mm by T2 and T4. (a) Force-time history during a full RV-ISF
process, minor effect of tool vibration at early stages of the process, time I and II; (b) Comparison of force variations using T2 and T4 when a full tool vibration

gradually established at the later stage of the process, time III.

uniform between the tool and deforming sheet, and is equally dissipated
into the tool and sheet. Considering heat losses from the heat affected
zone, the heat conduction within the sheet blank, Q’u can be expressed
as

0, = k(T T,) [ )

11

where d;; is the diameter of the heat affected zone. In this analysis, it is
assumed that d;; can be determined by assuming the arc length of the
contact area to be equivalent to the heat affected zone, as illustrated in
Fig. 14.Heat transfer between sheet and tool, Q’,:t, as well as from the

sheet to surrounding air, Q{:a, can be expressed respectively in Egs. (6)
and (7):
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Fig. 11. Time history of vertical forming force and local sheet temperature in forming a hyperbolic cone using AZ31B sheet of thickness 1.6 mm by TO at 4000 rpm.

T_T .
0, = z_.lj i Ay, ®) deforming sheet can be expressed as
bndy T KAy Qi+ 2,0, + 0\ + 0
. AT,j _ g Z] i it ia (8)
Ol = he(Ty — T.) Ay @ CpMy
By combining the elements of heat generation, heat conduction and where my; is the mass of the contact area. To determine Fy, the measured
heat transfer given in the above, the local temperature increase of the peak vertical force in forming the hyperbolic pyramid of AZ31B sheet of

12
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Fig. 13. Peak vertical tool force and sheet temperature in forming hyperbolic pyramids using AZ31B sheets of thickness 1 mm by T2, T3 and T4R.

thickness 1 mm by using T2 and T4R is utilised. The predicted temper-
ature results using Eq. (8) are shown in Fig. 15. The J-C model param-
eters, material mechanical and thermal properties used in the
calculation are listed in Table 3.

Fig. 15a shows that the predicted temperature agrees well with the

13

measured peak temperature in the RV-ISF test by using T4R. To un-
derstand the heat generation and heat transfer on temperature varia-
tions of the deforming sheet during the RV-ISF, Fig. 15b shows heat
gains and losses within the sheet at time 450 s when using the rosette
tool T4R. At this stage, the frictional heating is the highest contributor to
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the heat gain, and this is followed by the heat generation from the sheet
plastic deformation. Heat conduction within the sheet blank is the main
source of heat loss at the heat affected zone. Heat loss by transfer to the
grooves of the rosette tool increases with the forming depth and this
contributes to the stabilised temperature from the middle to end stages
of the process. The interaction of heat generation, conduction and
transfer plays an important role in temperature variations of the
deforming sheet thus uniquely determines the fracture depth.

A parametric evaluation of temperature increases under different
tool rotational speeds is shown in Fig. 15¢,d. The tool rotational speed is
the most important variable influencing the heat generation, as also
observed from the measured temperature results. Tool design is critical
to control frictional heating due to its effect on contact area and dura-
tion. Fig. 15d compares the temperature increases by varying the contact
interval parameter k. For double offset tool T2 and grooved tool T4, as
the tool creates periodic surface contacts with the wall of the formed
part, the frictional heating is reduced when compared with that in the
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Fig. 15. Temperature prediction when forming the AZ31B hyperbolic pyramid in the RV-ISF. (a) Comparison of measured and predicted temperatures based
on the measured peak vertical force. (b) Predicted heat grains and heat losses at time 450 s (c) Predicted temperature increases under different rotational speeds by
T2. (d) Predicted temperature increases when using different tools at 3000 rpm, k is a parameter to define the tool-sheet contact intervals, for TO, k = 1; T2, k = 5/9;

T4, k = 7/9.

Table 3

J-C model parameters, mechanical and thermal properties of AZ31B used in the RV-ISF temperature prediction calculation.

J-C yield strength J-C hardening J-C strain hardening

J-C softening exponent, m Reference strain Melting & air

A (MPa) coefficient exponent, n rate temperature
B (MPa) br (s7) Tmeit & Ta (°C)
172 360 0.456 0.95 0.008 627 & 35
J-C strain rate Density p(kg/m®) Specific heat capacity c,(J/ Thermal conductivity k,,(W/ Convection Coefficient of friction p
constant, C (kg K)) (m K)) coefficient
he(W/(m® K))
0.092 1800 1000 96 1000 0.15
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FS-ISF using TO. Under the same tool rotational speed, the contact area
of different tools is also different, depending on the dimensions of
groove or offset design along the tool circumference. Both lead to dif-
ferences in frictional heat generation in the RV-ISF process.

By conducting comprehensive RV-ISF experimental tests under
various process conditions, it has been observed that each tool design
requires a different range of the rotational speed to achieve greater
temperature increases. T4 tools require lower rotational speeds than that
by T2 and T3 to achieve formability improvement because of its greater
tool-sheet contact frequency. However, if the rotational speed employed
is too high and beyond a specific speed limit for a tool, the sheet will fail
at a reduced fracture depth. The results obtained from the experiment
and prediction have also suggested that maintaining a stable tempera-
ture condition is the main factor for the formability improvement while
the vibration has a greater effect on the forming force reduction in the
RV-ISF. The effects of the vibration amplitude and frequency on vibra-
tion softening is discussed in the following section.

4.2. Evaluation of vibration softening

As observed by Langenecker (1966) and discussed by Yao et al.
(2012) and Zhou et al. (2018), the vibration softening takes its effects
through stress superimposition and dislocation activation to reduce the
material flow-stress thus improving the formability. In the RV-ISF, the
oscillating dynamic loading due to the rotational vibration by the rosette
tool can cause the flow-stress reduction by stress superimposition and
dislocation activation. Yao et al. (2012) and Wang et al. (2016) proposed
an analytical method to quantify the vibration softening in the ultra-
sonic vibration-assisted uniaxial tension. By applying the analytical
method proposed in their studies, the material flow-stress reduction in
the RV-ISF, Ac, caused by vibration softening can be considered as a
combination of stress superimposition, Acsy, and dislocation activation
by vibration energy, Aoy

Ao = A(Fsy + AO'V (9)

Aogy = — K&, (10)
E m _ ) )

Aoy = — M7 z where E = yp&, o, a1

where & and w,, are the equivalent vibration amplitude and angular
frequency respectively; p is the material density; K is the strength co-
efficient and n is the hardening exponent of the material. y is a
geometrical constant in calculating the equivalent polar moment of
inertia of a specific geometry of the tool, it can be derived that y = 0.2
for T2 tool and 0.5 for T4 tool. E is the vibration energy density, 7 is the
mechanical threshold for activating dislocation of a given material; M is
the Taylor factor, f and m are parameters to be found by experiments. To
quantify the effect of the vibration activated dislocation, these key pa-
rameters need to be determined experimentally, as investigated by Yao
et al. (2012) and Wang et al. (2016). From these previous studies, it is
clear that the vibration softening is influenced by both amplitude and
frequency of the vibration. However, based on the RV-ISF experimental
data in this study, it is only possible to qualitatively evaluate the effect of
the vibration softening.

To evaluate effect of the stress superimposition and vibration energy
on the flow-stress reduction, Acsy and Aoy are calculated by deter-
mining the equivalent vibration amplitude and frequency:

Sy = K& + (1 = K)&, and w4 = kwy + (1 — k)0, 12)
where ¢; and £ are vibration amplitudes at two most dominating vi-
bration frequencies w; and wz measured in the experiment, as shown in
Table 2. The equivalent vibration amplitude &, and frequency w., are
determined by selecting a parameter «, the proportional percentage of
two vibration peaks contributing to the equivalent values as defined in
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Eq. (12). Based on the experimental measured vibration data presented
in Table 2 and by varying « as 1 and 0.5 respectively, Fig. 16 shows the
predicted flow-stress reduction due to stress superimposition, Acsy, and
vibration energy for activating dislocation,Acy, respectively. The values
of the parameters used in the calculations are K = 324 MPaandn = 0.14
from Jaimin et al. (2023), M =3.06, f=207.9, m =0.5 and 7
= 138 MPa from Yao et al. (2012). From the predicted results, it can be
observed that the flow-stress reduction due to stress superimposition is
greater than that due to the effect of vibration energy activated dislo-
cations, which agrees with the experimental observation of the vertical
force reduction discussed in Section 3.3. The vibration amplitude, in
comparison with the vibration frequency, has a greater effect on the
stress reduction; T2 tool with a greater amplitude of 18-80 um has a
greater effect than that by T4 of a small amplitude of 2-11 pm.

At the same temperature and strain rate, the flow-stress behaviour of
magnesium alloy AZ31B is influenced by average dislocation density,
which is decreasing due to dynamic recovery and dynamic recrystalli-
zation, but increasing due to work hardening. As discussed by Chen et al.
(2019), before dynamic recrystallization, the flow-stress increases with
the increasing strain because the average dislocation density increases
under the combined effect of work hardening and dynamic recovery.
When the average dislocation density reaches a critical value, dynamic
recrystallization will be initiated. Under the combined effect of work
hardening, dynamic recovery and dynamic recrystallization, the
flow-stress will gradually decrease, and may reach a steady state when a
balance is reached among these three conditions. To ascertain if the
rotational vibration condition in the RV-ISF has activated dislocations
and dynamic recrystallization, the following section evaluates the
microstructure evolution of samples cut from the formed AZ31B hy-
perbolic cones and the EBSD scanning of the samples is performed.

4.3. Analysis of microstructural evolution

Fig. 17a illustrates the location of sheet samples cut from the AZ31B
hyperbolic cones obtained in the RV-ISF formability experiment for the
EBSD analysis. Fig. 17b shows the average grain size and proportion of
low-angle grain boundaries (LAGBs) vs. measured micro hardness of the
samples. Fig. 17c-e show grain distributions and inverse pole figure
(IPF) maps. Fig. 18 shows Kernel Average Misorientation (KAM) distri-
bution and area fraction of misorientation angles of the microstructure
as-received, formed by T2 and T4 under rotational speed 6000 rpm,
respectively. It can be observed that grain sizes of the microstructure
after RV-ISF are reduced from the as-received. The average grain sizes
formed by T2 and T4 are similar, approximately 2.7 um. Fig. 18 also
shows considerable grain rotations by T4; however, the proportion of
LAGBs produced by using T2 with larger vibration amplitudes is smaller
than that by T4 with lower vibration amplitudes. The KAM distribution
by T2 is smaller than that by T4, indicating that the dislocation density
by T2 is lower.

A visible delamination of grain orientations can be observed in the
grain distribution map by using T2, as shown in Fig. 17d. This is because
the low-frequency vibration created by T2 has a limited transmission
capacity in the sheet thickness direction. Therefore, the grains close to
the tool-sheet contact surface are easier to rotate under the effect of
vibration energy and large shear stresses. The orientation of grains near
the tool-sheet contact surface has changed significantly by high vibra-
tion amplitudes using T2, and the LAGBs are gradually transformed to
high-angle grain boundaries. On the other hand, through-thickness
microstructure transformation can be observed in the microstructure
produced by T4, as shown in Fig. 17e. This can be resulted from higher
dislocation density and higher temperature generated by T4 than that by
T2, leading to the activation of dynamic recrystallization in the micro-
structure produced by T4. This observation agrees with the findings by
Siu et al. (2011), that the enhanced subgrain formation by the ultra-
sound vibration was proved to be a lot greater than that due to the heat
that it generated within the metal. As shown in Fig. 17, the IPF map of
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Fig. 16. Predicted flow-stress reductions caused by stress superimposition Acsy and vibration energy Aoy respectively, using the experimental measured

amplitudes and frequencies.

the as-received microstructure has a strong texture in base {0001}; the
pole density centre is along the normal direction, while the texture
components in {10—10} and {11—-20} are weak. Because the dynamic
recrystallization has been activated by T4, the pole density centre
gradually rotates from the normal direction to the rolling direction,
resulting in the change of grain orientations and texture directions. The
microstructure produced by T2 does not show an obvious dynamic
recrystallization, and the effects of the surface shear stress and vibration
field have not changed the texture orientation, however, they have
caused a decrease of small grain misorientation angles. In addition, an
obvious bimodal structure of the pole density in base plane {0001} could
be considered to be caused by the twinning in the {11—20} plane,
indicating that there are abundant deformation twins in the AZ31B
samples under the effect of severe plastic deformation by using T4 with
low vibration amplitudes in the RV-ISF.

The elevated temperature and low-frequency vibration created by
using T2 and T4 have resulted in enhanced micro hardness of the
microstructure. Fig. 17b compares the proportion of the LAGBs with the
measured micro hardness results of the samples. It is observed that the
RV-ISF with low-frequency vibrations using either T2 (high amplitudes)
or T4 (low amplitudes) has improved the micro hardness when
compared with that of the as-received material. The micro hardness is
further enhanced when using the T2 tool with higher vibration ampli-
tudes in the RV-ISF.

In summary, the evaluation and analysis in this section have shown
that the thermal and vibration softening mechanisms are the main
contributors to the formability improvement in the RV-ISF. The thermal
softening is achieved by heat generation from interfacial friction and
plastic deformation while the vibration softening is attained by the flow-
stress reduction through the stress superimposition and activated dis-
locations by using the rosette tool in the RV-ISF, both enhance the
formability. Furthermore, the severe plastic deformation in the RV-ISF
has produced the refined grain structures and increased micro hard-
ness of the AZ31B samples. The additional effect of the low-frequency
and low-amplitude vibration created by the tool rotation using the
novel rosette tool design T4 in the RV-ISF process has achieved the
elevated temperature of 250-450 °C, resulted in higher proportion of
LAGBs and dislocation density, and the activation of dynamic recrys-
tallization, significantly enhancing the formability of a hard-to-form
material.

5. Conclusions

The aim of this study is to develop a new rotational vibration assisted
ISF (RV-ISF) process by employing a novel type of rosette tool design to
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improve the material formability. By investigating the capability of the
RV-ISF in processing magnesium alloy AZ31B, the mechanisms of the
thermal effect and vibration softening on the formability enhancement
are investigated. The following conclusions may be drawn:

1) By developing the rosette tools for the first time, low-frequency and
low-amplitude vibrations of the deforming sheet have been created,
in the range of 67-400 Hz and 2-11 um respectively by tool T4, to
enable rotational vibration-assisted ISF of a hard-to-form material,
without the need of using additional systems or devices. Double
offset tool T2 has created much higher vibration amplitudes in the
range of 18-80 pym.
By using the rosette tools, the RV-ISF has attained elevated temper-
atures in the range of 250-450 °C, leading to a significant formability
improvement of the material. It has shown a 60% increase of fracture
depth than that by the FS-ISF when forming hyperbolic cones by
using T4 tool. Greater fracture depths are obtained in forming hy-
perbolic pyramids than that in forming hyperbolic cones, indicating
that the RV-ISF is capable of achieving higher formability under
multiaxial stress conditions.
3) Considerable reductions of the vertical forming force, more than
46%, are observed by using rosette tools of T2, T3, T4 and T4R in the
RV-ISF than that in the conventional ISF. T2 tool with higher vi-
bration amplitudes results in the highest reduction of the vertical
forming force. T3, T4 and T4R tools with smaller vibration ampli-
tudes have maintained stable temperature increases and attained the
lowest vertical force at the later stage of the RV-ISF process,
achieving highest fracture depths.
The RV-ISF of AZ31B sheets by using T4 tool has activated micro-
structure dislocations and dynamic recrystallization, and produced
refined microstructural grains, considerable grain rotations and
increased micro hardness. The microstructure produced by T2 tool
has shown a lower degree of dislocations but no obvious dynamic
recrystallization observed. However, micro hardness by T2 tool is
higher than that by T4 tool owing to much higher vibration ampli-
tudes created by T2 tool.

5) The combined thermal effect and vibration softening is the key
mechanism leading to the significant formability enhancement. The
rosette tool design has a critical effect on both frictional heating as
well as vibration frequency and amplitude, while the tool rotational
speed is the most important process variable influencing frictional
heating and vibration frequency. With a higher vibration frequency
and longer tool-sheet contact duration, it increases frictional heating,
enhancing thermal softening. The groove dimensions of the rosette
tool affect vibration amplitudes and the number of grooves of the
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rosette tool determines vibration frequencies, thus both are critical to
vibration softening.

Analytical prediction of the flow-stress reduction due to vibration
softening shows that the effect from the stress superimposition is
greater than that from the vibration activated dislocations. Further
investigations to quantify the effect of vibration softening can
advance the current understanding for developing vibration-assisted
sheet forming technologies. Future studies on optimisation of the
rosette tool design and selection of the key process parameters in the
RV-ISF can lead to the realisation of its full potential to improve the
formability when processing different types of materials and com-
plex geometries in manufacture sheet metal products.
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