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Abstract 

With the generation of both localised thermal and vibration in incremental sheet forming (ISF) by novel tool designs, rotational vibration 
assisted ISF (RV-ISF) can achieve significant force reduction and material softening. However, the combined thermal and vibration softening 
in RV-ISF is unclear. By evaluating the similarities and differences of friction stir ISF (FS-ISF) and RV-ISF, this study develops a novel 
approach to decouple and quantify the thermal and vibration softening effects in RV-ISF of AZ31B-H24, providing new insights into 
underlying thermal and vibration softening mechanism. Experimental results reveal that in RV-ISF of AZ31B-H24 the thermal softening due 
to frictional heating dominates with 45 ∼ 65 % of softening, while the vibration effect only contributes up to 15 % of softening, from the 
conventional ISF, depending on the tool designs and tool rotational speed. The double-offset tool (T2) produces greater vibration softening 
than the three-groove tool (T3) owing to the higher vibration amplitude of the T2 tool. An increase in tool rotational speed primarily 
enhances thermal softening with only marginal changes to the vibration effect. Microstructural analysis suggests that with average grain size 
of 0.94 µm at the top layer, RV-ISF with T3 and 3000 rpm is more effective for microstructure refinement than that by FS-ISF, especially on 
the tool-sheet contact surface, which confirms the occurrence of surface shearing. This refinement is a result of the reduced recrystallisation 
degree, 71.8 % at the top bottom layer. Compared with FS-ISF, RV-ISF can lead to not only higher geometrically necessary dislocation density, 
but also higher fraction of low-angle grain boundaries, indicating that softening mechanism due to localised vibration effect is resulted from 

the enhanced rearrangement and annihilation of dislocations. These findings contribute to new understanding of the thermal and vibration 
softening effects in RV-ISF of AZ31B-H24 and offer a theoretical foundation for the tool design and process optimisation. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Magnesium alloys, particularly AZ31B, are widely appli- 
cable in lightweight engineering due to their high specific 
strength, damping capacity, and recyclability, making them 

significant in aerospace, automotive, and biomedical appli- 
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cations [ 1–3 ]. In recent years, numerous studies have been 

reported aiming to enhance the performance of magnesium 

alloys. Momeni et al. [ 4 ] revealed that precipitation hardening 

of ZK60Gd reinforced with 5–10 wt% SiC improves hardness 
and wear resistance by altering key wear mechanisms, with 

10 wt% SiC showing the best performance. While for AZ31, 
the addition of 5–20 wt% bimodal size B4 C can improve the 
wear resistance, with 10 wt% B4 C showing optimal perfor- 
mance [ 5 ]. However, the strong texture and plastic anisotropy 

cause limited ductility and formability of the material [ 6 , 7 ]. 
This intrinsic challenge has prompted extensive research into 

advancing forming techniques capable of overcoming these 
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Nomenclature 

Symbol Term (Unit) 

r Distance from the studied position to the tool 
centre (mm) 

ϕ Angle from the studied position to the tool 
rotational axis (rad) 

θ Angle from workpiece meridional cross- 
section to studied position (rad) 

rtool Radius of the forming tool (mm) 
t Sheet thickness of the contact area (mm) 
t0 Initial sheet thickness (mm) 
tm Mean thickness (mm) 
t′ Sheet thickness after the last contact (mm) 
�t Thickness reduction from the last contact to 

the current contact (mm) 
α Actual drawing angle (rad) 
β Indentation angle in the workpiece meridional 

direction (rad) 
β1 Angle induced by forming tool increment in 

workpiece meridional direction (rad) 
εm Mean equivalent plastic strain of the contact 

area 
εm 

′ Mean equivalent plastic strain after the last 
contact 

εmax Maximum equivalent plastic strain of the con- 
tact area 

εmax 
′ Maximum equivalent plastic strain after the 

last contact 
τ Duration time for the completion of deforma- 

tion in the current contact (s) 
υ Feed rate (mm/min) 
ε̇m Mean strain rate of the localised deformation 

in ISF (s−1 ) 
ε̇max Maximum strain rate of the localised defor- 

mation in ISF (s−1 ) 
σ m Mean equivalent stress in the constitutive 

model (MPa) 
σ 0 Flow stress at reference strain rate and tem- 

perature 
ε Equivalent plastic strain in the constitutive 

model 
ε̇∗ Homologous strain rate in the constitutive 

model 
ε Strain rate in the constitutive model (s−1 ) 
ε̇0 Reference strain rate in the constitutive model 

(s−1 ) 
A Initial yield strength at reference strain rate in 

the constitutive model (MPa) 
B Material constant in the constitutive model 

(MPa) 

n Material strain hardening exponent in the con- 
stitutive model 

C Strain rate sensitivity exponent in the consti- 
tutive model 

T∗ Homologous temperature in the constitutive 
model 

T Temperature in the constitutive model (K) 
T0 Reference temperature in the constitutive 

model (K) 
Tmelt Melting temperature (K) 
C0 , C1 , C2 Material constants to reflect the temperature 

dependence of strain rate in the constitutive 
model 

KT −FS Thermal softening coefficient in FS-ISF 

KT −RV Thermal softening coefficient in RV-ISF 

KVib Vibration softening coefficient in RV-ISF 

F Vertical forming force (N) 
FFS Vertical forming force in FS-ISF (N) 
FRV Vertical forming force in RV-ISF (N) 
FC Vertical forming force in C-ISF (N) 
�F Vertical forming force reduction (N) 
�FT −FS Vertical forming force reduction due to ther- 

mal effect in FS-ISF (N) 
�FT −RV Vertical forming force reduction due to ther- 

mal effect in RV-ISF (N) 
�FVib Vertical forming force reduction due to vibra- 

tion effect in RV-ISF (N) 
�σ m Mean equivalent stress reduction (MPa) 
�σ T Tensile stress reduction due to thermal effect 

(MPa) 
�σ Vib Tensile stress reduction due to vibration effect 

(MPa) 
FFS3000 Vertical forming force in FS-ISF with 

3000 rpm (N) 
σ T −FS Material flow stress at the temperature 

recorded in FS-ISF (MPa) 
σ T −FS3000 Material flow stress at the temperature 

recorded in FS-ISF with 3000 rpm (MPa) 
σ T −RV Material flow stress at the temperature 

recorded in RV-ISF (MPa) 
σ room Material flow stress at room temperature in 

C-ISF (MPa) 
�FT −FS −RV Difference of vertical forming force due to the 

temperature difference in FS-ISF and RV-ISF 

with the same rotational speed (N) 
ρ Dislocation density (mm−2 ) 
γ Constant correlating with the geometry of the 

grain boundaries 
ϑ Mean KAM (Radians) 
u EBSD step size ( µm) 
b Magnitude of the Burgers vector (nm) 
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limitations while maintaining material integrity and improv- 
ing formability. To address this, Tayebi et al. [ 8 ] revealed 

that the microalloying Mg-Al-Mn alloy with Zr and Sc, pro- 
cessed by extrusion, can refine the microstructure, enhance 
the mechanical strength and ductility obviously. Zhang et al. 
[ 9 ] revealed that the electrical pulse–ultrasonic treatment of 
AZ31 Mg sheets can promote the dynamic recrystallisation 

and reduce the deformation resistance, enhancing formability. 
In the forming of magnesium alloy sheets, including AZ31B 

sheets, conventional sheet forming methods, such as stamping, 
deep drawing, and hydroforming, often require elevated tem- 
peratures to enhance the ductility of AZ31B sheets by activat- 
ing non-basal slip systems and grain boundary shearing [ 10 ]. 
While these approaches partially address formability issues, 
significant drawbacks are introduced, including high energy 

consumption and grain coarsening [ 11 ]. Additionally, the need 

for expensive dedicated dies and tooling makes these meth- 
ods economically impractical for small-batch or customised 

production. These limitations highlight the necessity for de- 
veloping innovative forming strategies that combine process 
flexibility, cost-effectiveness, and material performance. In- 
cremental sheet forming (ISF) has emerged as a flexible die- 
less forming process that overcomes many limitations of tra- 
ditional sheet forming methods. By deforming sheets incre- 
mentally using a computer numerical controlled tool, ISF im- 
proves the formability of sheet materials and eliminates the 
need for dedicated dies, enabling rapid prototyping and cost- 
effective customisation [ 12 , 13 ]. To further enhance the feasi- 
bility of ISF in processing hard-to-form materials including 

AZ31B, heat-assisted ISF is usually used. Zhang et al. [ 14 ] 
developed a new warm ISF processing method with oil bath 

heating to improve the formability of AZ31B. Duflou et al. 
[ 15 ] and Lehtinen et al. [ 16 ] developed laser-assisted ISF us- 
ing a laser beam to locally heat the sheet metal to enhance 
the formability and forming accuracy. Al-Obaidi et al. [ 17 ], 
Ambrogio et al. [ 18 ] and Li et al. [ 19 ] developed induction 

heat-assisted ISF by employing electromagnetic induction for 
efficient contactless heating. Fan et al. [ 20 ] developed electric 
hot ISF and electropulsing assisted ISF to heat the sheet by 

creating electric current, which is ideal for high-strength al- 
loys, while Ao et al. [ 21 ] reported that in the developed elec- 
tropulsing assisted ISF, the electropulsing had an effect on the 
weakening of anisotropy behaviours of Ti-6Al-4 V as well as 
the appearance of dynamic recovery, dynamic recrystallisation 

and phase transformation structure. Zhang et al. [ 22 ] applied 

the electric hot ISF in forming AZ31B sheet and revealed that 
Joule heating promotes dynamic recrystallisation, enhancing 

formability through the transition from twinning/slip to dy- 
namic recrystallisation. Otsu et al. [ 23 ] developed friction stir 
ISF (FS-ISF) by utilizing friction heating from a rotating tool 
to soften the material locally. Zhan et al. [ 24 ] proposed a new 

two-stage FS-ISF to achieve microstructure uniformity and 

enhancement of mechanical properties in aluminium alloys. 
Zhu and Ou [ 25 ] developed heat-assisted FS-ISF with flexi- 
ble heating tapes to heat the bottom surface of the sheet while 
the tool-sheet friction to heat the top surface of the sheet to 

achieve a uniform through-thickness temperature distribution. 

However, heat–assisted ISF is usually not energy–efficient, 
considering the low heat exchange efficiency. 

Apart from the heating effect, the vibration effect also has 
benefit to the material softening and the formability improve- 
ment in ISF process. Vahdati et al. [ 26 ], for the first time, pro- 
posed ultrasonic vibration assisted ISF (UV-ISF), which helps 
in reducing the average vertical forming force and springback. 
The UV-ISF is beneficial for forming high-strength sheet met- 
als and lightweight alloys. Besides the forming force reduc- 
tion, Amini et al. [ 27 ] reported that the use of ultrasonic vibra- 
tion in the ISF process can also improve the material forma- 
bility. Li et al. [ 28 ] confirmed that the ultrasonic vibration 

can reduce the forming force and improve the surface qual- 
ity of ISF. Li et al. [ 29 ] found that after applying ultrasonic 
vibration, the material flow area increased dramatically, with 

the vibration amplitude having a much greater effect than the 
vibration frequency, which is similar with the acoustic soft- 
ening effect. Long et al. [ 30 ] found that the materials with 

higher yield stress tend to experience more substantial form- 
ing force reduction and a greater temperature rise, and that in- 
creasing ultrasonic power or reducing the tool feed speed fur- 
ther amplifies these effects. The authors also found that with 

higher vibration amplitude, the smaller tools can also achieve 
force reduction and temperature rise effect similar to that by 

larger tools. Cheng et al. [ 31 ] built up a finite element (FE) 
simulation method to simulate the high-frequency vibration 

in UV-ISF with development of a hybrid constitutive model 
combining the phenomenological, thermal activation and dis- 
location annihilation models. In their study, it was revealed 

that with the presence of relatively larger grains coupled with 

an increase in low-angle grain boundaries (LAGBs), it was 
suggested that ultrasonic vibrations trigger dynamic recovery 

in the material. However, UV-ISF requires an additional ul- 
trasonic generator, increasing the complexity and cost of the 
tooling. 

By providing tool rotation, the same as that in FS-ISF, but 
with novel tool designs, Lu et al. [ 32 ], Wu et al. [ 33 ], De- 
wangan et al. [ 34 ] and Long et al. [ 35 ] proposed a new ISF 

variant with tool rotation induced vibration (V-ISF) or rota- 
tional vibration assisted ISF (RV-ISF) to generate both ther- 
mal and vibration effect in localised deformation area. The 
tools developed by Lu et al. [ 32 ] have single or double offset 
but with round or curved surface shapes. The tool rotation 

induced vibration leads to the large surface shear deforma- 
tion, the microstructure refinement and the enhanced material 
hardness of AZ31B. The tool developed by Wu et al. [ 33 ] has 
a flat bottom surface but different radius on different surface 
sides. This tool also increased the surface shear deformation, 
and promoted the formability improvement of AA5052, al- 
though the friction heat and temperature rise were reduced. 
Dewangan et al. [ 34 ] designed an en-grooved hemispherical 
tool with circular shank, a hemispherical tool with ellipti- 
cal shank, and a hemispherical tool with triangular shank to 

generate vibration effect in the ISF tests. Differently, Long 

et al. [ 35 ] developed new rosette tools with grooves on the 
hemispherical tool surface for better deformation stability. The 
localised temperature rise leads to the improvement of mate- 
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rial formability and the reduction of the material flow stress of 
AZ31B, while the localised vibration leads to further material 
softening [ 35 ]. 

To understand the vibration softening effect and mecha- 
nism, Langenecker [ 36 ] found that the ultrasonic vibration 

can achieve similar effect as that by temperature elevation 

for force reduction in plastic deformation, and proposed that 
the concentrated energy from ultrasonic vibration is absorbed 

by the material internal microstructures such as dislocations, 
voids, and grain boundaries, which in turn facilitates the ini- 
tiation of dislocation slip. Daud et al. [ 37 ] proposed that the 
softening effect induced by ultrasonic vibration is the result of 
a coupled mechanism involving both acoustic softening and 

stress superposition. Siu et al. [ 38 ] reported that the ultra- 
sonic vibration distinctly enhances the subgrain formation in 

the ultrasonic vibration assisted micro-indentation test of alu- 
minium, which far exceeds the effect attributable solely to the 
generated heat by the ultrasonic vibration. This phenomenon 

is attributed to the capacity of ultrasonic vibration to pro- 
mote dipole annihilation, as it induces dislocations to move 
intermittently over longer distances, increasing the likelihood 

of encountering and annihilating dipole pairs. By perform- 
ing an ultrasonic vibration assisted tensile test of low-carbon 

steel, Dutta et al. [ 39 ] found reductions in both dislocation 

density and the fraction of LAGBs. This effect is attributed 

to the preferential absorption of ultrasonic energy by local 
areas such as dislocations, vacancies, and grain boundaries, 
which requires less energy to achieve the same softening ef- 
fect compared to thermal assistance. Apart from employing 

high frequency ultrasonic vibration in forming, superimpos- 
ing low-frequency vibration onto the forming process can also 

reduce the forming load [ 40 ]. Lin et al. [ 41 ] revealed that 
the low-frequency vibration enhances dislocation movement 
and grain rotation in the upsetting of titanium alloy, leading 

to dislocation annihilation within shear bands while promot- 
ing dislocation accumulation and formation of LAGBs near 
grain boundaries in regions of high-degree deformation. Sun 

et al. [ 42 ] also reported that superimposing low-frequency vi- 
bration provides extra kinetic energy that drives microstruc- 
tural evolution during deformation of aluminium alloy and en- 
hances dislocation distribution: at vibration amplitudes below 

the length of elastic deformation zone, cyclic elastic energy 

fosters dislocation diffusion and proliferation, whereas above 
the length of elastic deformation zone, the dislocation anni- 
hilation can be accelerated by the cyclic plastic deformation 

energy. However, current studies about the vibration softening 

are mainly focused on simple deformation conditions without 
considering the complexity of deformation in the practical 
forming process as well as new sheet forming processes such 

as RV-ISF. 
Despite these studies about vibration softening effect and 

mechanism, it is still not understood that the material soft- 
ening behaviour in RV-ISF process of AZ31B with coupled 

cyclic and localised deformation under friction heating and 

vibration effects. This creates a complex deformation condi- 
tion for evaluating individual and combined softening effects 
and mechanisms in RV-ISF. This study bridges these gaps 

and systematically investigates the combined effects of fric- 
tion heat and vibration in the softening and microstructure 
evolution of AZ31B in RV-ISF by applying different tool de- 
signs in FS-ISF and RV-ISF processing. New contributions of 
this study are: (1) decoupling of thermal and vibration soft- 
ening effects to better understand their individual contribu- 
tions and underlying mechanisms by developing an analytical 
model to calculate the softening coefficients in RV-ISF; (2) 
revealing microstructure evolution under the complex defor- 
mation condition in RV-ISF and FS-ISF, and the identification 

of the mechanism of vibration softening effect. This study 

advances the understanding of the thermal and vibration soft- 
ening effect and mechanism in RV-ISF and provides a solid 

foundation for new tool design and process optimisation in 

ISF and RV-ISF. 

2. Material and methods 

2.1. Material 

AZ31B-H24 sheets with thickness of 1 mm used in this 
study met the requirement set by the American Society for 
Testing and Material (standard: ASTM-B90). The chemical 
compositions of AZ31B were given by the supplier shown in 

Tables 1 , while the H24 stands for the partially annealed and 

partially strain hardened treatment state. The sheets were cut 
into 150 mm × 150 mm squared pieces for the tests. 

2.2. RV-ISF principle and experimental setup 

Fig. 1 provides illustrations of the FS-ISF and RV-ISF pro- 
cesses and the formed geometry used in this study. In FS- 
ISF as shown in Fig. 1 (c), the localised deformation is pro- 
duced by a rotating hemispherical tool with localised temper- 
ature rise from the significant friction heating effect, while 
in the developed RV-ISF as shown in Fig. 1 (d) and (e), a 
double-offset tool (T2) or a three-groove tool (T3) is ro- 
tated to generate mechanical vibration effect in addition to 

the localised temperature rise from the friction heating effect 
and the negligible vibration heating effect [ 43–45 ]. As illus- 
trated in Fig. 1 (f) and (g), the T2 is an elliptical tool with 

reduced distance from the tool rotational centre to the sheet 
surface on two opposite sides of the tool, while the T3 has 
three grooves uniformly around the circumferential direction 

of the tool, which results in no direct contact between the 
tool and sheet, and allows reduced distance from the tool 
centre to the sheet surface. The local sheet alternately experi- 
ences elastic deformation and springback, in addition to plas- 
tic deformation, when the tool rotates, inducing mechanical 
vibration effect. Compared with the T2 and the four-groove 
tool (T4) used in the previous study [ 35 ], the newly devel- 
oped T2 used in this study had a reduced offset of 0.2 mm 

instead of 1 mm to reduce the vibration amplitude and in- 
crease the deformation stability, and the newly developed T3 

reduced the number of grooves to increase the contact area 
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Table 1 
Chemical compositions of AZ31B-H24 sheets. 

Al Cu Mn Zn Ca Ni Be Si Fe Other Mg 

3.17 0.0010 0.40 1.03 0.0010 0.0010 < 0.0010 0.014 0.0027 < 0.30 Bal. 

Fig. 1. Illustration of ISF variants used in this study. (a) ISF setup. (b) Test geometry of hyperbolic truncated cone. (c) FS-ISF. (d) RV-ISF using T2. (e) 
RV-ISF using T3. (f) Illustration of vibration induction of double offset tool T2. (g) Illustration of vibration induction of three-groove tool T3. 
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Fig. 2. Experimental setup, forming tools and formed parts of FS-ISF and RV-ISF. (a) Experimental setup including forming and measurement systems. (b) 
Conventional hemispherical tool T0. (c) Double-offset tool T2 with 0.2 mm offset on both sides. (d) Three-groove tool T3 with grooves on the tool surface. 
(e) Images of formed conic parts by FS-ISF and RV-ISF and locally scanned tool-sheet contact surface and surface roughness from the bottom of formed 
parts at a drawing angle of 40 °. 

to enhance friction heat generation. Fig. 2 (b)–(d) shows the 
designs and dimensions of different tools employed in this 
study. 

As shown in Fig. 2 (a), during the test, the forming temper- 
ature on the sheet bottom surface of the formed hyperbolic 
cone geometry was captured by an infrared thermal camera 
(model: MICRO-EPSILON TIM160), while the 3-axis form- 
ing forces were recorded by a force transducer (model: Kistler 
9367C). Each test was stopped manually if the fracture hap- 

pened or ran until the end if without fracture. The formed hy- 
perbolic cone parts are shown in Fig. 2 (e). The localised tool- 
sheet contact surface was scanned and the surface roughness 
at drawing angle of 40 ° was measured by a surface roughness 
tester (model: Bruker Alicona InfiniteFocus) with vertical res- 
olution of 0.5 µm and lateral resolution of 5 µm. T2 and T3 

tools produced better surface finish than the conventional T0 

tool with 3000 rpm, while yielded worse surface finish with 

4000 rpm. 
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Table 2 
Process parameters for FS-ISF and RV-ISF of AZ31B-H24. 

Test ID Tool Rotational speed (rpm) Reference vibration frequency (Hz) Measured vibration 
frequency (Hz) 

Measured vibration 
amplitude at a drawing 
angle of 40 ° ( µm) 

T0-3000 T0 3000 N/A N/A N/A 

T0-4000 T0 4000 N/A N/A N/A 

T2-3000 T2 3000 100 97.66 24.32 
T2-4000 T2 4000 133.33 132.81 29.18 
T3-3000 T3 3000 150 148.44 6.26 
T3-4000 T3 4000 200 199.22 8.19 

2.3. RV-ISF experimental design 

As shown in Fig. 1 (b), a hyperbolic truncated cone shape 
with increasing wall angle from 22 ° to 85 ° was designed to 

achieve the change of tool-sheet contact area and thickness 
reduction. To explore the thermal and vibration effect on the 
forming force reduction, T0, T2 and T3 with rotational speeds 
of 3000 and 4000 rpm were used, as listed in Table 2 . Mea- 
sured by an Eddy current sensor (model: MICRO-EPSILON 

CSH1-CAm1) and processed by the fast Fourier transform 

(FFT), the vibration frequencies and amplitudes at the draw- 
ing angle of 40 ° were obtained and are given in Table 2 . For 
all the tests, the step size of the toolpath was 0.3 mm, while 
the feed rate was 1000 mm/min. No lubricant was used to 

maximize friction between forming tool and sheet surface for 
the promoted heat generation to improve the material forma- 
bility of AZ31B-H24. 

2.4. Tensile testing at elevated temperatures 

The uniaxial tensile tests were conducted on the thermal 
mechanical testing system (model: Gleeble 3800) with the 
suggested specimen design detailed in Section 3.2 . The test- 
ing temperatures of 22, 50, 100, 150, 200, 250, 300, 350, 
400 and 450 °C were used for obtaining the tensile flow 

stress curves, while strain rates of 0.1, 1 and 10 s−1 were 
used based on the analysis of strain rate in ISF presented in 

Section 3.1 . The specimens were heated by resistance heating 

and the temperature was measured by thermal couple at the 
middle position. The stress and strain were measured at the 
ends of specimens by the testing machine. 

2.5. Microstructural analysis using electron back-scatter 

diffraction (EBSD) 

Two samples were selected and prepared for EBSD anal- 
ysis: T0–3000 and T3–3000. The specimens were cold- 
mounted and ground with SiC paper from 320 to 4000 grit, 
followed by diamond polishing with 3 µm and 1 µm diamond 

suspension and 0.2 µm fumed silica. After manual prepara- 
tion, the sample was then taken out from the cold mounting 

resin and mounted on an aluminium stub for scanning elec- 
tron microscope (SEM) with silver paint. Before the EBSD 

scan, ion beam milling was carried out on the samples to 

Fig. 3. Illustration of the EBSD scanning areas. 

clean the sample surface and further polish it to achieve a 
flat and scratch-free surface on an ion beam milling system 

(model: Leica EM RES102). The sample was cleaned with 

7 kV, 2.8 mA, 12.5 ° gun angle and milling angle for 1.5 h, 
followed by the polishing step with 5 ° gun angle and milling 

angle for 2 h. 
The analysis of the EBSD scans was carried out in a field 

emission gun-SEM (FEG-SEM, model: ThermoFisher Apreo) 
equipped with Oxford Instrument Symmetry 3 detector. The 
EBSD parameters were 20 kV voltage, 26 nA current, and 

20 mm working distance. The step size was 1 µm for the 
non-deformed area and 0.1–0.15 µm for the deformed area 
through the sheet thickness. Measurements were conducted at 
the thickness reduction of 50 % of the formed cone geometry. 
As shown in Fig. 3 , three areas were analysed: the top region 

near the tool-sheet contact surface, the middle region, and 

the bottom region of the sheet thickness. In the analysis, the 
rolling direction (RD), transverse direction (TD) and normal 
direction (ND) were defined as along the meridional, circum- 
ferential and through-thickness directions of the ISF formed 

hyperbolic cone part, respectively. 

3. Modelling of thermal and vibration softening in 

RV-ISF 

To decouple the contributions of thermal and vibration 

softening effects, analytical method is used considering the 
difficult-to-determine stress-strain curves under vibration ef- 
fect at high temperature, and the difficulty in FE simulation of 
the friction heating and chipping effect at the tool-sheet con- 
tact interface, which requires a prohibitively fine mesh and 

huge computing resources and time. 
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Fig. 4. Illustration of localised deformation in ISF. (a) Local coordinate system of the contact area in three-dimensional view. (b) Linear thickness distribution 
and thickness reduction. 

3.1. Analysis of localised material deformation and strain 

rate in ISF 

The material deformation in ISF is analysed in a localised 

spherical coordinate system. As shown in Fig. 4 (a), the origin 

of the coordinates is located at the tool centre, O, and any 

position within the contact area can be located as ( r , ϕ, θ ). 
r is the distance from the sheet surface to the tool centre, 
and r equals the tool radius rtool on the tool-sheet contact 
interface; ϕ is the angle to the tool rotational axis; θ is the 
angle to the workpiece meridional cross-section. In Fig. 4 (a), 
t0 is the initial sheet thickness; α is the drawing angle; β is 
the indentation angle in the workpiece meridional direction; 
β1 is the angle induced by the increment of forming tool in 

the workpiece meridional direction. 
According to the assumption of linear distribution, as illus- 

trated in Fig. 4 (b), the thickness distribution of the workpiece 
meridional cross-section from the initial thickness t0 to the 
forming wall thickness t0 cos α is given as following: 

t = t0 −
t0 ( 1 − cos α) ( β + ϕ cos θ ) 

α + β
(1) 

where θ = 0 or θ = π . 
For simplification, the thickness at the middle position of 

the meridional cross-section is assumed as the mean thickness 
tm of the contact area to represent the overall thickness value. 
The value of tm is calculated as following: 

tm =
1 

2 
t0 ( 1 + cos α) (2) 

With the thickness reduction compared with the initial 
sheet, the mean equivalent plastic strain εm corresponding to 

the mean thickness and the maximum equivalent plastic strain 

εmax of the contact area are calculated as following consider- 
ing the local deformation state as biaxial tension condition: 

εm = 2 ln 
2 

1 + cos α
(3) 

εmax = 2 ln 
1 

cos α
(4) 

Before getting into the current contact and subjecting to 

further deformation, the thickness t′ after the last contact is 
calculated from the last tool-sheet contact as following: 

t ′ 
= t + �t (5) 

where �t is the thickness reduction from the last contact to 

the current contact. According to the assumption of linear 
thickness distribution as illustrated in Fig. 4 (b), �t is consis- 
tent in the whole contact area thus can be calculated as the 
thickness reduction from t0 where ϕ = β1 : 

�t = t0 
( 1 − cos α) ( β − β1 ) 

α + β
(6) 

The mean and the maximum equivalent plastic strains ( εm 
′ 

and εmax 
′ ) after the last tool contact are then given as follow- 

ing: 

εm 
′ 
= 2 ln 

2( α + β) 

( 1 + cos α) ( α + β) + 2 ( 1 − cos α) ( β − β1 ) 
(7) 

εmax 
′ 
= 2 ln 

α + β

cos α( α + β) + ( 1 − cos α) ( β − β1 ) 
(8) 

To create the thickness reduction and equivalent strain in- 
crement, the duration time τ for the completion of deforma- 
tion in the current contact can be approximated as the division 

of the length of the contact area in the circumferential direc- 
tion of the workpiece by the tool moving feed rate υ: 

τ =
rtool 

√ 

( sin β) 2 − ( sin β1 ) 
2 

υ
(9) 

Then, the mean and the maximum strain rates ( ̇εm and 

ε̇max ) of the localised deformation can be calculated as the 
division of the equivalent strain increment by the duration 

time τ of the contact: 

ε̇m =
ε − ε′ 

τ
=

2υ ln 

[ 

1 +
2( 1 −cos α) ( β−β1 ) 

( 1+cos α) ( α+ β) 

] 

rtool 

√ 

( sin β) 2 − ( sin β1 ) 
2 

(10) 

ε̇max =
ε − ε′ 

τ
=

2υ ln 

[ 

1 +
( 1 −cos α) ( β−β1 ) 

cos α( α+ β) 

] 

rtool 

√ 

( sin β) 2 − ( sin β1 ) 
2 

(11) 
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Fig. 5. Modelling of strain rate evolution in FS-ISF and RV-ISF of the hyperbolic truncated cone part. (a) With different feed rates. (b) With different step 
sizes. (c) With different tool diameters. (d) With different sheet thicknesses. 

Based on Eqs. (10) and (11) , the mean and the maxi- 
mum strain rates in ISF processes with different feed rates, 
step sizes, tool dimensions and sheet thicknesses are calcu- 
lated as shown in Fig. 5 . For comparison, the base case of 
ISF process has a feed rate of 1000 mm/min, a step size of 
0.3 mm, a tool diameter of 10 mm and a sheet thickness of 
1 mm. It is observed that the feed rate has the most sig- 
nificant effect on the strain rate, followed by the step size, 
while the tool size and sheet thickness only have minor ef- 
fects. It is noteworthy that with the same feed rate, step size, 
tool size and sheet thickness, different tool designs are con- 
sidered to have the same strain rate in localised plastic de- 
formation as the tool rotation only applies small amplitudes 
on the sheet material, which limit the local vibration effect 
within elastic deformation stage. This provides the strain rate 
range for the material tensile testing and the constitutive mod- 
elling of the flow stress, which are essential to the evalua- 

tion of force reduction and softening behaviour in forming 

AZ31B-H24. 

3.2. Constitutive modelling of AZ31B-H24 over the identified 

range of strain rates and temperatures 

To evaluate the material deformation and the thermal soft- 
ening effect at elevated temperatures, constitutive modelling 

for flow stress prediction of AZ31B-H24 at different tem- 
peratures and strain rates is developed. As presented by the 
dotted curves in Fig. 6 , the flow stress curves at strain rates 
of 0.1–10 s−1 and temperatures of 22–450 °C are used for 
the modelling. 

The effect of plastic strain on the flow stress follows the 
formulation of Johnson-Cook (JC) model [ 46 ], and the ef- 
fect of strain rates follows the formulation of Fields-Backofen 
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Fig. 6. Experimental and predicted flow stress curves of AZ31B-H24. (a) Strain rate of 0.1 s−1 . (b) Strain rate of 1 s−1 . (c) Strain rate of 10 s−1 . 

(FB) model [ 47 ], as given below: 

σ = ( A + Bεn ) 
(

ε̇∗
)C 

(12) 

ε̇∗
=

ε̇ 

ε̇0 
(13) 

where σ is the von Mises equivalent stress; ε is the equivalent 
plastic strain; ε̇∗ is the homologous strain rate; ε and ε̇0 are 
the strain rate and reference strain rate, respectively; A is the 
initial yield strength at reference strain rate and temperature; 
B is a material constant; n is the strain hardening exponent; C 

is the strain rate sensitivity exponent. As the strain rate mainly 

lies in the range of 1 s−1 to 5 s−1 in ISF and the forming 

starts at room temperature, the strain rate of 1 s−1 and tem- 
perature of 22 °C are selected as the reference strain rate and 

temperature. A is identified as the initial yield strength, while 
B and n are identified by plotting and fitting the σ–ε curve 

at the selected condition as shown in Fig. 7 (a). C is identi- 
fied as the slope by plotting and fitting the ln σ − ln ε̇∗ curve 
at a plastic strain of 0.07 as shown in Fig. 7 (b). However, 
the slopes of the ln σ − ln ε̇∗ curves show an increasing trend 

with the elevation of temperatures. A new formula is devel- 
oped to describe and predict the temperature dependency of 
the strain rate effect as following: 

C =
C0 

C1 + exp ( −C2 T ∗) 
(14) 

T ∗
=

T − T0 

Tm − T0 
(15) 

where T∗ is the homologous temperature; T, T0 and Tmelt 

are the temperature, reference temperature (room temperature 
Troom in this study) and the melting temperature, respectively; 
C0 , C1 and C2 are material constants to reflect the tempera- 
ture dependence of strain rate. From Fig. 7 (c) the C values 
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Fig. 7. Parameter identification of the constitutive model of AZ31B-H24 at different temperature and strain rate. (a) Identification of strain effect on the flow 

stress at the reference temperature and strain rate. (b) Identification of strain rate effect on the flow stress. (c) Identification of the temperature dependence of 
strain rate effect. (d) Identification of temperature effect on the flow stress. 

at different T∗ and the fitting result of C0 , C1 and C2 are 
obtained. 

As shown in Fig. 7 (d), the flow stress, normalised by the 
flow stress σ 0 at reference strain rate and temperature, is ex- 
tracted at the same plastic strain of 0.07, strain rate of 1 s−1 

under different temperatures normalised by room temperature. 
The dependent relationship between the flow stress and the 
temperature has two different trends below 200 °C and over 
250 °C. The complicated temperature dependency is described 

and predicted by the development of the following formula: 

σ = σ0 

[

D0 

D1 + exp ( D2 T ∗) 
+

D0 

D3 + exp ( D4 T ∗) 

]

(16) 

where D0 , D1 , D2 , D3 , D4 are material constants to reflect the 
temperature dependence of the flow stress, which are identi- 

fied by fitting the formula on the σ
σ0 

− T ∗ curve as given in 

Fig. 7 (d). 
To summarize, the newly developed constitutive model for 

AZ31B-H24 over the identified range of strain rate and tem- 
perature is given as following: 

σ = ( A + Bεn ) 
(

ε̇∗
)

C0 
C1 +exp ( −C2 T ∗) 

[

D0 

D1 + exp ( D2 T ∗) 
+

D0 

D3 + exp ( D4 T ∗) 

]

(17) 

The parameters for the constitutive model are identified as 
listed in Table 3 . The comparison between the experimental 
and predicted flow stress curves are presented in Fig. 6 . As 
shown in Fig. 5 , the calculated mean strain rate with the ISF 

feed rate of 1000 mm/min, step size of 0.3 mm, tool diameter 
of 10 mm and sheet thickness of 1 mm is roughly 1 s−1 , while 
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Table 3 
Material parameters of the constitutive model of AZ31B-H24. 

A (MPa) B (MPa) n C0 C1 C2 D0 D1 D2 D3 D4 

311.31 476.95 0.4837 0.0016 0.0144 10.88 2.09 25.19 9.18 1.39 3.57 

the measured temperature in Fig. 10 (c) and (d) is stabilised 

at about 200 °C with tool rotational speed of 3000 rpm and 

about 250 °C with tool rotational speed of 4000 rpm. With 

strain rate of 1 s−1 , the discrepancy of the constitutive mod- 
elling results is about 10 % at temperature of 200 °C, while 
it shows very good agreement at temperature of 250 °C. The 
agreement demonstrates that the developed constitutive model 
can give accurate fitting and description of the flow stress at 
different strains, strain rates and temperatures, and the con- 
stitutive model can be used to evaluate the thermal softening 

effect in FS-ISF and RV-ISF of AZ31B-H24. 

3.3. Definition of thermal and vibration softening coefficient 

The softening in FS-ISF is mainly achieved by thermal ef- 
fect, while the softening in RV-ISF results from both thermal 
and vibration effects. In this study, it is proposed that the 
thermal and vibration effects are quantified by thermal and 

vibration softening coefficients KT −FS , KT −RV and KVib for 
FS-ISF and RV-ISF, respectively. The relationship between 

the vertical forming forces in RV-ISF or FS-ISF and con- 
ventional ISF (C-ISF) at room temperature are expressed as 
follows, respectively: 

FFS = FC − �FT−FS = FC ( 1 − KT−FS ) (18) 

FRV = FC − �FT−RV − �FVib = FC ( 1 − KT−RV − KVib ) (19) 

where FFS , FRV and FC are the vertical forming forces in FS- 
ISF, RV-ISF and C-ISF, respectively. �FT −FS , �FT −RV and 

�FVib are the vertical forming force reduction due to the ther- 
mal and vibration effects in FS-ISF and RV-ISF, respectively. 

As revealed by Aerens et al. [ 48 ], the vertical forming 

force F in ISF has linear relationship with the mean material 
equivalent stress σ m as following: 

F ∝ σm (20) 

�F ∝ �σm (21) 

where �F and �σ m are the reduction in vertical forming 

force and the mean equivalent stress. 
As illustrated in Fig. 8 , the thermal softening effect due 

to temperature increases leads to the flow stress reduction 

in heated uniaxial tension condition and the forming force 
reduction in FS-ISF condition, where localised temperature 
elevation is generated by friction heating. While the vibra- 
tion softening effect may also lead to the additional tensile 
stress reduction in heated and vibrated uniaxial tension con- 
dition and the additional forming force reduction in RV-ISF, 

where localised vibration of the sheet is generated by peri- 
odical loses of the contact in addition to the friction heating 

effect. Therefore, the following relationships of the vertical 
force reduction can be proposed for FS-ISF and RV-ISF con- 
ditions, respectively: 

�FT−FS ∝ �σT (22) 

�FT−RV ∝ �σT (23) 

�FRV ∝ �σVib (24) 

where �σ T is the tensile stress reduction due to thermal ef- 
fect and �σ Vib is the tensile stress reduction due to vibration 

effect. 

3.4. Determination of thermal softening coefficient 

According to the developed constitutive model, given the 
same plastic strains and strain rates, the equivalent stress 
σ T −FS and σ T −RV at elevated temperatures TFS and TRV 

recorded in the FS-ISF and RV-ISF tests can be calculated 

by Eq. (17) . 
In the FS-ISF, the vertical forming force reduction �FT −FS 

only results from the thermal effect at elevated temperatures 
TFS , and this can be easily obtained as following: 

�FT−FS = FC − FFS (25) 

where FC can be measured by C-ISF at room temperature, 
but for AZ31B-H24 in this study, this cannot be obtained 

experimentally because of early fracture due to the material 
brittleness at room temperature. However, based on the lin- 
ear relationship shown in Eq. (20) , the theoretical FC can be 
calculated by the vertical forming force FFS3000 and the flow 

stress σ T −FS3000 at the recorded temperatures in the FS-ISF 

condition with the tool rotational speed of 3000 rpm, and the 
theoretical flow stress σ room at room temperature in C-ISF 

condition, using the following formula according to Eq. (20) : 

FC = FFS 3000 
σroom 

σT−FS 3000 
(26) 

In RV-ISF however, both thermal and vibration effects ex- 
ist, so the force reduction �FT −RV due to thermal effect only 

cannot be easily calculated by the force measurement. By 

considering the temperature difference between FS-ISF and 

RV-ISF under the same tool rotational speed, the force reduc- 
tion �FT −RV due to thermal effect in RV-ISF can be calcu- 
lated as following by the force reduction in FS-ISF and the 
additional theoretical force difference �FT −FS −RV due to the 
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Fig. 8. Illustration of thermal and vibration softening. (a) Effects on stress reduction in the uniaxial tension condition. (b) Effects on vertical forming force 
reduction in FS-ISF and RV-ISF. 

temperature difference between FS-ISF and RV-ISF with the 
same rotational speed: 

�FT−RV = FC − FFS − �FT−FS −RV (27) 

�FT −FS −RV is related to the difference in flow stress re- 
duction due to the temperature difference according to the lin- 
ear relationship between the vertical forming force and flow 

stress ( Eq. (20) ) as given following: 

�FT−FS −RV = FFS 3000 
σT−RV − σT−FS 

σFS 3000 
(28) 

where σ T −FS and σ T −RV are the theoretical flow stress at the 
temperature recorded in FS-ISF and RV-ISF, respectively. The 
thermal softening coefficients KT −FS and KT −RV of FS-ISF 

and RV-ISF can be obtained as follows: 

KT−FS =
�FT−FS 

FC 

= 1 −
FFS 

FFS 3000 

σT−FS 3000 

σroom 

(29) 

KT−RV = 
�FT−RV 

FC 

= 1 −
FFS 

FFS 3000 

σT−FS 3000 

σroom 

−
σT−RV − σT−FS 

σroom 

(30) 

3.5. Determination of vibration softening coefficient 

Unlike the considerable investigation of the constitutive re- 
sponse and modelling of thermal softening effect, the stress 
reduction due to vibration softening effect and the constitu- 
tive modelling are still very limited. In RV-ISF, the vertical 
forming force reduction due to vibration softening effect can 

be evaluated by excluding the force reduction due to thermal 
effect as following: 

�FVib = FC − FRV − �FT−RV = FFS − FRV + �FT−FS −RV 

(31) 

The vibration softening coefficient KVib is calculated as 
following: 

KVib =
�FVib 

FC 

=
FFS − FRV 

FFS 3000 

σT−FS 3000 

σroom 

+
σT−RV − σT−FS 

σroom 

(32) 

4. Results 

4.1. Forming force and temperature variation 

Fig. 9 shows the variation of the vertical forming force 
and temperature in FS-ISF and RV-ISF using different tools 
and different spindle speeds. The evolution of vertical form- 
ing force can be divided into increasing and decreasing stages, 
while the temperature evolution can be divided into increasing 

and stabilised stages. Compared to the early stage of FS-ISF 

and RV-ISF process, due to the increased contact area and 

strain hardening of the flow stress, and more sheet material 
involved in the localised deformation in the later stage of 
the process, it leads to the increasing stage of the vertical 
forming force. With the increase of the drawing angle, the 
sheet thickness under contact is reduced, and most impor- 
tantly, the forming temperature increases and stabilizes on an 

elevated level after accumulated temperature reaches a state 
when heat gain and heat loss are in balance. Besides, the use 
of T2 and T3 in RV-ISF also results in additional force reduc- 
tion, due to vibration effect, as compared with FS-ISF using 

T0. These cause the decrease of the vertical forming force 
after the increasing stage. With the use of different tools and 

tool rotational speeds, time required to reach the decreasing 

stage of the vertical forming force varies. FS-ISF using T0 

has the longest reaching time to the decreasing stage fol- 
lowed by RV-ISF using T3, while RV-ISF using T2 has the 
earliest reaching time. For all the three tools, the increase of 
tool rotational speed leads to the earlier reach to decreasing 

stage of the vertical forming force as well as the stabilised 

Please cite this article as: H. Zhu, X. Zeng, H. Long et al., New insights into combined thermal and vibration softening of magnesium alloy in rotational 
vibration assisted incremental sheet forming, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2025.09.016 

https://doi.org/10.1016/j.jma.2025.09.016


14 H. Zhu, X. Zeng, H. Long et al. / Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 
JID: JMAA [m5+; October 16, 2025;1:54 ] 

Fig. 9. Vertical forming force and temperature history in FS-ISF and RV-ISF of AZ31B-H24 sheets. (a) Vertical forming forces with 3000 rpm. (b) Vertical 
forming forces with 4000 rpm. (c) Temperature evolution with 3000 rpm. (d) Temperature evolution with 4000 rpm. 

stage of forming temperature. The increase of the tool rota- 
tional speed increases the forming temperature thus reduces 
the vertical forming force. RV-ISF using T2 has a similar 
temperature level with FS-ISF using T0 at the same rota- 
tional speeds, while RV-ISF using T3 has about 10 % lower 
temperature than RV-ISF using T0 due to the reduction of the 
tool-sheet contact area. However, the vertical forming force in 

RV-ISF using T2 shows obvious drop from FS-ISF using T0 

with similar forming temperature, especially 17 % lower from 

the peak force, while that of T3 also shows slight reduction 

trend with about 6 % lower from the peak force although the 
temperature in RV-ISF with T3 is lower, indicating vibration 

effect on force reduction. 

4.2. Force reduction from FS-ISF to RV-ISF 

Fig. 10 shows the calculation results of the reduction val- 
ues of the vertical forming force and the reduction rates from 

FS-ISF using T0 to RV-ISF using T2 and T3 with the same 
tool rotational speeds. For both rotational speeds of 3000 rpm 

and 4000 rpm, the force reduction achieved by T3 is less 
significant than that by T2. The first explanation for this ob- 
servation is that the reduced contact area of T3 in a single 
rotation of the tool due to cutting the grooves on the surface 
leads to the less friction heat accumulation. The second ex- 
planation is that the vibration amplitude by T3 is smaller than 

that produced by T2 although its vibration frequency is higher 
because of more impacts generated by each tool rotation of 
T3, as listed in Table 2 . With a rotational speed of 4000 rpm, 
the reduction values and rates show different trends, different 
from what is observed in RV-ISF with 3000 rpm. The limi- 
tation of the direct calculation and comparison of the force 
reduction values and the rates from FS-ISF to RV-ISF is the 
difficulty to decoupling the thermal and vibration effects and 

less clear relevance to the variation trends at different rota- 
tional speeds. 
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Fig. 10. Force reduction and reduction rate from FS-ISF to RV-ISF by using T2 and T3 tools. (a) With the same tool rotational speed of 3000 rpm. (b) With 
the same tool rotational speed of 4000 rpm. 

Fig. 11. Effect of different tool designs on the thermal and vibration softening coefficients in FS-ISF and RV-ISF. (a) With the same tool rotational speed of 
3000 rpm. (b) With the same tool rotational speed of 4000 rpm. 

4.3. Thermal and vibration softening in FS-ISF and RV-ISF 

Fig. 11 shows the softening coefficients of thermal and 

vibration effects in FS-ISF and RV-ISF of AZ31B-H24. The 
thermal effect takes a main role in the softening behaviour 
with a softening coefficient of 45 ∼65 % and the thermal soft- 
ening coefficient rises with the increase of the tool rotational 
speed. By comparing the softening coefficients using different 
tools at the same tool rotational speed, the tool T0 produces 
the most thermal softening, while the tool T3 produces the 
least. The difference becomes smaller with the increase of 
the tool rotational speed. Without vibration generation in FS- 
ISF using T0, the vibration softening coefficient is shown to 

be 0. However, for the RV-ISF using T2 and T3 with tool 
rotational speed of 3000 rpm, the vibration softening coeffi- 
cients are calculated as around 15 % and 10 %, respectively, 
which means that the vibration only causes 15 % and 10 % of 
the vertical forming force reduction from C-ISF at room tem- 
perature. T2 and T3 produce less vibration softening when 

4000 rpm is applied but have the similar vibration soften- 
ing effects. This shows the reduced vibration effect at higher 
temperatures with higher tool rotational speed of 4000 rpm. 

4.4. Grain distribution 

Fig. 12 presents the grain distribution, texture, deformed 

grains, recrystallised grains, relative frequency of deformed 

grain boundary disorientation angle and Kernel average mis- 
orientation (KAM) distribution of the as-received AZ31B- 
H24. The texture exhibits a typical rolling texture, charac- 
terised by a basal pole split along the ND (0001//ND) of the 
sheet thickness [ 49 ]. The raw material has the initial average 
grain size of 44.15 µm ², recrystallisation degree of 26.4 %, 
LAGBs fraction of 58.6 % in deformed grains and geometri- 
cally necessary dislocation (GND) density of 2.18 ×1014 m−2 

calculated from the mean KAM. The details of the identifi- 
cation of recrystallisation degree, LAGBs in deformed grains 
and GND density are given in Sections 4.5 , 4.6 and 4.7 , re- 
spectively. 

Fig. 13 shows the grain distribution of AZ31B-H24 with 

50 % thickness reduction after FS-ISF by T0 and RV-ISF by 

T3 with the tool rotational speed of 3000 rpm, respectively. 
As compared in Fig. 14 (a), both FS-ISF using T0 and RV- 
ISF using T3 significantly reduced the average grain size 
from 44.15 µm in the as-received material, while the av- 
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Fig. 12. Microstructure of as-received AZ31B-H24 sheet. (a) Inverse pole figure showing the grain distribution. (2) Pole figures showing the texture. (c) 
Deformed grains. (d) Recrystallised grains. (e) Relative frequency of deformed grain boundary disorientation angle. (f) KAM distribution with scanning step 
size of 1 µm. 

erage grain size produced by RV-ISF using T3 (0.94 µm, 
2.3 µm and 2.19 µm in the top, middle and bottom lay- 
ers, respectively) is smaller than that produced by FS-ISF 

using T0 (1.06 µm, 2.63 µm and 2.7 µm in the top, mid- 
dle and bottom layers, respectively). It is noteworthy that 

the large standard deviations of the grain sizes in Fig. 14 (a) 
result from the coexistence of small and large grains. For 
both tested samples, a thin layer of refined grains is ob- 
served on the top surface of the sheet contacting the form- 
ing tool, as shown in Fig. 13 (a) and (b), while less-refined 
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Fig. 13. Grain distribution after FS-ISF and RV-ISF. (a), (c), (e) Top, middle, bottom layer of the sheet deformed by T0-3000. (b), (d), (f) Top, middle, bottom 

layer of the sheet deformed by T3-3000. 
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Fig. 14. Comparison of the microstructure as received with that after FS-ISF (T0-3000) and RV-ISF (T3-3000). (a) Average grain size. (b) Recrystallisation 
degree. (c) Fraction of LAGBs of deformed grains. (d) GND density. 

grains are observed in the rest of the thickness of the 
samples. 

4.5. Recrystallisation degree 

Using the grain orientation spread (GOS) criterion, the tex- 
tures of deformed and recrystallised grains are analysed after 
separation. Recrystallised grains are identified by a GOS of 
less than 3 °, while grains with a GOS of 3 ° or higher are cate- 
gorised as deformed [ 50 ]. Fig. 15 illustrates that the deformed 

grains by T3 with 3000 rpm exhibit a significantly stronger 
texture intensity compared to the recrystallised grains, partic- 
ularly in the 0001//ND alignment. The prismatic poles in the 
deformed grains align well, with 10–10//RD and 11–20//TD, 
showing similar intensities around 4.7–4.8. In contrast, the 
recrystallised grains show a significant decrease in prismatic 
alignment intensity, with a slight tilt of the 11–20 poles from 

TD toward RD. The morphological features further corrobo- 

rate the separation of deformed and recrystallised grains. De- 
formed grains are elongated and irregular, reflecting strain- 
induced deformation, while recrystallised grains exhibit an 

equiaxed morphology, an indication of dynamic recrystallisa- 
tion. These findings demonstrate the effectiveness of the GOS 

criterion in distinguishing deformed and recrystallised grains 
and confirm that recrystallisation has occurred during the ISF 

process. 
The recrystallisation degree is reflected by the area frac- 

tion of recrystallised grains. As shown in Figs. 16 and 14 (b), 
with 3000 rpm, the recrystallisation degree is reduced by RV- 
ISF using T3 (71.8 %, 33.7 % and 36.2 % in the top, middle 
and bottom layers, respectively) and FS-ISF using T0 (72.6 %, 
39.9 % and 46.1 % in the top, middle and bottom layers, re- 
spectively) as compared to the as-received state (26.4 %). A 

higher recrystallisation degree is observed on the top layer 
of the sheet surface contacting the forming tool than that on 

the rest material through the thickness. This indicates that the 
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Fig. 15. Deformed grains (GOS ≥ 3 °) and recrystallised grains (GOS < 3 °) of T3-3000 with pole figures. 

large shear deformation of the sheet surface and temperature 
rise dominate the recrystallisation process. 

4.6. Low-angle grain boundary 

The grain boundaries with a misorientation angle less than 

10 ° are identified as LAGBs, while the others are identified 

as high-angle grain boundaries (HAGBs). Fig. 17 presents 
the LAGBs in the deformed grains, Fig. 18 shows the rel- 
ative frequency of grain boundary misorientation angle, and 

Fig. 14 (c) gives the fraction of LAGBs after FS-ISF and RV- 
ISF. From Figs. 17 , 18 and 14 (c), the observations indicate 
that with 3000 rpm, the as-received material has the highest 
fraction of LAGBs in deformed grains, while RV-ISF by T3 

produced slightly more LAGBs in deformed grains (41.5 %, 
48.5 % and 47.4 % in the top, middle and bottom layers, re- 
spectively) than FS-ISF by T0 (40.5 %, 45.2 % and 45.2 % in 

the top, middle and bottom layers, respectively). 

4.7. GND density 

Fig. 19 presents the KAM distribution with 50 % thick- 
ness reduction after FS-ISF by T0 and RV-ISF by T3 with 

3000 rpm, respectively. With the KAM distribution, the GND 

density ρ can be calculated from the mean KAM as following 

[ 39 , 51 ]: 

ρ =
γϑ 

ub 
(33) 

where, γ is a constant which correlates with the geometry 

of the boundaries ( γ = 3 for the mixed boundaries), ϑ is 

the mean KAM in radians, u is the EBSD step size, and b 

is the magnitude of the Burgers vector ( b = 0.322 nm for 
magnesium). Fig. 14 (d) shows the comparison of the calcu- 
lated GND density between as-received material, samples af- 
ter FS-ISF by T0 and RV-ISF by T3 with 3000. It can be ob- 
served that both FS-ISF by T0 and RV-ISF by T3 can increase 
the GND density as compared to the as-received AZ31B- 
H24 sheet because of the plastic deformation, while RV-ISF 

leads to higher GND density as 4.88 ×1014 , 6.18 ×1014 and 

5.56 ×1014 m−2 in the top, middle and bottom layers, respec- 
tively, higher than that by FS-ISF. 

5. Discussions 

5.1. Combined thermal and vibration softening mechanisms 

As presented in Section 4.1 –4.3 , in FS-ISF, only elevated 

temperatures from friction heat contributes to the softening 

effect, while in RV-ISF, in addition to the thermal effect, lo- 
calised vibration is the other effect that the new tool design 

brings to the deformation process. Although a quantitative 
connection between the calculated softening contribution and 

the microstructure investigation is difficult to establish be- 
cause the decoupling is phenomenological based calculation 

while the microstructure investigation is physically based, the 
softening mechanism of combined thermal and vibration ef- 
fects can be revealed based on the microstructure observations 
in Section 4.4 –4.7 . 

It is well acknowledged that the mechanism of the ther- 
mal softening effect in magnesium alloys is the activation 

of additional slip systems, recovery and recrystallisation. The 
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Fig. 16. Recrystallised grain distribution after FS-ISF and RV-ISF. (a), (c), (e) Top, middle, bottom layer of the sheet deformed by T0-3000. (b), (d), (f) Top, 
middle, bottom layer of the sheet deformed by T3-3000. 
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Fig. 17. LAGBs of deformed grains after FS-ISF and RV-ISF. (a), (c), (e) Top, middle, bottom layer of the sheet deformed by T0-3000. (b), (d), (f) Top, 
middle, bottom layer of the sheet deformed by T3-3000. 
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Fig. 18. Relative frequency of deformed grain boundary disorientation angle after FS-ISF and RV-ISF. (a), (c), (e) Top, middle, bottom layer of the sheet 
deformed by T0-3000. (b), (d), (f) Top, middle, bottom layer of the sheet deformed by T3-3000. 
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Fig. 19. KAM after FS-ISF and RV-ISF. (a) Top layer by T0-3000 (scanning step size of 0.13 µm). (b) Top layer by T3-3000 (scanning step size of 0.15 µm). 
(c) Middle layer by T0-3000 (scanning step size of 0.15 µm). (d) Middle layer by T3-3000 (scanning step size of 0.15 µm). (e) Bottom layer by T0–3000 
(scanning step size of 0.15 µm). (f) Bottom layer by T3-3000 (scanning step size of 0.15 µm). 
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localised contact area of sheet material undergoes repeated 

plastic deformation several times while the tool moving pass 
over the contact area, depending on the forming geometry 

and toolpath design. Both dynamic and static recovery and 

recrystallisation exist in the intermittent contact and defor- 
mation process. During the loading state under the tool-sheet 
localised contact, the enhanced activation of slip systems, dy- 
namic recovery and recrystallisation happen simultaneously 

to reduce the work hardening and lead to material softening. 
However, during the unloading state without being in contact 
with the tool, static recovery and recrystallisation continue 
softening the sheet material without the occurrence of work 

hardening. 
Different from the well-studied mechanism of thermal soft- 

ening effect, the mechanism of vibration softening is under- 
studied and less understood, making it difficult to explain the 
force reduction in RV-ISF. 

As observed in Section 4.5 , the RV-ISF using T3 with 

3000 rpm can reduce the recrystallisation degree in the de- 
formed AZ31B-H24. With the same material and processing 

time, the key factors for the recrystallisation are the stored 

energy and the temperature. Although higher GND density is 
produced by RV-ISF (T3-3000), the forming temperature is 
actually lower than that in FS-ISF (T0-3000). Subsequently, 
there may be two reasons for the reduced recrystallisation de- 
gree: one is the temperature decrease from FS-ISF to RV-ISF 

due to the reduced contact area, while the other is due to the 
local vibration effect in RV-ISF but absent in FS-ISF. 

As investigated in Section 4.7 , with the tool rotational 
speed of 3000 rpm, the sample produced by RV-ISF of 
AZ31B-H24 results in the increased GND density as com- 
pared to the sample produced by FS-ISF. Both the introduc- 
tion of localised vibration effect and the lower temperature in 

RV-ISF, as shown in Figs. 9 (c), can result in less dislocations 
involved into the grain boundary migration in recrystallisation 

and thus higher dislocation density. 
LAGBs form when dislocations rearrange into ordered, 

low-energy configurations. During this rearrangement, dislo- 
cations of opposite signs may come into contact and annihi- 
late each other. This reduces the net dislocation density and 

further decreases the stored energy. The remaining disloca- 
tions form a coherent structure that defines a LAGB. This 
means that the formation of LAGBs can reflect the activity 

of dislocation rearrangement and annihilation. At lower tem- 
perature in RV-ISF with T3 as compared with FS-ISF with T0, 
the recovery is less active, so dislocation annihilation and re- 
arrangement into ordered configurations are suppressed. Con- 
sequently, the dislocation density remains higher, but fewer 
dislocations can organise into stable LAGBs to be detected 

by EBSD. This should have led to a reduced LAGB fraction 

in the deformed grains, even though the stored energy asso- 
ciated with dislocations is greater. However, as observed in 

Section 4.6 , an increase of the fraction of LAGBs in deformed 

grains in RV-ISF by T3 is observed as compared with that in 

FS-ISF by T0 despite that the temperature in RV-ISF by T3 

is lower. This indicates that the induced localised vibration 

in RV-ISF enhances the formation of LAGBs, reflecting more 

dislocation rearrangement and annihilation, which may be one 
of the reasons for softening. 

5.2. Grain refinement and surface shear effect 

As evidenced by the grain distribution and average grain 

size calculation in Section 4.4 , RV-ISF is more effective in 

refining microstructure of AZ31B-H24 as compared with that 
by FS-ISF. The microstructure refinement is also reflected by 

the increased fraction of LAGBs after RV-ISF, where more 
subgrains form. At the early stage of recrystallisation in the 
first few cycles of deformation and heating in FS-ISF and 

RV-ISF, small equiaxed grains are nucleated but only con- 
sume a small fraction of the deformed matrix. At this stage, 
the lower recrystallisation degree in RV-ISF leads to larger 
average grain sizes. However, at the later stage, the small 
equiaxed grains grow into larger-sized grains after experienc- 
ing several cycles of deformation and heating with the cyclic 
loading characteristic of ISF. The lower recrystallisation de- 
gree in RV-ISF corresponds to smaller average grain sizes in 

RV-ISF. The less temperature rise and the localised vibration 

effect may be the reason for the limited grain growth after 
recrystallisation nucleation, accordingly more microstructure 
refinement by RV-ISF. 

For both RV-ISF and FS-ISF, extremely refined grains and 

enhanced recrystallisation behaviour are observed on the tool- 
sheet contact interface. In ISF, the sheet material is plastically 

deformed by the forming tool, while the tool-sheet contact 
interface experiences additional shear deformation, leading to 

the gradient of the through-thickness strain distribution, with 

the highest level on the contact top layer of the sheet thick- 
ness, which is reflected by the highest GND as revealed in 

Section 4.7 . This is the driving force for the recrystallisation 

and grain refinement. The more microstructure refinement by 

RV-ISF and the extreme surface grain refinement by both RV- 
ISF and FS-ISF are expected to enhance the material strength 

after ISF for manufacturing parts with high loading capacity. 

6. Conclusions 

This study presents a new method to decouple the ther- 
mal and vibration softening effect in RV-ISF and provides 
new insights into the combined softening mechanism by in- 
vestigating the similarity and difference between FS-ISF and 

RV-ISF in processing AZ31B-H24. The key conclusions are: 

(1) The thermal and vibration softening effects are decoupled 

with consideration of the relationship between the vertical 
forming force and the material flow stress in RV-ISF. For 
RV-ISF of AZ31B-H24, the thermal effect from the friction 

heating contributes to the majority of the softening effect 
within the range of 45 ∼65 %, while the vibration effect 
provides an additional contribution of up to 15 % of the 
overall softening from the conventional ISF. 

(2) The rotation of the double-offset tool T2 leads to more vi- 
bration softening than that by the three-groove tool T3 be- 
cause of the larger vibration amplitude created by T2 tool. 
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With an increase of the tool rotational speed, the thermal 
softening effect is enhanced, while the vibration softening 

effect does not have much change. 
(3) Compared with FS-ISF, the AZ31B-H24 samples by RV- 

ISF with tool T3 and 3000 rpm has more refined mi- 
crostructure with smaller grain sizes of 0.94 µm, 2.3 µm, 
2.19 µm due to the lower recrystallisation degrees of 
71.8 %, 33.7 %, 36.2 % at the top, middle, bottom layers of 
the sheet thickness, respectively, because of the combined 

effect of lower temperature and local vibration. The con- 
siderable surface shearing effect from the contact friction 

may lead to the extra refinement on the tool-sheet contact 
surface. 

(4) Compared with FS-ISF, the AZ31B-H24 samples by RV- 
ISF with tool T3 and 3000 rpm has higher GND density of 
4.88 × 1014 , 6.18 × 1014 and 5.56 × 1014 m−2 at the top, 
middle and bottom layers of the sheet thickness, respec- 
tively, due to the less dislocations involved into the grain 

boundary migration in recrystallisation under the combined 

effect of lower temperature and local vibration. 
(5) In RV-ISF of AZ31B-H24, the higher fraction of LAGBs 

in deformed grains of 41.5 %, 48.5 %, 44.7 % at the top, 
middle, bottom layers of the sheet thickness, respectively, 
indicates that the enhanced rearrangement and annihilation 

of dislocations may be one of the reasons for vibration 

softening effect to take place in the RV-ISF of AZ31B- 
H24, as it is expected to be reduced at lower temperature 
in RV-ISF but it is higher instead. 
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