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Abstract

In the belt-heated incremental sheet forming process, the influence of process parameters on
the forming limit angle significantly affects the forming accuracy and quality of components.
Through macro and micro experiments, this study comprehensively analyzed the effect
of key process parameters on the forming limit angle and identified forming temperature,
tool head diameter, and step down as the primary factors that enhance the forming limit
angle. Building on this, the dislocation density and grain size of the material under various
forming temperatures, tool head diameters, and step-down values were investigated,
clarifying the influence of these parameters on dislocation density and grain size in belt-
heated incremental sheet forming. Furthermore, the dislocation density and grain size in
the cross-section of the deformed region were calculated through micro-tests, revealing the
variation patterns of dislocation density and grain size under different process conditions.
These findings verified the macro–micro mechanism of the effect of process parameters on
the forming limit angle and led to the establishment of a control method for the forming
limit angle in belt-heated incremental sheet forming.

Keywords: incremental sheet forming; belt heating; forming limit angle; grain size;
dislocation density

1. Introduction
Incremental sheet forming is one of the advanced sheet metal forming technologies.

This technique employs the concept of layered manufacturing to discretize the geometric
contour of a component into spatial points, which are then converted into numerical control
codes. These codes drive the forming tool to incrementally extrude the sheet metal point
by point, enabling the material to accumulate and form layer by layer, ultimately achieving
the designed contour of the component [1]. However, the point-by-point extrusion method
inherent to incremental sheet forming often leads to material springback, which reduces
the forming accuracy of components and consequently limits the broader application of
this technology. To address these drawbacks, researchers have conducted numerous stud-
ies, such as structural design improvements [2,3], process parameter optimization [4–6],
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and forming scheme optimization [7,8], all aimed at enhancing the forming accuracy of
components. For example, Hoang et al. [9] formed square pyramid components with
varying forming angles until the angle at which material fracture occurred was reached,
determining the incremental forming limit angle of AA1050 aluminum alloy to be 67.5◦

(The incremental forming limit angle is defined as the maximum forming angle at which a
sheet metal can be formed via incremental forming without defects such as cracking and
excessive thinning; exceeding this angle tends to induce fracture or severe deformation
failure, and it is one of the core indicators for evaluating the formability of sheet metal
materials.). Subsequently, Micari et al. [10] investigated the incremental forming limit
angle of AA6114-T4 aluminum alloy and found a corresponding angle of 60◦. Building
on this work, Chang et al. [11] studied the incremental forming performance of Al3003-O,
Al5754-O, Al5182-O, and AA6111-T4P aluminum alloys, calculating the respective forming
limit angles using the fracture thickness of the material: 78.1◦, 62◦, 63◦, and 53◦. Among
various improvement strategies, process parameter optimization is the most commonly
used method to increase the forming limit angle. Once the forming conditions are estab-
lished, optimizing process parameters becomes the primary approach to further enhance
the forming limit angle.

In the hot incremental forming of aluminum alloys, the integration of heating modules
necessitates careful consideration of both heating efficiency and the simplicity of the
forming apparatus to achieve high-precision and high-efficiency material shaping. To meet
these objectives, researchers worldwide have explored various convenient heating methods,
such as laser-assisted incremental sheet forming [12], electromagnetic induction heating
incremental forming [13], and electric hot incremental sheet forming (EHIF) [14]. Meier
et al. [15] and Möllensiep et al. [16] advanced the field by introducing direct current (DC)
into the forming tool, which enabled rapid heating of the contact area between the tool
and sheet metal to temperatures as high as 600 ◦C. This significant temperature increase
effectively reduces the forming force required for material deformation. Duflou et al. [17]
proposed synchronizing the movement of a laser with the forming tool, using the laser
to heat the rear side of the deformation zone. Their approach enabled the successful
forming of thin-walled AA5182 aluminum alloy components with a thickness of 1.25 mm.
Similarly, Al-Obaidi et al. [13] employed an electromagnetic thermoforming system to
precisely control the forming temperature of a 1.6 mm thick sheet metal, achieving a
temperature control error within 5%. Further findings indicated that a 5 kW power supply
could elevate the deformation zone’s temperature to 750 ◦C, reduce the forming force to
66.7% of its original value, and achieve a forming limit angle of up to 70◦ [18]. Based on
these advancements, electric heating methods offer several advantages, including rapid
heating rates, simple device structures, low cost, and convenient setup, making them
widely adopted for the hot incremental forming of high-performance aluminum alloys [19].
In EHIF, both self-resistance electric heating and indirect heat conduction are typically
utilized to form high-performance, thin-walled aluminum alloy structures. However,
the self-resistance heating method is susceptible to the drawback of arc burning [20]. To
address this issue, the research team implemented an indirect electric heating technique,
achieving rapid and uniform heating of lightweight alloys via belt-type heat conduction,
and developed a corresponding forming device, as illustrated in Figure 1. This process
not only suppresses the arc burning defects on component surfaces but also enables rapid
heating of the material deformation zone [21]. For EHIF of light alloys, key indicators for
evaluating forming quality include surface roughness and forming limit angle. Currently,
optimizing process parameters remains a prevalent strategy for enhancing the forming
accuracy of components produced through hot incremental sheet forming [22].
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In recent years, researchers have proposed methods such as process parameter opti-
mization and forming process optimization to improve the forming accuracy of lightweight
alloys during hot incremental forming, yet the interaction mechanism between process
parameters and microstructural characteristics during the forming process has often been
overlooked [23]. Under the specific process of belt heating, the dynamic recrystallization
behavior of AA2024 aluminum alloy differs significantly from that in conventional hot
forming. The improvement of its forming limit angle depends not only on the regulation
of macroscopic process parameters but also on the evolution of microstructures [24]. In
view of this, this study conducts macro–micro analysis on the belt-heated incremental
forming process of AA2024 aluminum alloy, proposes a synergistic control method integrat-
ing process parameters and microstructural characteristics, and establishes a correlation
model among forming limit angle, process parameters, and microstructural characteristics,
thereby achieving more effective control of forming accuracy. This study clarifies the
intrinsic mechanism by which key process parameters such as forming temperature, tool
head diameter, and machining step size affect the forming limit angle of AA2024 aluminum
alloy by regulating dislocation density and grain size under belt-heated conditions, and
optimizes the combination of process parameters based on this mechanism, which provides
theoretical support and technical reference for improving the forming accuracy and quality
of components.

 
Figure 1. The beltheated incremental sheet forming process. Reprinted from Ref [24].

2. Materials and Methods
2.1. Experimental Materials

AA2024-T4 alloy sheet was supplied by Henan Mingtai Aluminum Industry Co.,
Ltd. (Zhengzhou, China), measuring 200 mm × 200 mm and 1.0 mm thick, was used to
fabricate the part. The chemical composition of AA2024-T4 alloy is shown in Table 1. A
high-temperature chain oil at 600 ◦C was used to ensure the surface quality of materials in
this work.

Table 1. Chemical composition of AA2024-T4.

Al Si Fe Cu Mn Mg Cr Zn Ti

Balanced 0.5 0.5 3.8 0.3 1.2 0.1 0.25 0.15

2.2. Experimental Equipment

Recently, Li [21] proposed a belt-heated method to fabricate the aluminum alloy sheet,
and the temperature model of the heating method was established. Therefore, the above
heating method has been adopted in this work since it provides the features of fast heating
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and a simple structure. As shown in Figure 2, the hot-working die steel of H13, which has
good strength at high temperatures, is used to fabricate the clamp and support plates. The
mica is used to fabricate insulating plates. Meanwhile, the use of insulating plates can limit
the heat loss at the edge. In addition to this, a thermal imager (Range: −20 ◦C to 1300 ◦C;
Error: ±1 ◦C) is adopted to collect temperature for the forming region.

Figure 2. Overview of the forming system and the temperature test system. Reprinted from Ref [21].

2.3. Design and Parameter Selection of Experimental Components

To investigate the effect of anisotropy in macroscale experiments, a channel component
with an opening length of 130 mm, a height of 10 mm, and a bottom length of 110 mm was
adopted (as shown in Figure 3a). For microstructural analysis, since the curved geometry of
the channel component is unfavorable for subsequent microsampling and testing, a square
pyramidal component with an opening length of 145 mm, a height of 30 mm, and a bottom
length of 85 mm was selected instead (as shown in Figure 3b). The curved structure of the
channel component can effectively reflect the influence of anisotropy on formability, and its
dimensional design takes into account both the clamping range of the experimental setup
and the stability of the forming process. The square pyramidal component is designed
with a constant forming angle, which facilitates the accurate measurement of the forming
limit angle, and its planar structure also allows for convenient subsequent microsectioning
and characterization.

Figure 3. Dimensions of formed components. (a) Dimensions of groove component. (b) Dimensions
of square pyramid component (unit: mm). The 45◦ angle of the square pyramidal component refers
to the designed forming angle, while the actual forming limit angle is defined as the maximum
forming angle before the component fractures. These two angles are not the same concept, and
further elaboration will be provided in subsequent sections.
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2.4. Experimental Plan and Test Methods

This experiment systematically investigates the effects of process parameters, includ-
ing tool diameter, forming temperature, feed rate, feeding speed, and anisotropy, on the
forming limit angle. The specific experimental plan is presented in Table 2. The repeated
parameter combinations in the table (e.g., Runs 2, 5, 8, 11, 13) are duplicate experimental
groups, with each group repeated three times to statistically analyze the discreteness of
experimental data. (The “anisotropy” parameter refers to the angle between the component
forming direction and the rolling direction of the sheet, which is used to investigate the
effect of sheet anisotropy on the forming limit angle.)

Table 2. Experimental scheme.

Number
Tool

Diameter
(mm)

Step Down
(mm)

Feed Rate
(mm/min)

Forming
Temperature

(◦C)

Anisotropy
(◦)

1 10 0.10 1500 160 0
2 10 0.15 1500 160 0
3 10 0.2 1500 160 0
4 8 0.15 1500 160 0
5 10 0.15 1500 160 0
6 12 0.15 1500 160 0
7 10 0.15 1000 160 0
8 10 0.15 1500 160 0
9 10 0.15 2000 160 0

10 10 0.15 1500 140 0
11 10 0.15 1500 160 0
12 10 0.15 1500 180 0
13 10 0.15 1500 160 0
14 10 0.15 1500 160 45
15 10 0.15 1500 160 90

A Rigaku Ultima IV X-ray diffractometer was used to analyze the dislocation density
of the deformed cross-section of AA2024 aluminum alloy in single-point hot incremental
forming. The test area is shown in Figure 4, using a copper target with a scanning range of
5~90◦ and a scanning speed of 2◦/min. The Williamson–Hall method was adopted for the
calculation of dislocation density, and the specific formula is as follows [25]:

βhklcosθ =
Kλ

D
(1)

δ =
1

D2 (2)

 
Figure 4. Overview of the test region.
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Among them, βhkl is the full width at half maximum (FWHM) of the diffraction
peak (in rad), θ is the diffraction angle, K is the shape factor (value = 0.89), λ is the X-ray
wavelength (Cu Kα, λ = 0.71), D is the grain size (in nm), and δ is the dislocation density (in
nm−2). In the experiment, three diffraction peaks (111), (200), and (220) were subjected to
fitting analysis. The Lorentz function was used for peak shape fitting, and the instrumental
broadening (calibrated by standard Si powder) was subtracted to obtain the real diffraction
peak broadening.

An EDAX Hikari Plus electron backscatter diffraction (EBSD) instrument was used to
determine the grain size. The EBSD data acquisition parameters were set as follows: step
size of 0.07 µm, 2 × 2 pixel binning mode, acceleration voltage of 30 kV, and electron beam
current of 5 nA.

The measurement method for the forming limit angle is as follows (as shown in
Figure 5): The failure criterion adopts the “first occurrence of through-thickness cracks” as
the judgment standard for forming limit; the measurement positions are set at the middle
region of the side wall of the square frustum component, with 4 measurement points evenly
selected along the circumferential direction; an optical microscope (resolution: 0.01◦) is
used as the measuring instrument, and each measurement point is measured three times
in repetition, with the average value taken as the forming limit angle of the component;
and the definition of the forming limit angle for the channel component is consistent with
that for the square frustum component, both of which are based on the angle at which
through-thickness cracks occur, to ensure the comparability of the measurement results.

θc = cos−1 Hc

R
= cos−1 (Ha − Lc)

R
(3)

Figure 5. Schematic diagram of the forming angle (unit: mm).

AB, a gradient-slope curve serving as the forming generatrix, has a radius of 26.5 mm,
and Point C denotes the fracture position of the sheet metal. The forming height Lc
at the fracture point C is measured with a height gauge, and the forming angle θc at
Point C, namely the forming limit angle, is calculated from the geometric relationship
via Equation (3).

3. Results and Discussion
3.1. Influence of Forming Parameters on Forming Limit Angle

The forming limit angle serves as a key indicator for evaluating the plastic deformation
capability of materials. Based on the experimental scheme outlined in Table 2, the forming
limit angles for each group of components were measured. A detailed analysis was
conducted to assess the influence of various forming process parameters on the forming
limit angle. The corresponding results are presented in Figure 6.
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Figure 6. Influence of forming process parameters on forming limit angle.

As shown in Figure 6, the forming limit angle exhibited slight fluctuations with varia-
tions in each process parameter. Specifically, at different machining step sizes, the average
forming limit angle was 82.34% with a maximum fluctuation amplitude of 1.34%; for differ-
ent tool head diameters, the average value stood at 81.34% with a maximum fluctuation
amplitude of 2.04%. The effects of feeding speed and anisotropy were extremely negligible,
with their maximum fluctuation amplitudes being only 0.23% and 0.18%, respectively;
under high-temperature conditions, the average value was 81.38% with a maximum fluctu-
ation amplitude of 2.12%. The above results indicate that forming temperature, tool head
diameter, and machining step size exert a significant influence on the forming limit angle,
and are the primary factors for improving the plastic deformation capacity of AA2024 alu-
minum alloy during hot single-point incremental forming. Forming temperature modulates
dislocation motion and dynamic recrystallization by regulating the stacking fault energy of
the material; tool head diameter determines the stress distribution in the contact zone; and
machining step size affects the deformation amount and cumulative effect of the material
in each layer. These three factors jointly act on the plastic deformation behavior of the ma-
terial, thereby significantly altering the forming limit angle [26]. In contrast, feeding speed
and anisotropy angle have a negligible effect on the forming limit angle. The reasons are
that within the feeding speed range selected in this experiment (1000–2000 mm/min), the
difference in material deformation time is insufficient to induce significant microstructural
changes; additionally, AA2024-T4 aluminum alloy exhibits weak anisotropic characteristics
after solution and aging treatment, so the variation of anisotropy angle does not exert an
obvious effect on the forming limit angle.

3.2. Analysis of Dislocation Density

The preceding analysis demonstrates that forming temperature, tool head diameter,
and step down are critical factors for enhancing the plastic deformation capability of
materials, with 160 ◦C identified as the optimal temperature for hot single-point incremental
forming of AA2024 aluminum alloy. Building on these findings, the dislocation density
of each crystal plane under various forming parameters was investigated. The specific
experimental scheme for this analysis is detailed in Table 3.

https://doi.org/10.3390/met16020229
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Table 3. The experimental scheme of the dislocation density.

Number Forming
Temperature (◦C)

Tool Diameter
(mm)

Step Down
(mm)

1 160 8 0.15
2 160 10 0.15
3 160 12 0.15
4 160 10 0.1
5 160 10 0.2
6 140 10 0.15
7 180 10 0.15

Figure 7a illustrates the effect of forming temperature on dislocation density. The
results show that the dislocation density decreased significantly at 160 ◦C, which is at-
tributed to the elevated stacking fault energy of the material at this temperature during
the single-point incremental forming (SPIF) of AA2024 aluminum alloy, which facilitates
intergranular slip and reduces dislocation pile-up. However, as the temperature increased
from 160 ◦C to 180 ◦C, the dislocation density of the (111) and (200) crystal planes increased
slightly due to grain growth inhibiting dislocation motion. This resulted in a slightly lower
plastic deformation capacity at 180 ◦C than at 160 ◦C, further verifying that 160 ◦C is the
optimal temperature for the hot incremental forming of AA2024 aluminum alloy. At 160 ◦C,
the dislocation density of the (111) and (200) crystal planes increased with the increasing
tool diameter (Figure 7b). In particular, when the tool diameter was 12 mm, the increased
dislocation density raised the deformation resistance, which was detrimental to plastic
deformation. The effect of machining step size on dislocation density followed a similar
trend (Figure 7c). Notably, when the tool diameter was 12 mm, the dislocation density of
all crystal planes increased gently, which restricted material flow and increased the risk of
component fracture (Figure 7d). Therefore, the optimal combination of forming process
parameters was determined as a tool diameter of 8 mm~10 mm and a machining step
size of 0.15 mm~0.2 mm. This parameter range can facilitate material flow and reduce the
probability of fracture.

Figure 8 presents transmission electron microscope (TEM) images of AA2024 alu-
minum alloy following deformation under optimal process conditions: a forming tempera-
ture of 160 ◦C, a tool head diameter of 10 mm, and a step down of 0.15 mm. These images
reveal the dislocation microstructure features across different cross-sections. Figure 8a
displays dislocation tangles and dislocation cells generated during plastic deformation,
reflecting the material’s good plasticity and high forming accuracy under these conditions.
Figure 8b further examines the microstructural evolution, showing that the cross-section is
dominated by dislocation walls. This structure indicates a high degree of deformation, am-
ple dislocation motion, intensified internal material flow, and sufficient plastic deformation,
all of which contribute to effective forming performance.
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Figure 7. Dislocation density analysis under different parameters. (a) Influence of forming tempera-
ture. (b) Influence of tool diameter. (c) Influence of step down. (d) Forming result with tool diameter
of 12 mm.

Figure 8. Dislocation microstructures. (a) Transverse section. (b) Cross-section.

3.3. Analysis of Grain Size

Grain size represents a fundamental aspect of material microstructure and signifi-
cantly influences forming performance, plasticity, and forming accuracy. To elucidate
the plasticization mechanism of AA2024 aluminum alloy, inverse pole figure (IPF) anal-
ysis was conducted to examine grain size variations under different process parameters.
Figure 9 presents the IPF diagrams illustrating these grain size changes across varying
forming conditions.
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Figure 9. Grain size analysis under different parameters. (a) Results at different forming temperatures.
(b) Results with different tool diameters. (c) Results with different step downs.

Figure 9a shows that the grain size fluctuated with the change in forming temperature.
The average grain size was approximately 6.89 µm at 160 ◦C, 7.12 µm at 140 ◦C, and 7.79 µm
at 180 ◦C, corresponding to a grain refinement rate of about 11.6% for 160 ◦C compared with
180 ◦C. With the increase in forming temperature, dynamic recovery and recrystallization
became increasingly pronounced. A high degree of dynamic recrystallization was achieved
at 160 ◦C (the recrystallization fraction analyzed by EBSD was approximately 65%, with
low-angle grain boundaries accounting for about 30%). However, when the temperature
exceeded 160 ◦C, obvious grain growth occurred, which hindered plastic deformation and
reduced forming accuracy. Thus, 160 ◦C was confirmed as the optimal temperature for
the hot single-point incremental forming (HSPIF) of AA2024 aluminum alloy. Figure 9b
investigates the effect of tool head diameter on grain size. The grain size increased gradually
as the tool diameter rose from 8 mm to 12 mm, which impeded slip motion and weakened
the plasticization advantage brought by dynamic recovery. Therefore, a tool head diameter
of 12 mm is not suitable for the belt-heated sheet incremental forming of AA2024 aluminum
alloy. Figure 9c analyzes the influence of feed rate on grain size. No obvious grain
coarsening was observed as the feed rate increased from 0.1 mm to 0.2 mm, though a
slight increase in local grain size was detected. Notably, the grain size at a feed rate
of 0.1 mm was significantly finer than that at 0.2 mm. This is because a lower feed
rate corresponds to a lower material deformation rate, which facilitates a more sufficient
dynamic recrystallization process and a more remarkable grain refinement effect. In
contrast, a higher feed rate leads to an increased deformation rate and enhanced thermal
accumulation inside the material, resulting in grain growth in local regions. Considering
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both forming accuracy and efficiency comprehensively, a feed rate ranging from 0.15 mm
to 0.2 mm is deemed the most appropriate.

4. Conclusions
Based on the macro and micro experimental investigations on the belt-heated sheet

incremental forming of AA2024 aluminum alloy, the main conclusions are drawn as follows:

• Forming temperature, tool head diameter, and feed rate are the key factors affecting
the forming limit angle of AA2024 aluminum alloy during hot single-point incremental
forming, while the effects of feeding speed and anisotropy are insignificant. Among
these factors, forming temperature regulates the plastic flowability by influencing
the recovery and grain growth processes of the material, and tool head diameter as
well as feed rate affect the forming limit angle by altering the stress distribution and
dislocation motion state in the deformation zone.

• Dislocation density analysis indicates that the optimal range of tool head diameter
is 8 mm to 10 mm and that of feed rate is 0.15 mm to 0.2 mm. Within this parameter
range, the material exhibits a moderate dislocation density and sufficient dislocation
motion, which can reduce the risks of stress concentration and crack initiation.

• Grain size analysis reveals that the material achieves a high degree of dynamic recrys-
tallization (with a recrystallization fraction of approximately 65%) and a minimum
average grain size (6.89 µm) at 160 ◦C, leading to the optimal plastic deformation ca-
pacity. Therefore, 160 ◦C is determined as the optimal temperature for the belt-heated
incremental forming of AA2024 aluminum alloy.

• Considering both forming accuracy and processing efficiency comprehensively, the
optimal process parameters for the belt-heated incremental forming of AA2024 alu-
minum alloy are identified as follows: a tool head diameter of 10 mm, a forming
temperature of 160 ◦C, and a feed rate of 0.2 mm. With this parameter combination,
the material possesses a low dislocation density and a remarkable grain refinement
effect; the forming limit angle can reach 82.3%, and the formed components exhibit
excellent surface quality.

• This study establishes a correlation mechanism among process parameters, microstruc-
tures, and forming limit angle, and the proposed synergistic control method can
provide a theoretical basis and technical reference for the process optimization of hot
incremental forming for similar aluminum alloy components.

This study only investigated the formability of AA2024 aluminum alloy within a
specific temperature range (140~180 ◦C) and under selected combinations of process pa-
rameters. In future research, the temperature range can be extended to the hot working
interval (200~400 ◦C) to further explore the complete evolution law of dynamic recrys-
tallization. Meanwhile, numerical simulation methods can be integrated to establish a
more accurate prediction model for the forming process, thus realizing the intelligent
optimization of process parameters. In addition, the influence mechanism of lubrication
conditions on the forming limit angle remains unclear, and relevant experimental studies
will be carried out in subsequent work to improve and perfect the forming process system.
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