
Citation: Tang, Z.; Xiong, W.; Zheng,

Y.; Zhang, J. The Effects of Forming

Angle on the Geometry Accuracy and

Mechanical Properties of Al-Li Alloy

Truncated Pyramids by Single Point

Incremental Forming. Appl. Sci. 2023,

13, 6144. https://doi.org/10.3390/

app13106144

Academic Editor: Chiara Soffritti

Received: 12 April 2023

Revised: 15 May 2023

Accepted: 16 May 2023

Published: 17 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

The Effects of Forming Angle on the Geometry Accuracy and
Mechanical Properties of Al-Li Alloy Truncated Pyramids by
Single Point Incremental Forming
Zibo Tang 1, Wei Xiong 1 , Ying Zheng 1,* and Jin Zhang 1,2

1 Light Alloy Research Institute, Central South University, Changsha 410083, China;
13367333875@163.com (Z.T.); wxiong@csu.edu.cn (W.X.); zhangjinlari@csu.edu.cn (J.Z.)

2 State Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South University,
Changsha 410083, China

* Correspondence: 18975898068@163.com

Abstract: In this study, single point incremental forming (SPIF) of Al-Li alloy sheets under different
forming angles are studied via both experimental methods and numerical simulations. The effect
of different forming angle on the geometric accuracy of SPIFed Al-Li component is studied. The
simulation results show that the higher the forming angle, the lower the stress at the corner, leading
to better geometrical accuracy, which is also experimentally validated. It is also found that high
forming angle leads to better mechanical properties of the SPIFed Al-Li alloy component.
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1. Introduction

Sheet metal forming has become an important manufacturing process for various in-
dustrial applications. Many components are obtained by stretching, shearing and bending,
etc. However, each of these forming methods requires dedicated and highly specialized
equipment to achieve. As a result, these traditional sheet metal forming processes are
expensive and time consuming to manufacture components. In order to meet the modern
industrial demand for low cost and low cycle time, SPIF is increasingly adapted in the
engineering field. SPIF is a die-less, flexible and rapid forming process. During the forming
process, a hemi-spherical tool head is incrementally moving into the desired shape along a
pre-defined trajectory forming path. Compared with traditional forming processes, SPIF
deforms the material under severe plastic strain as a result of local deformation and through-
thickness shearing. SPIF is particularly suitable for the rapid making of prototype products
and components in small quantities with high demand on geometry accuracy [1–5]. For ex-
ample, recent reports on the making of Al-Cu alloy truncated pyramid component by SPIF
have attracted a lot attention due to its advantages on improving geometry accuracy [6].

In terms of material selection for these components, Al-Li alloys with low density,
high elastic modulus and high specific strength, are gradually replacing Al-Cu alloys for
rocket launchers and many other aerospace components [7–11]. Hence, it is of great interest
to investigate the compatibility of SPIF with Al-Li alloys. However, Al-Li alloy is famous
for its complex deformation behaviors and is known to have low formability at room
temperature. Compared to Al-Cu alloy, it is easy to produce high internal stresses and
microstructural defects during deformation of Al-Li alloy, which cause geometry distortion
and cracking of the components during subsequent quenching [12–14]. Increasing the
forming temperature during SPIF is advantageous for material flow, which improves the
forming limit and reduces residual stresses. However, to date there have been no detailed
reports on optimal processing parameters for SPIF on Al-Li alloys.

In die-less forming processes, geometric accuracy is one of the most important in-
dicators to evaluate the formability and integrity of the components. In recent years, a
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large number of scholars have conducted a lot of research work on the formability aspects
of SPIF. Liu [15] concluded that sheet thickness is the most important influencing factor
on formability. The possible reason is the s with different thickness can lead to different
surface strains during forming. At the same time, feed rate and tool diameter have little
influence on the overall surface roughness. Petek [16] found that forming tool rotation
and lubrication state have little effect on stress but have a significant effect on formability.
Jawale [17] found that mineral oil can effectively improve surface roughness and can form
forces and friction. Hamilton [18] investigated the effect of feed rate and rotation speed
of forming tool on roughness and developed a mathematical model to effectively predict
creases. Shi [14] concluded that good formability can be obtained to the maximum extent
by designing the trajectory of the forming tool as a spiral trajectory route. Specifically,
the forming angle is reported to be a key factor to achieve good geometry accuracy of the
SPIFed component. Studies show that the larger the forming angle, the smaller the forming
force [19–21]. This is because the increase in angle can reduce the stiffness of the sheet.
The formed components have better formability. Khan [6] reported the geometric accuracy
and residual stresses of truncated pyramid component made of AA2219 age-hardened
alloy. The yield strength of the initial sheet was found to have a significant effect on the
geometric accuracy. Secondly, solution treatment, SPIF and age-hardening can improve
very high geometric accuracy. In contrast, solution treatment, age-hardening and SPIF have
the largest residual stresses, which cause the largest geometric accuracy errors. This also
shows that higher residual stresses lead to higher geometric accuracy errors. The results
of Mohammadi’s study showed that the strength and properties of the material were
difficult to improve after annealing treatment of AA2024 aluminum alloy sheet without
any subsequent heat treatment [22]. Kumar [23] reported that the forming performance
increases with the decrease of forming angle, and the combination of reducing step size
and forming angle can significantly improve the forming performance. The forming angle
of SPIF is more significant for the formability of Al-Cu alloy sheet than parameters such as
tool shape, tool diameter, sheet thickness, and tool speed, but this has not yet been tested in
SPIF of Al-Li alloy made component, which is more complex system for its rich secondary
phase particles.

As is commonly understood, there are four methods to improve strength: fine crystal-
lization strengthening, deformation strengthening, solution strengthening and precipitation
strengthening. Al-Li alloy belongs to precipitation strengthening aluminum alloy, and
good precipitation strengthening effect can be obtained through appropriate heat treatment
process. In order to understand the precipitation behavior of Al-Li alloy, many scholars
have conducted extensive basic research on the relationship between mechanical properties
and microstructure [24–26]. Much of the literature explains that the strength improvement
of aluminum lithium alloy mainly relies on the precipitation phase such as θ′ phase and
T1 phases, which can obtain better strengthening effect. The reason is that T1 phase has a
particularly high aspect ratio, and better shear resistance than other precipitated phases
relative dislocations, which can better improve the work hardenability [27,28].

Based on the aforementioned research, we understand that there is a significant lack
of studies focused on improving the geometric accuracy of Al-Li alloy sheets through SPIF
without sacrificing high-performance components. Therefore, further research on SPIF of
Al-Li alloys is necessary. This work investigates the effect of forming angle on the geometry
accuracy and performance of the SPIFed Al-Li alloy sheet via numerical simulation and
experimental validations.

2. Methodology
2.1. Materials

The material used in this study is a 3 mm-thick Al-Li alloy sheet with following
chemical composition: Al-4.1%Cu-0.9%Li-0.28%Mg-0.26%Ag-0.13%Zr-0.04%Mn (wt.%).
The sheet are sanded with #1000 sandpaper for eliminating surface processing defects and
reducing surface roughness.
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2.2. Age Hardening Cycle

Figure 1 shows an experimental processing diagram for Al-Li alloy. The thin sheet was
heated in heating furnace to 200 ◦C for 15 min, then quickly transferred to the machining
center for hot SPIF. The best square tapered parts were obtained and then subjected to
solution treatment and T8 aging treatment. The artificial aging temperature was 160 ◦C
and the peak aging times were 35 h, 32 h and 84 h at each forming angle. After T8 aging
treatment, tensile specimens were cut in the wall area of the truncated pyramid component
along the direction of the forming toll movement. Subsequently, a room temperature
tensile test was conducted on a CSS-44100 test tensile machine at a speed of 2 mm/min
to obtain load displacement data until the fracture point. Take three samples from each
group of experiments for tensile specimen testing. The tensile specimens were spaced
30 mm and 6 mm wide. Electron backscatter diffraction (EBSD) and transmission electron
diffraction microscopy (TEM, Tecnai G2 F20) observation specimens were obtained from
the wall region. Before conducting EBSD detection on the grain structure of the wall, the
sample surface was placed in an ethanol solution and subjected to electrolytic polishing at
−15 ◦C for 6 s at a voltage of 16 V. The scanning step size of EBSD data is 1 µm. The EBSD
data were analyzed using channel-5 analysis software. Grain boundaries with different
misorientations are designated as follows: low-angle grain boundaries (LAbs) from 2◦ to
15◦ and high-angle grain boundaries (HABs) greater than 15◦. The above two types of
boundaries are separately represented by white and black lines, respectively. The sample
for TEM observation was mechanically ground to a thickness of approximately 80 µm.
Subsequently, TEM samples were prepared by a twin-jet electro-polishing device in a
solution containing 75% methanol and 25% nitric acid (volume fraction) at −30 to −20 ◦C
with a voltage of 15–30 V and a current of 70–95 mA.
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Figure 1. Heat treatment process diagram.

2.3. Experiment Setup and Process Parameters

The SPIF experiment is performed on a CNC machining equipment. The forming tool
has a radius of 5 mm and uses H12 steel material which has good wear resistance, and the
mold is shown in Figure 2a. Engine oil was used as lubrication. The thin sheet is completely
clamped around its perimeter, and SPIF is performed following set program forming a
truncated pyramid component. The spiral tool forming trajectory of is programmed using
Unigraphics NX software. Following the spiral trajectory, the tool gradually pushes the
sheet towards the depth of the truncated pyramid component.
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As shown in Figure 2b. geometric contour measurements were taken in X and Y
directions of the truncated pyramids component, and the wall thickness at the correspond-
ing position was calculated. To quantify the geometric accuracy error, the measurement
coordinates are recorded and plotted in the CAD software and used to evaluate the error
between the actual contour and the design contour. The red dotted lines represent the
positions for wall thickness measurement in the X and Y directions. The uniformity of wall
thickness is obtained by calculating the standard deviation of the measured values. The
smaller the value, the more uniform the thickness; vice versa indicates poorer uniformity.
As shown in Figure 2c, the edge length of the thin sheet is 160 × 80 mm, the forming area
is 130 × 50 mm, θ represents the forming angle and H represents the forming depth.

3. Numerical Simulation

Commercial finite element simulation software ABAQUS is used for SPIF numerical
simulation. The simulation was carried out using ABAQUS/Explicit. The thin sheet is
set as a solid element. Forming tool, fixture and die are set as a rigid body. As shown in
Figure 3 below, the stress-strain curve of Al-Li alloy at 200 ◦C is input into the material
properties. Other material parameters are shown in Table 1. The coefficient of friction
between the tool head and the sheet is set to 0.1. An eight-node linear hexahedral cell
with reduced integration (C3D8R) was used for meshing. Grid sweep method is used
for meshing the thin sheet, a global size of 2 is set and adaptive meshing is performed.
The coordinate of the forming tool path is extracted according to the set trajectory route
in Unigraphics NX software, the coordinates of the forming tool path are extracted and
imported into ABAQUS software.

In order to verify the accuracy of the model, a comparison of the wall thickness and
contour accuracy between simulated truncated pyramid component and the experimentally
formed pyramid cone component was conducted. As shown in Figure 4, the SPIF forming
depth was set to 20 mm, the deformation temperature was at 200 ◦C, the forming angle
was set as 50◦, the rotation speed was at 600 rpm, the feed rate was 1200 mm/min, and the
forming tool head radius was 5 mm.
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ρ/t.mm−3ρ/t.mm−3ρ/t.mm−3 σm/MPaσm/MPaσm/MPa σs/MPaσs/MPaσs/MPa E/MPa ννν

2.59 × 10−9 188.3 124.1 63,000 0.33
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From Figure 5, it can be seen that the contour accuracy and thickness distribution
of experimentally formed truncated pyramid component is basically consistent with the
simulation results. The main deviation is at the bottom area where material accumulates
gradually during the SPIF process, leading to an increase in thickness and geometric errors.

Appl. Sci. 2023, 12, x FOR PEER REVIEW 6 of 13 
 

 
Figure 5. Comparison of contour and thickness in the experimental results and simulation results 
of single point incremental forming. 

4. Results and Discussion 
4.1. Effect of Forming Angles on Geometric Accuracy 

Figure 6 demonstrates the maximum thinning rate and standard deviation of wall 
thickness of truncated pyramids component under different forming angles. When the 
forming angle is 51°, the maximum thinning rate and standard deviation are 58.66% and 
0.220 respectively. As the forming angle increases, the maximum thinning rate and stand-
ard deviation gradually decrease. This indicates that with larger forming angles, the de-
formation is more uniform. The contact area between the forming tool and the thin sheet 
decreases as the forming angle increases, which leads to a point-by-point reduction in the 
rolling effect of the forming tool on the thin sheet during the forming process [16,19]. This 
is also the reason why larger forming angles result in more uniform deformation. 

 
Figure 6. Maximum thinning rate and standard deviation of wall thickness of truncated pyramids 
component under different forming angles. 

4.2. SPIF Experimental Validation 
To order to understand the forming accuracy and surface quality of the truncated 

pyramids component under different forming angles, the optimal process parameters 
from the simulation were selected to conduct SPIF experiments with different forming 
angles (51 °, 54 ° and 57 °) at a forming temperature of 200 °C, a feed rate of 1000 mm/min 
and a forming tool rotation speed of 400 rpm. As shown in Figure 7, the morphology of 
the outer and inner surfaces of the truncated pyramid component at different forming 
angles is shown. It can be seen that the forming angle has a significant impact on the 

Figure 5. Comparison of contour and thickness in the experimental results and simulation results of
single point incremental forming.



Appl. Sci. 2023, 13, 6144 6 of 13

4. Results and Discussion
4.1. Effect of Forming Angles on Geometric Accuracy

Figure 6 demonstrates the maximum thinning rate and standard deviation of wall
thickness of truncated pyramids component under different forming angles. When the
forming angle is 51◦, the maximum thinning rate and standard deviation are 58.66%
and 0.220 respectively. As the forming angle increases, the maximum thinning rate and
standard deviation gradually decrease. This indicates that with larger forming angles, the
deformation is more uniform. The contact area between the forming tool and the thin sheet
decreases as the forming angle increases, which leads to a point-by-point reduction in the
rolling effect of the forming tool on the thin sheet during the forming process [16,19]. This
is also the reason why larger forming angles result in more uniform deformation.
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4.2. SPIF Experimental Validation

To order to understand the forming accuracy and surface quality of the truncated
pyramids component under different forming angles, the optimal process parameters from
the simulation were selected to conduct SPIF experiments with different forming angles
(51 ◦, 54 ◦ and 57 ◦) at a forming temperature of 200 ◦C, a feed rate of 1000 mm/min and
a forming tool rotation speed of 400 rpm. As shown in Figure 7, the morphology of the
outer and inner surfaces of the truncated pyramid component at different forming angles
is shown. It can be seen that the forming angle has a significant impact on the surface. The
surface becomes smoother with the increasing forming angle. At the forming angle of 51◦,
obvious microcracks (indicated by the red dashed line) can be found at the corner of the
outer surface. Microcracks are also found at the corner with a forming angle of 54◦. With
the increasing forming angle, not only the microcracks on the outer surface are improved,
but also the wave ridges produced by the forming tool on the inner surface are gradually
reduced [12]. Besides, more microcracks and wrinkles are observed on the outer surface
compared to the inner surface. These localized microcracks and wrinkles on the outer
surface lead to the cracking of the component upon further deformation. This is consistent
with Hamilton [18] and Mohammad [29].
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Measurement of the contour and wall thickness of the truncated pyramid component
under different forming angles are shown in Figure 8. SPIF belongs to die-less forming,
and the geometric contour does not fit with the design contour within a depth of 5 mm,
showing a slight bending. However, it can be observed that the geometric contour of the
region in the X direction has a smaller deviation compared to the design contour in the
Y direction. The reason is that the billet formed in the X direction has a shorter side, and
the relatively longer side has a shorter forming length to obtain effective support from the
molds on both sides. The deeper the forming depth, the smaller the difference.

The larger the forming angle, the better the profile curve of the experimentally formed
component fit well with the designed geometry. The longer edge of the sheet are less stable
as the short edge during SPIF processing, this results in a higher thickness deviation in
the Y direction compared to the X direction (Figure 8d). When the forming depth reaches
around 20 mm, the contact area between the forming tool and the thin sheet increases
significantly, and the heat generated causes the thin sheet to soften quickly. This not only
results in the rapid wear of the thin sheet surface, but also causes bending in this area. This
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is also the reason why this area has the thinnest thickness. It is worth noting that the closer
the center position is, the thicker the sheet becomes, even exceeding the initial thickness of
the sheet. In the central area, the maximum thickness of the plate is 3.6 mm, 3.5 mm and
3.2 mm, respectively. This is because the formed component is in a pyramid shape, and
as the depth gradually increases during the SPIF process, the area of the forming area of
the forming tool gradually decreases. When reaching the bottom layer, the formed area is
the smallest. Therefore, when the forming tool runs along the spiral trajectory, it causes
the sheet to accumulate towards the middle under wear conditions. In summary, as the
forming angle increases, the forming performance is better, and the surface quality and
contour accuracy are better.
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Combining simulation and modeling can provide a better understanding of the impact
of forming angles on forming accuracy and surface quality. Figures 9 and 10 illustrate the
stress and equivalent strain distribution under different forming angles. It can be observed
that the stress distribution on the wall of the three samples is uniform. From Figure 10,
it can also be clearly seen that the equivalent strain value increases with the increase of
the forming angle, and the distribution is more uniform. This indicates that the material
has better fluidity and the deformation also becomes more uniform with the increase of
the forming angle. However, significant stress concentration occurs at the corners of the
truncated pyramid component.

As the forming depth increases, the formable area gradually decreases. In smaller
forming areas, the forming tool will repeatedly squeeze the same area of the sheet, especially
in the corner area, which can easily lead to local stress concentration. As shown in Figure 9,
the maximum stress gradually decreases with the increase of forming angle, with the
maximum stresses being 182 MPa, 179 MPa and 175 MPa, respectively. There is a significant
stress concentration at the corner, which is also the reason for the formation of microcracks
at the corner. In the center area at the bottom, we can also observe that the stress and strain
gradually decrease as the forming angle increases (within the white box). This indicates
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that as the forming angle increases, the contact between the forming tool running along the
spiral trajectory and the bottom center area gradually decreases.
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In addition, the continuous rotation of the forming tool easily generates frictional heat
during the forming process, and the heat generated by friction makes the forming tool
prone to thermal cutting effects. At the same time, an increase in temperature will have
a softening effect on the sheet material. Therefore, the increase in temperature and the
lower strength of the sheet metal can easily lead to severe wear and even the generation of
powder and debris during the forming process. This is also the reason why the thickness of
the component decreases with the increase of forming depth (Figure 8d).
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4.3. Performance and Microstructure

Based on the above study, we obtained the influence law of geometric accuracy of
truncated pyramid component under different forming angles. For this purpose, further
heat treatment processes were carried out to obtain mechanical properties for components.
The truncated pyramids SPIFed at three different forming angles are T8 treated and then
tested for their tensile properties (Table 2). At the forming angle of 51◦, the tensile strength,
yield strength and elongation were 542.1 MPa, 532.5 MPa and 5.4%, respectively. When
the forming angle is 54◦, the tensile strength increases to 551.3 MPa, the yield strength
decreases to 523.5 MPa, and the elongation increases to 7.6%. When increasing the forming
angle to 57◦, the tensile strength, yield strength and elongation increased to 562.3 MPa,
533.6 MPa and 8.6%, respectively. It is found that the sample SPIFed at a forming angle of
57◦ has the best mechanical properties; it is compared to that made at low forming angle.

Table 2. Tensile properties of SPIF angles of 51◦, 54◦ and 57◦ after T8 aging.

Forming Angle Tensile Strength/MPa Yield Strength/MPa Elongation

51◦ 542.1 532.5 5.4

54◦ 551.3 523.5 7.6

57◦ 562.3 533.6 8.6

In order to understand the differences in mechanical properties between the above
samples, observations and analyses from the microstructural point of view were carried
out in this paper. EBSD and TEM observations were conducted on the wall area. As can be
seen in Figure 11 below, during SPIF, the grains grows along the forming tool movement
direction, and a large number of low angle grain boundaries can be observed inside the
grains (grain boundaries of 2–15◦ are marked white; grain boundaries greater than 15◦ are
marked black).
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When the forming angle is 51◦, obvious coarse grains (grain size approximately
180 µm, as shown by the black dashed line in Figure 9a are found). There were not
many low angle grain boundaries observed inside the grains, indicating that dynamic
recrystallization occurred during the forming process, with some grains experiencing
abnormal growth. The uneven grain size indicates that the deformation is not uniform
when the forming angle is 51◦. Moreover, it is found that the grains are refined with
increasing forming angle. It can be considered that at the forming angle of 51◦, it is at
the critical degree of deformation, after which the recrystallized grains become finer with
increasing deformation. When the forming angle is 54◦, obvious coarse fibrous grains
can be observed. There are fine recrystallized grains forming a chain like structure at
the grain boundaries of fibrous grains (as shown by the black dashed line in Figure 11b).
The grain orientation of recrystallized grains is not the same as that of the fibrous grains,
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because discontinuous dynamic recrystallization occurs during the forming process [27,28].
Dislocations tend to accumulate at grain boundaries and rearrange to form small angle
grain boundaries. With the increase of strain induced dislocations, small angle grain
boundaries transform into large angle grain boundaries, forming recrystallized grains.
When the formation angle is increased to 57◦, the size of the grain decreases and there are a
large number of fine equiaxed recrystallized grains formed, with an average grain size of
8.3 µm, indicating a good grain refinement effect. Earlier studies [24] have shown that the
surface quality worsens under large grain size. which is consistent to our observations. The
improved surface quality of the 57◦ SPIFed sample is related with finer grains (Figure 11c)
of the material. The reason for this is that the local deformation is more uniform for SPIF
process at higher forming angle, which leads to a smaller distortional energy difference
across the grain boundaries and thus suppresses grain growth, improving the surface
quality during forming. It has been shown [25] that equiaxial fine grains substantially
increase the strength and the plasticity of the alloy. This explains the better performance of
the sample SPIFed at higher angle (57◦). However, lower forming angles generate larger
grains during the forming process, which not only have adverse effects on surface quality
but also reduce strength and elongation.

In addition, precipitation strengthening is an important factor in improving the high
strength of Al-Li alloys, and the T1 phases is the most important strengthening precipitation
phase in Al-Li alloys. The precipitation phase is the most important factor in precipitation
strength. TEM observations were performed on the samples SPIFed at different angles
along [110] zone axis, as shown in Figure 12. It can be found by SAED and TEM that
the precipitated phase is T1 phases and the presence of θ′ phase is not observed. The
quantity density of T1 phases in aging state with different forming angles was statistically
analyzed. The quantity density and distribution of T1 phases precipitated in the forming
angle 57◦ (267.3 µm−2) is higher and more uniform than those at 51◦ (177.5 µm−2) and
54◦ (233.1 µm−2), which also contribute to its higher strength. It is widely reported in the
literature that higher T1 phases density is beneficial for strength improvement [24–28].
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5. Conclusions

In this work, The compatibility of SPIF processing with Al-Li alloy was studied. The
influence of forming angle on the geometry accuracy and strength of truncated pyramid
component was investigated through numerical simulation and experimental tests. The
results show that as the forming angle increases, the maximum thinning rate and wall
thickness deviation gradually decrease. The geometric accuracy of the component formed
at the higher angle of 57◦ is the best among others. The SPIF experiment shows that
with increasing forming angle, the surface quality, geometry accuracy and wall thickness
uniformity of the formed truncated pyramid component have been effectively improved.
The reason is explained by the stress and strain modelling and microstructural observations.
At higher forming angles, the stress is lower and the strain distribution is more uniform. In
addition, grain refinement and a finely dispersed precipitates are achieved in the sample
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SPIFed at higher angles, which effectively improves the strength and plasticity of the
material.
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