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An excessive thickness-reducing ratio of the deformation zone in single point incremental forming of the metal sheet process has
an important influence on the forming limit. Prediction of the deformation zone thickness is an important approach to control the
thinning ratio. Taking the 1060 aluminum as the research object, the principle of thickness deformation in the single point
incremental forming process was analyzed; the finite element model was established using ABAQUS. A formula with high
accuracy to predict the deformation zone thickness was fitted with the simulation results, and the influences of process parameters,
such as tool diameter, step down, feeding speed, sheet thickness, and forming angle, on thinning ratio were analyzed..e accuracy
of the finite element simulation was verified by experiment. A method to control the thinning rate by changing the forming
trajectory was proposed..e results showed that the obtained value by using the fitted formula is closer to the experimental results
than that obtained by the sine theorem. .e thinning rate of the deformation zone increases with the increase of tool diameter,
forming angle, and sheet thickness and decreases with the increase of step down, while the feeding speed had no significant effect
on the thinning ratio..emost important factor of the thinning ratio is the forming angle, and the thinning ratio can be effectively
reduced by using the forming trajectory with a uniformly distributed pressing point.

1. Introduction

Single point incremental forming (SPIF) is a new type of
sheet metal-forming technology integrating numerical
control (NC) technology, computer technology, and plastic-
forming technology [1]. In the forming process, according to
the shape of the target part, CAM software is used to
generate a toolpath with a series of high-profile NC codes,
and the tool subsequently follows the toolpath generated and
deforms the sheet in small increments, accumulating plastic
deformation between the tool and material that can result in
obtaining the target shape [2]. Better flexibility, lower cost,
high degree of automation, and enhanced formability are
special features of this process in the customized and small
batch production of metal sheet parts, especially in artificial,
medical appliance, aerospace, and household products [3, 4].

.e forming quality, including the excessive thinning
rate of wall thickness, is still one of the greatest challenges for

the development of single point incremental forming [5–7].
.e thickness thinning ratio is directly related to the
formability of the forming parts; thus, the study of the
thickness law of forming parts is of great significance [8].
.ere are many studies from researchers all over the world
on the thickness rules of forming parts. McAnulty et al. [9]
analyzed the experimental results from 35 papers that re-
ported the study of the influence of process parameters (tool
diameter, tool shape, step down, feed rate, rotation direction,
and spindle speed) on the formability in SPIF. Malhotra et al.
[10] used a fracture model and finite element analyses to
predict the fracture in SPIF of the cone and the funnel parts;
the forming forces, fracture depths, and thinning from finite
element analyses were used to validate predictions, and the
results showed that the local nature of deformation was
a primary factor for the increased formability in SPIF.
Hussain et al. [11] obtained the final thickness of the forming
parts with varying wall angle by the sine law; on this basis,
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the maximum wall angle was obtained from four conical
frustums of varying wall angle. Jackson and Allwood [12]
analyzed the wall thickness using the deformationmechanism
of SPIF. Kim and Park [13] analyzed the in�uence of pro-
cessing parameters on the wall thickness. Bou�oux et al. [14]
simulated the forming process and provided better fore-
casting of the wall thickness. Silva et al. [15] investigated the
failure mechanisms in SPIF with di�erent tool radii and the
evolution of the wall thickness of truncated pyramids with �ve
di�erent tool radii; the results showed that a critical threshold
exists for the ratio between the sheet thickness and the tool
radius that distinguishes between fracture with and without
previous necking. Young and Jeswiet [16] found that the
thickness of the deforming region only depends on the
forming angle by theoretical analysis and used the cosine
theorem to predict the sheet thickness value. Hirt et al. [17]
veri�ed the cosine theorem through experiments and �nite
element simulations. Al-Ghamdi and Hussain [18] found that
the ratio of the tool radius to the sheet thickness could control
the formability in SPIF; the ratio was a threshold value,
and the formability was noticed to increase with decrease in
the tool radius above the threshold value and decrease with
the reduction in tool radius below the threshold value.
Martins et al. [19] proposed that the cosine theorem is suitable
for deformation thickness prediction and that only shear
deformation occurred in the sheet-forming process. Zhou
[20] studied the in�uence of the forming angle on the
thickness value of the deformation area and analyzed the
thickness of deformation region in a straight wall. Xiao and
Gao [21] adopted the method of numerical simulation and
experiment to study the critical forming angle of uniform
thickness in the single point incremental forming of a conical
part process. Li [22] found that the minimum sheet thickness
is closely related to the tool diameter and that work hardening
can lead to sheet material strength enhanced signi�cantly. Yu
and Gao [23] proposed a theoretical calculation formula for
the minimum wall thickness and reduced the sheet thinning
successfully by multistep forming. Cao and Gao [24] found
amethod to produce parts with equal wall thickness by means
of increasing processing variables after analyzing the re-
lationships among feed, platematerial thickness, forming angle,
and maximum stable area. Wei and Gao [25] developed
thickness prediction software based on the law of sines that
could accurately predict the part’s thickness. Zhao and Zhan
[26] obtained thinning distribution and sheet distortion pattern
after studying the metal �awing law in the forming process.

�e current study on thickness thinning is mainly based
on the shear deformation that occurs under the action of the
forming tool on sheet material, for which the sine law is not
adequate in predicting and controlling the wall thickness. In
this paper, the single point incremental forming process of
a 1060 aluminum sheet is simulated with �nite element
simulation software ABAQUS to study the in�uences of
di�erent process parameters, including tool diameter, step
down, feeding speed, sheet thickness, and forming angle, on
the wall thinning. �e experimental results obtained are
�tted by MATLAB to generate an empirical formula that
could better predict the wall thickness, and the formula is
veri�ed by experiments on HASS milling machine; the

formula predicting the wall thickness in the forming area
and method to control the thinning rate are obtained.

2. Theoretical Background

Single point incremental forming process is a nonlinear large
displacement process. �e plastic deformation of metal
material results in the continuous squeezing of the material
as the tool is moved. Because the axial force is greater than
the radial and tangential forces in the forming process, it is
usually assumed that shear deformation occurs only in the
axial direction, as shown in Figure 1.

According to the constant volume principle in plastic
deformation, the following formula can be obtained:

t · dx � t0 · L,

dx � L · cos α,
(1)

From the above, t0 can be calculated as t0 � t cos α.
�e wall thinning rate is an important indicator of

formability that can re�ect the thickness variation law and
changing scope of the metal sheet. When the wall thinning
rate exceeds a certain range, the part will have lower
strength, thereby greatly a�ecting the precision of the
formed part.�e wall thinning rate can be de�ned as follows:

φ �
t− t0
t

× 100%. (2)

In the forming process, both radial movement and tan-
gential movement occur while the tool moves along the axial
direction, and the sheet will generate radial deformation and
tangential deformation via the squeezing force and friction
force of the forming tool. Although tangential deformation
and radial deformation are smaller than the axial deformation,
they still have e�ects on the wall thickness distribution.
�erefore, the thinning rate obtained from formulas (1) and
(2) is not accurate enough, and the thinning rate of the
forming part is in relation to not only the initial thickness and
forming angle, but also the tool forming diameter, step down,
and feeding speed. Based on formula (1), the systematically
comprehensive wall thickness calculation formula is given by

t0 � a ·D + b · Z + c · F + d · α + e · t + f, (3)

where a, b, c, d, e, and f are undetermined coe�cients, D
is the tool diameter,Z is the step down, and F is the feed speed.
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Figure 1: Illustration of the shear deformation in the SPIF process.
α is the forming angle, t is the initial sheet thickness, t0 is the
thickness of deformation, abcd with length of dx is the unit to be
deformed, and a′b′c′d′ is the deformed unit.
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In this paper, the relationship between the wall thinning rate
and the processing parameters are established by simulation
results and the undetermined coefficients are obtained; the
formula and the simulation results are verified experimentally.

3. FEM Simulation

3.1. Simulation Model. .e commercial finite element
software ABAQUS can solve the problems of nonlinear
materials and geometrically nonlinear problems, as well as
accurately simulating the contact process with long contact
time and large plastic deformation. ABAQUS is used as the
finite element simulation software combined with the
characteristics of SPIF..e sheet material is 1060 aluminum;
the specimens are shown in Figure 2. .e tensile test is
conducted on the HT2402 tensile test machine, as shown in
Figure 3; the loading speed is 1.5mm/min and the tem-
perature is room temperature (20°C), with each specimen
being subjected to three repeated tests, and the average value
is taken as the final tensile test result of the specimen. .e
material properties and the stress-strain properties are
shown in Tables 1 and 2, respectively. In performing the
simulation, because the experiment device of SPIF is a rel-
atively complex experimental system, to reduce the difficulty
of modeling and shorten the time of simulation, some
simplifications are used under the unchanged relative mo-
tion relationship. .e model consists of a spherical forming
tool, a fixture, and a metal sheet; the fixture is simplified as
two rings of the same size. .e model can satisfy the relative
motion relationship in the forming process by applying the
boundary conditions. Forming tools and fixtures are con-
sidered as rigid bodies in the model; a rigid body does not
participate in the calculation of stress and strain, thereby,
saving CPU computing resources and reducing the com-
putation time. .e sheet size is 140mm × 140mm; the outer
radius of the fixture is 70mm, the inner radius of the fixture
is 55mm, and the upper radius of the forming part is 45mm.

.e process parameters depend on the experimental con-
ditions. SPIF is a complex plastic-forming process and
a dynamic contact problem that requires high efficiency and
a stable dynamic property algorithm. Taking A1 in Table 3 as
an example, the simulation time is 121381 s, and the nu-
merical simulation is conducted on a computer equipped
with an Intel Core i7-6700 (3.4GHz) and 32GB memory.

Unit selection and grid division should follow accurate
and efficient principles; thus, the S4R shell element was
selected to simulate the forming process, and the mesh size is
1mm × 1mm. .e forming tool and fixture do not need to
be divided because they are rigid bodies. .e surface-surface
contact model was used, the dynamic explicit algorithm was
selected, and a penalty function was employed. Coulomb
friction was chosen as the friction type because the tangential
force is smaller than the axial and radial forces.

Because the trajectory of forming tool is complex in the
forming process, it is necessary to simulate the trajectory by
periodic amplitude curves when simulation-forming cone
parts. .e forming tool will follow X � A1 cos(2πtn) in the
X direction and follow Y � B1 sin(2πtn) in the Y direction,
where A1 and B1 are the radius and tn is the analysis step time;
the motions along the X and Y directions can be synthesized

Figure 2: Tension test specimen.
Figure 3: Tension test machine.

Table 1: Materials properties of 1060 aluminum.

Material Density
ρ(g/mm3)

Elastic modulus
(GPa)

Poisson’s
ratio

Yield strength
(Mpa)

Al 1060 2.71 70 0.3 30

Table 2: Stress-strain properties of 1060 aluminum material.

Stress
(MPa) 20 44 64 77 87 91 98

Strain 0.002 0.0169 0.0507 0.0845 0.1183 0.1352 0.169
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to generate the trajectory for forming tool. �e FE model and
the target shape are shown in Figures 4 and 5, respectively.

3.2. Simulation Scheme. �ere are many parameters a�ecting
the thickness thinning ratio in the single point incremental
forming process. �e simulation scheme is designed to include
�ve forming parameters (forming tool diameter, step down,
feed speed, sheet thickness, and forming angle), as shown in
Table 3.

3.3. Simulation Results and Analysis. By using the view
section function, the part is symmetrically cut along the X–Z
section; “STH” is selected, which means sheet thickness; the
sheet thickness is output to display the wall thickness, and
the inquiry function is used to obtain the thickness values of
�ve cells in the stable zone, respectively, located at depths of
10mm, 13mm, 15mm, 17mm, and 20mm. �e simulation
results of the thickness distribution are shown in Figure 6,
and the thickness values of di�erent parameters are shown in
Table 4.

Using multilinear regression to �t the above data using
MATLAB, the undetermined coe�cients of (3) could be

obtained. �us, the wall thickness can be calculated as
follows:

t0 � 0.59− 0.0016 ·D + 0.0065 · Z

+ 0 · F− 0.0127α + 0.6755 · t.
(4)

�e initial thickness t in Table 3 and the average
thickness t0 of the forming area in Table 4 were substituted
in (2). �e relationship between the thickness thinning ratio
and the processing parameters obtained is shown in
Figure 7.

�e wall thinning rate clearly increases from 31.17% to
32.85% when the tool diameter changes from 6mm to
14mm (A1 to A3). �e wall thinning rate decreases from
31.7% to 31.32% when the step down changes from 0.6mm
to 1.0mm (B1 to B3), but the variation is not obvious. Based
on the data of experiment nos. C1∼C3, the wall thinning rate
remains approximately 31.30% with the feed speed chang-
ing; that is, the feed speed has little e�ect on the thinning
rate. According to the data of experiment nos. D1∼D3, the
wall thinning rate increases from 31.32% to 55.91% when the
forming angle changes from 45° to 60°; thus, the forming
angle has a great in�uence on the thinning rate. From the
data of experiment nos. E1∼E3, the wall thinning rate in-
creases from 31.03% to 31.60% when the sheet thickness

Table 3: Experimental parameter.

Number Tool diameter (mm) Step down (mm) Feed speed (mm/min) Forming angle (°) Sheet metal thickness (mm)
A1 6 1 200 45 0.8
A2 10 1 200 45 0.8
A3 14 1 200 45 0.8
B1 10 0.6 200 45 0.8
B2 10 0.8 200 45 0.8
B3 10 1 200 45 0.8
C1 10 1 100 45 0.8
C2 10 1 200 45 0.8
C3 10 1 300 45 0.8
D1 10 1 200 45 0.8
D2 10 1 200 53 0.8
D3 10 1 200 60 0.8
E1 10 1 200 45 0.6
E2 10 1 200 45 0.8
E3 10 1 200 45 1

Sheet

Fixture

Forming tool

Figure 4: Finite element model.

Figure 5: Target shape.
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increases from 0.6mm to 1.0mm, that is, the variation is not
obvious.

4. Experimental Results

As shown in Figure 8, the HASS high-speed NC milling
machine was used. �e size of �xture is the same as that in
the simulation model, and the experiment parameters are

+1.001e + 00
+9.680e – 01
+9.353e – 01
+9.026e – 01
+8.699e – 01
+8.372e – 01
+8.045e – 01
+7.718e – 01
+7.391e – 01
+7.064e – 01
+6.737e – 01
+6.410e – 01
+6.084e – 01

STH

Figure 6: Simulation results.

Table 4: �ickness value.

�ickness number 10mm 13mm 15mm 17mm 20mm Average (mm)
A1 0.5540 0.5447 0.5529 0.5554 0.5434 0.5501
A2 0.5491 0.5390 0.5414 0.5399 0.5433 0.5425
A3 0.5396 0.5350 0.5241 0.5450 0.5424 0.5372
B1 0.5448 0.5409 0.5487 0.5508 0.5438 0.5458
B2 0.5506 0.5389 0.5485 0.5517 0.5550 0.5489
B3 0.5471 0.5530 0.5448 0.5536 0.5487 0.5494
C1 0.5647 0.5388 0.5515 0.5452 0.5482 0.5497
C2 0.5471 0.5530 0.5448 0.5536 0.5487 0.5494
C3 0.5494 0.5471 0.5518 0.5538 0.5469 0.5498
D1 0.5471 0.5530 0.5448 0.5536 0.5487 0.5494
D2 0.4491 0.4420 0.4628 0.4612 0.4562 0.4543
D3 0.3637 0.3365 0.3411 0.3639 0.3583 0.3527
E1 0.4193 0.4061 0.4128 0.4175 0.4134 0.4138
E2 0.5471 0.5530 0.5448 0.5536 0.5487 0.5494
E3 0.6905 0.6804 0.6828 0.6813 0.6847 0.6840
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Figure 7: Relationship between thickness thinning ratio and
process parameters.

Figure 8: SPIF experiment unit.

Figure 9: �e measuring method.

Advances in Materials Science and Engineering 5



the same as those in Table 3. .e measured sheet thickness
values are shown in Figure 9; the formed part was cut along
the wall thickness direction with the help of wire-electrode
cutting, and then the thickness value was obtained using
a micrometer. To minimize error, an average of five readings
was calculated to represent the thickness for each forming
part. .e thickness values of the formed part at depths of
10mm, 13mm, 15mm, 17mm, and 20mm were measured.

.e theoretical wall average thickness value tinitial (mm)
in the forming area can be calculated using (1), and the error
value of the experiment wall average thickness value texperiment
(mm) is pinitial (%). .e fitting wall average thickness value
tfitting in the forming area can be calculated using (4), and the
error value with the experiment wall average thickness value
texperiment (mm) is pfitting..e comparison results are shown in
Table 5 and Figure 10.

Table 5 and Figure 10 show that the fitting formula has
better accuracy than the initial formula, demonstrating that the
fitting formula based on the simulation results can better predict
the thickness than the cosine calculation formula. According to
(2), the relationship between the thickness thinning ratio and
the processing parameters obtained is shown in Figure 11.

Li et al. [8] studied the effect of SPIF on the thickness
distribution through experimental investigations and found
that the tool diameter and step down was nearly in-
dependent of the location of thickness; however, the
thickness thinning ratio was found to increase continuously
as the tool diameter grows. .e same variation is clearly
observed in Figure 11: the wall thinning ratio clearly in-
creases from 30.15% to 32.11% when the tool diameter
changes from 6mm to 14mm (A1 to A3) but no obvious
change occurs in the thinning rate (decreasing from 31.87%
to 31.02) with the step down changing from 0.6mm to
1.0mm (B1 to B3). Bagudanch et al. [27, 28] obtained the
maximum temperature, forming force, formability, and
surface roughness in the SPIF by using the design of ex-
periments approach; the results showed that the feed speed
has a significant influence on themaximum temperature and
the forming force, whereas it has little effect on the form-
ability. .erefore, from the data of experiment nos. C1∼C3,
the feed speed has little effect on the thickness thinning ratio.
According to the cosine calculation formula, the forming
angle has the most significant effect on the thickness; from
the data of experiment nos. D1∼D3, the wall thinning rate
increases from 31.02% to 57.29%, with the forming angle
changing from 45° to 60°. From the data of experiment nos.
E1∼E3, the wall thinning rate increases from 29.66% to 32%,
with the sheet thickness changing from 0.6mm to 1.0mm.

Taking A1 as an example, the results of the thickness
ratio obtained from the simulation and experiment are
31.17% and 30.15%, showing that the results of the simu-
lation are correct and reliable. .e forming tool is assumed
to be a rigid body in the simulation process, and the wastage
of the sheet and tool caused by friction is not considered;
a degree of deviation is found between the simulation and
experiment results, but the deviation is notably small.
.erefore, the simulation results can be used to guide the
experiment to reduce the thinning rate.

5. Method of Controlling the Thinning Ratio

According to the previous analysis, the thickness thinning
ratio of the deformation zone affects the strength and
formability of the forming parts, and the tool diameter, the
step down, the forming angle, and other processing pa-
rameters affect the thinning ratio. On this basis, the forming
trajectory has a great influence on the forming process [29];
therefore, it is necessary to study the influence of the forming
trajectory on the thickness thinning ratio. It is expected that
the thinning rate can be controlled by controlling the
forming trajectory. In previous simulations and experi-
mental processing, the tool was found to always move along
only one direction and the pressure point was found to be
concentrated at the same location; thus, the material cannot
flow uniformly in forming process, and the thinning ratio of
the forming region will become notably large when the
impresses are produced, as shown in Figure 12.

To ensure the material flows more uniformly, it is best to
control the sheet thinning rate and increase the thickness of
the forming region. .e alternating inversion trajectory and
uniformly press point trajectory are employed to simulate
the forming process. A sheet with a thickness value of 1mm
and three different forming trajectories are used to simulate
the process for the same processing parameters. .e three
different forming trajectories are shown in Figure 13.

.e experimental forming parts and the simulation results
under three forming trajectories are shown in Figures 14 and
15, respectively; the thickness distribution is found to be the
most uniform under the uniformly press point trajectory.

.e simulation results and experimental results of the wall
thickness for the three different forming trajectories are
shown in Figure 16; the simulation results are found to be
close to the experimental results. .e simulation results are as
follows: the average thickness is 0.6840mm and the thinning
rate is 31.6%, for the single forming trajectory; the average
thickness is 0.6920mm and the thinning rate is 30.8%, for the

Table 5: Comparison between the theoretical and experimental results of the average thickness value.

Process parameters
Tool diameter (mm) Step down (mm) Feed speed

(mm/min) Forming angle (°) Feed speed
(mm/min)

6 10 14 0.6 0.8 1.0 100 200 300 45 53 60 0.62 0.81 1.08
texperiment 0.630 0.616 0.616 0.607 0.622 0.616 0.606 0.616 0.603 0.616 0.492 0.381 0.458 0.616 0.845
tfitting 0.625 0.612 0.615 0.608 0.610 0.612 0.603 0.612 0.584 0.612 0.475 0.421 0.450 0.612 0.802
tinitial 0.638 0.631 0.631 0.630 0.630 0.631 0.622 0.631 0.587 0.631 0.506 0.446 0.453 0.631 0.834
pfitting 0.79 0.65 0.16 0.16 1.92 0.65 0.49 0.65 3.15 0.65 3.46 10.50 1.70 0.65 5.09
pfitting 1.27 2.43 2.43 3.79 1.29 2.44 2.64 2.44 2.65 2.44 2.85 17.06 5.59 2.44 1.30
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Figure 10: Comparisons between the theoretical and experimental results. (a) �e wall thickness values under di�erent tool diameters, (b)
the wall thickness values under di�erent step down values, (c) the wall thickness values under di�erent feed speeds, (d) the wall thickness
values under di�erent forming angles, and (e) the wall thickness values under di�erent initial thickness values.
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alternating inversion trajectory; and the average thickness is
0.7114mm and the thinning rate is 28.86%, for the uniformly
press point trajectory. From these results, the alternating

inversion trajectory could slightly decrease the thinning rate
and the uniformly press point trajectory could obviously
decrease the thinning rate; thus, the uniformly press point
trajectory can be used to control the sheet-thinning ratio.

6. Conclusions

Because the thickness thinning ratio of the deformation zone
a�ects the strength and formability of the forming parts, the
in�uence of di�erent process parameters on the thinning
mechanism of the wall thickness and the changing law of the
thinning ratio of the forming region was studied and ana-
lyzed by using both �nite element simulation and experi-
ments. �e following conclusions were drawn:
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Figure 11: Relationship between the experimental thickness
thinning ratio and the process parameters.
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Figure 12: E�ect of a single forming trajectory.
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Figure 13: �ree di�erent forming trajectories: (a) the single
forming trajectory, (b) the alternating inversion trajectory, and (c)
the uniform press point trajectory.
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(a) (b) (c)

Figure 14: Forming parts of three forming trajectories: (a) single forming trajectory, (b) alternating inversion trajectory, and (c) uniformly
press point trajectory.
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+8.518e – 01
+8.220e – 01
+7.923e – 01
+7.625e – 01
+7.327e – 01
+7.030e – 01
+6.732e – 01
+6.434e – 01

(c)

Figure 15: Simulation results of three forming trajectories: (a) single forming trajectory, (b) alternating inversion trajectory, and (c)
uniformly press point trajectory.
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Figure 16: �ickness under three di�erent forming trajectories. (a) Simulation results of the wall thickness and (b) experimental results of
the wall thickness.
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(1) Based on the finite element model established and the
SPIF process simulated, the average wall thickness
values of forming area under different processing
parameters were obtained. .e high-precision pre-
diction formula of wall thickness obtained was based
on the average wall thickness data of the deformation
area under different process parameters. .e in-
fluences of tool head diameter, step down, feed speed,
sheet thickness, and forming angle on the change of
thinning rate were analyzed, and the laws of change
were analyzed and verified by experiments.

(2) In the process of single point incremental forming,
the diameter of the tool head has a significant effect
on the thinning ratio and the thinning ratio increases
with the increase of the diameter of the tool head.
.e thinning ratio is reduced when the step down
increases, but the influence of feed rate on the
thinning ratio is notably small. .e thinning ratio is
increased rapidly when the forming angle increases;
thus, the forming angle is the most important factor
affecting the thinning ratio. .e thinning ratio in-
creases with the thickness of the material, showing
that the thickness of the sheet has a significant effect
on the thinning ratio of the wall thickness. .e
uniform press point trajectory was found to reduce
the thinning ratio.

(3) In the experiment, the forming parameters were
selected with thin sheet material, smaller diameter
tool head, smaller step down, larger feed speed, and
smaller forming angle to obtain a lower thinning
ratio..ismethod was found to improve the forming
limit of sheet and the forming precision.

(4) .e three forming trajectories of single forming
trajectory, alternating inversion trajectory, and
uniformly press point trajectory were analyzed by
FEM or experiment; the uniformly press point tra-
jectory was found to make the thickness distribution
uniform and to increase the thickness thinning ratio.

(5) .e influences of different process parameters on the
thinning rate of wall thickness were obtained by both
simulation and experimental study of cone parts. No
clear mechanismwas found from analysis of the data.
.e formula fitting algorithm is slightly simplistic,
and the accuracy is not adequate. Further analysis of
the thinning rate mechanism will be conducted, and
a more comprehensive and accurate algorithm will
be employed to optimize the thickness formulate to
better control the wall thinning rate.
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