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Abstract: To assist the low-cost manufacturing of tanks, a one-step method of marginal-restraint
mandrel-free spin forming is therefore proposed in this study for the forming of top covers with
flanged holes. With the finite element simulation analysis, three different forming strategies are
discussed, and the best spinning process is identified. The proposed forming strategies involve
preforming the flanged surface first and then preforming the spherical and flanged surfaces in a
subsequent trajectory and is proved to have better forming accuracy. Furthermore, the forming
quality of the spun parts is improved and optimized by employing more passes, smaller feed ratios,
and larger roller fillet radii. It was experimentally verified that the marginal-restraint mandrel-free
spinning one-step method with five passes, a feed ratio of 1 mm/r, and a roller fillet radius of 60 mm
for the cylindrical roller can achieve accurate forming of a top cover with a center flange hole.
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1. Introduction

The top cover is a component of the propellant storage tank structure. The inner
contour of the top cover is designed to meet the control requirements of the propellant
outflow process, and the forming accuracy is crucial. The traditional method for forming
the top cover of a launch vehicle tank with a center flanged hole involves two steps. A
preformed cover is first deepened, and a flanged hole is formed by stamping. In this
process, corresponding molds are required, and the workpiece needs to be transferred
and re-clamped. This process is complex and incurs a high manufacturing cost, long
manufacturing time, and risk of rework or scrap formation [1,2]. A typical top cover with a
center flanged hole is shown in Figure 1.
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1. Introduction 
The top cover is a component of the propellant storage tank structure. The inner con-

tour of the top cover is designed to meet the control requirements of the propellant out-
flow process, and the forming accuracy is crucial. The traditional method for forming the 
top cover of a launch vehicle tank with a center flanged hole involves two steps. A pre-
formed cover is first deepened, and a flanged hole is formed by stamping. In this process, 
corresponding molds are required, and the workpiece needs to be transferred and re-
clamped. This process is complex and incurs a high manufacturing cost, long manufac-
turing time, and risk of rework or scrap formation [1,2]. A typical top cover with a center 
flanged hole is shown in Figure 1.  
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For top covers with flanged holes and multiple reverse-curvature bus features, such
as that shown in Figure 1, multi-step forming with different processes is still generally
adopted. Zhang used a molded spinning method to form domes [3] and explored the
instability mechanisms [4,5] in the molded spinning process and the influence of different
process parameters such as the feed ratio and roller fillet radius on the forming quality [6–8].
The domes and top covers were successfully developed experimentally to meet the forming
quality requirements [9,10]. Rao [11] studied the multi-constraint spinning process, and
the mechanisms of flange wrinkle instability and thickness variation during the spinning
process are discussed in [12,13]. The influence of process parameters such as the spinning
trajectory on the forming quality by using mandrel-free spinning was studied [14–16].
Experimental dome top cover parts of different shapes and good forming quality were
obtained. These studies have mainly focused on single-feature spherical or ellipsoidal
domes and the spin forming of top covers. The use of one-step spinning to form the top
cover helps reduce costs and avoid accuracy losses caused by secondary clamping. The
costs can be further reduced by using mandrel-free spinning [17–19].

Common round-hole flanging processes include stamping [20–22], electromagnetic
forming [23,24], progressive forming [25], single point incremental forming [26,27], and ball
spinning flanging [28]. Generally, the manufacturing process for forming the cover involves
initially spinning the overall contour and then using a stamping flanging method. In this
process, the workpiece that has been spun needs to be transferred to the stamping die, and
the secondary setup may incur additional positioning time. This process is time and cost
intensive. Single point incremental forming can achieve one-step forming, but it often has
limited working range, posing certain challenges for forming large-sized covers. For larger
top covers, spinning forming is considered the most economical method. However, as
a top cover with a flanged center hole is a multi-featured surface structure in which the
top cover surface is combined with a flanged surface, and the center hole has a curvature
opposite that of the top cover, the flanging is significantly different from that of flat blanks,
and the effect of the center hole flanging on the geometric accuracy of the formed surface
of the top cover has rarely been studied. Different forming strategies are available and
need to be discussed. Furthermore, the process parameters remain to be determined for the
forming accuracy.

In this study, a one-step method for the marginal-restraint mandrel-free spinning of top
covers with center flanged holes is presented based on the structural characteristics of top
covers. Through this method, top cover spin forming and center hole flange forming can
be simultaneously accomplished using the same set of tools on the same equipment, which
reduces the manufacturing costs and improves forming efficiency. The method provides
a new approach for the subsequent manufacturing processes of anti-curvature busbar
parts with multiple features. A finite element model (FEM) of the one-step method was
established and experimentally verified, and the influence of different process parameters
on the forming quality of the top cover was studied and optimized.

2. One-Step Method for Marginal-Restraint Mandrel-Free Spinning of Top Covers
with Center Flanged Holes

The one-step method for the marginal-restraint mandrel-free spin forming of a top
cover with a center flange hole is shown in Figure 2. A flat blank with a hole in the center
is used, and the outer edge of the blank is fixed to a cylindrical support fixture with a
blank-hold ring. To perform the spinning of a top cover with a center flange hole, the
blank is rotated by the cylindrical support fixture on a spinning machine table as the
cylindrical spinning wheel is fed from the edge of the blank to the center according to the
spinning trajectory.
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Figure 2. One-step method for marginal-restraint mandrel-free spinning of top cover with center
flange hole.

The top cover with a center flanged hole consists of a spherical surface and a flanged
surface. The three forming strategies options with different forming orders shown in
Figure 3 and Table 1 are investigated. In option 1, the spherical surface is formed first
followed by the flanged surface in multiple passes. Specifically, the spherical surface is first
formed with spin track A, and the flanged surface is subsequently formed with multiple
passes of spin tracks B1 and B2 to Bn. In option 2, the flanged surface is formed first
followed by the spherical surface in multiple passes. Specifically, the flanged surface is
first formed with spin tracks B1 and B2 to Bn, and then the spherical surface is formed with
spin track A. In option 3, the flanged surface is first preformed in multiple passes, and
then the spherical and flanged surfaces are simultaneously formed in one pass. Specifically,
the flanged surface is preformed with spin trajectories B1 and B2 to Bn−1, and then spin
trajectories A and Bn are used to form the spherical and flanged surfaces simultaneously.
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Table 1. Three forming strategies options.

Option Number Option 1 Option 2 Option 3

Forming order A→B1→B2→. . .→Bn B1→B2→. . .→Bn→A B1→B2→. . .→Bn−1→A→Bn

The one-step method for the marginal-restraint mandrel-free spinning of top covers
with center flanged holes not only allows the use of thin-walled blanks but also eliminates
the need for molds. It reduces the processing time and manufacturing cost and cycle
time and increases the manufacturing flexibility. Moreover, compared with the multi-step
forming method, the errors caused by multiple assemblies are reduced, thereby improving
the manufacturing accuracy of the spinning parts.
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3. Development and Verification of the Finite Element Model (FEM)
3.1. Development of the FEM

A one-step FEM of a marginal-restraint mandrel-free spinning top cover with a center
flanged hole was constructed using the MSC.MARC software 2019 (Hexagon, Stockholm,
Sweden). The model is shown in Figure 4. It consists of a blank, a cylindrical support
fixture, and a cylindrical roller. The blank has a thickness of 6 mm, a diameter of 820 mm,
and a prefabricated hole with a diameter of 90 mm in the center. The mechanical properties
are listed in Table 2. The model consists of 7200 eight-node hexahedral solid elements. The
cylindrical roller and support fixture were set as rigid bodies, and the blank is set as the
deformed body. A dynamic implicit algorithm has been employed. The roller rotational
velocity is determined as it is, and there is no mass scaling applied. The friction coefficient
is set to be 0.02.
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Table 2. 2219-O material performance parameters.

Elastic Modulus
E/MPa

Poisson’s Ratio
µ

Density
ρ/(kg·m−3)

Tensile Strength
/Mpa

Yield Strength
/Mpa

Elongation
/%

73,100 0.33 2840 179 75.8 18

Option 1 in Table 1 was adopted for the roller trajectory in which a spherical surface
is first formed in one pass, and then four passes of the spinning trajectory are used to
gradually preform flanged holes. The remaining process parameters were set as follows:
roller installation angle α = 15◦, roller feed ratio f = 2 mm/r, roller fillet radius ρR = 60 mm,
and blank rotation speed n = 15 r/min.

Figure 5 shows the equivalent stress distribution in the top cover with a center flange
hole. Figure 5a shows that as the spherical surface is being formed, the center area of the
blank, i.e., the formed flanged surface area, is subjected to small stress state; the spherical
surface is formed first and is affected by the following forming process. Figure 5b shows
that as the flanged surface is being spun, the spherical surface is subjected to a higher stress
state. Figure 5c shows that the equivalent force of the workpiece is uniformly distributed
in a circular band and initially increases, then decreases, and finally increases again from
the edge to the center of the workpiece. The maximum equivalent stress occurs at the edge
of the flanged hole.
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3.2. Verification of the FEM Model

The setting of the spinning test is shown in Figure 6. It is performed through a top
cover with a center flange hole using the same process parameters as the simulation and a
self-developed spinning machine platform. Figure 7 shows the experimental spinning and
forming parts. Both the spherical and flanged surfaces can be formed with good overall
forming effect.
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Figure 7. Experimental specimen obtained for FEM verification. (a) From the top view. (b) From the
side view.

The contour and thickness of the experimental parts were measured using the 3D
scanner and the thickness measurement instruments shown in Figure 8. The accuracy of
the 3D scanner is 0.02 mm, while the accuracy of the thickness measurement instrument is
0.001 mm when measuring thicknesses below 20.00 mm. The experimentally measured
thicknesses and contour values are compared with the simulation and theoretical results in
Figure 9. The theoretical contour is the envelope of the traveling roller surface. Figure 9a
shows that the thickness is slowly reduced at the beginning of the spherical surface and
subsequently retains a stable thickness up to the beginning of the flanged surface. It rapidly
thins until the end of the flanged hole, at which point the thickness increases slightly.
Figure 9b indicates that the spherical surface deviates significantly from the theoretical
surface near the flanged surface. The deviation is larger closer to the flanged surface, and
the maximum deviation occurs at the beginning of the flanged surface. This is because
only the edges of the workpiece were circumferentially constrained, and the material
stiffness in the middle area is relatively small. The comparison between the simulation and
experimental results shows that the errors between the experimental and simulated parts
are acceptable. The maximum thickness error is calculated by Equation (1) to be 4.6%, and
the maximum contour error is 5.5%. The FEM can therefore be considered reliable. An
optimization of the process parameters needs to be implemented.

ϕ =
t1 − t0

t0
(1)

where ϕ refers to the error, t1 is the simulation results, and t0 is the experiment results.
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4. Results and Discussion

As the above process parameters cannot achieve the accurate forming of a top cover
with a center-flanged hole, the effects of the process parameters comprising the roller
trajectory, trajectory number, feed ratio, and roller fillet radius on the forming pattern are
discussed and optimized below. The process parameters were selected and experimentally
verified to achieve accurate formation of top covers with center flange holes using the
one-step marginal-restraint mandrel-free spinning method.

4.1. Influence of Roller Trajectory on Forming Quality

The effects of the different roller trajectory options in Table 1 on the forming quality of
the top cover with a roller feed ratio of f = 2 mm/r, roller fillet radius of ρR = 60 mm, and
four passes are discussed below.

A comparison of the thicknesses of the spun parts with different roller trajectories is
presented in Figure 10. The three manufacturing process options listed in Table 1 result in
the same thickness distribution trends as shown in Figure 10a. There are obvious thickness
deviations at the transition between the spherical and flanged surfaces, where the thickness
of option 1 is significantly smaller than those of options 2 and 3. Figure 10b shows that the
minimum thickness occurs for option 2. However, the difference between the minimum
thicknesses of the three options is small. The maximum thinning ratio is 29% because the
minimum thickness is mainly determined by the maximum expansion amount. Figure 10c
shows the maximum thickness difference at the edge of the flanged hole. Here, the thickness
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difference represents the difference in thickness at the same position coordinates between
different forming processes. The maximum difference in thickness, referred to as the
maximum thickness difference, occurs at the hole edge. Option 1 resulted in the worst
thickness distribution. Option 3 resulted in the smallest thickness difference at the edge of
the flanged hole and the best thickness uniformity.
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The maximum offset of the contour at the edge of the flanged hole indicates the
maximum offset between the contour of the spun part and the theoretical contour at the
edge of the flanged hole. A comparison of the spun parts and theoretical contours is shown
in Figure 11. The spun contours of the three options agree well with the theoretical contours
in the spherical surface section. In the flanged surface section, the difference between the
spun and theoretical contours of the three options is more obvious. The maximum offsets
of the spun part contour for options 1, 2, and 3 are 2.67, 10.52, and 1.36 mm, respectively.
The maximum offset of 0.25 mm for the edge contour of the flanged hole for option 3 is
significantly smaller than those for options 1 and 2.

Considering the thicknesses and contour accuracies obtained with the different roller
trajectories, the best contour accuracy and thickness uniformity can be obtained by using
option 3. In other words, the optimal roller trajectory is to adopt multiple spin trajectories
to preform the flanged surface first and then to employ the last trajectory to achieve
simultaneous spin forming of the spherical and flanged surfaces.
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Option 3 was adopted for the roller trajectory, and a feed ratio of 2 mm/r and roller
fillet radius of 60 mm were used to study the effects of three, four, and five passes on the
forming quality of top covers with center flanged holes.

In the option 3 roller spinning trajectory, the flanged surface is first formed over
multiple spinning passes, and the simultaneous spinning of the spherical and flanged
surfaces is realized in the last trajectory pass. Because the last trajectory is fixed, the number
of passes here refers to the passes for preforming the flanged surface. The parameters for
the trajectories with three, four, and five passes are listed in Table 3.

The effect of passes, feed ratio, and roller fillet radius have been investigated by
simulation in detail. Firstly, as shown in Figure 12, the number of the passes mainly affects
the thickness at the beginning of the flanged surface. The minimum thickness occurs near
the edge of the flanged hole; more passes resulted in a larger minimum thickness of the
spun part and a smaller thickness difference at the edge of the flanged hole. For three
passes, the minimum thickness of the spun part is 4.211 mm, and the maximum thickness
difference at the edge of the flanged hole is 0.044 mm. For five passes, the minimum
thickness of the spun part is 4.274 mm, and the maximum thickness difference at the
edge of the flanged hole is 0.019 mm. Increasing the number of passes can increase the
minimum thickness of the spun part and improve the thickness uniformity at the edge of
the flanged hole.
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Table 3. Trajectory parameters for preforming of flanged surface.

Number of Passes Trajectory Path Radius/mm Roller Trajectory

Three passes R375→R185→R140
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Figure 12. Influence of passes on thickness accuracies of spun parts. (a) Comparison of thicknesses of
spun parts. (b) Minimum thicknesses. (c) Flanged hole edge maximum thickness differences.

As shown in Figure 13, the number of passes has the most significant effect on the
contour of the spun part at the starting position of the flanged surface, while the contours
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at the remaining portions agree well with the theoretical contour. More passes resulted
in smaller maximum contour offsets and offsets of the edge of the flanged hole. For three
passes, the maximum offset of the contour is 1.87 mm, and the maximum offset of the
edge of the flanged hole is 0.34 mm. For five passes, the maximum offset of the contour is
1.12 mm, and the maximum offset of the edge of the flanged hole is 0.19 mm. These results
show that increasing the number of passes can improve the contour accuracy of the spun
part and the roundness of the flanged hole.
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4.2. Influence of Feed Ratio on Forming Quality

A top cover with a center flanged hole in which the flanged hole was preformed over
two passes is shown in Figure 14. The spherical and flanged surfaces spins are formed
simultaneously in the final pass. However, several obvious cracks were observed at the
edges of the flanged holes. These cracks resulted from the large amount of deformation in
each pass, which exceeded the elongation limit of the material. The influence of the feed
ratio is discussed as follows.

Option 3 and four passes were adopted for the roller trajectory and a roller fillet radius
of 60 mm used to study the effects of feed ratios of 1, 2, and 4 mm/r on the forming
quality of top covers with center flanged holes. As shown in Figure 15, the feed ratio
mainly affected the thickness of the spun part at the beginning of the flanged surface. The
minimum thickness occurs near the edge of the flanged hole. Larger feed ratios resulted in
larger differences between the minimum thickness of the spun part and the thickness of the
edge of the flanged hole. For the feed ratio of 1 mm/r, the minimum thickness of the spun
part is 4.234 mm, and the thickness difference at the edge of the flanged hole is 0.017 mm.
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For the feed ratio of 4 mm/r, the minimum thickness of the spun part is 4.323 mm, and
the thickness difference at the edge of the flanged hole is 0.047 mm. A large feed ratio can
increase the minimum thickness of the spun part but also reduces the thickness uniformity
at the edge of the flanged hole.
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As shown in Figure 16, the feed ratio has the most significant effect on the contour
of the spun part at the beginning of the flanged surface, while the remainder of the part
agrees well with the theoretical contour. Larger feed ratios resulted in larger maximum
offsets of the spun part and flanged hole edge contours. The maximum offset of the flanged
hole edge contour is increased significantly as the feed ratio is increased from 2 to 4 mm/r.
For the feed ratio of 1 mm/r, the maximum offset of the contour is 1.17 mm, and that of the
flanged hole edge contour is 0.21 mm. For the feed ratio of 4 mm/r, the maximum offset of
the contour is 1.93 mm, and that of the flanged hole edge contour is 0.59 mm. These results
indicate that a small feed ratio can improve the accuracy of the spun part contour and the
roundness of the flanged hole.
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4.3. Influence of Roller Fillet Radius on Forming Quality

Option 3 with four passes was adopted for the roller trajectory at a feed ratio of 2 mm/r
to study the effects of roller fillet radii of 40, 50, and 60 mm on the forming quality of top
covers with center flanged holes. As shown in Figure 17, the roller fillet radius has the most
significant effect on the thickness of the spun part at the beginning of the flanged surface,
while the remainder of the part has better fit. Larger roller fillet radii resulted in larger
minimum thicknesses of the spun part and smaller thickness differences at the edge of the
flanged hole. For the roller fillet radius of 40 mm, the minimum thickness of the spun part
is 3.372 mm, and the thickness difference at the edge of the flanged hole is 0.056 mm. For
the roller fillet radius of 60 mm, the minimum thickness of the spun part is 4.253 mm, and
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the thickness difference at the edge of the flanged hole is 0.031 mm. The uniformity of the
thickness at the edge of the flanged hole can be improved.

As shown in Figure 18, the roller fillet radius has the most significant effect on the
contour of the spun part at the beginning of the flanged surface, while the remainder of the
part has better fit. Larger roller fillet radii resulted in smaller maximum offsets between the
contours of the spun part and the edge of the flanged hole. For the roller fillet radius of
40 mm, the maximum contour offset is 1.51 mm, and the maximum offset of the flanged
hole edge is 0.46 mm. For the roller fillet radius of 60 mm, the maximum contour offset is
1.36 mm, and the maximum offset of the flanged hole edge is 0.25 mm. The accuracy of
the spun part contour and the roundness of the flanged hole can therefore be improved by
using a larger fillet radius.
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4.4. Experimental Verification

Based on the above results, we chose roller trajectory option 3 with five passes, a feed
ratio of f = 4 mm/r, and a roller fillet radius of ρR = 60 mm to obtain the best contour and
thickness accuracies. The experimental platform for spin forming top covers with center
flanged holes is shown in Figure 19. The platform has a single roller arrangement with a
cylindrical roller and a roller installation angle of 15◦. A 2219-O state aluminum alloy plate
with the dimensions of 820 mm × 820 mm, a thickness of 6 mm, and a prefabricated hole
with a diameter of 90 mm in the center was used as the experimental blank.
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The forming process of the specimen is shown in Figure 20. The experimental piece
of the top cover under the optimized parameters is shown in Figure 21. The experimental
piece is well formed, and an ultrasonic thickness gauge was used to measure the thickness
of the spun part along the busbar direction. A 3D scanner was used to scan the spun part,
and the scanning results were imported to obtain a 3D model of the spun part. The model
is shown in Figure 21a. The contour data of the scanned model for the spun part were
extracted along the path shown in Figure 21b. The thickness and contour are compared
with the simulation values.
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Figure 21. Top cover with center flanged hole after spinning. (a) From the top view. (b) From the
side view.

The thickness of the manufactured top cover is measured along the path shown in
Figure 22. A comparison of the thickness of the experimental part with the simulation
thickness is shown in Figure 23. The thickness of the spherical surface section initially
decreases and then increases as the spin-forming angle decreases. The thickness of the
flanged surface section decreases with increasing expansion but increases slightly at the
edge of the flanged hole. The thickness distribution of the experimental part is consistent
with the simulation results. The maximum thickness deviation is 0.07 mm. The minimum
thicknesses of the experimental part and at the edge of the flanged hole are 4.24 and
4.42 mm, respectively. The thickness requirements for the top cover with a center flanged
hole are therefore satisfied.
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Figure 23. Comparison of simulated and experimental thicknesses.

A comparison of the experimental, simulated, and theoretical contours is presented
in Figure 24. It can be seen that the distributions of the experimental, simulated, and
theoretical contours agree well. The maximum contour offset between the experimental
and simulated contours is 0.15 mm, and the maximum contour offset from the theoretical
contour is 0.89 mm, which is within the contour accuracy requirements. These results show
that accurate spin forming of top covers with center flanged holes can be achieved using the
one-step marginal-restraint mandrel-free spinning method with the optimized parameters
(roller trajectory option 3, five passes, feed ratio of 4 mm/r, roller fillet radius of 60 mm).
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5. Conclusions

A one-step method for marginal-restraint mandrel-free spinning was proposed in this
paper to perform the integral forming of top covers with center flanged holes based on
their structural characteristics. The finite element method was used to study the influence
of the roller trajectory, trajectory number, feed ratio, and roller fillet radius on the forming
quality. The best forming quality is achieved by adopting a trajectory option in which
the flanged surface is first preformed in multiple passes and the spherical and flanged
surfaces subsequently formed in one pass. The forming quality of the spun parts can
be improved by using larger trajectory numbers and roller fillet radii and smaller feed
ratios. Precise forming of top covers with center flanged holes can be achieved using the
marginal-restraint mandrel-free spinning one-step method with trajectory option 3, five
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passes, a feed ratio of 1 mm/r, and a cylindrical roller fillet with a radius of 60 mm. The
integral spin forming of top covers with center flanged holes using the one-step method
was experimentally verified, and the optimized parameters are proven to be effective on
the precision forming of the specimen.

This study primarily ensured the precise formation of top covers with a central flange
hole. The geometry and thicknesses of these covers were well preserved after optimizing
the process parameters. Throughout the manufacturing process, the evolution of material
structure and performance played a crucial role. In future research, we will further investi-
gate the aluminum alloy material’s structural evolution and its relationship with process
parameters during the spinning process.
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