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Abstract

The spin forming provides an approach to manufacturing large-diameter thin-walled complex curved surface components
based on tailor-welded blanks produced from small 2195 Al-Li alloy plates, even scraps by friction stir welding (FSW). In
this study, three spin forming schemes of single-pass, two-pass, and three-pass roller paths are designed. The correspond-
ing experimental results indicate that the rolling of the rollers during spin forming is helpful in reducing the wall thickness
inhomogeneity between weld and parent material and hence improves the surface roughness. Meanwhile, spin forming makes
the welds deflect. With the increase of spinning passes, the forming height, open diameter, and the weld deflection angle of
components increase. Additionally, the wall thickness difference, the surface quality, and the overall unfitability of compo-
nents are all improved to some extent. However, there still exists insufficient forming height and over large open diameter due
to the unfitability. Therefore, to obtain an ideal formed component, a spin forming scheme was proposed through increasing
spinning passes in the ellipsoidal and cylindrical segments of the mandrel. Using this improved scheme, the forming height
was increased with the maximum of 18%, the unfitability value was decreased with the maximum of 97%, the surface quality
was significantly improved, and the ideal spun component was obtained.
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1 Introduction engine. A typical representative is the 2195 Al-Li special

curved surface heads in the aerospace industry. These com-

Thin-walled complex curved surface components are widely
used in advanced aircraft, spacecraft, etc., to reduce the
total weight and increase the thrust-to-weight ratio of the
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ponents can be effectively manufactured using spin form-
ing, owning to the advantages of high process flexibility,
outstanding mechanical property, small forming loads, and
low manufacturing cost [1, 2]. With the improvement of
the carrying capacity of aerospace equipment, thin-walled
complex curved surface components with larger diameters
are urgently needed, such as 10 m. However, large diameter
components are difficult to be manufactured using the tra-
ditional single integrated blanks due to the limitation of the
production capacity of ultra-wide sheets. A hybrid manu-
facturing technology exploiting friction stir welding (FSW)
followed by spin forming has been proposed to overcome
this issue. In addition, using the FSW technique to produce
tailor welded blanks (TWBs) can make use of small sheet
metal blanks or scraps, which contributes to green sustain-
able development [3].

It is well-known that the spin formability of thin-walled
curved surface components is significantly affected by mul-
tiple forming factors, including roller paths. To develop an
efficient spin forming process, many scholars have studied
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the effects of the roller path on the spin forming of compo-
nents. Wang and Long [4] established a finite element (FE)
model of spinning for thin-walled components with curved
surfaces to investigate the effects of the roller path profile
on component wall thickness. The results indicated that
the concave path caused the highest tool forces and wall
thickness reductions. Mohebbi and Rahimi Pour [5] studied
the influence of linear and nonlinear paths on spin forming
from a blank to a tubular shape, and the results showed that
the nonlinear path of the roller failed to produce this tubu-
lar component and easily caused circumferential cracks.
Wau et al. [6, 7] indicated that the gap was the most impor-
tant parameter for the spin forming of the large-sized cone
and it was concluded that the forming height first increased
and then decreased with the increase of gap. For spin form-
ing quality, different roller path types, including line, arc,
and involute in multi-pass conventional spinning, were
studied by Wei et al. [8] and Su and Wei [9] and found
that the involute roller path is the best. Gan et al. [10, 11]
studied the effect of roller paths based on quadratic Bezier
curves on forming quality during multi-pass conventional
spin of hemispherical components. It was found that the
first roller path had a significant effect on wall thickness
distribution, and the backward pass can obviously improve
the uniformity of wall thickness. Li et al. [12] found that in
the die-less spinning of sheet metal, a combined roller path
with a convex-concave curve could contribute a low shape
deviation, while an inverse combined roller path gives bet-
ter thickness precision.

In addition to the above research on the roller path of
the spin forming of single integral blanks, many research-
ers have paid more attention to the plastic forming of
tailor welded blanks. Katiyar et al. [13] developed an
FE model to predict the complex crushing behavior of
stretch-formed domes. Liu et al. [14] revealed the defor-
mation behavior and failure feature with TWBs manufac-
tured by varying thickness blanks in the hemispherical
punch stretching test. In order to achieve the failure/neck-
ing features of TWBs, a forming limit prediction model
was proposed. Parente et al. [15] performed an experi-
mental study on TWBs produced by FSW with dissimilar
aluminum alloy thin sheets and pointed out that TWB
formability is highly dependent on weld line orientation.
Based on numerical simulations, Kinsey et al. [16] intro-
duced a TWB deep drawing process with a geometry sim-
ilar to that of an inner door and indicated the effectiveness
and feasibility of the TWBs forming technology. Khan
et al. [17] studied the effect of the aspect ratio on form-
ability characteristics of TWBs and found that the weld
line displacement tends to increase with the increasing
of the TWBs thickness ratio. Zadpoor et al. [18] studied
the effects of the thickness difference and machining on

@ Springer

the mechanical behavior of machined aluminum TWBs
by experimental and numerical methods. They pointed
out that the machining process and thickness difference
significantly affected the forming behavior and failure
mechanism of the specimens. Silva et al. [19] performed
the single point incremental forming of TWBs produced
by FSW and concluded that the single point incremen-
tal forming with TWBs is prospective for manufacturing
complex metal components. To minimize the movement
of the weld line of TWBs, Bhagwan et al. [20] studied the
weld movement of TWBs. The results indicated that the
reduction in weld shift obtained by replacing the thick
blank with lower strength alloys is substantial at lower
gage mismatch ratios. Moayedi et al. [21] studied the
effects of weld orientation on the formability of TWBs
and suggested that TWB with orientation weld 90° in ten-
sion mode could achieve the best formability while in-
plane strain condition; the best formability is originated
from TWB with weld orientation 0°.

The achievements in the aforementioned literature
strongly contribute to the spin forming with single inte-
gral blanks for thin-walled curved surface components and
the common plastic forming with TWBs. Furthermore,
in order to form large-size thin-walled complex curved
surface components, the combined manufacturing pro-
cess of stamping and tailoring welding has always been
the currently common practice. However, this combined
manufacturing method leads to high cost, inefficient manu-
facturing practices, high failure risk, low shape precision,
and large residual stress. Hence, in order to realize the
manufacturing of large diameter components and reus-
ing of industrial metal scraps, it is necessary to develop
TWBs spin forming for thin-walled complex curved sur-
face components.

For this purpose, in this study, three spin forming
schemes of single-pass, two-pass, and three-pass roller
paths for 2195 Al-Li alloy thin-walled complex curved sur-
face components are proposed, and the forming experiments
are conducted. It is concluded that the rolling of rollers is
benefit to reduce the wall thickness difference between the
weld and parent material resulting from FSW and then to
improve the surface roughness of the weld zone and wall
thickness homogeneity. However, the shape and size can-
not meet the requirements due to the unfitability of these
components. On this basis, an improved spin roller path
scheme for thin-walled complex curved surface compo-
nents is proposed. Finally, through the spin forming scheme,
the forming quality of spun components was significantly
improved. The research provides a basis and guidance for
forming process design and tailoring of product quality in
spinning of 2195 Al-Li alloy thin-walled complex curved
surface components.
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2 Research methodology
2.1 Hybrid forming strategy

The hybrid forming strategy integrating friction stir weld-
ing and spin forming used in this study is shown in Fig. 1.
This forming strategy provides a novel potential approach to
manufacturing large diameter thin-walled complex curved
surface components. The diameter of target components is
generally larger than 3 m. In this study, for the purpose of
exploring the feasibility of this forming strategy and reduc-
ing material consumption, the spinning experiments were
carried out on a small-scale component. The material used
in this study is a commercial rolled and annealed 2195
Al-Li alloy blanks with a thickness of 3 mm. Two blanks of
identical size were first friction stir welded to form a tailor
welded blank, and the welding process parameters are shown
in Table 1. The mechanical property parameters of the par-
ent material and weld of TWBs are listed in Table 2. The
TWB was then tailored into a round shape with a diameter
of 370 mm. Next, the welding burrs and flash are removed
using a grinding machine to avoid scratching the blank sur-
face during the spinning. Finally, the thin-walled complex
curved surface components are manufactured through spin
forming.

The spin forming experiments were conducted on a com-
puter numerical control (CNC) spin forming machine PS-
CNCSXY1500HD with two symmetrically distributed roll-
ers rotating freely around their axis. The schematic diagram
of the spin setup and the geometries of the mandrel and
rollers are shown in Fig. 2. In this study, the shape of the
spun experimental components is consistent with the shape
of the spinning mandrel. The ideal height and open-end
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Fig. 1 Flow chart of the hybrid manufacturing strategy

Table 1 Process parameters of friction stir welding

Welding parameter Value
Welding feed speed (mm/min) 150
Tool rotational speed (rpm) 800
Plunge depth (mm) 0.1
Shoulder diameter (mm) 10
Pin length (mm) 2.8

diameter of spun experimental components are 143 mm and
333.8 mm, respectively. In particular, the surface profile of
the mandrel consists of four different parts: arc segment (A),
cone segment (B), ellipsoid segment (C), and cylindrical
segment (D). During spinning, the surfaces of the mandrel,
rollers, and TWBs are all coated with drawing oil to improve
lubrication conditions.

2.2 Spin roller paths design of TWBs

In order to explore the best processing route for the thin-
walled complex curved surface component, three TWB spin
forming schemes are designed, as shown in Fig. 3. These
schemes are composed of single-pass, two-pass, and three-
pass spin roller paths, respectively. For the single-pass spin
forming scheme, the roller path is designed to be the same as
the mandrel generatrix shape (Fig. 3a). Since the half cone
angle of the cone segment is 50°, the two-pass spin forming
scheme, as shown in Fig. 3b, was designed by adding a cone
spinning path with a half-cone angle of 50° based on the
single-pass scheme. Likewise, the three-pass spin forming
scheme in Fig. 3c is formed by adding another cone spinning
path with a half-cone angle of 76° based on the two-pass
scheme. The additional spinning path follows the tangent of
the arc segment of the mandrel. The common spin forming
parameters of these schemes are summarized in Table 3.

2.3 Index and measurement

To study the effects of different spin forming path designs
on forming quality of spun components, the geometries
(forming height, forming diameter, wall thickness distri-
bution, unfitability distribution) and the surface roughness

Table2 Mechanical property parameters of 2195-O Al-Li alloy
TWBs

Parameters Values

Parent material Weld
Young’s modulus/GPa 73 79
Yield strength/MPa 122.7 129
Tensile strength/MPa 181 215
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Fig.2 Experimental equipment:
a CNC spin forming machine

and b schematic diagram of
spin setup

(b)
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were used as evaluation indexes. The geometry indexes can
be obtained by a handheld three-dimensional laser scan-
ner based on reverse engineering. It is considered to be
ideal if the forming height is more than 143 mm, namely,

Tailstock Tailstock

T e W

the spun components are spun to the cylindrical segment
of the mandrel. In addition, the unfitability distribution
of spun components was achieved through the schematic
views of assembly drawings of spun components and the

Tailstock

[

Fig.3 Schematic illustration of TWB spin forming schemes: a single-p:
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Table 3 Process parameters of TWBs spin forming

Spin forming parameters Value
Roller operating angle (°) 45

Roller nose radius (mm) 10

Mandrel rotational speed (rpm) 200

Roller feed speed (mm/min) 400
Lubrication condition Drawing oil

mandrel. In order to analyze the unfitability of experimen-
tal components, a measurement method is developed to
quantity the unfitability that at the same section height of
components and mandrel, the distance between the inner
surface of components and the mandrel surface is used as
the evaluation index of the unfitability. To ensure accu-
racy, this distance U is measured five times and averaged
by selecting six evenly distributed positions on the open-
end of each component. Accordingly, the measure U is
defined as follows:

n

U==Y (R —Ry) 1)

i=1

where n=6 is the measurement times; Rg and R), are the
distance from the inner surface of components and mandrel
surface to the central axis of the mandrel, respectively.

In addition, the wall thickness was measured by this
reverse engineering. To obtain the axial wall thickness dis-
tributions of components in weld and parent material, two
measuring paths in the parent material zone (Path 1) and
weld zone (Path 2) along the axial direction of the spun com-
ponent were selected respectively. And the two circumferen-
tial paths at the cone segment (Path 3) and ellipsoid segment
(Path 4) of spun components were selected, respectively, as
shown in Fig. 4. Besides, in this study, the surface quality of
spun components under three spin roller path schemes was
obtained using a three-dimensional high-resolution optical
surface measuring instrument.

Fig.4 Schematic diagram of measure paths for the thickness analysis

3 Results and discussion

According to the roller path schemes, the spin experiments
of TWBs were carried out. The forming results in geometry
and surface qualities of formed components were analyzed
in this section.

3.1 Height and diameter

The heights and open-end diameters of spun components
under the three roller paths are obtained, as shown in Fig. 5.
It shows that the height increases from 123.7 to 132 mm,
and the diameter increases from 336.6 to 339.2 mm with
the increase in spinning pass. This is mainly because that
there are more material which was rolled and deformed
under the roller action with the increase in spinning pass.
Even though the height still not reaches the ideal value, the
diameter increases to a larger value than the ideal diameter.

Figure 6 shows that the unfitability value of spun com-
ponents decreases from 3.4 to 2.0 mm then increases to
2.3 mm, as increasing spinning path. The over large diameter
is mainly due to the unfitability caused by springback, par-
ticularly in the ellipsoid segment. In addition, it can also be
found from Fig. 6 that the unfitability distribution under the
single-pass scheme occurred in the ellipsoid segment. While
it was clearly seen in Fig. 6, the unfitability distribution zone
increased significantly under the two-pass and three-pass
schemes and mainly occurred in the cone segment and the
ellipsoid segment.

3.2 Wall thickness

The axial and circumferential wall thickness distributions of
spun components in the weld zone and parent material zone
under three spin roller path schemes are shown in Fig. 7. It
can be seen that the values of wall thickness in weld under a
given roller path are generally smaller than the correspond-
ing values in the parent material. These are mainly because
of the weld thinning caused by the FSW process. In addition,
with the increase of spinning passes, the variation trend of
wall thickness tends to be consistent. The average differ-
ences in axial and circumferential wall thickness between
parent material and weld were the smallest when the three-
pass spin roller path scheme was conducted. These indicated
that the wall thickness homogeneity is improved by spinning
and the increase of spin passes.

3.3 Weld torsion
After spin forming of TWBs, an obvious deflection phenom-

enon occurred at the welds of spun components, as shown
in Fig. 8a. From Fig. 8b, it can be observed that the weld
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Fig.5 Heights and diameters Height (mm)
of components under three spin
roller paths 143.0 *
132.0 -
Ideal diameter

129.7

123.7

Ideal height (>143.0 mm)

Single-pass

Three-pass

333.8 336.6

deflection direction is in accordance with the rotating direc-
tion of spun components. During spinning, with the forward
feed of the roller along the axial direction of the mandrel, the
welds of spun components present deflection. Although Ma
et al. [22] have also studied the spin forming of the curved
head with a 2219 aluminum alloy TWB, the weld deflec-
tion of the curved head did not occur after spinning. This
is because there is not enough material flow under fewer
spinning passes. In the present study, it can be concluded
according to the maximum weld deflection angle (Fig. 8b)

Spun part

el o
W (e}
T T

= Pt
W (e}
T T

Single-pass Two-pass Three-pass

Spin forming scheme

Fig. 6 Unfitability of spun components under three spin roller paths
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that accompanied by the increase of spin passes of TWBs,
the weld deflection angle increases gradually under roller
rolling.

3.4 Surface quality

Figure 9 shows the surface roughness parameter R, in the
parent material and weld zone of spun components under
three spin forming path schemes. It can be concluded that
with the increase of spin passes, the surface roughness val-
ues in the parent material and weld zone are all gradually
decreased, and the surface roughnesses along the latitude
direction of spun components are better than those along
the longitude direction of spun components. In addition, as
compared to the obvious onion rings in the weld thinning
zone of the original TWB, the onion rings in the weld thin-
ning zone are gradually eliminated by roller rolling with the
increase of spin passes, as shown in Fig. 9. The main reason
is that with the increase of spin passes, the increased roller
rolling on the material contributes to the improvement of the
surface roughness.

4 Improvement on spin roller paths

According to Sect. 3, the increase of spin passes is beneficial
to improve the forming height and decrease the unfitability
S0 as to obtain spun components with better forming qual-
ity. Since the unfitability distribution of spun components
mainly focuses on the ellipsoid segment, therefore, the three
spin forming schemes in Sect. 2.2 are tailored and tried by
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Fig. 7 Axial and circumferential wall thickness distributions of spun components under three spin roller path schemes

Fig.8 Weld deflection of spun
components under a given
three-pass spin roller path
scheme (a) and under various
spin roller path schemes (b)

7.0
6.5
6.0 -
55
5.0
45+
4.0
35¢F
3.0 F
25¢F
2.0
1.5

1.885 cm

Roughness (pm)

B Parent material (longitude direction)
O Parent material (latitude direction)
LOF A weld (longitude direction)
0.5 A Weld (latitude direction)
0.0 1 1

Original

1 1

Single-pass Three-pass

Spin forming schemes

Two-pass

Fig.9 Surface roughness of spun components under three spin roller
path schemes
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adding a spinning pass along the generatrix of the mandrel.
The results of the unfitability are summarized in Table 4.
Obviously, despite adding a spinning pass, the unfitability is
still not decreased but increased and compared with before
tailoring, the unfitability distribution increased. Therefore,
according to the above process tries, it is not advisable to
simply increase the number of spinning passes. From the
previous experimental analysis results, it is found that the
unfitability distribution is mainly concentrated in the ellip-
soid segment. As a consequence, the improved spin roller
path scheme is proposed by adding seven spin passes at the
ellipsoid segment and cylindrical segment of the mandrel on
the basis of the single-pass spin roller path scheme. Namely,
an eight-pass spin roller path scheme was proposed, as
shown in Fig. 10.

Exploiting this proposed eight-pass spin roller path
scheme, the spun experimental component with the form-
ing height of 145.7 mm and open diameter of 333.8 mm
was obtained, as shown in Fig. 11. Comparing Figs. 7 and
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Table 4 Unfitability comparision of spun components after adding
one pass

Original roller Tailored scheme by Unfitbility Unfitbility
path scheme adding one pass value (mm) trend
Single-pass Two-pass 34—-39 1
Two-pass Three-pass 2.0—2.58 1
Three-pass Four-pass 2.3—52.45 1

12, it can be seen that under this eight-pass spin roller
path scheme, the inhomogeneous circumferential wall
thickness distribution is significantly improved, and the
differences in the circumferential wall thickness between
parent material and weld are greatly reduced. Likewise, a
weld deflection of 10° occurred under this spin roller path
scheme, which indicates that the weld deflection angle
increases with the increase of spin passes. The forming
results of spun components under four spin roller path
schemes are listed in Table 5. It can be found that using
the improved eight-pass spin forming scheme, the forming
height of spun components is highest, and there is a maxi-
mum increase of 18% on forming heigh. In addition, from
Table 5, the unfitability value of spun components is only
0.09 mm and compared with components under single-
pass spin forming schemes, the maximum decline of the
unfitability value is 97%. That is to say, using the proposed
eight-pass spin roller path scheme, the profile shape of
spun components is in good agreement with the mandrel.
Besides, it can also be clearly seen from Table 5 that the

= 1Ist roller path

2nd roller path
=== 3rd roller path
=== 4th roller path
= 5throller path
= 6th roller path
= Tthroller path

= 8throller path
® Roller start path

Tailstock 1t

Finished part

2nd ~ 4th

/ Mandrel "

Fig. 10 Schematic illustration of the eight-pass spin forming schemes
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Fig. 11 Spun component under the eight-pass spin roller path scheme

spacings of the spinning corrugations are decreased from
2.3 to 1.2 mm, and as shown in Fig. 13, the onion rings
in the weld zone are absolutely eliminated by roller roll-
ing. It can be concluded that the surface roughness values
are also better not only in the weld zone but also in the
parent material zone using the proposed eight-pass spin
forming scheme. Therefore, there is no doubt that using
the proposed eight-pass spin forming scheme can effec-
tively avoid the above forming quality problems, improve
the spin forming quality significantly, and obtain the ideal
spun components.

3.6
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al T T T
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20F

1.8 |

Wall thickness distribution (mm)
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Fig. 12 Wall thickness distribution
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Table 5 Forming results of spun

. Index Roller path scheme
components under four spin
roller path schemes Single-pass Two-pass Three-pass Eight-pass
Height (mm) 123.7 129.7 132 145.7
Unfitability (mm) 34 2 2.3 0.09
Spinning corrugations spacings (mm) 23 23 2.1 1.2
Rouhuness of parent material (um)/longitude direction 3.25 2.85 243 2.26
Rouhuness of parent material (um)/latitude direction 2.62 245 1.99 1.99
Rouhuness of weld (um)/longitude direction 2.25 2.46 243 2.24
Rouhuness of weld (um)/latitude direction 2.27 2.34 2.10 1.92
;Ia?re:j msalig?;f ;:gg?f;ﬁihy of Parent material Weld Elimination of onion rings
1.865 cm 1.864 cm
v "

5 Conclusions

In this study, three spin roller path schemes were firstly
designed and assessed for the ability to manufacture thin-
walled complex-curved-surface components from 2195
Al-Li alloy tailor-welded blanks. Since none of these
three schemes can meet the geometrical requirements of
the component, an improved spin roller path scheme was
proposed and based on which the ideal spun component
was successfully obtained. The following conclusions can
be drawn:

1. With the increase of spin passes from one to three, the
surface quality is significantly improved, and the com-
ponent height gradually increases which approaches the
ideal value. However, the corresponding open diameter
diverges from the target value due to the unfitability.

2. After spin forming of tailor welded blanks, a deflec-
tion phenomenon of the welds was observed, and the
deflection direction followed the mandrel rotating direc-
tion. The deflection angle increases gradually with the
increase of spin passes.

3. A new eight-pass spin roller path scheme was proposed
aiming to solve the unfitability problem near the open-
end and to improve the overall forming quality. The

| |

R
Ofe’l})
1.842cm 9

forming height achieved 145.7 mm with an increase
of 18%, while the unfitability value was reduced to
0.09 mm with a reduction of 97% compared to the other
three schemes. In addition, both the wall thickness
homogeneity and surface roughness were improved as
well.
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