'." frontiers
1IN Materials

ORIGINAL RESEARCH
published: 10 December 2021
doi: 10.3389/fmats.2021.809018

OPEN ACCESS

Edited by:
Xiangchen Meng,
Harbin Institute of Technology, China

Reviewed by:

Yuming Xie,

Harbin Institute of Technology, China
Chunmei Liu,

Nanjing University of Aeronautics and
Astronautics, China

*Correspondence:

Mei Zhan
zhanmei@nwpu.edu.cn
Zebang Zheng
zebang.zheng@nwpu.edu.cn

Specialty section:

This article was submitted to
Structural Materials,

a section of the journal
Frontiers in Materials

Received: 04 November 2021
Accepted: 12 November 2021
Published: 10 December 2021

Citation:

Zhang H, Zhan M, Zheng Z, LiR, Lyu W
and Lei Y (2021) A Systematic Study
on the Effects of Process Parameters
on Spinning of Thin-Walled Curved
Surface Parts With 2195 Al-Li Alloy
Tailor Welded Blanks Produced

by FSW.

Front. Mater. 8:809018.

doi: 10.3389/fmats.2021.809018

®

Check for
updates

A Systematic Study on the Effects of
Process Parameters on Spinning of
Thin-Walled Curved Surface Parts
With 2195 Al-Li Alloy Tailor Welded
Blanks Produced by FSW

Hongrui Zhang "*3, Mei Zhan ""?*, Zebang Zheng ""%3*, Rui Li"?, Wei Lyu "2 and Yudong Lei"?

"State Key Laboratory of Solidification Processing, School of Materials Science and Engineering, Northwestern Polytechnical
University, Xi'an, China, 2Shaanxi Key Laboratory of High-Performance Precision Forming Technology and Equipment, School of
Materials Science and Engineering, Northwestern Polytechnical University, Xi'an, China, ®Key Laboratory of High Performance
Manufacturing for Aero Engine (Ministry of Industry and Information Technology), School of Mechanical Engineering,
Northwestern Polytechnical University, Xi’an, China

The manufacturing process is inevitably accompanied with the production of scraps,
which leads to resource waste and environmental pollution. Recycling and
remanufacturing are the most commonly used approaches for metal scraps due to
their well-established advantages from economic and environmental perspectives. In
this study, spinning experiments with 2195 Al-Li alloy tailor welded blanks produced
by friction stir welding from metal scraps were conducted under different process
parameter designs. And then the effects of various process parameters on spinning of
thin-walled curved surface parts were systematically studied. The results of the
corresponding experimental groups show that the roller attack angle, the spinning
clearance, and the installation method of tailor welded blanks have the most significant
effect on the weld torsion angle. In addition, it was found that along the longitude direction
of spun parts, the surface roughnesses of the weld of spun parts were greatly improved
under the roller nose radius of 10 mm, the spinning clearance of 1.0 mm, the constant
linear velocity, and the installation method of tailor welded blanks (the lower surface of tailor
welded blanks is spun by rollers), while the process parameters have little significant effect
on the surface roughness along the latitude direction of spun parts. Furthermore, it can be
concluded that the forming profiles of spun parts fitted the mandrel well under the roller
nose radius of 6 mm, double rollers, the roller attack angle of 30° and 45°, spinning
clearance of 1.5 mm, and the installation method of tailor welded blanks (the upper surface
of tailor welded blanks is spun by rollers). The research results will provide guidance for the
precise spinning of thin-walled curved surface parts with tailor welded blanks. Thereby, it is
also beneficial for green manufacturing involving recycling and remanufacturing of metal
scraps.
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1 INTRODUCTION

Al-Li alloy thin-walled curved surface parts have been widely
used in aeronautical and astronautical engineering fields in recent
years because of their high performance, light weight, and high
reliability (Huang et al., 2018; Meng et al., 2018; Zhan et al., 2018;
Xie et al, 2021). Traditional spinning with single integrated
blanks is usually used to manufacture these parts due to many
inherent advantages and flexible processes such as simple tooling,
low forming loads, and high material utilization (Wong et al.,
2003; Music et al., 2010; Zhang et al., 2019). However, with the
rapid increase of industrial output, the amount of metal scraps in
industries has continued to grow, which increases resource waste
and environmental pollution in product manufacturing. As a
result, ongoing social concerns have concentrated on resource
scarcity and environmental protection problems (Yoon et al,
2016; Wang et al., 2020).

Recently, stricter environmental laws and regulations on
environmental protection have motivated the development of
green manufacturing technology for thin-walled curved surface
parts (Han et al., 2020). Tailor welded blanks from metal scraps
by welding to manufacturing products has become a popular
trend for many industrial fields, which is considered to provide an
effective approach to minimizing process scraps and enabling
material re-use prior to destructive re-cycling. This hybrid
manufacturing technique effectively increases the utilization
rate of raw materials, which contributes to environmental
protection and sustainable manufacturing in industries (Li and
Zhang, 2014; Chu et al., 2016; Amandeep et al., 2018; Buffa et al.,
2020; Logesh and Balaji, 2020; Meng et al., 2021). Thereby, tailor
welded blanks with metal scraps used as raw material to
manufacture products has drawn strong academic attention.

Many pieces of research focusing on manufacturing with tailor
welded blanks have been conducted. Parente et al. (2016) conducted
an experimental study on tailor welded blanks produced by friction
stir welding (FSW) with dissimilar aluminum alloy thin sheets. The
results indicated that the formability of tailor welded blanks
depended on weld line orientation, as well as a decrease of
welded pair alloy formability, when compared to base materials.
Elshalakany et al. (2017) experimentally analyzed the formability of
tailor welded blanks of different thickness ratios. It is concluded that
the higher the thickness ratio of the tailor welded blanks, the lower
the forming limits curve level and the lower the formability. Doley
and Kore (2017) studied the formability of tailor welded blanks
carried out by means of both hydraulic press forming and
electromagnetic forming. It was found that the formability of
tailor welded blanks increases considerably with electromagnetic
forming. Silva et al. (2009) evaluated the formability of the tailor
welded blanks by means of benchmark tests carried out on truncated
conical and pyramidal shapes. The results showed that tailor welded
blanks was promising in the manufacture of complex sheet metal
parts with high depths. In addition, the springback characteristics of
tailor welded blanks in U-bending processing were investigated and
the prediction model of springback in bending was proposed. The
results indicated that the springback was mainly governed by the
springback behavior of the thicker sheet (Chang et al., 2002; Gautam
et al,, 2015; Gautam and Kumar, 2017). The finite simulations of
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FIGURE 1 | 2195 Al-Li alloy tailor welded blank produced by FSW.

deep drawing using tailor welded blanks were carried out to study
deformation behavior. It was found that the welds intensified the
uniform distribution of equivalent strain and wall thickness of the
specimens (Ahmetoglu et al, 1995; Meinders et al, 2000;
Padmanabhan et al,, 2008; Hao et al.,, 2020). However, the prior
arts involving in tailor welded blanks are more concentrated on the
simple forming process, such as bending and deep drawing, whereas
there have not yet been exhaustive studies on the spinning forming
of tailor welded blanks.

Spinning using tailor welded blanks, which is prepared through
metal scraps and FSW, has become an eco-friendly and no-waste
manufacturing approach to the thin-walled curved surface parts.
However, spinning for thin-walled curved surface parts is a complex
local loading process under the effects of many forming parameters.
The material undergoes extremely severe and inhomogeneous
deformation under a complex stress state during spinning, which
is prone to resulting in various forming defects, such as wrinkling,
distortion, local swelling, and fracturing (Gao et al., 2021; Xu et al,
2007; Wang et al, 2021; Lin et al, 2019). In addition, the
inhomogeneous materials and mechanical properties caused by
welds further aggravates the inhomogeneous deformation of
material and increases the risk of the occurrence of the fracturing
defect. Therefore, to design a reasonable process parameter
configuration for spinning forming of thin-walled curved surface
parts, it is of crucial importance to systematically study the effects of
process parameters on spinning of thin-walled curved surface parts

with tailor welded blanks.

TABLE 1 | Chemical composition of 2195 Al-Li alloy (wt%).
Element Cu Li Mg Ti Zr Fe Si Al

Actual 4.04 1.04 0.51 0.04 0.10 0.03 0.02 Bal.

TABLE 2 | Welding process parameters of tailor welded blanks.

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
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FIGURE 2 | Original surface roughness value of the tailor welded blank: (A) roughness of the weld along the welding direction, (B) roughness of the weld
perpendicular to the welding direction, (C) roughness of the based material along the welding direction, (D) roughness of the based material perpendicular to the welding
direction.

In this study, spinning experiments with 2195 Al-Li alloy tailor
welded blanks produced by FSW were carried out for thin-walled
curved surface parts. The effects of various process parameters on
spinning of thin-walled curved surface parts were systematically
studied. On this basis, the forming characteristics of spun parts
according to the spinning experimental results were achieved.
The research results will give a basis and guidance for forming the
process design and optimization in precision spinning of thin-
walled curved surface parts using tailor welded blanks.

2 EXPERIMENTAL WORK

2.1 Material

The used material for this study is a 3-mm-thick 2195 Al-Li alloy
tailor welded blank produced by FSW, as shown in Figure 1. Table 1
illustrates the chemical composition of 2195 Al-Li alloy, which is
popular and applicable in aerospace industry. The welding process
parameters of tailor welded blanks are listed in Table 2. The tailor
welded blanks are cut into a 280-mm-diameter round blank before
spinning experiments. The weld of round banks is 10 mm wide. In

addition, the original surface roughness Ra of the tailor welded blank
is shown in Figure 2 by a TR300 surface roughness tester. The surface
roughness values of the weld along and perpendicular to the welding
direction are 5.125 um and 2.234 pm, respectively. And the surface
roughness values of the based material along and perpendicular to the
welding direction are 0.141 um and 0.889 pm, respectively.

2.2 Experimental Equipment and Setup

In this study, spinning experiments with tailor welded blanks
were carried out by a spin machine PS-CNCSXY1500HD with
double rollers, as shown in Figure 3. In the spinning, the roller
attack angle is symmetrically set at 45°. To make the tailor welded
blank rotate synchronously with the mandrel, a fixed die matched
with the fixed end of the mandrel is designed and manufactured,
which is connected to the tailstock of the spinning machine.
Under the thrust of the hydraulic cylinder of the spinning
machine, the tailstock is driven to press the fixed die to fix the
tailor welded blank, and make it rotate synchronously with the
mandrel. In addition, the forming profiles of spun parts are
obtained by a handheld three-dimensional laser scanner based
on reverse engineering in the study.

FIGURE 3 | Experimental spin machine and setup.
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TABLE 3 | Experimental conditions of spinning with tailor welded blanks.

Spinning parameter Value

Roller nose radius (R)

Number of rollers (n)

Roller attack angle (o)

Clearance between roller and mandrel (8)
Mandrel rotational speed

Mandrel rotational speed

Installation method of tailor welded blanks
Lubrication condition

Spinning temperature

2 mm, 6 mm, 10 mm

Single roller, Double rollers

30°, 45°, 60°

1.0, 1.5, 2.0 mm

300 rpm (constant angular velocity)
60 m/min (constant linear velocity)
USTWBSR, LSTWBSR

Drawing oil, Water-based emulsion
Room temperature

2.3 Experimental Conditions
In order to determine the effects of process parameters on

spinning with tailor welded blanks, the main spinning process
parameters are given in Table 3. The spinning process parameters
of the standard experimental group are as follows: the roller nose

Spinning of Tailor Welded Blanks

radius of 6 mm, double roller, the roller attack angle of 45°, the
spinning clearance of 1.5 mm, the constant angular velocity of
300 rpm, the installation method of tailor welded blanks (the
upper surface of tailor welded blanks is spun by rollers), the
lubrication condition of drawing oil, and room temperature. And
the other spinning experimental groups with tailor welded blanks
were carried out based on the spinning process parameters in
Table 3. During the spinning, the surfaces of the tailor welded
blank, mandrel, and roller were all coated with liquid drawing oil
as lubricant.

3 EFFECT OF PROCESS PARAMETERS

3.1 Effect of Roller Parameters

3.1.1 Roller Nose Radius

The roller nose radius plays an important role in spinning. To
study the effect of the roller nose radius in spinning with tailor

A
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FIGURE 4 | Experimental results: (A) top and oblique views of spun parts under the roller nose radius of (@) R =2 mm, (b) R =6 mm, and (c) R = 10 mm; (B) surface
roughnesses of spun parts and (C) forming profile of spun parts.
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welded blanks, the roller nose radiuses of 2 mm, 6 mm, and
10 mm were tried, respectively. Forming results are shown in
Figure 4A and it can be seen from the top view of spun parts that
the weld torsion angle increased from 13° to 15° with the increase
of the roller nose radius. The reason is that with the increase of the
roller nose radius, the contact area of the roller increases so that
the material flow becomes more significant. It can be also seen
from the oblique view of spun parts that the surface of spun part
under the roller nose radius of 2 mm was the darkest, while under
the roller nose radius of 10 mm, the surface of spun part was the
brightest. Small roller nose radius leads to more obvious spinning
corrugations on the surface of spun parts in spinning, which will
result in a worse surface roughness value. As shown in Figure 4B,
with the increase of the roller nose radius, the surface roughness
values of the parent material and weld decreased rapidly along the
longitude direction of spun parts. And the surface roughness
values of the parent material and weld along the latitude direction
of spun parts had no significant difference with the increase of the

roller nose radius. Furthermore, forming profiles of spun parts
were exhibited in Figure 4C. Comparing with the forming
profiles of spun parts under different roller nose radii, there
were little differences on the forming height and radius. But it can
be observed that under the roller nose radius of 6 mm, the
forming profile of the spun part fitted the mandrel best, while
under the roller nose radius of 2 and 10 mm, the swelling defect
appeared on the small end of spun parts. And under the roller
nose radius of 10 mm, the swelling defect was the most obvious.

3.1.2 Number of Rollers

To explore the effect of the number of rollers in spinning forming
with tailor welded blanks, single roller spinning experiment and
double rollers spinning experiment was performed, respectively. The
experimental results show that the weld torsion angle of spun parts
with double rollers spinning was larger than that with single roller
spinning, as shown in Figure 5A. This is attributed to the fact that
compared with the single roller spinning, the material flow in double
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rollers spinning is more significant. From the oblique view of spun
parts (Figure 5A), the surface gloss of spun parts is almost the same.
According to Figure 5B, it can be found that with the increase of the
number of rollers, the surface roughness value of the parent material
along the longitude direction of spun parts decreased slightly, which is
because the contact frequency that the material at the same position is
spun by the roller increases in double rollers spinning, resulting in the
reduction of the spinning corrugations. However, the surface
roughness values of the weld along the longitude direction of
spun parts had no significant difference under different numbers
of roller. Likewise, due to the generation of spinning corrugations and
the increase of the roller contact, the surface roughness values of the
parent material and weld along the latitude direction of spun parts in
spinning increased slightly. From Figure 5C, it can be intuitively seen
that under the double rollers spinning, the forming profile of the spun
part fitted the mandrel ideally, while was worse under the single roller
spinning, and the swelling defect also appeared on the small end of
spun parts. Forming height and radius were basically the same.

Therefore, the double rollers spinning is more beneficial to obtain
excellent profile accuracy in spinning forming of tailor welded blanks.

3.1.3 Roller Attack Angle

The roller attack angle is one of the most important process
parameters for spinning forming, not only affecting the forming
accuracy of spun parts, but also affecting the surface roughness of
spun parts. In this study, the roller attack angles of 30°, 45", and 60°
were tried, respectively. Figure 6A showed the spinning experimental
results under different roller attack angles. Under the roller attack
angle of 30" and 60°, the weld torsion angles were significantly larger,
which can reach 20° and 19, respectively. However, the weld torsion
angle under the roller attack angle of 45° was only 14". Since the roller
contact area increases under the roller attack angle of 30" and 60°
compared with the roller attack angle of 45°, this led to the significant
material flow during spinning. At the same time, the surface gloss of
spun parts under the roller attack angle of 60° also was the brightest,
but the fracture defect (Figures 6A-C) appeared on the
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circumferential and radial direction of spun parts and the flange
inclined to the roller side. This is because that the radial tensile stress
exerted by rollers significantly increases under the roller attack angle
of 60°. As shown in Figure 6B, the surface roughness values of the
parent material and weld along the longitude and latitude direction of
spun parts overall decreased gradually with the increase of the roller
attack angle from 30° to 60°. Besides, it can be observed from
Figure 6C that under the roller attack angle of 30° and 45°, the
forming profile of spun parts fitted the mandrel ideally, and the
forming height and radius were basically the same. While, under the
roller attack angle of 60°, the forming profile of spun parts cannot
match well with the mandrel.

3.2 Effect of Spinning Clearances

The spinning clearance has a significant effect on spinning. To
study the effect of the spinning clearance on spinning with tailor
welded blanks, under the spinning clearance of 1.0, 1.5, and
2.0 mm, the spinning experiments were carried out, respectively.

Forming results were shown in Figure 7A. With the decrease of
the spinning clearance, the weld torsion angles significantly
increased. The weld torsion angle was 28" and the serious
profile distortion occurred on the spun part when the
spinning clearance was set to 1.0 mm. As shown in Figure 7A,
the heavy swelling defect appeared on the small end of spun parts,
which is caused by the heavy backflow of the material. In
addition, it can be found that with the decrease of the
spinning clearance, the surface gloss of spun parts was
improving, which was in agreement with the surface
roughness values of Figure 7B. The surface roughness values
of the weld along the longitude and latitude direction of spun
parts significantly decreased with the decrease of the spinning
clearance. And the surface roughness values of the parent
material along the longitude and latitude direction of spun
parts slightly decreased with the decrease of the spinning
clearance. This is because small spinning clearance brings the
significant material flow, which leads to the decrease of spinning
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Frontiers in Materials | www.frontiersin.org

December 2021 | Volume 8 | Article 809018



https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhang et al.

Spinning of Tailor Welded Blanks

(a) USTWBSR
B
3.0
®  Parent material (longitude direction)
25 [ Parent material (latitude direction)
=T A Weld (longitude direction)
,E A Weld (latitude direction)
E 20F \
8 n P :
® .
é 1.0 W
A
05} .. - -
0.0 . L
USTWBSR LSTWBSR

Installation direction of tailor welded blanks

(B) surface roughnesses of spun parts and (C) forming profile of spun parts.

FIGURE 10 | Experimental results: (A) top and oblique views of spun parts under the installation method of tailor welded blanks of () USTWBSR and (b) LSTWBSR;

(b) LSTWBSR

—=— Mandrel
—e— USTWBSR
—a— LSTWBSR

Height (mm)

\+"7Unfitability

.....

9 L L 1 1 1 1 1 L L J

72200 -160 -120 -80 -40 0 40 80 120 160 200

Radius (mm)

corrugations. Furthermore, it can be found from Figure 7C
that under the spinning clearance of 2.0 mm, the forming
profile of spun parts fitted the mandrel less well, while under
the spinning clearance of 1.5 mm, the forming profile of spun
parts matched well with the mandrel. And the forming height
and radius were almost the same under the spinning clearance
of 1.5 and 2.0 mm. This was especially true under the spinning
clearance of 1.0 mm, where the forming height was the highest,
but the heavy swelling defect appeared on the small end of
Spun parts.

3.3 Effect of Mandrel Rotational Speeds

To study the effect of the mandrel rotational speed on spinning
with tailor welded blanks, the spinning experiments using the
constant angular velocity and constant linear velocity were
considered and performed, respectively, in this study. The
forming results were shown in Figure 8A. According to the

spinning experimental results, there was a little difference on
the weld torsion angle under different mandrel rotational
speeds. Through observation, the surface gloss of spun parts
(Figures 8A,B) under the constant linear velocity was brighter.
As shown in Figure 8B, the surface roughness values of the
parent material and weld along the longitude and latitude
direction of spun parts under the constant linear velocity is all
smaller than these under the constant angular velocity.
Because the constant linear velocity was used to effectively
ensure that the contact speed between the roller and the tailor
welded blank is unchanged, this leads to the even spinning
corrugations. Furthermore, forming profiles were exhibited in
Figure 8C. Under different mandrel rotational speeds, the
forming profiles fitted the mandrel well. Forming height and
radius of spun parts under the constant linear velocity were a
little larger than these under the constant angular velocity.
Therefore, the constant linear velocity in spinning forming
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FIGURE 11 | Experimental results: (A) top and oblique views of spun parts under the lubrication conditions of (a) drawing oil and () water-based emulsion; (B)
surface roughnesses of spun parts and (C) forming profile of spun parts.

with tailor welded blanks is helpful to improve the surface  was the LSTWBSR, which indicated that the installation
quality and forming ability of spun parts. method of the LSTWBSR is conducive to the material flow
in spinning with tailor welded blanks. In addition, in light of
. . Figure 10B, the surface roughness value of the weld along the
3.4 Effect of Installation Methods of Tailor longitude direction of spun parts was smaller when the
Welded Blanks installation method of tailor welded blanks was the
As is known, due to the difference between the upper and lower =~ LSTWBSR, but along the latitude direction of spun parts,
surface of tailor welded blanks produced by FSW, there aretwo ~ the surface roughness value of the weld was larger.
installation methods of tailor welded blanks in spinning: oneis ~ Moreover, the surface roughness values of the parent
that the upper surface of tailor welded blanks is spun by rollers ~ material along the longitude and latitude direction of spun
(USTWBSR) and the other is that the lower surface of tailor parts were smaller when the installation method of tailor
welded blanks is spun by rollers (LSTWBSR), as shown in  welded blanks was the LSTWBSR. These differences may
Figure 9. Therefore, the effect of two installation methods of ~ be due to the asymmetry of weld geometry. Besides, it can
tailor welded blanks on spinning of the thin-walled curved  be concluded from Figure 10C that under the installation
surface parts is studied, respectively. Figure 10A showed the = method of the USTWBSR, the forming profile fitted the
spinning experimental results under two installation methods ~ mandrel well. The forming height and radius were larger
of tailor welded blanks. The weld torsion angle was larger, = when the LSTWBSR was used as the installation method of
i.e., 23° when the installation method of tailor welded blanks  tailor welded blanks.

Frontiers in Materials | www.frontiersin.org 10 December 2021 | Volume 8 | Article 809018


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhang et al.

3.5 Effect of Lubrication Conditions

Different lubrication conditions may affect the spinning of
tailor welded blanks. To study the effect of lubrication
conditions on spinning, the spinning experiments using the
drawing oil and the water-based emulsion were carried out,
respectively. The spinning experimental results indicated that
the lubrication conditions had little difference on the weld
torsion angle, as shown in Figure 11A. But compared with the
lubrication condition of the water-based emulsion, the surface
gloss of spun parts was brighter using the drawing oil in
spinning. This is because the drawing oil effectively prevents
the surface of spun parts from oxidizing. In addition, using the
lubrication conditions of the drawing oil and the water-based
emulsion, there is little effect on the surface roughness of spun
parts, as shown in Figure 11B. Further, according to
Figure 11C, under different lubrication conditions, the
forming profile fitted the mandrel well. When compared
with the lubrication condition of the drawing oil, the
forming height and radius of spun parts were larger when
the water-based emulsion was used in spinning. Therefore,
these results showed that the lubrication conditions have no
obvious effect on the weld torsion angles of spun parts in
spinning with tailor welded blanks, but a little effect on the
surface quality and forming ability of spun parts.

4 CONCLUSION

In this study, spinning experiments of thin-walled curved surface
parts using 2195 Al-Li alloy tailor welded blanks produced by
friction stir welding from metal scraps were conducted. The
effects of process parameters on spinning forming of thin-
walled curved surface parts were systematically investigated.
From the results obtained in this investigation, the following
conclusions can be drawn:

1) The roller attack angle, the spinning clearance, and the
installation method of tailor welded blanks have the most
significant effect on the weld torsion angle. In addition, the
weld torsion angle increases gradually with the increase of
the roller nose radius, while with the increase of the
spinning clearance, the weld torsion angle decreases
significantly.
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