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Abstract

The cylindrical submerged linear motor with the primary core used in traditional welded
stacked 50ww470 non-silicon steel sheets faces many shortcomings. These include its
structure being complex and difficult to manufacture, the process requiring stages such as
steel sheet blanking, stacking, and welding, and the iron core exhibiting large magnetic
resistance and generating a lot of heat when the motor is working, reducing the motor
efficiency. Therefore, an ultrasonic vibration-assisted (UVA) deep drawing process for
multilayer sheets was proposed to replace the traditional process. The finite element
analysis was carried out on single-layer sheet drawing. Using Abaqus software, we verified
that UVA could improve the uniformity of the wall thickness of formed parts, and reduce
wall thickness thinning and rebound; the core forming height is so low that there will be a
larger rebound after forming. The “split ring” method was used to verify that ultrasonic
vibration can suppress the rebound of the formed part. As the bottom of the core was
made of six layers of silicon steel sheets, laminated and welded, the feasibility of different
solutions was investigated by setting up a UVA deep drawing experimental platform to
study single-, double-, three- and six-layer-sheets, and the forming quality and forming
forces were analyzed. The final forming process was determined to require two deep-
drawing three-layer sheets, and the forming part was successfully manufactured.

Keywords: ultrasonic vibration-assisted; liner motor core; multilayer deep drawing;
forming force

1. Introduction

Deep well and ultra-deep well recovery achieve successful crude oil production, but
traditional mechanical oil recovery methods for deep well recovery have certain limitations
and inefficiencies [1]. The submersible oil liner motor (SOLM) is a new type of motor that
can directly output linear motion with any intermediate transmission mechanism conver-
sion. Compared with the traditional linear motion mechanism, it has a simple mechanism,
high transmission efficiency, strong detection capability, and other characteristics which
enable it to solve the traditional mechanical oil recovery device problems such as bias
grinding. In recent years, the use of a linear motor for medical, industrial, military and
other industry applications has become more and more common. Advantages include high
thrust, high transmission stiffness and unrestricted stroke, and the ability to directly convert
electrical energy into reciprocating linear motion, reducing the mechanical conversion link
and improving transmission efficiency [2—4].
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The original process was produced by stamping the sheets and welding them together:
the iron core of the motor is welded to the bottom of the core, resulting in a large magnetic
resistance, which makes the submerged oil linear motor hotter and more difficult to run for
long periods of time, affecting the efficiency of the work [5]. Therefore, the question of how
to form the core in one piece has become the focus of this paper.

The technique of deep drawing parts of multilayer sheet metals is widely used in
aerospace, automobile and chemical industries due to its excellent comprehensive me-
chanical properties. Traditionally, multilayer metal sheets are known as composite sheets,
and have good interface bonding obtained by cold rolling, pressure welding, hot rolling
and bonding of two or more dissimilar metal sheets. In recent years, many studies have
been carried out on the deep drawability and wrinkle behavior of multilayer sheets [6,7].
Takuda et al. [8] studied the deep-drawing-forming performance of various aluminum
alloys compared to mild steel sheets and the order of combination of aluminum alloy and
mild steel stacking, and thereby obtained the optimal stacking order. Karajibani et al. [9]
used a combination of numerical simulations and experiments to investigate the influence
of the stacking order of the group elements, the size of the concave die fillet and the friction
coefficient between the sheet and the convex die on the ultimate drawing ratio during the
deep drawing of multilayer sheets. Molaei et al. [10] studied deep drawing of two tapered-
part layers of AI3003-IF steel, and revealed the friction coefficient and the thickness ratio of
the two-layer sheet, among other parameters. The experimental results show that when
the A13003-IF steel layer is the outmost layer, the ultimate drawing ratio can be improved.
Therefore, in this paper, the non-oriented silicon steel sheet is mechanically stacked deeply
by using the composite sheet-forming method. Due to the motor core having a relatively
small drawing depth, there will be a rebound phenomenon after drawing.

To solve the rebound phenomenon, an ultrasonic vibration-assisted (UVA) method
is introduced into the deep drawing and forming of stacked sheets. Many researchers
have found many advantages, such as reducing the forming force [11-13], reducing the
friction coefficient between the tool/mold cavity and the sample [14,15], reducing the
forming rebound angle of the sheet material [16], and improving the surface quality of
the formed part [17], etc. It is widely applied in forming processes such as tension [18,19],
compression [20,21], extrusion [22,23], and deep drawing [24,25]. Using a material model,
Zhou [26] found that ultrasonic vibration can reduce flow stress during the ultrasonic-
assisted compression process for both aluminum and titanium; an ultrasonic softening effect
was observed. It was explained that, due to this softening effect, the ultrasonic vibration
can reduce forming forces and improve forming limits. From the simulation, Hayashi
et al. [27] used the finite element method (FEM) to obtain the processing mechanism of
UVA drawing, and the drawing force and stress—strain distributions in drawn wires were
analyzed. They clarified the mechanism of improved drawing characteristics, such as
decreased drawing force; Siddiq [28] modified a fully variational porous plasticity model,
which included ultrasonic softening effects, the UVA sheet metal forming, UVA upsetting
and UVA wire drawing, which are all simulated using this model, and the critical role
ultra-sonic energy plays in reducing the friction and forming forces during deformation
is demonstrated. And from the experiment, Wen et al. [29] studied the deep drawing
process of an AZ31 magnesium alloy sheet under UVA, finding that the total forming
load decreased significantly as soon as the vibration was superimposed; Asadi et al. [30]
found that the application of ultrasonic vibration generally improved bending parameters.
Ultrasonic vibration reduced the required bending force and rebound angle; Kim et al. [31]
present experimental and numerical investigations on the effect of ultrasonic vibration on
cylindrical cup drawing processes of a cold-rolled steel sheet, showing that the application
of ultrasonic vibration improved LDR by reducing the friction between the tools and the
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material; Jimma et al. [32] found that the application of the ultrasonic vibration increases
limiting drawing ratio (LDR) through the deep drawing process of 304 stainless steel sheets
under the ultrasonic vibration.

This paper takes the SOLM core as the research object, and looks at the UVA multilayer
cold-rolled non-oriented silicon steel sheet drawing. Due to its six-layer sheet structure,
four kinds of multilayer sheet drawing process schemes are developed. Firstly, the effects
of different amplitudes on the forming force and rebound of the single-layer sheet under
ultrasonic vibration are investigated by experiment and simulation. On this basis, the first
step of the process was carried out—the vibration deep drawing experiment—to determine
the final process and process parameters.

2. Introduction of the Motor Core Forming Process
2.1. Analysis of the Structure Characteristics of the Motor Iron Core

The distribution of magnetic field lines is shown in Figure 1. It can be seen that
the traditional motor core manufacturing process involves pressing sheet materials and
welding them together (as shown in Figure 1a), and the materials between each layer are
discontinuous (as shown in Figure 1b) [33], resulting in losses along the effective magnetic
field lines. However, the process proposed in this paper is to form the entire sheet by deep
drawing, with gaps existing between the straight walls of multiple layers after forming. The
formed sheet in the effective transmission direction of the magnetic field lines is continuous
and there are no losses. Therefore, the new process enhances the transmission of the
magnetic field. However, since the forming diameter and height of the forming piece of
the motor core are 95 mm and 10.5 mm, respectively, the height is relatively small and it
is therefore considered shallow deep drawing, so the rebound phenomenon is relatively
severe. This will affect the size and quality of the forming piece and cause difficulties in
the subsequent production of multi-layer laminations. Therefore, on this basis, the UVA
forming process is introduced, which can effectively reduce the rebound caused by shallow
deep drawing and reduce the forming force required.

T Magnetic/

- antad Magnetic
distribution line

distribution line

~ Weld

(a) The old process motor core (b) The new process motor core

Figure 1. Schematic diagram of the distribution of the magnetic line in the cut-out position of the
motor core for old and new processes.

2.2. Design of the Motor Core Forming Process Scheme

According to Section 2.1, four process technology routes were designed for the deep
drawing process of this motor core, as shown in Figure 2. Firstly, UVA deep drawing was
carried out using different layers of sheets to form some deep drawing parts of single or
multilayer sheets, and then the different sized forming parts were stacked. Finally, the
preparation of the motor core was achieved through machining.
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Figure 2. The drawing process scheme of the liner motor core.

3. CS Material Model and Determination of Material Parameters
CS Material Model

Under the UVA, the strain rate is changed upon deformation of metallic material [34],
which is implemented using a constitutive model, including strain rate; the Cowper—
Symonds (CS) constitutive model was selected [35], which includes true stress (quasi-static
stress 0y, dynamic flow stress d, equivalent plastic strain ¢, and strain rate ¢ quarter:

()] 0

where C and P are parameters describing the sensitivity of the material to strain rate, and

quasi-static stress 0’; can be expressed as a combination of Equations (2) and (3).

o3(e) = K(e+¢)" 2

1
w=(%)" ®
Simultaneous Equations (1)-(3) can be obtained:
E = ! END
e+ (E) 1+ () 1 )

where E is the elastic modulus (MPa), K is the strength coefficient/(MPa), and n is the
hardening index.

oy = (g06) =K
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The CS model considers the effect of strain rate on material formation. Based on the
uniaxial tensile test, a CS finite element material model of 50WW470 silicon steel sheet
was established. The stress—strain data for different strain rates at room temperature were
selected, and the least square fitting tool in Matlab2017a was used to fit Equation (4). The
parameters C and P obtained from different strain rate data were averaged. The CS material
model of a non-oriented silicon steel sheet was obtained by Matlab; the parameter values
are C = 385.58, P = 4.02. Therefore, the CS material constitutive relation of the 50ww470
non-oriented silicon steel sheet at room temperature can be expressed as in Formula (5).

L 40325 1 10325
183.5 \ 07 i\ 5
et <821.04> 1 et (385.58) ©)

The material parameters of the non-oriented silicon steel sheet CS model are shown
in Table 1.

o = 821.04

Table 1. The CS material model parameters of 50ww470.

Material Parameters Values
Density p/(kg/m?) 7.7 x 10°
Modulus of elasticity E/(MPa) 183,500
Poisson’s ratio u 0.28
Strength coefficient K/(MPa) 821.04
Hardening index n 0.325
C 385.58
P 4.02

4. Simulation of Motor Core Forming
4.1. Finite Element Model of Motor Core Forming Is Established

The sheet drawing process experiences deformation and frictional contact prob-
lems, which are non-linear contact problems, so the commercial finite element software
Abaqus2019 is used to simulate and study the sheet drawing process by displaying the
non-linear dynamics analysis method. The die is set as an analytic rigid body, and the
sheet material is an elasto-plastic deformation body with shell element, in which the body
element is S4R; its material properties are shown in Table 1. Set the size of the sheet mesh
to 1, and the number of thickness integration points to 7; the crimp gap is 1.1t (with t as the
thickness of sheet material [36]), and the mold dimensions are the same as those of the test
die. The friction coefficient was set to the default value of 0.125 (steel against steel), and the
adaptive meshing function was also enabled.

On this basis the concave die is subjected to ultrasonic vibration using a displacement
in the radial direction of the die in the form of sinusoidal y = Asin(wz), where y is the
displacement, A is the amplitude, the circular frequency is w = 27nf, and the vibration
frequency is f, f = 20 kHz. The different levels correspond to amplitudes, as shown
in Table 2. Set both the blank holder and the drawing die in a stationary state simultaneously.
The movement speed of the punch was set to 30 mm/s. The simulation model is shown
in Figure 3.

Table 2. Amplitude of different levels in transverse vibration of concave die.

Level 0 1 3 4
Amplitude A/pm 0 2.2 3.2 4.0
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Figure 3. The finite element model of deep drawing.

4.2. Simulation Results and Analysis

By deep drawing a single-layer sheet under ultrasonic vibration, the cloud map of
equivalent plastic stress could be obtained, as shown in Figure 4. The equivalent plastic
stress gradually decreases from the straight wall to the center of the sheet (Figure 4a); when
ultrasonic vibration is introduced, there are no clear boundaries in the distribution of the
equivalent stress, and the equivalent stress is more uniform, revealing that the material
deformation is more uniform (Figure 4b-d).

Equivalent stress/MPa

500.0
4583
416.7
375.0
3333
291.7
250.0
o7
125.0 Max: 478,
833
41.7

(a) A=0um (b) A=22 pm (c)A=32pum (d) A=4.0 pm

Figure 4. Equivalent stress distribution of single deep drawing parts.

The 50ww470 non-oriented silicon steel sheet was selected. The material was hard
and the depth of drawing was shallow, and there was a large rebound after drawing, so
the rebound analysis was performed on the formed part after simulated forming. The
restart command was set in the analysis step of the Abaqus/Explicit dynamic display
algorithm, the result file was obtained from the simulation, and then the rebound analysis
step was established. The node coordinates of the nodes on the path were extracted on the
constructed paths, and the rebound amount at different node positions was calculated by
using the distance formula of two points in space. The rebound amount of the forming
parts on the selected path was obtained as shown in Figure 5.

0.6- A=0.0pum
0.5F
0.4-
0.3r
0.2r

Rebound/mm

0.1p
0.0r

0 5 10 15 20 25
Node number

Figure 5. Rebound value of formed part.
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After applying UVA, the rebound value on the selected path of the forming part was
calculated. The rebound amount of the forming part was the lowest when amplitude
A =2.7 um. Compared with Figures 4 and 5, it can be seen that the material deformation is
more uniform in the process of deep drawing when ultrasonic vibration is applied. The
distribution of equivalent plastic stress in UVA forming is more uniform than without
ultrasonic vibration. Therefore, after applying UVA, the rebound of the forming parts is
effectively reduced.

5. Experiment Research

Through the simulation study of the single-layer sheet, the UVA can effectively reduce
the rebound and increase the uniformity of the material in the process of deep drawing.
Therefore, drawing test analysis of the first working procedure was set up to determine a
reasonable scheme.

5.1. Establishment of UVA Deep Drawing Technology for Motor Core

The deep drawing test was carried out on a WDW-100kN high- and low-temperature
microcomputer (Shandong Liangong Testing Machine Co., Ltd., Dezhou, China)-controlled
universal material testing machine (Figure 6). The punch movement speed was set
at 30 mm/s and the blank holder clearance was set at 1.1¢. In order to investigate the
forming quality of the formed parts under different ultrasonic vibration levels, a process
test was established to apply ultrasonic vibration on the deep drawing die to explore
the feasibility of different process schemes. The ultrasonic generator model selected was
HC-2000E-QC (Weihai Huate Automation Equipment Co., Ltd, Weihai, China)with an
energy of 3000 W. It connects with the ultrasonic transducer to convert electrical energy
into mechanical energy. Meanwhile, the transducer is connected to the punch, and the
size design is carried out according to the literature [32]. The resonance frequency is set at
20 kHz. The amplitude can be controlled by adjusting the power output. The amplitudes
corresponding to axial direction when vibration is applied to the deep drawing die are
shown in Table 3; the amplitude measurements were determined using a SOPTOP-LV-501
Digital Laser Doppler Vibrometer (Shanghai Sunny Hengping Scientific Instrument Co.,
Ltd., Shanghai, China).

Spring stack

i Blé.m'k%rldcr
Al —— Die -

plityde transformer— 4y

A%—— Transducer

Ultrasonic
generator

Figure 6. The deep drawing test device under ultrasonic vibration.

Table 3. Amplitude at different levels for ultrasonic vibration of the concave die.

Level 0 1 3 5
Amplitude A/pm 0 2.2 3.2 40
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5.2. Rebound Verification of a Single-Layer Sheet Under Ultrasonic Vibration

Demeri et al. [37] proposed a method for expressing deep drawing rebound—the
“split ring” method—which is easy to implement and has good operability. After deep
drawing, the formed part experiences residual stresses, and will spring back after the
removal of the dice, and the remaining residual stresses will exist in the formed part, which
will be released by the “split ring” method, as shown in Figure 7. The rebound value
of the forming parts under different amplitudes is explored by measuring the rebound
value of the forming parts under different conditions, as shown in Figure 7. A part of the
straight wall section of the deep-drawn formed part is cut into a ring, and then the cut ring
is subsequently cut again to allow the test piece to undergo residual stress relief. In this
paper, the change in diameter of the ring and gap spacing are defined as AD and AL, which
represent the rebound of the deep drawing formed parts.

17 - pringbac
_6 g
—_— £
g QS
~ L.
s 16 g
2
g | 5§
3] —
2 15+ %
o
4’, Q
14
14
| | L | i | L 1
0 1 2 3 4

Amplitude/um

Figure 7. The rebound value after using the “split ring” method.

Based on the “split ring” method, the rebound measurement of the UVA deep draw-
ing specimen was carried out. The Wire-EDM was used to cut the part at a distance of
4 mm from the mouth to the bottom of the deep drawing part, as the annular part of the
subsequent “split ring” method test. After the “split ring” had been in place for 20 min, a
subsequent rebound measurement was carried out after the residual stress of the ring part
of the formed part was released.

As can be seen from Figure 7, ultrasonic vibration is accompanied by a different degree
of reduction in the rebound of the deep drawing part compared to that with no ultrasonic
vibration. With the increase in the amplitude, the whole trend of reducing the rebound
value can be categorized as “decreasing and then increasing”, and when the amplitude
is 3.2 um, the rebound value of the deep drawing parts with ultrasonic vibration to the
deep drawing die is the smallest.

5.3. Experimental Investigation of Different Process Options

The technical routes provided for single-, two-, three-, and six-layer-sheet deep draw-
ing processes were carried out according to Figure 2, and for the deep drawing of sheets
with more than double layers, sheets of different sizes were glued before deep drawing, as
for composite board deep drawing. Then a UVA deep drawing forming test was carried
out, in which the blank holder force was controlled by the butterfly spring to suppress
wrinkling in the deep drawing process [38], as shown in Figure 8.
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Wrinkling

(d) Six-layer sheet

Figure 8. The formed parts of multilayer sheets.

As shown in Figure 8, deep drawing parts are formed in the first process of the four
schemes. It can be seen from Figure 8a—c that there are no obvious defects in single-layer,
double-layer and three-layer sheets after forming. In the process of drawing the six-layer
sheet, on one occasion, the number of layers of the sheet left at its flange decreased as the
drawing progressed, at which point the blank-holder gap remained constant, resulting in
varying degrees of wrinkling of the six-layer sheet during the forming process (as shown
in Figure 8d). Therefore, option four was excluded.

As shown in Figure 9, the required forming force and wall thickness of the forming
parts with different layers were analyzed to investigate the feasibility of options 1, 2 and 3.
According to Figure 9a,c,e, the greater the number of sheet layers, the higher the required
forming force, and the forming force generally trends in a “firstly increase, then decrease,
finally increase” pattern. Once the flange part of the sheet has completely entered the die,
it becomes a straight wall part of the forming part and covers the punch part completely.
The deformation resistance mainly consists of the material deformation resistance and the
friction between the forming part and the die, and thus the forming force decreases. When
the flange part of the sheet enters the die completely, it becomes a straight wall part of the
forming part and covers the punch part completely, and the deformation resistance mainly
consists of the material deformation resistance and the friction between the forming part
and the die, and thus the forming force decreases. Subsequently, the punch continues to
move downwards, and when the bottom of the forming part touches the bottom of the die,
the die and the forming part have rigid contact. The forming force gradually rises to form
the corner of the bottom, and finally the bottom of the corner is formed and the forming
process finished. Therefore, the shaping force presents a “firstly increase, then decrease,
finally increase” pattern.

The wall thickness of the deep drawing part shown in Figure 9b,d,f was measured at
eight different locations along the diameter section, from the bottom center to the straight
wall section, to analyze the wall thickness distribution of the formed part under different
forming conditions. The difference in the wall thickness changes was small because of
the small deformation of the shallow deep drawing forming parts, but the wall thickness
of the rounded corner area (measurement point 6) at the bottom decreased significantly
(as shown in Figure 9b). After ultrasonic vibration was applied, the wall thickness reduc-
tion in the rounded area was suppressed. The fluidity of the material increased, and the
uniformity of material deformation was improved as a result of the ultrasonic vibration.
In summary, the application of ultrasonic vibration improves the uniformity of the defor-
mation, resulting in a more homogeneous material deformation and a more uniform wall
thickness distribution.
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Figure 9. Force-displacement curves of different deep drawings of sheets under different conditions.

In conclusion, the forming quality of single-layer sheets was good, but this option
requires the assembly of a single part of different sizes to obtain the whole part, and the
individual part of the single layer is required for high precision, so the multiple sets of
the die are needed for accuracy. In addition, after deep drawing, due to the constraints of
the rebound of the formed parts and other factors, the difficulty of the stacking process
increases; while the two-layer sheet and three-layer sheet forming conditions are similar,
two-layer sheet deep drawing requires the design of an additional set of dies than the
design of a three-layer sheet, so the comprehensive consideration is option 3, that is, a
three-layer sheet as the original blank for ultrasonic vibration deep drawing test based on
the amplitude A = 3.2 um. The final formed specimen is shown in Figure 10.

Figure 10. Sample of the forming part.
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6. Results

To address a certain type of SOLM core structure problems, starting from the motor
core forming process, an ultrasonic vibration-assisted deep drawing process is proposed,
based on finite element and test methods, a reasonable forming scheme and process
parameters are explored, and the following conclusions are obtained.

1. The CS material model parameters of unoriented silicon steel were obtained based on
unidirectional tensile tests at different rates. On this basis, the influence of amplitude
on the drawing process of a single-layer sheet was simulated by using Abaqus finite
element software. From the three aspects of wall thickness, equivalent plastic stress
state, and rebound, it was determined that ultrasonic vibration can improve the
forming quality and enhance the uniformity of sheet metal, and inhibit the rebound
of the single-layer sheet. Based on the “split ring” method, the rebound value of sheet
metal was analyzed to further verify that ultrasonic vibration can inhibit the rebound
of sheet metal forming parts.

2. According to different forming schemes, deep drawing tests with different layers of
sheets were carried out at different amplitudes. It was found that the forming quality
of the single-layer sheet, double-layer sheet and three-layer sheet was better after deep
drawing, according to macroscopic observation of the forming parts. By comparing
the forming forces and wall thicknesses and analyzing the number of tools required
to draw different layers of sheets, the final forming option was determined to be a
three-layer drawing process in two stages, followed by a superimposed machining
process to obtain the final qualified formed part.

However, this paper still has many areas that need to be addressed, including magnetic
property tests on the formed motor core samples and the deformation mechanism of sheet
metal deep drawing under UV. Future work may extend this approach to complex and
difficult-to-form components with intricate structures, as well as to new materials with
poor plasticity.
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