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process, and the fatigue fracture characteristics of Alclad 7075-T6 aluminum alloy sheets joined

by refill friction stir spot welding (RFSSW). Two review articles summarize the approaches on

the innovative numeric algorithms, experimental methods, and theoretical contributions that have

recently been proposed for SMF by researchers and business research centers.
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1. Introduction and Scope

The plastic working of metallic materials is one of the most efficient and important manufacturing
technologies used in industry today. Lightweight materials, such as titanium alloys, aluminium alloys,
and ultra-high-strength steels are used extensively in the automotive, aerospace, transportation, and
construction industries, leading to increasing demand for advanced innovative forming technologies.
Numerical simulation is currently highly focused and provides a better understanding of innovative
forming processes. Computational methods and numerical analysis, coupled with the modelling of
structural change, allow us to reduce the time taken and eliminate experimental tests. The aim of
this Special Issue is to present the latest achievements in various modern metal forming processes
and the latest research related to the computational methods used for metal forming technologies.
Research articles focusing on new developments in the forming of metallic materials are welcome
for consideration for publication. I truly believe that this Special Issue will help the metals research
community enhance their understanding of the present status and trends of the forming processes of
modern metallic materials.

The modernisation of methods of plastic forming and the development of new techniques is
mainly conditioned by the provision of innovative processing methods for shaping new types of
materials, primarily in the automotive and aircraft industries. In parallel, a comprehensive approach is
required to reduce the consumption of energy and materials in the context of the implementation of
systems linked to the fourth industrial revolution (Industry 4.0). The search for high-performance
unconventional methods of plastic working is reflected in the topics of the articles published in this
Special Issue.

2. Contributions

Two review articles and ten research papers have been published in this Special Issue of Metals.
The subjects are multidisciplinary, including (i) friction and lubrication in sheet metal forming (SPF),
(ii) hot strip rolling and tandem strip rolling, (iii) application of numerical methods to simulate
metal forming processes, (iv) development of new creep performance materials, (v) the Single Point
Incremental Forming (SPIF) process, and (vi) the fatigue fracture characteristics of Alclad 7075-T6
aluminium alloy sheets joined by refill friction stir spot welding (RFSSW).

Firstly, two articles summarise the approaches on the innovative numerical algorithms,
experimental methods, and theoretical contributions that have recently been proposed for SMF
by researchers and business research centres. In the paper by Trzepiecinski and Lemu [1], the methods
used to represent the friction conditions in conventional SMF and incremental sheet forming (ISF) have
been summarised. Furthermore, the main disadvantages and limitations of the modelling methods
of friction phenomena in specific areas of the material to be formed have been discussed. It has
been concluded that although most of the friction tests were developed many decades ago, they are
still valid and used by many authors. Although the methods to determine friction resistance in
conventional SMF at different temperature conditions have been fairly well understood, there are a

Metals 2020, 10, 970; doi:10.3390/met10070970 www.mdpi.com/journal/metals1
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very limited number of experimental tests modelling conditions in ISF. This is due to the difficulty in
separating the frictional resistance from the plastic deformation resistance in the process. The article
of Trzepieciński [2] is intended to summarise recent development trends in both the numerical and
experimental fields of conventional deep-drawing, spinning, flexible-die forming, electromagnetic
forming, and computer-controlled forming methods, like incremental sheet forming. The review is
limited to the considerable changes that have occurred in the SMF sector in the last decade, with special
attention given to the 2015–2020 period. The progress observed in the last decade in the area of SMF
mainly concerns the development of nonconventional methods of forming difficult-to-form lightweight
materials for automotive and aircraft applications. In evaluating the ecological convenience of SMF
processes, the tribological aspects have also become the subject of great attention.

Secondly, the modelling of tribological phenomena in SMF was discussed in three articles.
Thus, one objective of the work reported in the paper by Trzepiecinski and Lemu [3] was to better
understand the contact pressure acting on the rounded edge of the cylindrical counter-sample in
the bending under tension (BUT) test by assuming the anisotropic properties of the metallic sheet.
Another objective of this article was to calculate the coefficient of friction (COF) that acts during the
BUT test for different strains of sheet metal. It was found that the effectiveness of the lubrication
depends on the balance between two mechanisms accompanied by the friction process: roughening of
workpiece asperities and adhesion of the contacting surfaces. The used lubricants were able to reduce
the value of the friction coefficient approximately by 3–52% in relation to the surface roughness of
the rolls. Trzepiecinski and Fejkiel [4] carried out both experimental and numerical finite element
method-based studies of the frictional phenomena and material deformation during the flow of sheet
metal through a drawbead. Different set-up conditions, including drawbead height and specimen
widths, have been considered. Tribological tests have been carried out on DC04 steel sheets commonly
used in the automotive industry using a special tribological drawbead simulator. Trzepiecinski [5] has
compared the tribological properties of a deep drawing quality steel sheet using the three commonly
used friction tests, i.e., the strip drawing test, draw bead test, and bending under tension test. Friction
tests have been conducted under different pressure and lubrication conditions, surface roughness of
tools represented by counter-samples, and orientations of the specimens according to the direction of
the sheet rolling. The effectiveness of the reduction in the coefficient of friction by the lubricant clearly
depended on the specimen orientation and surface roughness of the counter-samples. Differences
in the coefficient of friction obtained from various tribological tests indicate a strong dependence of
the kinematic conditions of the process on parameters directly related to the characteristics of the
friction process.

Thirdly, the analysis of the rolling process was discussed in three articles. Li et al. [6] provided
the basic principles of the six models; they verified the predictability of the bending force using these
models based on a real-life dataset of a 1580-mm hot rolling process in a steel factory. In this paper,
six machine learning models, including Artificial Neural Network (ANN), Support Vector Machine
(SVR), Classification and Regression Tree (CART), Bagging Regression Tree (BRT), Least Absolute
Shrinkage and Selection operator (LASSO), and Gaussian Process Regression (GPR), were applied to
predict the bending force in the hot strip rolling (HSR) process. A comparative experiment was carried
out based on a real-life dataset, and the predicted performance of the six models was analysed on the
basis of prediction accuracy, stability, and computational cost. The results show that the Gaussian
process regression model is considered the optimal model for the prediction of bending force with
the best prediction accuracy, better stability, and acceptable computational cost. Kraner et al. [7]
studied the influence of asymmetric rolling in comparison with symmetric rolling, with respect to the
technological, mechanical, and metallographic perspectives. The interactions between the measured
rolling forces, the achieved strains, the tensile and yield strength, the hardness, the indicators of planar
anisotropy, the microstructures with an average size of grains and crystallographic textures with
volume fractions of different rolling, shear, and recrystallization texture components were investigated.
The impact of asymmetric cold rolling was quantitatively assessed for an industrial 5754 aluminium

2



Metals 2020, 10, 970

alloy. The main advantage of asymmetric rolling is the presence of significant shear strain, leading to a
gradient structure. It was found that the increased isotropy of the deformed and annealed aluminium
sheet is a product of the texture heterogeneity and reduced volume fractions of the separate texture
components. Mao et al. [8] proposed tandem skew rolling (TSR) for the production of seamless tubes.
In order to study the deformation characteristics and mechanism on tubes obtained by the TSR process,
a numerical simulation of the process was analysed using Deform-3D software. Based on numerical
analysis, experiments were carried out with carbon steel 1045, high-strength steel (HSS) 42CrMo,
and magnesium alloy AZ31 on the TSR testing mill to verify the feasibility of the process. Based on
the studies carried out, it was found that rolling on a TSR testing mill allowed TSR to be run with
high efficiency in the deformation of seamless tubes pierced and rolled at the same time, which makes
continuous skew rolling more economical and practical.

Fourthly, as far as electromagnetic forming (EMF) is concerned, Cui et al. [9] established a
three-dimensional (3D) finite element model (FEM), including quasi-static stamping, sequential
coupling for electromagnetic forming (EMF), and springback, to analyse springback calibration by
electromagnetic force. It was found that the tangential stress in the sheet bending region is reduced,
and even the direction of tangential stress in the bending region is changed after EMF. Forming with a
higher discharge voltage significantly reduced the springback phenomenon.

Fifthly, the development of new materials with good creep performance is a topic of the paper
of Heo et al. [10]. A modified 9Cr-2W (alloy B) steel was developed in this study for use as fuel
cladding with good creep performance for sodium-cooled fast reactors. The causes of fracture during
the manufacturing process of alloy B steels with low production yield were investigated in order to
develop a novel manufacturing process for alloy B steels with high formability.

Sixthly, the dimensional accuracy and mechanical properties of metal components formed by
SPIF have been extensively studied by Slota et al. [11]. An X-ray diffraction method has been applied
to achieve an understanding of the residual stress formation caused by the SPIF process on DC04
steel sheet drawpieces. It was found that step size had a very large impact on the value of residual
stresses. An increase in step size causes an increase in the absolute values of axial and tangential
residual stresses. X-ray analysis of the walls of truncated cones led to the conclusion that residual
stresses measured in a tangential direction decrease with increasing values of the surface roughness
parameters Sa and Sq.

Finally, Kubit et al. [12] have shown that the RFSSW technique has great potential to be a
replacement for single-lap joining techniques such as riveting or resistance spot welding used in
the aircraft industry. The RFSSW technique is used to join Alclad 7075-T6 aluminium alloy plates
in a single-lap configuration, which were subjected to a high-cycle fatigue test. Paris’ law for crack
propagation has been successfully adopted to predict the fatigue crack growth of lap-shear RFSSW
specimens. Although some assumptions have been made, the comparison of the analytical and
experimental fatigue crack growth rate confirms the potential of Paris’ law to analyse the crack growth
in RFSSW joints.

3. Conclusions and Outlook

The emergence of new plastic forming methods forces the modernisation of the existing machine
park and the economically justified implementation of automation systems and robotisation of the
machining process. In the SMF area, there is a tendency to adapt machines for flexible production, as
well as to improve material flow through the production lines. Striving to improve the functionality
of machines and extend the period of their trouble-free operation are the most important challenges
facing the creators and propagators of the concept of the so called fourth industrial revolution (Industry
4.0). The implementation of this concept creates an increased demand for innovation in the field of
new materials and technologies, which are one of the leading topics presented in this Special Issue.

As guest editor of this Special Issue, I am very happy with the final result and hope that the
papers presented will be useful to academic researchers and industrial designers working in the plastic
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working of metallic materials sector. I also hope that all the scientific results in this Special Issue will
contribute to the future development of research on the plastic working of metallic materials. I would
like to thank all the authors for their contributions and all of the anonymous reviewers who assisted
me in the reviewing process. I would also like to give special thanks to staff at the Metals Editorial
Office, especially to Ms. Betty Jin, Assistant Editor, who managed and facilitated this Special Issue.
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Abstract: The aim of this paper was to compare the tribological properties of a deep drawing quality
steel sheet using the three commonly used friction tests, i.e., the strip drawing test, draw bead test,
and bending under tension test. All tests have been carried out using a specially designed friction
simulator. The test material was a 0.8-mm-thick DC04 steel sheet, commonly used in the automotive
industry. Uniaxial tensile tests have been carried out to characterise the mechanical properties
of the specimens. Furthermore, measurements of the sheet surface topography have been carried out
to characterise the tribological properties of the specimens. The friction tests have been conducted
under different pressure and lubrication conditions, surface roughnesses of tools represented
by counter-samples, and orientations of the specimens according to the direction of the sheet
rolling. A comparative analysis of the results of the friction tests revealed different values of friction.
In the strip drawing test, the value of the coefficient of friction decreases as the contact pressure
increases for both dry and lubricated conditions. In the draw bead test, the specimens oriented along
the rolling direction demonstrated a higher value of the coefficient of friction compared to the samples
cut transverse to the rolling direction. In contrast to the strip drawing test, the specimens tested
in the bending under tension test exhibit a tendency to an increase in the value of the coefficient
of friction with the increasing contact pressure.

Keywords: coefficient of friction; deep drawing; draw bead; material properties; sheet metal forming;
surface properties

1. Introduction

One of the most important technological phenomena, which largely influences the flow
characteristics of a deformed material, is friction. The amount of friction generated in metal forming
is mainly determined by the shear strength of the friction connections [1]. The type of friction joint
created mainly depends on the materials of the friction pair and the surface roughness of the bodies
in contact. Friction depends on several parameters and phenomena such as lubrication, normal pressure,
surface roughness of the tool and sheet, sliding speed, materials of the contact pair, and temperature [2].
Under warm and hot forming conditions the coefficient of friction is usually higher than in the cold
forming due to the increased adhesion between the bodies in contact. Under lubricated conditions,
it is known [3,4] that friction changes as the material plastically deforms and surface roughness
increases, causing a transition from a hydrodynamic to a mixed friction regime where the metal to metal
contact is increased.

In sheet metal forming, the value of the drawing force, friction conditions occurring in the various
areas of the workpiece and the temperature are changing. The non-uniformity of the deformation
of the drawpiece is mainly determined by the occurrence of friction forces at the interface of the deformed
material and the tool. Many factors affect the contact phenomena: The amount of normal pressure,
material grade, topography both of the sheet and tool surfaces, type of lubricant, and temperature [5].

Metals 2019, 9, 988; doi:10.3390/met9090988 www.mdpi.com/journal/metals5
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The unfavourable effects of friction include [6,7]: Non-uniformity in the workpiece deformation,
increase of the surface roughness of the workpiece, and the intensification of the tool wear.
The advantageous effect of the friction between the workpiece and punch on the stamping process
is the increasing of the maximum allowable drawing force. Moreover, Menezes et al. [8] concluded
that the variations in the coefficient of friction between the tool surfaces and the workpiece directly
affect the stress distribution and shape of the workpiece, having implications on the microstructure
of the material being processed.

To represent the friction phenomena in sheet metal forming, simulation tests have been developed.
The friction tests the simulating friction and lubrication conditions in sheet metal forming can be
divided into tests that simulate processes and tests which simulate tribological conditions. These tests
simulate friction conditions in the specific contact areas between the sheet and tools. The coefficient
of friction is calculated based on the assumed friction model. Experimental tests of the friction
coefficient value only allow the determination of friction in selected areas of the drawpiece, which leads
to the need to use multiple friction tests. In addition to many simulation tests used in the industry,
numerical methods have been used to study the interactions in the sheet-tool interface [9–11].

Knowledge of the friction is necessary to prepare an appropriate design of the die tool and to forecast
the material flow during the forming of drawpieces, especially those with complex shapes. This provides
a good justification for work on the proper planning of friction tests using the right simulator.
In this paper, there are three typical friction tests: The strip drawing test, bending under tension test,
and draw bead test were used to characterise the friction phenomena of the DC04 steel sheet tested
under dry friction and lubricated conditions.

2. Material and Methods

2.1. Material

Friction tests were performed on deep-drawing quality (DDQ) steel sheets with a thickness of 1 mm
assigned to form complex-shaped drawpieces. The mechanical properties determined in a uniaxial
tensile test (as given in Table 1) according to the EN ISO 6892-1: 2016 are the yield stress Rp0.2,
ultimate strength Rm, strain hardening coefficient K, and strain hardening exponent n in the Hollomon
equation. Three samples were tested for each orientation of the specimen: Along the rolling direction
(0◦) and transverse (90◦) to the rolling direction (RD).

Table 1. Mechanical properties of the deep-drawing quality (DDQ) steel sheet.

Orientation Rp0.2, MPa Rm, MPa K, MPa n

0◦ 162 310 554 0.217
90◦ 163 312 530 0.210

2.2. Surface Characterisation

Measurement of the surface roughness parameters was carried out using a Talysurf CCI Lite 3D
optical profiler equipped with a Nikon 5x/0.13 lens. The height resolution was 0.01 nm and the sampling
interval in two orthogonal directions was 3.2 μm. The values of basic surface roughness parameters
are listed in Table 2.

Table 2. Basic surface roughness parameters of the DDQ steel sheet *.

Sa (μm) Sq (μm) Sz (μm) Sp (μm) Sv (μm) St (μm)

1.31 1.53 9.41 4.41 6.98 11.39

* Sa—Average roughness, Sq—Root mean square roughness parameter, Sz—zero-point peak-valley surface roughness,
Sp—Highest peak of the surface, Sv—Maximum pit depth, St—Total height.
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2.3. Methods

2.3.1. Bending under Tension Test

The bending under tension (BUT) test developed by Littlewood and Wallace [12] is attributed
to the friction modeling on the edge of the die. The test consists of drawing the strip of metal around
a cylindrical counter-sample (Figure 1). Figure 2 shows the configuration of the BUT test.

 
Figure 1. Forces acting on an elementary section of the strip.

 
Figure 2. Schematic diagram of the measuring device for bending under tension (BUT): 1—Frame;
2—Specimen; 3—Vertical load cell; 4—Horizontal load cell; 5—Working roller; 6—Blocked pin.

The BUT test allows one to not only determine the value of the coefficient of friction, but also
its change during the process of stretching the specimen over the roller. This change may be related
to the change of the sheet topography and increased normal pressure as a result of sheet deformation [13]
and a change under the contact conditions related to the strain hardening phenomenon. The presence
of friction between the roller and the sheet results in F1 > F2 (Figure 1). The tensile forces F1 and F2 are
measured simultaneously during the test. Increasing the upper grip displacement increases the sample
deformation until fracture. Assuming that the value of the coefficient of friction is the same for the entire
contact surface and the wrap angle γ is constant during the deformation, the coefficient of friction can
be determined from the equation:

μ =
2
π

ln
(F1

F2

)
(1)

In the present study, specimens for the BUT test were carefully prepared to assure a constant
width of 10 mm.

7
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2.3.2. Draw Bead Test

The draw bead test (DBT), according to the concept which was developed by Nine [14], is attributed
to friction modelling at the draw bead in sheet metal forming. The curvature of the metallic sheet
passing through the draw bead model (Figure 3) is changed several times, the sheet is alternately bent
and straightened. The idea behind the method is to provide the ability to separate the deformation
resistance of the sheet from the friction. In the DBT, the values of the pulling force and the clamping
force are measured when pulling the strip over fixed and rotatable rollers (Figure 3). Drawing the sheet
metal over a set of rotatable rolls allows one to minimise the resistance due to friction. The pulling
force in this case may be connected with the deformation resistance of the sheet. The system of fixed
rollers represents the total resistance of sheet drawing through the draw bead.

 

 

          (a)                   (b) (c) 

Figure 3. The concept of determining friction: (a) Fixed rollers, (b) rotatable rollers, (c) geometrical
parameters of draw bead.

When the wrap angle α (Figure 3c) is not equal to 180◦ the value of the coefficient of friction
is determined from the equation [15]:

μ =
sinα
2a

FF − FR

NF
(2)

where α is the quarter contact angle of the actual engagement of the strip over the middle roll.
In general, the simulator (Figure 4) is equipped with four replaceable rollers.

 

Figure 4. Schematic representation of the measuring device for DBT: 1—Frame; 2—Specimen; 3—Vertical
load cell; 4—Horizontal load cell; 5—Working rollers; 6—Blocked pin; 7—Supporting roller; 8—Nut.
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During the maximum displacement of the middle roller equal to its diameter, the wrap angle
of the middle roller is not equal to 180◦, because it is necessary to ensure adequate clearance c (Figure 3c)
between the counter-samples to prevent the specimen from blocking. This is especially important
when testing sheets with a high susceptibility to galling and low susceptibility to strain hardening.
Inadequate clearance c may lead to specimen destruction. Excessive drawing resistance may occur
and, consequently, the sample may even break at large wrap angles and when testing mild sheets.
According to the investigations of Trzepieciński et al. [3] the clearance c (Figure 3c) is maintained
at c = g + g/2. In the present study, the samples were prepared as strips having a width of 20 mm
and about 400 mm in length, cut along the RD and the transverse direction of the sheet.

2.3.3. Strip Drawing Test

In the sheet forming process, the strip drawing test (SDT) is attributed to modelling the friction
phenomenon between the punch and the die wall. This test consists in drawing a strip of metal
placed between non-rotating counter-samples, usually flat or with a cylindrical shape. The occurrence
of frictional forces on the two contact surfaces is conducive to achieving a greater accuracy of measurement
of the coefficient of friction. As in most of the friction tests, a flat specimen several times wider than
the thickness is drawn in a plane strain state. Parameters affecting the change in the frictional resistance
are the counter-sample pressure force, lubrication conditions, sample drawing speed, surface roughness
of the counter-samples, and temperature.

Figure 5 shows the configuration of the SDT. The sheet strip was placed between two fixed
cylindrical rollers with an equal radii of 20 mm and roughness Ra = 0.32 μm and Ra = 0.63 μm.
The value of the Ra parameter was measured along the generating line of the roller surfaces. The rollers
were made of a cold worked tool steel.

Figure 5. Schematic representation of the measuring device for strip drawing test (SDT): 1—Frame;
2—Support table; 3—Specimen; 4—Vertical load cell; 5—Horizontal load cell; 6—Working rollers;
7—Blocked pins; 8—Set bolt.

The samples were prepared as strips having a width of 20 mm and a length of about 260 mm
and were cut along the rolling direction (0◦) and transverse to the RD (90◦). Values of both forces,
the clamping force FN, and the pulling force FP, were constantly recorded using the electrical
resistance strain gauge technique. The value of the coefficient of friction was evaluated during the test
and the average value of the coefficient of friction was determined using Equation (3).

μ =
FP

2FN
(3)

9



Metals 2019, 9, 988

The friction tests were carried out for two contact conditions: Dry and lubricated. Dry tests were
carried out by degreasing the surface of the specimens using acetone while the machine oil L-AN
46 with a viscosity of 44 mm2·s−1 at 40 ◦C was used for lubricated conditions. A sliding velocity
of 0.001 m·s−1 was used, which is relatively high compared to the industrial values [3].

Each friction test has been repeated three times, and the average value of the coefficient of friction
has been determined.

3. Results and Discussion

3.1. Bending under Tension Test

To describe how the coefficient of friction changes as the sample elongates, the coefficient of relative
elongation is introduced:

εr =
l1 − l0

l0
·100% (4)

where l0 is the length of the sheet strip before deformation, and l1 is the length of the sheet strip
after deformation.

In Figure 6, results from the BUT test are presented. The value of the coefficient of friction increases
as the relative elongation increases in both dry (Figure 6a) and lubricated (Figure 6b) conditions.
The most linear relation between the relative elongation and the value of the coefficient of friction
is observed for the rollers with a surface roughness of Ra = 0.32 μm and a specimen orientation of 0◦.
The increase in friction with the relative elongation is apparently due to the roughening of the strip
by plastic deformation.

  
(a) (b) 

Figure 6. Effect of the relative elongation εr on the coefficient of friction for (a) dry and (b)
lubricated conditions.

To examine the effectiveness of sheet lubrication the Le-index was introduced, defined as follows:

Le =
μd − μo

μd
·100% (5)

where μd is the coefficient of friction determined under dry conditions and μo is the coefficient of friction
determined in the presence of a lubricant.

The greatest efficiency of lubrication (ca. 7–13%) is observed for the small values of sheet deformation
(Figure 7). Under these conditions, the surface pressures are the smallest. With the increase of pressure,
the lubricant reduced the friction to a smaller extent. This may be a result of changes of metal sheet
surface topography under the deformation process, which causes the real contact area to increase with the
normal pressure. The real contact area depends on, for instance, the roughness parameters of the sheet
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metal, the inclination to strain hardening of roughness asperities, and the geometry of the contact surface.
This makes it difficult to generalise and interpret the results obtained for the variation of the coefficient
of friction.

 

Figure 7. Effect of the relative elongation εr on the effectiveness of lubrication.

3.2. Draw Bead Test

The results of the DBT demonstrate that the value of the coefficient of friction tested under dry
friction conditions is higher than in the case of the lubricated sheets (Figure 8). Under both friction
conditions, the samples tested with the rollers with a surface roughness of Ra = 0.32 μm demonstrated
a higher value of coefficient of friction compared to the samples tested with the rollers with a surface
roughness of Ra = 0.63 μm. For all sheets an increase in the draw bead height z (Figure 3c) leads
to an increase in the value of the coefficient of friction (Figure 8). The trend to an increase is similar
for both roughness of rolls analysed. The bead height z directly influences the wrap angle of the middle
roller. It should be noted that, according to the Amontons–Coulomb theory, the friction force does
not depend on the contact area. However, the change in the wrap angle of the rollers has an effect
on the character of plastic deformation of the specimen and in consequence on the value of pulling
and normal forces. Increasing the draw bead height increases the plastic resistance to drawing
the sample and increases nominal pressures. Under these conditions, there is an increase in the share
of the mechanical interactions of the surface asperities, which increases the total resistance during
drawing the sample through the draw bead. The opposite occurs when using rollers with a roughness
of 0.32 μm.

  
(a) (b) 

Figure 8. Effect of the draw bead height z on the coefficient of friction for (a) dry and (b)
lubricated conditions.
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In Figure 9, the effect of the draw bead height on the effectiveness of lubrication is presented.
An increase in the draw bead height results in a continuous decrease in the lubrication efficiency value.
For draw bead heights of 12–18 mm a lubrication effectiveness was stabilised at the level of 19–22%.
In the case of friction on rollers with a roughness of 0.63 μm, as the draw bead height z increases,
the lubrication efficiency increases, but only up to z = 12 mm (Figure 9). Further increase of the draw
bead height results in a decrease of the lubrication efficiency. The value of the coefficient of friction
under oil lubrication conditions is reduced by more than 25% compared to dry conditions. In the case
of draw bead heights of 12 mm and 18 mm, the Le-index for the roller with Ra = 0.32 μm is lower
than that with Ra = 0.63 μm. The rollers with a lower surface roughness are characterised by a small
volume of surface roughness valleys, which trap the lubricant. The increased draw bead height led
to an increase of the contact area between the rollers and the specimen surface. Although the roughness
asperities of the rollers with Ra = 0.63 μm are more at risk of flattening, the resulting surface roughness
valleys, which form reservoirs of the lubricant, are higher than in the case of the roller with a surface
roughness of Ra = 0.32 μm.

 
Figure 9. Effect of the draw bead height on the effectiveness of lubrication.

3.3. Strip Drawing Test

The value of the friction coefficient decreases as the contact pressure increases for both dry
(Figure 10a) and lubricated conditions (Figure 10b). This trend is in general observed for both
orientations. The contact pressure in the strip drawing test may be determined using equation [16]:

pH =
π
4

√
Fc/w·E∗

2πR
(6)

where Fc is the clamping force, w is the specimen width, R is the counter-sample radius and E*
is a combined modulus of elasticity:

E∗ = 2E1E2

E2
(
1− ν2

1

)
+ E1

(
1− ν2

2

) (7)

where E1 and E2 are Young’s moduli of the sheet and counter-sample materials, respectively; ν1 and ν2

are Poisson’s ratios of the sheet and counter-sample materials, respectively.
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(a) (b) 

Figure 10. Effect of the contact pressure on the value of the coefficient of friction for (a) dry and (b)
lubricated conditions.

The decreasing of the coefficient of friction with the increased contact pressure may be the result
of the dependence of friction on the clamping (normal) force where beyond a certain load the relationship
between the friction force and clamping force is nonlinear and the value of the friction coefficient
is not constant. In other words, the coefficient of friction changes with a normal load. The nonlinear
dependence between the clamping force and the value of the coefficient of friction was previously
studied by the author and the results are reported elsewhere [3].

For both contact conditions, when the sheet was tested using a roller with Ra = 0.32 μm, the value
of the coefficient of friction for samples cut along the RD (0◦) was lower than in the case of samples
cut perpendicular (90◦) to the RD. In the case of the test conducted with the roller with Ra = 0.63 μm,
the situation is the contrary. This may be attributed to the directional topography. In the range
of contact pressures between 40 MPa and 120 MPa, with specimens tested under dry friction conditions,
the values of the coefficient of friction for the following conditions: Orientation of 0◦ and Ra = 0.32 μm,
and orientation of 90◦ and Ra = 0.63 μm, are similar. Furthermore, the values of the coefficient
of friction for the following conditions: Orientation of 0◦ and Ra = 0.63 μm, and orientation of 90◦
and Ra = 0.32 μm, are also similar. The value of the coefficient of friction for lubricated conditions
and a specimen orientation of 90◦ decreases as the surface roughness of the roller increases (Figure 10b).
The contrary trend is observed for the specimen orientation of 0◦. However, if the contact pressure
is higher than 120 MPa, the values of the coefficient of friction for a specimen orientation of 0◦ and both
of the surface roughness (0.32 μm and 0.63 μm) are within the range of the standard deviation.

At low interface pressures and both contact conditions, the decreased roughness develops less
asperity contact, so the friction coefficient decreases. The high contact pressures decrease the ability
of the lubricant to separate the contacting surfaces, so the friction coefficient stabilises. At higher interface
pressures, the friction mainly depends on the surface roughness of the bodies in contact and the specimen
orientation. In the case of the high surface roughness and dry friction conditions, the load pressure acts
on the asperities, which results in a higher degree of surface flattening and increased friction. In this case
the difference between the friction measured on the samples cut along the RD and transverse to the RD
may be due to surface flattening. The high surface roughness ensures better lubrication due to the high
volume of the valleys in the roughness profile. In the case of the high surface roughness and lubrication
conditions, the load pressure acts on the asperities, which results in a higher degree of surface flattening
and increased friction.

It is well known that effective lubrication results in low friction, which reduce the loads imposed
on the workpiece. The presence of an effective lubricant film also reduces the amount of direct contact
of roughness asperities between the tooling and workpiece. This effect appears to be due to the manner
in which the lubricant is captured by roughness on the surface of the sheet.
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As shown in Figure 11, the Le-index value has a linear relationship with the value of contact
pressure. In the case of the two combinations of rollers and specimen orientations: Orientation of 0◦
and Ra = 0.63 μm, and orientation of 90◦ and Ra = 0.32 μm, the value of the Le-index clearly decreases
with an increasing value of contact pressure pH. For a sample orientation at 0◦ tested with the roller
characterised by Ra = 0.32 μm, on the other hand, a similar effectiveness of lubrication is observed
in the whole range of the pressure values, approximately 12%. In the case of the higher surface
roughness of the contact bodies, a higher volume of lubricant may be trapped in the surface pits
and consequently the effectiveness of lubrication is higher. This is confirmed by the data in Figure 11.
The lubrication is more effective for rollers characterised by Ra = 0.63 μm than in the case of rollers
with a roughness of Ra = 0.32 μm.

 

Figure 11. Effect of contact pressure on the value of the Le-index.

The coefficient of friction is the result of the mutual interaction between the rough surfaces of the tool
and the sheet metal to be formed whose topography is constantly changing. In each of the friction
tests, there are different kinematics of the mutual movement of the surface in contact and the sheet
is subjected to different pressure values. In addition, a very important factor is the difference between
the mechanical strength of the tool and the sheet. This determines the contribution of the mechanism
of surface roughening in total friction. The mechanical strength of the tool material is always greater
than the strength of the material to be formed. In the case of the low tool roughness, there is a reduced
effect of flattening the surface asperities of the sheet metal by the roughness asperities of the tool
surface. However, under these conditions there is an increased real contact area and the valleys
in the topography of the tool surface retain less lubricant. When the surface roughness of the tool
is high then it is obvious that the lubricant may be delivered in sufficient quantities to the contact
interface. However in this case, the friction is mainly influenced by the ploughing of the sheet surface
by the hard asperities of the tool surface.

4. Conclusions

This paper presents and discusses the results of friction tests of deep drawing steel sheets in various
friction process conditions. The following conclusions are drawn from the research:

− the specimens tested in the BUT test exhibit a tendency to an increase in the value of the coefficient
of friction with the increasing relative elongation; this relationship is observed for both the specimen
orientations and contact conditions analysed; the lubricant reduced the coefficient of friction,
but the intensity of its action in the test results analysed depends on the specimen orientation and
the value of the surface roughness of the counter-samples; for both sample orientations, the greatest
efficiency of lubrication is observed for the small values of sheet deformation,
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− in the DBT, the most pronounced differences in friction were due to the surface roughness,
while the orientation showed to have only a minor influence; moreover, an increase in the draw
bead height leads to an increase in the value of the coefficient of friction,

− in the SDT, the value of the coefficient of friction decreases as the contact pressure increases
for both dry and lubricated conditions; the effectiveness of the reduction of the coefficient
of friction by the lubricant clearly depended on the specimen orientation and surface roughness
of the counter-samples.

Differences in the coefficient of friction obtained from various tribological tests indicate a strong
dependence of the kinematic conditions of the process on parameters directly related to the characteristics
of the friction process.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Altan, T.; Tekkaya, A.E. Sheet Metal Forming Processes and Applications; ASM International: Materials Park,
OH, USA, 2012.

2. Nielsen, C.V.; Bay, N. Overview of friction modelling in metal forming processes. Procedia Eng. 2017, 207,
2257–2262. [CrossRef]
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Abstract: Sheet metal forming (SMF) is one of the most popular technologies for obtaining finished
products in almost every sector of industrial production, especially in the aircraft, automotive, food
and home appliance industries. Parallel to the development of new forming techniques, numerical
and empirical approaches are being developed to improve existing and develop new methods of
sheet metal forming. Many innovative numerical algorithms, experimental methods and theoretical
contributions have recently been proposed for SMF by researchers and business research centers.
These methods are mainly focused on the improvement of the formability of materials, production of
complex-shaped parts with good surface quality, speeding up of the production cycle, reduction in the
number of operations and the environmental performance of manufacturing. This study is intended to
summarize recent development trends in both the numerical and experimental fields of conventional
deep-drawing, spinning, flexible-die forming, electromagnetic forming and computer-controlled
forming methods like incremental sheet forming. The review is limited to the considerable changes
that have occurred in the SMF sector in the last decade, with special attention given to the 2015–2020
period. The progress observed in the last decade in the area of SMF mainly concerns the development
nonconventional methods of forming difficult-to-form lightweight materials for automotive and
aircraft applications. In evaluating the ecological convenience of SMF processes, the tribological
aspects have also become the subject of great attention.

Keywords: electromagnetic forming; finite element method; flexible-die forming; flow-forming;
incremental sheet forming; mechanical engineering; metal forming; numerical modeling; plastic
working; sheet metal forming; solid granular medium forming; spinning; warm forming

1. Introduction

Sheet metal forming (SMF) techniques are widely used in many industries to produce final-shaped
components from a workpiece. In an SMF process, a thin piece of metal sheet is stretched into a desired
shape by a tool without wrinkling or excessive thinning. In the past decade, methods for forming
high-strength material with low plasticity and difficult-to-form metals have been developed for cold,
warm and hot forming conditions [1,2].

The mechanical properties of the metallic sheet are an important factor and inadequate
consideration of this factor in the design of SMF manufacturing processes causes buckling, excessive
thinning, tearing and wrinkling of the components. Other factors that affect the final shape of the
components include the geometry of the tool (i.e., punch-to-die clearance, die and punch radii) [3,4],
friction conditions (i.e., dry or lubricated contact, lubricant type, contact pressure) [5–9], technological
parameters (i.e., forming temperature, forming speed,) [10–12], properties of tool material [13–15] and
initial surface topography [16–18]. The existence of friction forces at the workpiece–tool interface
determines the nonuniformity of the sheet deformation and quality of the surface of the final part [19].
Considering the prediction of formability, numerical models are widely employed in both industry and
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research development. Ma and Sugitomo [20] developed a LS-DYNA customized friction subroutine
and verified it experimentally. This considered the change of COF with sliding distance, sliding
velocity, contact pressure, plastic strain, frictional work and temperature. Ma and Sugimoto [21]
suggest that lubrication phenomena can be positively changed during pulse–servo motion. Simulation
results using a nonlinear friction model for a pulse servo motion agreed very well with experimental
measurement for evaluating forming cracks. A comprehensive review of developments and trends in
friction testing for conventional sheet metal forming and incremental sheet forming has been discussed
by Trzepiecinski and Lemu [22].

In recent years there has been a dynamic development of two- and three-dimensional numerical
modeling of the sheet metal forming (SMF) processes using the finite element method (FEM) [23–25],
boundary element method (BEM) [26], finite difference method (FDM) [27], computational fluid
dynamics (CFD) [28,29], finite volume method (FVM) [30], neural networks [24], multi grid and
mesh free methods [23], crystal plasticity finite element (CPFEM) [2,31,32], discrete element method
(DEM) [33,34], extended finite element (XFEM) [35], an arbitrary Lagrangian–Eulerian (ALE) [36,37],
cellular automata (CA) [38,39] and fast Fourier transformation (FFT) [40].

During the last decade the above mentioned approaches to the numerical modeling of sheet metal
forming operations have been primarily been focused on the development of optimization procedures
that could be applied to complex processes, on improving the description of material behavior in
both multiphysics models [38–41] and a multiscale modeling framework based on the microscale
crystal plasticity theory and on a macroscale element-free methodology for computational simulation
of polycrystalline metals [42,43].

Ablat and Quattawi [44] discussed different methods of solution in the simulation of SMF.
According to Makinouchi et al. [45] numerical formulations of SMF can be classified into three main
categories, which are, static explicit, static implicit and dynamic explicit. Numerical modeling of the
forming of new metallic materials, i.e., multiphase steels, requires full-field models [29]. Full-field
homogenization refers to the spatially resolved solution of a representative volume element (RVE)
by means of FEM [46,47] or spectral methods using a fast Fourier transform approach (FFT) [37].
In this case a microstructure morphology as well as phenomena occurring during forming are precisely
simulated at various length scales [2].

To overcome the limitations of FEM in modeling microstructures [48,49], numerical simulation
techniques have been developed for incorporating material behavior on different length scales.
Computational materials science (CMS) with the emerging concept of digital materials representation
(DMR) [50] has been intensively investigated during the last decade. This concept provide a digital
model of the microstructure where all important features are represented explicitly and can offer a
support to the description of a material’s behavior during the forming of new products with special
in-use properties [2,51]. In 2020 Han et al. [52] proposed a microstructure-based multiscale modeling
of large strain plastic deformation by coupling a full-field crystal plasticity-spectral solver with an
implicit finite element solver. The model which was developed takes both dislocation density and
phenomenological hardening law into account and is suitable for modeling materials with complex
microstructural characteristics (e.g., grain morphology, multiple phases and textures).

During the last decade, the coupling of individual computational methods to provide both
multiscale and multiphysics responses has proved to have enormous predictive capabilities. In order
to analyze the sheet metal forming processes, combinations of a range of CPFEM and XFEM numerical
techniques have been applied. CPFEM can explicitly consider lattice rotation, and thus capture the
geometric softening effect which is the main mechanism of shear band formation in strain hardening
metals under quasi-static loading [2,28]. The CPFEM formulations for polycrystalline materials could
be realized in macro-, meso- and microscales, classified by the size represented by each element in the
FEM. The XFEM technique is an inexpensive, powerful, secure and time-saving numerical formulation
for the analysis of crack problems [32].
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The issues related to the increased predictive capability of numerical simulations with simultaneous
reduction in computational time have also gained much attention in the area of the modeling of sheet
metal forming [53,54]. To overcome the limitations of classical mesh numerical techniques which
require significant computational effort in remeshing steps, meshless or mesh-free methods have been
developed. These methods require only nodal data without explicit connectivity between nodes [21,55].
In meshless methods, i.e., SPH, the interpolation accuracy is not significantly affected by the nodal
distribution, so interpolation is free of the mesh requirement [56,57].

Numerical modelling is used to predict material flow [58], stress distribution [59,60],
deformation [58,61], temperature distribution [62,63], prediction of phase transformations [64,65],
springback [66,67], sheet thickness change [68] as well as for determining forming forces [69,70],
locations of potential wrinkling and cracking [66,71] and for predicting forming limit diagrams
(FLDs) [72,73]. Numerical simulations coupled with advanced 3D-adaptive remeshing procedures and
fully coupled damage constitutive equations play an important role in the control and optimization of
material flow in SMF. Digital material representation concepts are also created to evaluate the influence
of local microstructural features in the form of twins on material behavior [74]. Numerical simulation
has become an indispensable tool for the prediction of crack occurrence during sheet forming and
fracture behavior under strong impact loading when designing and fabricating automotive parts made
of high-strength steels. In the past decade, various approaches to the prediction of the initiation and
propagation of forming cracks have been presented and several fracture criteria have been proposed.
Ma et al. [75] employed the plastic strain criterion depending on the triaxial nature of stress in the
prediction of fracture in stamping parts using the simple tensile test. They also applied the digital
image grid method (DIGM) to measure the strain localization behavior and local strain distribution.
Based on DIGM, a new method for the identification of the ductile damage limit of steel sheets was
proposed with the aid of the historical path of nonlinear local strain and local fracture strain that had
been measured. The commonly used Cockroft damage criterion, in which the plastic strain and the
maximum principal stress are integrated, is an effective method to predict fracture under various
loading conditions [76]. In a later study, Ma et al. [77] combined the measured transient displacement
field with the FEM and a measurement-based FEM (M-FEM) was developed for the computation of
the distribution of the local stress and strains, and the accumulation of ductile damage in a tensile
test piece.

High-strength steel is increasingly finding uses in automotive body parts, whose properties
tend to increase shape deviations (springback) after the forming stage. Many countermeasures are
commonly used, including the use of lock beads [78,79], die-shape compensation [80,81] and the
improvement of forming process design [82,83]. The numerical prediction of elastic deformations of
metallic sheets is also vitally important. To meet their needs, the accuracy of springback prediction has
been significantly improved over the last decade [84], and the sheet metal forming simulation system
JSTAMP has been providing advanced capabilities [85–87]. The compensation capabilities in JSTAMP
are powerful methods to compensate the stamping tools, and the compensated CAD surfaces of the
stamping tools can be directly exported from JSTAMP to CAM for machining [87]. In a similar manner
to the prediction of springback, surface defects must be also controlled in the stamping process in
order to make high quality outer panels of auto bodies. Measuring methods based on stoning and
light reflection and the three-point curvature method are commonly used to detect surface defects.
The cheapest and most convenient method is the stoning method supported by the JSTAMP system
which does without any expensive measuring devices except a stone block [88].

This article summarizes recent trends in both the numerical and experimental contributions of SMF
developed in the last decade. The main techniques of SMF, i.e., conventional deep-drawing, spinning,
shear forming, flow forming, electromagnetic forming (EMF), flexible-die forming, electro-hydraulic
forming, shear forming, solid granular medium forming, and incremental sheet forming are addressed.
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2. Methods

This systematic review of the latest progress in the area of SMF was prepared following the
PRISMA guidelines [89]. To meet the PRISMA checklist, the following assumptions were made:

• To fulfil the goal of this study, international databases were explored including (in alphabetical
order: Bielefield Academic Search Engine, DOAJ Directory of Open Access Journals, eLibrary;ru,
GoogleScholar, INGENTA, ScienceDirect, Springer, Web of Science, WorldCat, WorldWideScience;

• Year restrictions: the databases were explored for the period of the past decade with special
attention to the 2015–2020 period;

• The English language is selected as the main source of review;
• Duplicated articles found in different databases were not considered;
• Papers which did not fit the goal of this study were excluded;
• No search engines were used; papers were reviewed manually;
• References available in the articles found were also considered.

3. Conventional Sheet Metal Forming

3.1. Sheet Microforming

Micromanufacturing technologies have been developed to meet an increased tendency to product
miniaturization, and among these, microforming is a promising method of producing microparts. Engel
and Eckstein [90] defined microforming as the fabrication of metallic microparts or structures with at
least two dimensions in the submillimeter range for microsystems or microelectromechanical systems
(MEMS). Due to the size effect, there are many issues including deformation behavior (anisotropy, flow
stress, limit strains), tools, machines, deformation defects in micro forming and damage accumulation
which could be barriers to the production of micro- and mesoparts (Figure 1) [91,92]. In the case
of material properties, grain size is the most important parameter which limits part geometry and
limits strains in microforming. In the past decade many investigations have been devoted to studying
the size effect on the fracture mechanism [93], plastic deformation [94–97], formability of material in
microforming [98], Hall–Petch effect [99], elastic recovery [100,101], fracture behavior [102,103], surface
roughness [104,105] and the hardness of parts [105,106]. The sheet microforming process is recognized
as one of the most efficient processes for producing microparts from sheet metals.

Figure 1. An example of the experimental die layout and finished microparts (reproduced with
permission from [107]; copyright© 2018 Elsevier B.V.).
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Parallel to conventional sheet microforming, micro-hydromechanical deep drawing [108] is
widely investigated. The hydroforming pressure and rate of applying pressure have a significant
effect on formability [109]. The increase of hydroforming pressure and stamping force yields a
better surface finish. In rubber pad micro forming (RPM), the rubber pad is compressed and then
deformed to push the blank into the die cavity. In this method only a single rigid tool is needed, and it
avoids the punch cavity misalignment problem. Several researchers employed the RPM to study the
effect of tool geometry, interfacial friction and hardness on the deformation process of embossing
microchannels [107,110]. The dimensional accuracy of RPM parts is difficult to control due to the large
elastic deformation of the pressure carrying medium, viz., the rubber [107]. Compared to conventional
SMF processes involving rigid dies, microsheet formation by the rubber-pad forming process has
many advantages [111]: (i) the process only uses one rigid die, (ii) there is no problem in precise
orientation of the soft punch in relation to the rigid die, (iii) the cost and processing time can be greatly
reduced compared to conventional SMF. Many researchers [110,112,113] have successfully employed
rubber-pad-forming (Figure 2) to fabricate high-performance proton exchange membrane fuel cells.

Figure 2. Diagram of the rubber-pad-forming process.

Laser shock microforming is an alternative method of microforming and is conceived as a
non-thermal method of laser forming for thin metal sheets using the shock wave induced by laser
irradiation (Figure 3a) [114–116]. High velocity forming processes have many potential advantages
including higher resistance to wrinkling and higher forming limits. The pressure distribution is a
crucial issue in high velocity forming processes. When the forming pressure is not uniform, puckers
will be generated by uneven material flow velocity [117]. The plastic deformation induced by the shock
wave and the direct plasma pressure applied on the material generate a residual stress distribution
in the material finally leading to its bending (Figure 3b). The final bending of the specimens can be
controlled over a relatively wide range by a stable quasi-proportional relationship to the number of
pulses applied, and water confinement for the plasma leads to the ability to increase the pressure
around 10 times and the final deformation has a significant increase.

In the case of thin metal sheets, the uneven pressure will promote the onset of localized necking
instability which will lead to fracture. Therefore, Shen et al. [118] proposed a mechanism for a
rubber-induced smoothing effect on the confined laser shock in order to smooth the laser shock wave
(Figure 4). It has been suggested that the smoothing effect is mainly due to the radial expansion of the
plasma cloud on the rubber surface.
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Figure 3. (a) schematic diagram of deformation and stresses for a single-pinned strip and (b) scanning
electron microscopy micrograph of a three-bridge actuator (reproduced with permission from [114];
copyright© 2011 Elsevier B.V.).

Figure 4. Mechanism of rubber-induced smoothing effect (reproduced with permission from [118];
copyright© 2015 Elsevier B.V.).

New methods and processes for a mastered mass production of micro parts which are smaller
than 1 mm have been described in the SPB 747 report of the Collaborative Research Center of the
University of Bremen (Germany) on “Micro Cold Forming”. This report is focused on the description
of micro forming processes [119], process design [120], tooling [121], and quality control and the
characterization [122] of high-precision micro parts.

3.2. Warm/Hot Forming

Warm forming is usually carried out at 0.35Tm < T < 0.55Tm, where Tm is the melting temperature
of the metal [123]. It is important to distinguish warm forming from hot forming. Hot forming is carried
out at temperatures T > 0.55Tm. In hot forming the temperatures exceed the melting temperature of
the material and this allows simultaneous recrystallization, which controls the refinement of grain
size [124,125]. In this way warm forming improves the formability of a material by lowering the yield
stress. In comparison to hot forming processes, warm forming requires higher forces for deformation
because of the greater material flow stress [126–128].

The quenching operation in the hot stamping process has a significant influence on the phase
transition and mechanical properties of the hot-stamping steel. A proper quenching technique is
quite important to control the microstructure and properties of an ultra-high-strength hot-stamping
steel [129]. Kayan and Kaftanoglu [130] proposed non-isothermal deep drawing which is applied to
DP600 HSLA and IF steels in elevated temperature conditions. They found that the process increases
the LDR and there is no significant change in the microstructure of the material due to warm forming.
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The application strategy that was developed can solve the problems encountered in applications at
ambient conditions, such as dimensional instabilities due to springback and high residual stresses.

The formability of the material increases with an increase in the forming temperature and is also
affected by the microstructure, which changes according to the temperature at which the material is
deformed [131–133]. In the case of austenitic stainless steel, martensite formation is not only affected
by temperature, but also influenced by the rate at which the material is deformed [125].

Warm forming is used for stainless steels [134], aluminum alloys [135], magnesium alloys [136] and
dual-phase steels [137] to reduce springback and the forming forces [42]. The springback phenomenon
is one of the main problems associated with the assurance of the desired shape and dimensional
accuracy of the formed part after its removal from the stamping tool [138,139].

Compared with conventional SMF processes, forming carried out at an elevated temperature
requires an initial increase of the blank temperature before the forming stage [140–142]. Two main
strategies are used for the heating process. The whole blank is heated in the furnace to receive a uniform
temperature in the whole blank or the workpiece is heated locally using different techniques [143].
The whole blank heating strategy can be accomplished externally in an oven or internally through
conduction from a heated tool. The strategy commonly used in industry is uniform heating of the
blank [144]. The effect of the heating method and temperature on the formability of metals was widely
studied by many authors [125,145,146].

A robotized assembly stand with induction heater was proposed to minimize the loss of heat into
the environment at the stage of transferring the sheet from the heater to the stamping die (Figure 5)
when warm forming a 17–4PH stainless steel turbine engine strut [123] (Figure 6a). The effect of
overheating of the blank on the dimensional deviation of the drawpiece due to the transfer of the blank
from the heater to the stamping die using an industrial robot is also considered. The temperature
of the tools during the experiments was stabilized by cooling channels located in the stamping die
(Figure 6b).

Figure 5. Temperature change versus time in the warm stamping process.

During forming of a sheet heated to a temperature up to 600 ◦C, a very large springback of the
drawpiece material is observed. The forming temperature that guaranteed receiving the component
with the required shape deviations appropriate to the forming temperature was about 680 ◦C. This led,
however, to the blank overheating and reaching a temperature of 820 ◦C.
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Figure 6. (a) Industrial stand for warm SMF (1–press, 2–workpiece store, 3–induction heater, 4–robot
arm) and (b) scheme of stamping die (1–die, 2–upper blank holder, 3–positioner/knock-out, 4–lower
blank holder, 5–punch, 6–workpiece, 7–cooling channels) (reproduced with permission from [123];
copyright© 2018 Elsevier B.V.).

In order to increase the collision-safe performance and reduce weight, the use of ultra-high-strength
steel (UHSS), multiphase transformation-induced plasticity [TRIP] steels and advanced high-strength
steels (AHSS) has gained attention in the automobile industry [147,148]. Besides the AHSSs, dual-phase
(DP) steels consisting of martensite and ferrite phases are characterized by a proper balance between
formability and high strength, and thus there is a growing interest in this type of sheet metal in the
automotive industry. Due to the high-strength properties of DP steels, forming at elevated temperatures
is required [149]. The thermal-mechanical behavior of DP590 sheet metal examined with uniaxial
tensile tests as well as biaxial tensile tests at elevated warm-forming temperatures (20–190 ◦C) can
be found in [149]. A dynamic strain aging effect was observed via thermal-uniaxial tensile tests and
the Swift hardening model with temperature-dependent parameters. Inflow resistance of the flange
surface of the UHSS parts increased due to rapid cooling caused by contact with the tool, and as a
result formability in hot stamping deteriorated in comparison with cold forming conditions when the
forming speed was low [150].

Warm forming at temperatures from 200 ◦C to 600 ◦C has several advantages compared with cold
forming at room temperature: better shape accuracy, better stretch flange formability and lower press
load. The results of the stretch formability of uncoated high-strength steel sheets and galvannealed
HSS sheets in warm forming assessed by spherical stretch forming tests at temperatures from room
temperature to 600 ◦C can be found in [151]. It was concluded that the COF has a significant influence
on formability in the low temperature range of 200–400 ◦C. Springback of HSSs may be much reduced
by a lower forming speed. These phenomena directly correspond to the material’s viscoplastic behavior
at elevated temperature [152].

Nowadays, aluminum alloys are considered desirable for the automotive and aerospace industries
because of their superior corrosion resistance, excellent high-strength to weight ratio, recyclability
and high weldability [126]. The application of forming at elevated temperatures to age-hardening
aluminum alloys requires knowledge of the interactions between temperature, degree of deformation,
precipitation kinetics and exposure time [153,154]. The precipitation that can happen during the
warm drawing process influences the drawing force and the maximum drawing force depending
on the moment the precipitation takes place. A comprehensive review of theoretical and numerical
methods (Figure 7) used for prediction of the formability of lightweight materials for sheet metal
forming applications can be found in [155]. The increase in plastic strain during the two-stage warm
drawing process resulted in a gradual increment in cup wall strength as substantiated with the
microhardness results.
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Figure 7. Numerical and theoretical models used for the prediction of formability.

Warm forming is an effective solution to improving formability for both heat-treatable and
non-heat-treatable aluminum alloys. The investigations on this topic in the last decade are
mainly focused on the development of effective numerical codes for thermomechanical FE-based
analyses [156,157], design of warm forming tools [123,141], modeling of the mechanical behavior of
materials at elevated temperatures [139,158–160] and the development of alternative warm forming
methods [161].

Magnesium, with a better recyclability and higher strength-to-density ratio, has become an
alternative to aluminum and steel, especially in the automotive industry which is looking for ways
to limit the emission of greenhouse gases and meet the demand by customers for fuel efficient
vehicles [154,162]. The room temperature formability of magnesium alloys strongly depends on
deformation twinning and texture [163]. Although magnesium alloy sheets have low ductility at
room temperature due to the small number of slip systems, it is well-known that formability at
temperatures around 200 ◦C can be drastically improved [164]. As the temperature increases, prismatic
and pyramidal slip systems can be activated, thus improving the formability [165]. As shown by
Maksoud et al. [166], as the forming temperature of magnesium alloy increased from 300 ◦C to 400 ◦C,
the grain size quickly increased, and performance decreased.

The formability of sheet metal not only depends on the material’s properties, but also on the
friction on the tooling/workpiece interface [167,168]. According to the study by Abu-Farha et al. [169],
the fissure orientation in the specimens tested using the elevated-temperature pneumatic stretching
test apparatus (Figure 8) was also affected by the rolling direction and relative size of major strain and
minor strain.

In recent years, many researchers have looked at the process of deep-drawing laminated sheets [125].
However, most of the investigations carried out on laminated sheets were conducted during the
deep drawing process at room temperature [170,171]. A comprehensive investigation on the warm
deep-drawing process (Figure 9) in AA1050/St304 and AA5052/St304 laminated sheets at three different
temperatures and various grain sizes was carried out by Afshin and Kadkhodayan [126]. It was found
that the growth of grain size led to an increasing coefficient of friction (COF) which had negative effects
on the material formability. Raising the blank holder force had a dominant impact on formability,
which led to the warm deep-drawing process being performed with a smaller load requirement at
higher temperatures.
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Figure 8. View of the elevated-temperature pneumatic stretching test apparatus, showing an enlarged
schematic diagram of the set up including the forming die assembly (left), furnace with forming
assembly (central) and die inserts (right) (reproduced with permission from [169]; copyright© 2012
Elsevier B.V.).

Figure 9. Schematic diagram of the equipment for deep-drawing (reproduced with permission
from [126]; copyright© 2015 Elsevier, Ltd.).

The main problems occurring during SMF processes at elevated temperatures are wear and
high friction due to high adhesion of the workpiece material to the tool surface and surface
initiated fatigue [172,173]. An understanding about the occurrence and prevention of a galling
mechanism [172,174] is investigated by using special tribotesters [172,175] or typical tribometers [176]
destined for wear analysis.

Friction in warm and hot forming conditions is in general higher that in the case of cold forming
conditions. The tribology of warm and hot metal forming is very much of concern because there
are several influential variables such as materials, surface coatings, lubricants, contact pressure and
temperature [177,178]. It usually requires special heavy-duty lubricants with fillers. In warm and hot
metal forming, the graphite-based “black” lubricants have been abandoned by many industries now
using “white” lubricants on either a polymer base, carvone base or liquid glass base [162]. A review of
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related effects of oxidation, surface coating, lubrication and a tribometer in metal forming at elevated
temperatures can be found in these papers [125,179,180].

4. Incremental Sheet Forming

4.1. Background

In incremental sheet forming (ISF), called “dieless forming”, a sheet metal blank is simply
clamped with the help of a blank holder and a tool with a hemispherical end incrementally forms
the sheet into the desired shape. The basis for the development of the incremental forming method
is the patent developed by Leszak [181] in 1967 before it was technically feasible. Initially the
methodology of single-point incremental forming (SPIF) methods was based on conventional spinning,
allowing one to obtain axisymmetric parts. Widespread use of numerically controlled machines and
robots allowed the introduction of ISF into industrial practice. Some researchers have developed
special purpose machines to carry out incremental sheet forming [182–186]. Although ISF has a very
reasonable economic performance in small-lot production and is fine for manufacturing those elements
which cannot be obtained using conventional sheet forming methods, several attempts have been
made to use the forming technique in mass production [187–189]. There are many factors which
influence the applicability of ISF and the accuracy of the parts thus formed [190–194]: tool path
strategy, mechanical properties of the sheet metal (material anisotropy, ability to strain harden, elastic
properties), the technological parameters (i.e., tool diameter, tool path strategy, depth value between
two tool passages, tool rotational speed, friction conditions) and design parameters (geometry of the
product, sheet thickness). One surface of the drawpiece in SPIF revealed small linear grooves as a
result of the interaction of the tool tip with the workpiece (Figure 10). The surface finish of the second
side of the drawpiece is the result of small-scale roughness induced by large surface strains which
leads to an orange peel phenomenon (Figure 11) [195].

Figure 10. Surface topography of the outer (a) and inner (b) surface of a conical drawpiece with a slope
angle of 71◦.

Figure 11. View of the inner and outer surface of a conical drawpiece.
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ISF is mainly carried out in the four different ways shown in Figure 12, which are also considered
as process principles. Figure 12a represents SPIF in which a rotating tool moves over the clamped
edge of the workpiece and produces the desired shape. The SPIF type is a two-point incremental form
(TPIF), which can be produced using a partial die (Figure 12b) [196] or a specific die (Figure 12c) [197],
which is also is called positive incremental forming (PIF), while all the other methods are negative
incremental forming (NIF) [198]. In the TPIF methods (Figure 12d), there is an additional movement
of the fixing grip of the plate, which produces effects on the improvement of the accuracy of the
drawpieces [196,199].

Parallel investigations are also conducted on the use of a freely rotating [200] or non-rotatable
tool [201]. The linear motion of the tool is usually in the range of 300–3000 mm·min−1. The rotational
speed of the spindle can reach up to 2·103 rpm [201], however in most SPIF methods the rotational
speed of a spindle with a rounded tip is in the range 200 to 800 rpm.

Figure 12. Incremental forming processes: (a) single-point incremental forming (b) two-point
incremental forming with a partial die, (c) TPIF with specific die, (d) TPIF with counter tool: 1–base,
2–forming spindle, 3–fixing grip, 4–workpiece (initial position), 5–partial matrix, 6–specific matrix,
7–auxiliary spindle.

4.2. Incremental Sheet Forming with Metallic Tool

Most variants of ISF that have been investigated in recent years are intended to fully improve the
formability of sheet materials. Xu et al. [183] studied electrically assisted incremental sheet forming
with a combination of an electricity-assisted method with double sided incremental forming (E-DSIF)
(Figure 13) and the newly designed slave tool force control device used to ensure stable tool–sheet
contact (Figure 14). E-DSIF reduced the springback of finished parts during the unclamping and
trimming stages.

Figure 13. Schematic diagram of the circuit connection in E-DSIF (reproduced with permission
from [183]; copyright© 2016 Elsevier, Ltd.).
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Figure 14. Illustration of the SPIF and DSIF toolpath strategies (reproduced with permission from [183];
copyright© 2016 Elsevier, Ltd.).

Al-Obaidi et al. [186] designed a fixture for hot single-point incremental forming of
glass-fiber-reinforced polymer (GFRP) supported by hot air. The GFRP sheet was sandwiched
between combinations of two polytetrafluoroethylene (PTFE; commonly known as Teflon) layers
and metal sheets (Figure 15). The Teflon layer was used to reduce the flow of the melted matrix
polymer out of the woven fiber. The aim of the work was to develop a way to shorten the production
process for medical implants which will dramatically reduce the cost of their manufacture. In general,
the relationship between the depth of the formed part and the heat initiated was found to make
the overall workpiece temperature homogeneous. However, as was concluded, the influence of the
material and process properties needs broad-ranging investigation to eliminate the defects and to
improve the quality of the formed parts.

Figure 15. (a) principle of SPIF, workpiece combination, (b) clamping fixture and (c) setup assembly
(reproduced with permission from [186]; copyright© 2019 The Society of Manufacturing Engineers.
Published by Elsevier, Ltd.).
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In recent years, SPIF has been combined with heating techniques to heat up and form
difficult-to-form metals into complex shapes by using a laser [202–206], a halogen lamp [207],
oil [208], induction heat [209,210] and friction generated by incremental tool application [211] or
hot air blowers [212–214]. The apparatus developed by Obaidi et al. [209] and shown in Figure 16
permits local heating of the advanced high-strength steel sheet to elevated temperatures of more than
850 ◦C, achieving a reduction in the forming forces and residual stress, and improving formability. Some
of the authors used the high rotation speed of the forming tool in order to generate friction heat, which
can be utilized to improve the formability of the workpiece material [211,215–223]. The formability of
hard-to-deform alloys can also be enhanced by direct or indirect electric heat [183,224–235]. Palumbo
and Brandizzi [236] used combined heat (electric band + stir rotation friction) to SPIF the deformation
of titanium alloy in which static electric heating was employed to pre-heat the sheets. Friction heating
was used to further increase the temperature. A detailed state-of-the-art review of the development of
heat-assisted incremental sheet forming has been discussed by Liu [237].

Figure 16. Apparatus for induction heat-assisted SPIF: 1–spindle, 2–tool, 3–clamping fixture, 4–sheet
metal, 5–inductor, 6–sliding fixtures, 7–sliding jig.

Excessively high temperature generated at the tool/workpiece interface affects the quality of the
sheet surface after forming and the durability of the tool tip [238–240]. The appearance of frictional
heat and its effect on the accuracy of the formed part and the formability of the workpiece material
has been explored by many researchers in relation to the alloys [200,241,242]. The role of friction in
the formability of polymeric materials during the ISF process has been widely discussed by several
authors [243–247], who draw conclusions on the important role of friction due to the increase in the
temperature of the sheet metal. Much experimental work and many numerical simulations have
been conducted to support the designs of the tooltip profile [248,249], coatings of the sheets and tool
tips [249,250], tool path strategy and forming parameters [251–253] and residual stresses [254,255] in
ISF. It is believed [256] that the tooltip/sheet coatings capable of thermal segregation in the tool–sheet
interaction have a huge impact on mitigating the temperature-induced problems in ISF.

A principle of the hybrid combination of stretch forming and SPIF is presented in Figure 17.
Stretch forming will not yield the geometry of the final part. Such features as grooves, pockets
and corrugations that are too small to be formed by stretch forming are formed using asymmetric
incremental sheet forming [257]. In order to minimize thinning and improve the thickness distribution
along the formed part, Tandon and Sharma [258] proposed a hybrid incremental stretch drawing
process which is designed to combine incremental sheet metal forming with a deep drawing process.
Initially the workpiece is deformed by a large sized tool and then an ISF tool formed the final shape of

30



Metals 2020, 10, 779

the part. It is found that the proposed process is able to reduce thinning by as much as approx. 300%,
considering the same forming depth for the ISF process. Similar investigations on hybrid ISF conducted
by Tandon and Sharma [258] and Jagtab and Umar [259] were also studied by Araghi et al. [260] and
Lu et al. [261].

Figure 17. Principle of the combination of processes (reproduced with permission from [257]; copyright
© 2009 CIRP. Published by Elsevier, Ltd.).

Supporting the sheet in ISF leads to localized deformation under the tool which reduces the
flexibility of the ISF process. Therefore, Allwood et al. [262] proposed the use of partially cut-out
blanks to create a weakness in the sheet at the perimeter of the required part and to localize the sheet
deformation to the region that will be covered by the tool (Figure 18). It was concluded that the use of
partially cut-out blanks does not give a useful benefit in ISF. Compared to ISF with no backing plate,
partially cut-out blanks develop localized deformation earlier.

Figure 18. Partially cut-out blanks: (a) the concept intended to localize deformation, (b) partially
cut-out blank before forming and (c) after forming, (d) after successfully forming (reproduced with
permission from [262]; copyright© 2010 Elsevier B.V.).
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5. Flexible-Die Forming

5.1. Background

Flexible-die forming on sheet metal employs a pressure–transfer medium as a female die (or punch)
and a female punch (or die) [263]. The pressure–transfer medium can be polyurethane, oil, viscous
medium, rubber or compressed air. Flexible-die forming technology has undergone rapid development
as one of the mainstream forming technologies for thin walled parts. In addition to viscous pressure
forming (VPF) and hydroforming by deep drawing (HDD), these technologies are developing rapidly,
and aspects of experiments, theoretical analyses, and numerical computation are provided at least
once per week. Flexible forming processes, like stamping, deep drawing or bending, are widely
used in the aircraft industry to deform difficult-to-form materials by a conventional deep drawing
process [264–266].

5.2. Rubber-Pad Forming

Rubber-pad forming (RPF) employs a rubber pad on the form block. The rubber pad acts as a
hydraulic fluid in exerting a uniformly distributed pressure on a workpiece surface as it is pressed
around the form block. With some advantages like ease of operation, reduced springback and high
surface quality, rubber-pad forming is widely used in many real-life industrial situations [41,267].
Flexible forming processes, like stamping, deep drawing or bending, are widely used in the aircraft
industry to deform difficult-to-form materials by a conventional deep drawing process. RPF has been
used to remove surface scratches of the sheet during forming. Several researchers studied the RPF
process. Belhassen et al. [268] introduced FEM to analyze the RPF process in AA6061-T4 sheet metal.
An elastic-plastic constitutive model with a J2 yield criterion and mixed nonlinear isotropic/kinematic
hardening coupled with Lemaitre’s ductile damage has been adopted during forming.

Irthiea et al. [269] report the results of FE simulation and experimental research on micro deep
drawing processes of 304 stainless steel sheets using a flexible die. Two novel approaches were
considered with regard to the positive and negative initial gap between an adjustment ring and a
workpiece and a blank holder (Figure 19). Initial gaps affect the final cup profiles, in particular at the
shoulder corner radius (Figure 20). The numerical predictions conducted in Abaqus/Standard software
reveal the capability of the proposed technique to produce micro metallic cups with high quality and a
large aspect ratio.

Figure 19. Flexible forming technology with (a) positive and (b) negative initial gap (reproduced with
permission from [269]; copyright© 2014 Elsevier, Ltd.).
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The results showed that reducing the initial gap causes a reduction in the initial thickness of
the final products. Fabrication of the blank holder with a smooth surface and a rigid punch with a
rough surface would improve the formability of the workpiece material. The proposed technique has
desirable advantages of significantly lower overall cost and high quality in the fabrication of micro
metallic cups.

Figure 20. Cups formed with different initial gaps (reproduced with permission from [269]; copyright
© 2014 Elsevier, Ltd.).

Trzepiecinski et al. [270] analyze the forming process of a fan engine bearing housing made of
17–4PH stainless steel sheet. Due to the high ratio of yield stress to ultimate tensile strength and large
amount of springback of the formed material, the forming process has been divided into two stages in
order to ensure suitable shape and dimensional accuracy of the drawpiece: forming of the drawpiece
using a rubber punch (Figure 21a) and calibration of the drawpiece at elevated temperature. A 3D
finite element-based coupled thermomechanical model was built using the commercial FE-package
eta/DynaForm. The distribution of the drawpiece shape error (Figure 21b) obtained by the GOM
ATOS system and thickening measurements confirmed that the experimental method thus developed
is suitable for the manufacture of bearing housings for aircraft fan engines. As predicted by the
eta/Dynaform program, the component is free from defects (Figure 21c). The formation of wrinkles
was observed on the free surfaces of the part, but this part of the drawpiece is cut off after the forming
process is finished.

Figure 21. Rubber-based forming: (a) tool setup, (b) The distribution of the shape error obtained using
the GOM ATOS instrument, (c) The major and minor strains and FLD (left) and the final shape of
the bearing housing (right) after the first stage of forming (reproduced with permission from [270];
copyright© 2017 The Society of Manufacturing Engineers. Published by Elsevier, Ltd.).
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The rubber forming process (RFP) has also been successfully applied to straight flanging. Flanging
is used to deform the edge of the part to create a mating surface to increase the stiffness of the part. The
influence of process parameters (time and pressure) on the RFP was studied by Chen et al. [271]. The key
phenomenon which limits the ability to obtain a part with the desired geometry is springback. It was
found that springback of the straight angle increased with a decrease in blank thickness. An increase
of forming pressure and time of rubber forming had little effect on the springback when the blank
coincided with the die face. It should be pointed out that the springback of flanging in the rubber
forming process was smaller than that of stamping and can be eliminated with a ratio of the bending
radius r (die radius) to the sheet thickness t: r/t < 2.

Rubber forming technology is also a method that can feasibly be used for micropatterning of
thin metallic bipolar plates [272]. In this process, the workpiece is placed on the rubber pad and then
the blank and the rubber pad are pressed simultaneously by the die. With this technology, the force
from the upper die and the repulsive force resulting from elastic deformation of the rubber pad are
transmitted to the entire surface of the workpiece. Jin et al. [272] analyzed the effects of the hardness
and thickness of the rubber pad, physical properties of the materials, forming speed and pressure
of the punch on the channel depth. They found that (i) the lower the hardness of the rubber pad,
the more beneficial it was for the deformation of the rubber and the channel is deeper (ii) the thicker
the rubber pad, the deeper was the channel in the bipolar plate due to it not losing the load imposed
by the punch toward the outside. Most researchers studied the forming of a straight channel based on
the 2D models.

Liu et al. [273] studied the deformation mechanisms during the forming of a channel in metallic
bipolar plates (Figures 22 and 23) using the two styles of deformation (concave and convex).
Experimental methods and numerical simulations showed that the thickness distribution of the
parts manufactured by the concave approach is less uniform than that of the convex shape. The ratio
of channel height h to rib width w (h/w) is a determining parameter in obtaining the desired geometry
of the part. For the concave deformation style, the maximum thickness reduction also increases as the
value of h/w increases. By contrast, for the convex style, the maximum thickness reduction decreases
with increasing h/w.

Figure 22. Fabrication of a bipolar plate by rubber-pad forming (reproduced with permission from [273];
copyright© 2010 Elsevier B.V.).
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Figure 23. Bipolar plate fabricated by rubber-pad forming: (a) front of the bipolar plate and (b) back of
the bipolar plate (reproduced with permission from [273]; copyright© 2010 Elsevier B.V.).

5.3. Multipoint Die Forming

A multipoint forming (MPF) die uses reconfigurable matrices of pins, which can move normally
to the die base to create the die surface. A reconfigurable tool consists of a large number of adjustable
pins, the form of the ends of which define the specified shape of the part [274]. Over the years,
several designs of reconfigurable tooling have been developed [275–277]. The MPF process is very
flexible permitting rapid changes in tool configuration to be accommodated without affecting tooling
costs [278]. The concept of the use of a discrete-pin die for forming sheet metal was first introduced
about 40 years ago [279].

Many investigations have been conducted in recent years to develop the multipoint forming
technique. Most of these are focused on avoiding defects without taking into account the effects of
the forming process on the quality of the finished parts. Paunoiu et al. [280] developed numerical
simulation models using dynamic FE-based Dynaform software and investigated the effect of tool
geometry and the use of an elastic cushion on deformation behavior. The elastic cushion had a positive
effect on the part surface and a negative effect on shape accuracy. The elastic cushion had a negative
effect on shape accuracy and a positive effect on the part surface.

To reduce tool costs to a significantly lower value compared to that for conventional reconfigurable
MPF tools, the multipoint sandwich forming (MPSF) was developed. Pins are used only in the bottom
die and the space between them is large (Figure 24), so that fewer of them are required to span a
given area and their height is adjusted manually using their threaded shanks [274]. The upper die is
composed of urethane. To provide a continuous surface for the bottom die, a steel sheet is deformed
between the appropriately positioned pins and the urethane upper die [274].

Figure 24. Multipoint sandwich forming; set up for the deformation of (a) die sheet and (b) workpiece
(reproduced with permission from [274]; copyright© 2008 Elsevier, Ltd.).

Multifunctional light–weight sandwich panels, due to their profitable load-bearing characteristics,
have been widely used in a variety of applications such as ship structures, aircraft, high-speed trains
and the automotive industries [281,282].
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Sandwich panels are mostly limited to the flat-panel type however in many engineering
applications it is necessary to use three-dimensional panels rather than flat sheets [170,283,284]. This
creates the need to work on effective methods for forming honeycomb-type structures. Cai et al. [285]
applied an MPF tool (Figure 25a) to form double curved sandwich panels with egg-box-like (EBL)
cores. Among various types of topological configurations of sandwich cores, EBL-cored panels are
ultra-lightweight structures. Experiments using MPF- and FE-based analyses reveal that the formability
of a sandwich panel with EBL cores (Figure 25b) in the plastic forming process is mainly dominated by
tree mechanisms: face sheet plastic dimpling, the failure modes of face sheet plastic wrinkling and core
cell fracture. The analytical formulations presented allow one to facilitate the prediction and successful
prevention of failure modes in the plastic forming process of sandwich panels (Figure 26).

Figure 25. (a) Multipoint forming (MPF) of egg-box-like (EBL)-cored sandwich panel and (b) distribution
of maximum principal stress on the EBL core cell of the panel (reproduced with permission from [285];
copyright© 2018 Elsevier, Ltd.).

Figure 26. (a) sketch of the EBL core and (b) cross-sectional geometry of the EBL core (reproduced with
permission from [285]; copyright© 2018 Elsevier, Ltd.).
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The cylindrical bending process of bidirectional trapezoidal core sandwich structures has been
very limited in recent decades. In 2018 Liang et al. [286] applied multipoint bend-forming (MPBF)
to aluminum alloy welded metal sandwich panels with a new type of bidirectional trapezoidal core
(Figure 26). The main forming defects of the sandwich panels and the deformation characteristics
were analyzed numerically. The dimple and straight plane effects are found to be the most frequent
forming defects in the bend-forming process. In addition, the main factors that affect forming defects
are bending radius and face sheet thickness.

5.4. Solid Granular Medium Forming

Solid granular medium forming (SGMF) adopts spherical non–metal or metal particles with a
diameter in the range of 0.05–2.00 mm as filling medium [287]. The particle medium can overcome
loading induced by liquid media under elevated temperature conditions. Furthermore, friction
produced by the particles adhering to the sheet surface results in a uniform wall thickness of the
formed parts. The advantage of SGMF over the remaining flexible-die forming techniques is good
surface quality, high dimensional precision, simple implementation, high production flexibility and a
better fit of the die [287]. SGMF has found particular application in the manufacturing of workpieces
with rigorous requirements with regards to geometric accuracy and surface finish. This technology
can simplify complex sheet metal production and provides production with good flexibility, fine
structures and less elasticity. Although LSDF requires high pressure from the liquid–pressure system,
a sophisticated liquid pressure system design and practical cavity sealing plans, it provides for the
production of fine structures with good flexibility [263].

Chen et al. [288] implemented the press hardening process (Figure 27) for tubular components
by using SGMF, which have much higher stiffness when compared to sheet metal parts. A multitype
granular medium (quartz sand, sintered zirconium silicate and cerium-stabilized zirconium dioxide)
reduced the interfacial friction force and showed better formability. The effects of interfacial friction
between the particles of the granular medium and the formed sheet were represented by tube length,
type of granular medium and the COF.

Figure 27. Granular medium-based tube press hardening (reproduced with permission from [288];
copyright© 2015 Elsevier B.V.).

The advantages of coupling FEM and DEM solutions are as follows: applicability to
non-axisymmetric geometries of components, automatic detection and solution of the contact
phenomena between the granular medium and the workpiece, and applicability to quasi-static
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processes which contain complex friction contact conditions and large deformations. Dong et al. [289]
carried out FE-based numerical simulation of SGMF of back pressure deep drawing and concluded
that the forming of thin-walled rotary parts with complex cross-sections is enormously influenced by
the process parameters: the back pressure load and the blank holder gap. Dong et al. [51] applied
extended Drucker–Prager linear FEM-based numerical simulation of SGMF of the AA6061 extruded
tube (Figure 28). The effects on the forming performance of the workpiece and the approach to the
control of blank holding were analyzed through this model. The results of the investigations confirmed
the ability of the constitutive equation to be reflected in the establishment of the material model of the
granule medium.

Figure 28. (a) forming mold design and (b) finite element method (FEM)-based numerical model
(reproduced with permission from [51]; copyright© 2017 Elsevier B.V.).

6. Electromagnetic Sheet Forming

Electromagnetic forming (EMF) is a kind of powerful and high-speed forming technique where the
strain rate of the sheet metal is of the order of approximately 103·s−1 [287,290–294] and the deformation
velocity can reach up to 300 m·s−1 [295]. EMF uses a Lorentz’s force occurring in a pulse magnetic
field generated by circuits conducting high-oscillation electric current [296]. Thin metallic sheet can be
accelerated to high velocity in a period of a millisecond [297]. During EMF, a large electric current
pulse passes through a conductive coil by discharging a capacitor bank. The electric current produces
a transient magnetic field around the coil that induces eddy currents in a metal workpiece.

EMF has many advantages that make it an attractive alternative to conventional SMF methods:

• It is an environmentally friendly process; no lubricants are needed;
• There is no mechanical contact with the work piece;
• The formability limit is increased during electromagnetic forming due to high deformation velocity,

the forming limit of the aluminum alloys can be improved by 10%–14% [298] or even 2–3-fold [299],
compared to the quasi-static loading conditions;

• Controllability and repeatability of the formed parts are ensured;
• The greatest advantage is a significant increase in workpiece ductility over conventional

SMF methods;
• Parts formed by EMF possess the merits of low springback [300], uniform strain distribution and

good surface quality.

In the last decade, EMF has been studied experimentally and numerically by many researchers.
The nonuniform deformation behavior results in a reduction in the shape and dimensional accuracy of
the final part. To precisely control the material behavior in EMF and obtain parts without defects, various
techniques were employed, such as selecting optimized process parameters [301,302], electromagnetic
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calibration [300,302,303], applying two-step forming [304] and using tailored forming coils [305,306],
prediction of formability and failure [307]. The current methods for the evaluation of limit strains at
the onset of necking and fracture have recently been discussed in [308].

Cui et al. [309] proposed electromagnetic incremental forming (EMIF) technology in which it is
feasible to produce a large part with a small working coil and small discharge energy, which enhances
the flexibility of EMF. The principle of EMIF is shown in Figure 29a. The magnetic force is used to
launch the sheet at very high speeds and to obtain the desired shape. Figure 29b shows that the
working coil moves to a specific position and the metallic sheet deforms in many cycles of charge
and discharge. Finally, the local deformation accumulates into the final deformation as shown in
Figure 29c. Two different strategies are proposed to predict the electromagnetic incremental sheet and
tube forming process. For the first method, the coil can move directly to a special position and remesh
technology is used to consider the effect of the workpiece deformation and the movement of the coil
on magnetic analysis. In the case of the second method, technology like the “birth–death element” is
used to indirectly describe the movement of the coil. It was found that the second method cannot be
used for the EMF process if an overlap region exists in two adjacent discharge regions.

Figure 29. (a) schematic diagram of the forming tool, (b) local deformation and (c) termination of
deformation (reproduced with permission from [309]; copyright© 2014 Elsevier B.V.).

Lai et al. [310] proposed a forming facility for large sheet metal forming which is lightweight
compared to other conventional tools. The EMF facility they developed consists of four major
sub-systems: a forming coil system, a die system, an inertia confinement system and a pulsed
electromagnetic blank holding force system (Figure 30). The pulsed electromagnetic blank holding
force system is a newly developed approach that utilizes a pulsed attractive Lorentz force as a blank
holder force. The resulting measurements of sheet thickness and deviation from the desired shape are
very promising, providing forming of the large sheet metal components. Tan et al. [311] introduced
EMF to form a panel with stiffened grid ribs. The forming rules of the grid–rib panels during the EMIF
process were revealed by analyzing the evolution of the stress, strain and forming depth. It was found
that the forming depth is mainly attributed to the forces exerted on the web, although electromagnetic
force is applied on both the ribs and the web.
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Because of the large degree of stretching and bending deformation in hole-flanging regions [312]
and the relatively low formability of aluminum alloys at room temperature [313], the workpiece tends
to tear or crack along the circumference at the flanged edge formed by conventional stamping [314,315].

Figure 30. Electromagnetic forming: (a) schematic diagram and (b) experimental setup (reproduced
with permission from [310]; copyright© 2017 Elsevier, Ltd.).

To overcome this problem, Su et al. [303] proposed a new two-step electromagnetic forming
process which combines EMF with electromagnetic calibration for local features of large-size sheet
metal parts. During this process, the workpiece is first electromagnetically formed by a flat spiral coil
and then electromagnetically calibrated by a helical coil with a similar shape to the final profile of the
workpiece (Figure 31). The experimental results show that there are critical discharge voltages for both
EMF and electromagnetic calibration which lead to the minimum die-fitting gap. It was also found
that the proposed two-stage forming process improved the stress distribution in the workpiece and
reduced the bending moment, which is responsible for the minimization of springback and shape and
dimensional errors.

Figure 31. Schematic diagram of a two-step electromagnetic forming (EMF): (a) electromagnetic
forming, (b) workpiece after electromagnetic forming, (c) electromagnetic calibration, (d) final part
after EM calibration (reproduced with permission from [303]; copyright© 2018 Elsevier, Ltd.).
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Similarly, Su et al. [316] studied the uneven deformation behavior of a 2219 aluminum alloy
workpiece formed by electromagnetic flanging. The authors established a numerical model (Figure 32)
in LS-DYNA 8.0 software to study the effect of different axial angles between the flanging direction
and the normal direction of the sheet (Figure 33). They concluded that uneven deformation behavior is
essentially due to the uneven deformation requirement. The electro-magnetic force and the area of the
deformation region have a significant influence on the uneven deformation behavior. Furthermore,
the die constraint indirectly affects the uneven deformation behavior of the sheet metal by changing the
evolution of the deformation region. The high-speed electromagnetic impaction behavior according
to the Gurson–Tvergaard–Needleman (GTN) model parameters obtained is studied numerically by
Feng et al. [317]. The analysis of the void volume fraction and plastic strain distributions are analyzed
during the process of high-speed EMF, which indicates the validity of using the GTN damage model to
describe or predict the fracture.

Figure 32. Numerical model of EMF for the hole-flanging process: (a) geometry and dimensions,
(b) FE mesh (reproduced with permission from [316]; copyright© 2020 The Society of Manufacturing
Engineers. Published by Elsevier, Ltd.

Figure 33. Flanging angles along typical parts (reproduced with permission from [316]; copyright©
2020 The Society of Manufacturing Engineers. Published by Elsevier, Ltd.).

Radial Lorentz force augmented deep drawing was developed by Lai et al. [293] to enhance the
material flow of the flange in an electromagnetic deep drawing (EMDD) process. This combines an
axial Lorentz force on the unsupported region of the sheet metal and an additional radial inward
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Lorentz force at the periphery of the sheet metal. The Lorentz forces are flexibly controlled using a
dual-coil electromagnetic forming system (Figure 34). In conventional EMF, there is only one driving
coil. Experimental and high-speed multiphysics coupled dynamic numerical contributions on circular
aluminum 1060-H24 sheet workpieces permit the draw–in of the flange to linearly increase with the
discharge voltage of the axial Lorentz force. Increasing the radial Lorentz driving force leads to an
exponential increase of the draw–in of the flange.

Figure 34. Experimental setup of the electromagnetic deep drawing (EMDD) process (reproduced with
permission from [293]; copyright© 2017 Elsevier B.V.).

7. Electrohydraulic Forming

Advanced high-strength steels and aluminum alloys are among the materials that are currently
seeing increased potential application in efforts at weight reduction. A problem common to
the use of these materials is their limited formability in SMF operations compared to carbon
steels. Electrohydraulic forming (EHF) is able to overcome the limitations of conventional SMF
methods [290,318]. In EHF a high pressure, high temperature plasma channel is created between
the tips of the electrodes during a high voltage discharge. The electrical energy is stored in a bank
of capacitors. The shockwave in the liquid initiated by the expansion of the plasma channel then
propagates towards the blank at high speed, and the mass and momentum of the water in the
shock wave forms the sheet metal blank into the die [319]. A typical configuration of EHF shown
in Figure 35 includes the electrodes, discharge chamber, die, pulse generator (which consists of a
high-voltage/high-current discharge switch D), high-voltage low-inductive bank of capacitors C and a
charging/amplifying/rectifying circuit T-R-A.
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Figure 35. Experimental setup of the EMDD process (reproduced with permission from [319]; copyright
© 2015 Elsevier B.V.).

Most practical applications of EHF in the last century were related to the aerospace industry,
where, typically, rather small parts lying within the overall size range of 300–400 mm or less were
stamped [320]. EHF allows a reduction in capital investment since EHF requires one-sided dies rather
than two-sided ones and a reduction in manufacturing costs in the low volume applications of the
aerospace industry.

With popularization of the production and applications of high-strength steel sheets, EHF is
being taken into consideration as a potential technology for automotive applications [320]. Substantial
development of the EHF process includes a durable electrode system, a durable sealing system,
an efficient water–air management system and a numerical modeling technique, as reported in [321].
According to Golovashchenko et al. [322], a fundamental advantage of EHF is that it is capable of
filling rather complex sheet metal forming shapes in one operation by providing a series of discharges
which can fully form the workpiece into the cavity of the stamping die and calibrate springback
without opening the chamber and removing water from the tool. The relative improvement in plane
strain formability of dual-phase steel in EHF conditions is between 63% and 190%, compared to the
quasi-static limiting dome height test [320]. The high-velocity impact of the sheet against the die
in EHF leads to the suppression of void nucleation and a growth in dual phase steels, significantly
delaying the onset of failure [323]. Two different strategies of EHF can be distinguished differing
in the formability of the sheet material: electrohydraulic free-forming conditions, where the strain
rates are rather moderate, and die-forming conditions, where the strain rates are much higher and
through-thickness compressive and shear stresses have a significant effect [324].

The formability of the blank material can be significantly improved in the process of warm
electrohydraulic forming (WEHF) [325]. The workpiece in hybrid WEHF can be warmed before placing
it on the chamber or using an induction coil. According to Figure 36, in order to prevent cooling the
blank due to contact between the blank and water, an air gap has been created between the workpiece
and water. During the forming of 1000-series aluminum alloy using WEHF at elevated temperatures,
a 23.6% increase in failure strain is observed at WEHF when compared to EHF (Figure 37) [325].
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Figure 36. Schematic diagram of the cross-section of warm electrohydraulic forming (WEHF).

Figure 37. Comparison of the final shapes of specimens formed at 110 ◦C and 27 ◦C using different
energies E (reproduced with permission from [325]; copyright © 2017 the authors. Published by
Elsevier, Ltd.).

8. Spinning and Shear Spinning

8.1. Background

Spinning is the shaping of a rotating disc or drawpiece by applying local pressure using a spinning
tool (Figure 38). A forming tool, in the form of a mandrel or a roll, can roll or slide over the surface
of the sheet. A characteristic feature of the spinning process is that the thickness of the sheet metal,
from which the element is formed, changes within only a very small range. The deformed disc or
blank gradually adopts the shape of the spinning block, which is usually made of metal. In the case of
spinning components with complex shapes, partial or uniform spinning blocks are used. The spinning
tool and workpiece performs a rotational motion. Spinning ability is measured by the limiting spinning
ratio, which is the ratio of the maximum original blank diameter that can be successfully spun forming
a cup, in a single pass, to the mandrel diameter [326–330].

The classification of traditional spinning processes has mainly been developed according to the
relative position between the roller and the blank, the deformation characteristics of the blank material,
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the temperature of the blank, as well as spinning with or without a mandrel [331–333]. The classification
of the traditional spinning processes is presented in Figure 39.

Figure 38. Schematic illustration of conventional sheet metal spinning.

Figure 39. Classification of the conventional spinning process (reproduced with permission from [330];
copyright© 2014 Elsevier, Ltd.).

Shear spinning is the process combining conventional spinning with simultaneous intensive
thinning of the wall. Shear spinning is applied to discs or drawpieces from which cylindrical, conical
or curvilinear shapes with a thick bottom and thin walls are obtained. Unit pressures in shear spinning
processes reach 3000 MPa. The process parameters, i.e., circumferential speed, reaching up to 5 m·s−1

and a feed rate in the range of 0.01–0.25 mm per revolution, are assumed. The finished component
formed by shear spinning is characterized by a very smooth surface and increased mechanical properties
due to the work hardening phenomenon.

Flow forming, also known as tube spinning, is one of the techniques closely allied to shear
forming [334,335]. In this process (Figure 40), the sheet metal is displaced axially along a mandrel,
while the internal diameter remains constant. Flow forming is usually employed to produce cylindrical
components [332,336]. There are many varieties of flow forming methods with regard to tool design.
Most modern flow forming machines employ two or three rollers and their design and structural
strength is more complex than that of spinning and shear forming machines. Using spinning methods,
it is possible to produce axisymmetric and asymmetric components with complex shapes, a task which
is difficult or sometimes even impossible by conventional stamping methods. Spinning methods are
used in particular for difficult-to-form alloys [334,337].
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Figure 40. (a) forward and (b) backward flow forming.

8.2. Conventional Axisymmetrical Spinning

The most challenging aspect in this process is the low formability of the workpiece material
due to the formation of wrinkling in the free flange [326]. Several attempts have been made to
study the spinning process, particularly the thickness, geometry and profiles of the final component,
failure modes and material formability [338–341]. The most important parameters affecting wrinkling
are, large mandrel diameter, small modulus of plastic buckling and small thickness of the original
blank [342–345]. In addition, several studies [346–348] have shown that spinning of thicker sheet
metals will fail due to the formation of wrinkling in the unsupported part of the blank at higher roller
feeds [327,347,349]. The tendency for wrinkling to occur increases significantly with higher roller angles
and higher roller feeds. In the case of the deep spinning process, the formation of wrinkling can be
limited by a roller aided by a constant clearance blank holder (Figure 41). Experimental investigations
when forming commercially pure aluminum Al99.5 sheets confirm the ability of the proposed tool
to suppress wrinkling in order to improve spinning formability [326]. Based on overcoming fracture
failure and wrinkling, many attempts have also investigated using conical, flat conical or D-shaped
rollers [327] with various working conditions to enhance spinning formability.

Figure 41. Schematic diagram of deep spinning.

Using the spinning process to produce axisymmetric parts produces a thinner cup wall with
smaller roller nose radii, smaller roller feeds and higher roller angles. The inner profile of the final spun
cup is larger than the mandrel profile due to springback [350]. The springback phenomenon is more
visible with smaller roller nose radii, higher conical roller angles and higher roller feeds. Automation
of the spinning process requires techniques to predict workpiece failure based on the path of the tool.
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Analytical methods to predict workpiece failure are of practical use for online correction of the tool path.
Therefore, Russo et al. [351] proposed a method in which a haptic device is connected to a computer
numerical control (CNC) spinning machine; this device allows a human operator to control the working
roller manually while feeling the force applied to the workpiece. Haptic devices provide users with
force feedback and have found applications in gaming and robotic surgery [332,352]. A control system
consisting of force, position and workpiece shape sensors allows the collection of information on the
tool path followed by the operator and on its effect on the mechanics of the forming process.

8.3. Asymmetric Spinning

The challenge of extending the conventional spinning processes to other areas of application
has given rise to investigation of the fabrication of non-axisymmetric parts. Four approaches to this
have been identified; using a radially offset mandrel, using spring-controlled rollers, using a feedback
control system and using a radially offset roller (Figure 42).

Figure 42. Schematic diagram of asymmetric spinning: (a) spring-controlled rollers, (b) radially
offset roller, (c) radially offset mandrell (reproduced with permission from [333]; copyright © 2010
Elsevier B.V.).

To overcome the limitations of ordinary asymmetric spinning, Shimizu [339] developed a machine
(Figure 43) for the synchronous spinning of asymmetric truncated cone-shaped components. In this case,
the mandrel feed, roller feed and mandrel motion were synchronized by pulse control. The successful
application of the proposed method for the formation of a truncated pyramid-shaped product with
a sidewall and an asymmetric truncated, elliptical, cone-shaped product confirmed the flexibility of
this method.

Figure 43. Schematic diagram of asymmetric spinning (reproduced with permission from [339];
copyright© 2010 Elsevier B.V.).

Methods to design the multipass tool paths and blanks required for the spinning of both asymmetric
and axisymmetric components without a mandrel were investigated by Russo et al. [353]. They applied
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the flexible spinning method (Figure 44) developed by Music and Allwood [354]. The results show
that increasing the degree of asymmetry of the target part only weakly influences the forming weight
achievable in mandrel-free spinning. This method is seen as having great potential to fabricate multiple
geometries flexibly and to reduce the costs of prototyping considerably.

Figure 44. Schematic diagram of asymmetric spinning: 1–working roller, 2–blending roller, 3–support
roller, 4–tailstock, 5–workpiece.

Sugita and Arai [342] were the first to perform multipass spinning on a part with asymmetric
vertical walls in a rectangular box (Figure 45a). They designed a synchronous multipass spinning
machine (Figure 45b) which could apply to both axisymmetric and asymmetric cups. Their setup
employed a mandrel. They found that a lower height could be achieved in an asymmetric component
than in an axisymmetric one. Arai [355] applied a hybrid force/position control system to allow the
roller to track an asymmetric mandrel. This approach has been successfully applied to form asymmetric
drawpieces in shear spinning.

Figure 45. (a) Synchronous multipass spinning machine and (b) an example of the rectangular box shape
formed using rotational pass (reproduced with permission from [342]; copyright© 2015 Elsevier B.V.).

8.4. Heat-Assisted Spinning

In conventional spinning processes, the forming limit of the workpiece material is restricted
due to the work hardening effect [356]. An effective approach to improve the forming limits is the
use of heat treatment which can be achieved by intermediate heating, burner systems or the use
of lasers (Figure 46) [333,357]. These approaches worsen the process flexibility by increasing the
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costs associated with energy and maintenance. The main benefits of laser-assisted metal spinning
operations are: (i) improved reproducibility when compared to gas burners, (ii) improved formability
of challenging materials such as nickel-based alloys [334,358,359], magnesium alloys [360,361] and
titanium alloys [362–364], (iii) reduced forming forces and (iv) improved component quality due
to locally limited heating. In their study, Nguyen-Tran et al. [365] summarize the previously
reported electroplastic behavior of various metals or metal alloys and recent electrically assisted
manufacturing processes.

Figure 46. Hot spinning with (a) hot air and (b) laser.

Another approach is to use the friction-spinning process (Figure 47). As a consequence of a
localized warm-forming operation, multifunctional components can be manufactured with locally
varying mechanical properties that satisfy the demands of lightweight design. Figure 48 shows the
forming strategies in conventional and heat assisted spinning. The conventional spinning process is
characterized by the use of additional equipment and complex tool path geometries. If an additional
reduction in wall thickness of the drawpiece side wall is required, it is necessary to use a multipass
strategy. Furthermore, it is possible to achieve a defined adjustment of the hardness distribution by
varying the parameters. The possibility of extending the forming limits of conventional spinning
through in-process heat generation is confirmed by Lossen and Homberg [356].

Figure 47. Friction-assisted spinning (reproduced with permission from [356]; copyright© 2014 the
author(s). Published by Elsevier, Ltd.).
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Figure 48. Comparison of the principles of cup forming by friction-assisted spinning and conventional
spinning with one-pass and two-pass forming strategies (reproduced with permission from [356];
copyright© 2014 the author(s). Published by Elsevier, Ltd.).

Homberg et al. [366] used frictional heat between the workpiece and friction tool/roller (Figure 49)
to increase workpiece temperature. In the process a workpiece is set in rotation in a conventional
spinning machine while a pressure or friction plate works in an axial direction on the material to be
deformed. The combination of spinning with friction-induced heat makes it possible to achieve a
larger deformation to deform tailor-made components which are functionally graded and to produce
a workpiece with more complex geometry [367]. Therefore, the use of frictional heat may provide a
potential heating method which can be widely applied in the hot spinning process.

Figure 49. (a–f) Sequential stages of friction spinning.

In recent years, the demands on lightweight construction with respect to its functional qualities and
potential to save resources by reducing weight have increased significantly. Tailor-made components
with functionally graded properties manufactured by a novel so-called friction-spinning process meet
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these demands very well. This new process combines elements from metal spinning and friction
welding to a new thermomechanical process for the manufacture of complex hollow parts made of
tubes, profiles or sheet metals.

8.5. Shear Spinning and Flow Forming

In shear spinning forming, a sheet blank is formed by a roller into an axisymmetric part with a
desired shape and thickness distribution. The thickness is deliberately reduced to obtain the desired
distribution. Due to the localized deformation of the material, shear spinning has major advantages,
such as high utilization of the material, simple tooling and low forming force. The work hardening
phenomenon improves the mechanical properties of spun components. Hence, this often eliminates
the requirement for any additional heat treatment to be carried out on finished parts [368,369]. Shear
spinning is widely used to manufacture components in the aerospace, weapon, aviation and automotive
industries [330,332,333]. Materials that are difficult to deform at room temperature, such as titanium
alloys [370,371], nickel-based alloys [357,372] and stainless steel [373], are commonly deformed using
the shear spinning process.

Dieless shear spinning (DLSS), as a kind of conventional shear spinning, can form many types of
product using only an elastic multipurpose base instead of a mandrel [124,374]. At first, a blank sheet
is laid over an elastomer base and is rotated on a lathe (Figure 50). Then a bulged circle is formed on
it like a ring doughnut when the hemisphere tip of the bar tool is pressed on it. The component is
completed when its wall height is increased by repetition of piling up the traveled steps [124]. DLSS is
considered an innovative method since it is possible to form components with a vertical wall. DLSS is
found to be an effective way of forming the skin of the air intake lip of airplane jet engine nacelles [375].

Figure 50. Dieless shear spinning.

In double-sheet dieless shear spinning, two aluminum disk blanks arranged concentrically are
formed into a truncated cone. The cover thicknesses of the spun workpieces are smaller than the
value that conforms to the sine law using the same blank thickness. The wall thicknesses of the base
spun workpieces are greater than the sine law value under the same circumstances. The theoretical
mechanics analysis of the double-sheet shear spinning process is carried out through mechanics and
finite element analysis. Jia et al. [376] analyzed the mechanics of double-sheet dieless shear spinning
(Figure 51). In a double-sheet DLSS the roller path coincides with that of traditional shear spinning.
It is predicted that the wall thickness distribution can be different from the sine law while retaining the
same shape of the lower workpiece with the single-sheet working condition.
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Figure 51. Schematic diagram of double-sheet shear spinning.

Han et al. [370] proposed innovative flame-heating integration into a spinning machine to apply
new processing strategies for flame-assisted dieless shear and multipass metal spinning. The results of
forming pure titanium TA2 and its alloy TC4 plates show that the forming accuracy is acceptable when
adopting the system under two forming temperatures, 450 ◦C and 850 ◦C. In double-sheet dieless
shear spinning, two aluminum disk blanks arranged concentrically are formed for a truncated cone.
The cover thicknesses of the spun workpieces are smaller than the value that conforms to the sine law
using the same blank thickness. The wall thicknesses of base spun workpieces are greater than the sine
law value under the same circumstances.

Flow forming (Figure 52) is one of the incremental bulk-metal-forming processes, used for
the manufacture of tubular parts [377]. Flow-forming was used to process a wide range of
materials [378,379]: Inconel, Hastelloy, titanium, maraging steels, stainless steels and precipitated
hardened stainless steels [167]. Multipass tube spinning at elevated temperature is generally applied
when processing titanium parts due to its advantages of simple tooling, low forming force and high
material utilization [332,377,380,381]. Later research is focused more on the analysis of different
kinematic and dynamic characteristics of the flow forming process and assurances of geometric
accuracy of the formed components. Sivanandini et al. [378] have shown potential applications of the
flow forming method in automotive, defense and aerospace applications.

Figure 52. (a) schematic diagram of flow forming and (b) the flow forming machine (reproduced with
permission from [377]; copyright© 2018 Elsevier B.V.).
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9. Conclusions

This study gives an overview of the main topics concerning the development of sheet metal
forming methods including spinning and shear spinning, flow forming, incremental sheet forming
including water jet sheet forming, flexible-die forming, multipoint die forming, solid granular medium
forming, electromagnetic and electrohydraulic forming. The progress observed in the last decade in the
area of SMF concerns mainly the development of nonconventional methods of forming difficult-to-form
lightweight materials for automotive and aircraft applications. The most important trends in the
development of modern machines include the improvement of their design to increase their performance
with significant production flexibility, reducing production costs and the development of structures
adapted to unconventional methods of plastic forming. To state the major achievements in the previous
sections, the following conclusions are highlighted:

• Friction and lubrication are key factors in sheet metal forming which decide product quality and
productivity as well as the environmental performance of manufacturing. The main problems
observed in SMF concern processes carried out at elevated temperatures where high levels of
friction and wear occur due to high adhesion between the tool surface and the workpiece and
surface fatigue is then initiated. National and international regulations have meant that the
use of environmentally friendly lubricants has become increasing important. At the same time
friction conditions have to be minimized in order to reduce loads. An example of environmentally
friendly technology is hydroforming, which eliminates metallic contact of the forming tool with
the workpiece. Thus, friction forces and tool wear are eliminated. In evaluating the ecological
convenience of SMF processes the tribological aspects will receive great attention in the near future.

• In new vehicle development, weight reduction is one of the most important driving forces. The main
trend involved in producing lightweight automotive structures with low cost manufacturing
and reduced vehicle weight is the use of advanced high-strength steels and aluminum alloys
with very high strength and good formability. However, some manufacturing problems related
to residual stresses and springback must be overcome. Nonconventional forming techniques
(i.e., electromagnetic or electrohydraulic forming, solid granular medium forming) with high
deformation rates cover these requirements. Hot forming utilizing the advantageous effect of
higher temperatures on the improvement of formability should be also mentioned. The advantage
of hydroforming is that it shapes the product in one operation, which speeds up the production
cycle and eliminates the need for interoperational storage.

• The utilization of conventional forming is more time-consuming and costly for processes recently
applied in the production of parts in small batch production. Consequently, there is a need to
disseminate an alternative process to reduce the manufacturing costs and time while forming
individual parts, like medical implants. Processes which show benefits in this respect are methods
of incremental sheet forming which do not require the manufacture of dies for operation and
have the ability to shape elements on a conventional CNC milling machine. The problems related
to material springback may be effectively reduced by rapid change of the forming strategy and
tool path.

• The increasing complexity of components formed by SMF techniques as well as the continuous
extension of the process window have made it necessary to develop new methods to efficiently
analyze the forming strategies. Current numerical analysis software offers the capability of
designing the tooling and process parameters in a virtual environment. Application of general
purpose FEM, DEM, ALE and CFD codes may be regarded as one of the possible routes in
the simulation of sheet metal forming. The use of simulation programs requires a thorough
knowledge of continuum mechanics and FE programming to develop a suitable numerical analysis
for a forming process. In the future, most experimental and numerical research work must be
focused on the development of a macroscopic constitutive model based on a physical mechanism,
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grain-twinning interactions and a crystal plasticity model considering the grain–grain interaction
and new constitutive models to establish the material behavior of new multifunctional materials.

• The goal of the designers of modern machines and instrumentation for SMF is to ensure that
the product can be manufactured in one work cycle and on one machine. The development of
machine tool design for plastic working is focused on improving the quality of the product and
increasing productivity while maintaining the economic aspects of the manufacturing process.
Progress in the implementation of automatic control systems and product manipulation during
and after machining is clearly visible in the area of plastic forming processes. Despite the constant
tendency to reduce the size of the production series related to the short-term launching of new
series of vehicles, it should be hoped that the demand of the automotive and aviation industries for
innovative technologies will translate into a greater interest in metal forming technologies. In this
manufacturing area, all the considerations given in the previous section should be analyzed taking
into account the sustainable break-even point. The development of innovative SMF processes will
depend upon the improvement of materials and require adaptive control systems and integrated
design of the forming process equipment and tooling.
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337. Żaba, K.; Puchlerska, S.; Kwiatkowski, M.; Nowosielski, M.; Głodzik, M.; Tokarski, T.; Seibt, P. Comparative
analysis of properties and microstructure of the plastically deformed alloy Inconel®718 manufactured by
plastic working and direct metal laser sintering. Arch. Metall. Mater. 2016, 61, 143–148. [CrossRef]

338. Polyblank, J.A.; Allwood, J.M. Parametric toolpath design in metal spinning. CIRP Ann. 2015, 64, 301–304.
[CrossRef]

339. Shimizu, I. Asymmetric forming of aluminium sheets by synchronous spinning. J. Mater. Process. Technol.
2010, 210, 585–592. [CrossRef]

68



Metals 2020, 10, 779

340. Cheng, X.Q.; Xia, Q.; Lai, Z.Y. Investigation on stress and strain distributions of hollow-part with triangular
cross-section by spinning. Int. J. Mater. Prod. Technol. 2013, 47, 162–174. [CrossRef]

341. Xia, Q.; Lai, Z.Y.; Long, H.; Cheng, X.Q. A study of the spinning force of hollow parts with triangular cross
sections. Int. J. Adv. Manuf. Technol. 2013, 68, 2461–2470. [CrossRef]

342. Sugita, Y.; Arai, H. Formability in synchronous multipass spinning using simple pass set. J. Mater.
Process. Technol. 2015, 217, 336–344. [CrossRef]

343. Jia, Z.; Xu, Q.; Han, Z.; Peng, W.F. Precision forming of the straight edge of square section by die-less spinning.
J. Manuf. Sci. Eng. 2015, 138, 011006. [CrossRef]

344. Russo, I.M.; Loukaides, E.G. Toolpath generation for asymmetric mandrel-free spinning. Procedia Eng. 2017,
207, 1707–1712. [CrossRef]

345. Polyblank, J.A.; Allwood, J.M.; Duncan, S.R. Closed-loop control of product properties in metal forming:
A review and prospectus. J. Mater. Process. Technol. 2014, 214, 2333–2348. [CrossRef]

346. Wang, L.; Long, H. Roller path design by tool compensation in multi-pass conventional spinning. Mater. Des.
2013, 46, 645–653. [CrossRef]

347. Watson, M.; Long, H. Wrinkling failure mechanics in metal spinning. Procedia Eng. 2014, 81, 2391–2396.
[CrossRef]

348. Wang, L.; Long, H.; Ashley, D.; Roberts, M.; White, P. Effects of the roller feed ratio on wrinkling failure in
conventional spinning of a cylindrical cup. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2011, 225, 1991–2006.
[CrossRef]

349. Watson, M.; Long, H.; Lu, B. Investigation of wrinkling failure mechanics in metal spinning by Box–Behnken
design of experiments using finite element method. Int. J. Adv. Manuf. Technol. 2015, 78, 981–995. [CrossRef]

350. El-Khabeery, M.M.; Fattouh, M.; El-Sheikh, M.N.; Hamed, O.A. On the conventional simple spinning of
cylindrical aluminium cups. Int. J. Mach. Tools Manuf. 1991, 31, 203–219. [CrossRef]

351. Russo, I.M.; Cleaver, C.J.; Allwood, J.M. Haptic metal spinning. Procedia Manuf. 2019, 29, 129–136. [CrossRef]
352. Xia, P. Haptics for Product Design and Manufacturing Simulation. IEEE Trans. Haptics 2016, 9, 358–375.

[CrossRef] [PubMed]
353. Russo, I.M.; Cleaver, C.J.; Allwood, J.M.; Loukaides, E.G. The influence of part asymmetry on the achievable

forming height in multi-pass spinning. J. Mater. Process. Technol. 2020, 275, 116350. [CrossRef]
354. Music, O.; Allwood, J.M. Flexible asymmetric spinning. CIRP Ann. 2011, 60, 319–322. [CrossRef]
355. Arai, H. Robotic metal spinning—Forming non-axisymmetric products using force control. J. Robot. Soc. Jpn.

2006, 24, 140–145. (In Japanese) [CrossRef]
356. Lossen, B.; Homberg, W. Friction-spinning – Interesting Approach to Manufacture of Complex Sheet Metal

Parts and Tubes. Procedia Eng. 2014, 81, 2379–2384. [CrossRef]
357. Brummer, C.; Eck, S.; Marsoner, S.; Arntz, K.; Klocke, F. Laser-assisted metal spinning for an efficient and

flexible processing of challenging materials. IOP Conf. Sci. Mater. Sci. Eng. 2016, 119, 012022. [CrossRef]
358. Sim, M.S.; Lee, C.M. A study on the laser preheating effect of Inconel 718 specimen with rotated angle with

respect to 2-axis. Int. J. Precis. Eng. Manuf. 2014, 15, 189–192. [CrossRef]
359. Li, Y.H.; Fan, T.; Zhang, N. Research on Ball Spinning Forming of Superalloy Inconel 718 Thin-Walled Tube.

Adv. Mater. Res. 2011, 189–193, 2742–2745. [CrossRef]
360. Yoshihara, S.; Donald, B.M.; Hasegawa, T.; Kawahara, M.; Yamamoto, H. Design improvement of spin

forming of magnesium alloy tubes using finite element. J. Mater. Proc. Technol. 2004, 153–154, 816–820.
[CrossRef]

361. Yang, H.; Huang, L.; Zhan, M. Coupled thermo-mechanical FE smulation of the hot splitting spinning process
of magnesium alloy AZ31. Comput. Mater. Sci. 2010, 47, 857–866. [CrossRef]

362. Jin, K.; Wang, J.; Guo, X.; Dombelsky, J.; Wang, H.; Jin, X.; Ding, R. Experimental analysis of electro-assisted
warm spin forming of commercial pure titanium components. Int. J. Adv. Manuf. Technol. 2019, 102, 293–304.
[CrossRef]

363. Jiang, S.S.; Tang, Z.J.; Du, H.; Chen, J.; Zhang, J.T. Research progress of current assisted forming process for
titanium alloys. Precis. Form. Eng. 2017, 9, 7–13.

364. Magargee, J.; Morestin, F.; Cao, J. Characterization of flow stress for commercially pure titanium subjected to
electrically assisted deformation. J. Eng. Mater. Technol. 2013, 135, 041003. [CrossRef]

365. Nguyen-Tran, H.D.; Oh, H.S.; Hong, S.T.; Han, H.N.; Cao, J.; Ahn, S.H.; Chun, D.M. A review of
electrically-assisted manufacturing. Int. J. Precis. Eng. Manuf.-Green Technol. 2015, 2, 365–376. [CrossRef]

69



Metals 2020, 10, 779

366. Homberg, W.; Hornjak, D.; Beerwald, C. Manufacturing of complex functional graded workpieceswith the
frictio-spinning process. Int. J. Mater. Form. 2010, 3, 843–946. [CrossRef]

367. Zhan, M.; Yang, H.; Guo, J.; Wang, X.X. Review on hot spinning for difficult-to-deform lightweight metals.
Trans. Nonferrous Met. Soc. China 2015, 25, 1732–1743. [CrossRef]

368. Childerhouse, T.; Long, H. Processing maps for wrinkle free and quality enhanced parts by shear spinning.
Procedia Manuf. 2019, 29, 137–144. [CrossRef]

369. Hatori, S.; Sekiguchi, A.; Özerc, A. Conceptual design of multipurpose forming machine and experiments on
force-controlled shear spinning of truncated cone. Procedia Manuf. 2018, 15, 1255–1262. [CrossRef]

370. Han, Z.R.; Fan, Z.J.; Xiao, Y.; Jia, Z. The constant temperature control system of multi-pass and die-less shear
spinning by flame heating. Int. J. Adv. Manuf. Technol. 2018, 97, 2439–2446. [CrossRef]

371. Lee, H.S.; Song, Y.B.; Hong, S.S. Shear Spinning of Ti-6Al-4V Alloy at Hot Working Temperature.
Trans. Mater. Process. 2011, 20, 432–438. [CrossRef]

372. Niklasson, F. Shear Spinning of Nickelbased Super-Alloy 718. In The Minerals, Metals & Materials Series; Ott, E.,
Liu, X., Andersson, J., Bi, Z., Bockenstedt, K., Dempster, I., Groh, J., Heck, K., Jablonski, P., Kaplan, M., et al.,
Eds.; Springer: Cham, Switzerland, 2018; pp. 769–778.

373. Prakash, R.; Singhal, R.P. Shear spinning technology for manufacture of long thin wall tubes of small bore.
J. Mater. Process. Technol. 1995, 54, 186–192. [CrossRef]

374. Sekiguchi, A.; Arai, H. Control of wall thickness distribution by oblique shear spinning methods. J. Mater.
Process. Technol. 2012, 212, 786–793. [CrossRef]

375. Suzuki, N.; Tokuhiro, S.; Takeuchi, O. Double cylinder forming by die-less shear spinning for air intake lip
skin for aero jest engine nacelle. Procedia Manuf. 2018, 15, 1270–1277. [CrossRef]

376. Jia, Z.; Li, D.C.; Han, Z.R.; Xiao, Y. Mechanics of double-sheet die-less shear spinning: A novel potential
method for wall thickness control in spinning process. J. Braz. Soc. Mech. Sci. Eng. 2019, 41, 497. [CrossRef]

377. Bylya, O.I.; Khismatullin, T.; Blackwell, P.; Vasin, R.A. The effect of elasto-plastic properties of materials on
their formability by flow forming. J. Mater. Process. Technol. 2018, 252, 34–44. [CrossRef]

378. Sivanandini, M.; Dhami, S.S.; Pabla, B.S. Flow forming of tubes-A review. Int. J. Sci. Eng. Res. 2012, 3, 1–11.
379. Zhao, M.J.; Wu, Z.L.; Chen, Z.R.; Huang, X.B. Analysis of flow control forming of magnesium alloy wheel.

IOP Conf. Ser. Mater. Sci. Eng. 2017, 170, 012006. [CrossRef]
380. Wang, X.; Gao, P.; Zhan, M.; Yang, K.; Dong, Y.; Li, Y. Development of microstructural inhomogeneity in

multi-pass flow forming of TA15 alloy cylindrical parts. Chin. J. Aeronaut. 2019. [CrossRef]
381. Singh, A.K.; Nrasimhan, K.; Singh, R. Finite element modeling of backward flow forming of Ti6Al4V alloy.

Mater. Today Proc. 2018, 5, 24963–24970. [CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

70



metals

Article

A Comparative Assessment of Six Machine Learning
Models for Prediction of Bending Force in Hot Strip
Rolling Process

Xu Li 1,*, Feng Luan 2,* and Yan Wu 3

1 The State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China
2 School of Computer Science and Engineering, Northeastern University, Shenyang 110169, China
3 School of Metallurgy, Northeastern University, Shenyang 110819, China; wuy@smm.neu.edu.cn
* Correspondence: lixu@ral.neu.edu.cn (X.L.); luanfeng@mail.neu.edu.cn (F.L.); Tel.:+86-24-8368-1808 (X.L.)

Received: 12 April 2020; Accepted: 20 May 2020; Published: 22 May 2020

Abstract: In the hot strip rolling (HSR) process, accurate prediction of bending force can improve
the control accuracy of the strip crown and flatness, and further improve the strip shape quality.
In this paper, six machine learning models, including Artificial Neural Network (ANN), Support
Vector Machine (SVR), Classification and Regression Tree (CART), Bagging Regression Tree (BRT),
Least Absolute Shrinkage and Selection operator (LASSO), and Gaussian Process Regression (GPR),
were applied to predict the bending force in the HSR process. A comparative experiment was carried
out based on a real-life dataset, and the prediction performance of the six models was analyzed from
prediction accuracy, stability, and computational cost. The prediction performance of the six models
was assessed using three evaluation metrics of root mean square error (RMSE), mean absolute error
(MAE), and coefficient of determination (R2). The results show that the GPR model is considered
as the optimal model for bending force prediction with the best prediction accuracy, better stability,
and acceptable computational cost. The prediction accuracy and stability of CART and ANN are
slightly lower than that of GPR. Although BRT also shows a good combination of prediction accuracy
and computational cost, the stability of BRT is the worst in the six models. SVM not only has poor
prediction accuracy, but also has the highest computational cost while LASSO showed the worst
prediction accuracy.

Keywords: bending force prediction; hot strip rolling (HSR); comparative assessment; machine
learning; regression

1. Introduction

In recent years, with the development of hot strip rolling (HSR) technology, product users
continuously call for increased requirements. These increased requirements include strip variety,
specifications, and strip shape quality. A good strip shape quality produced by the HSR process has a
desired crown and flatness, and it is also an important factor to determine the competitiveness of strip
in the market. Therefore, strip shape quality has become a hot topic of many scholars [1,2].

There are many factors that affect the strip shape quality, which are mainly related to the roller,
strip, and rolling conditions in the HSR process. However, the field environment of the rolling process
is very complex, and there are many factors that affect the strip shape quality. There is still no perfect
solution to the strip shape quality problem in the world. In order to improve the strip shape quality,
most scholars mainly studied the following two aspects. The research on production equipment is
the first thought of researchers. In order to improve strip shape quality, it is necessary to control roll
crown effectively. Therefore, it can be achieved by replacing the work rolls with ultra-high strength
and ultra-high hardness to reduce the flexural deformation of the rolls. Secondly, the research on
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rolling technology has been carried out. In order to improve the precision of the preset model and
compensate the influence of external factors on strip shape measurement precision, various factors
affecting shape control model were studied. For example, in the process of strip production, if the
detection accuracy of the roller is too low, it will directly affect the adjustment ability of the strip shape
control mechanism, so the strip shape quality could not be improved [1,3].

Hydraulic roll bending control is one of the main methods to control the shape of hot rolled strip.
The hydraulic roll bending system is more and more widely used in shape control of rolling mill
because of its fast response and convenient real-time control. As shown in Figure 1, the principle of the
hydraulic roller bending control system is that the bending force generated by the hydraulic cylinder is
applied to the roller neck between the working roller and the supporting roller to change the deflection
of the working roller instantaneously. Therefore, the shape of the gap of the load rollers is changed
and the strip shape is controlled [4].

StripStrip

Back-up roll

Work roll

Bending force

Rolling load

Figure 1. The schematic diagram of hydraulic roll bending technique.

When the rolling process and equipment parameters are changed, the preset value of bending
force needs to be adjusted in time. As a result of the adjustment, the roll gap shape is consistent
with the cross-sectional shape of the strip, so that the shape of the strip rolled by the rolling mill can
meet the requirements. In the production process, the setting value of bending force needs to be
adjusted constantly with the requirement of the rolling process. Therefore, the bending force is usually
calculated according to the rolling factors such as temperature, thickness, width, rolling force, material,
thermal expansion of rolls, wears of rolls, and so on, aiming at the convexity and flatness of the strip.
Due to the multivariable, strong coupling, nonlinear, and time-varying characteristics of rolling factors,
the calculation model of hot rolling bending force is extremely complicated [5,6].

The traditional mathematical model considers that all the rolling factors related to bending force
have linear or approximate linear effects on bending force, and the coupling relationship between
the rolling factors is weak in the model. Therefore, the mathematical model established according to
the traditional theory is difficult to achieve the ideal prediction effect of bending force because of the
limitations of its own structure [7].

Since the 1990s, artificial intelligence methods have been widely applied to rolling processes.
Furthermore, Artificial Neural Networks (ANN) have been extensively studied and applied in the fields
of mechanical property prediction [8–10], rolling force prediction [11–14], roughing mill temperature
prediction [15], strip shape and crown prediction [16–20]. For the first time, Wang et al. [21] used
the ANN model optimized by genetic algorithm to predict the bending force in the rolling process.
The accuracy of the model is verified by actual factory data, which shows that the model can be flexibly
used for on-line control and rolling schedule optimization.

These studies reveal that ANNs have been shown to perform nonlinear data well and have better
predictive quality as compared to traditional mathematical models due to its good learning ability.
However, they also have some shortcomings, such as the unexplained nature of relationships between
the input and output parameters of the process, the need for higher calculation times, and the tendency
of over-fitting, which leads to poor performance [22]. In recent years, besides ANN modeling, some new
machine learning methods have emerged, such as Support Vector Machine (SVM), Classification and
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Regression Tree (CART), Bagging Regression Tree (BRT), Least Absolute Shrinkage and Selection
Operator (LASSO), and Gaussian Process Regression (GPR). For the prediction research in the rolling
field, some scholars have realized that better prediction results and prospects can be obtained by
adopting new machine learning methods [21,23,24], and so far, there are few literature reports on
bending force prediction.

Therefore, this research is motivated to investigate the application of SVM, CART, BRT, LASSO,
GPR and ANN on bending force prediction in hot rolling process, and to comprehensively analyze
and evaluate the prediction performance of these models from prediction accuracy, stability and
computational cost. Through the comprehensive evaluation results of these models, a prediction model
of bending force with high prediction accuracy and good stability can be proposed, and finally the
profile quality of strip can be improved.

Inspired by this motivation, this paper first provides the basic principles of the six models; verifies
the predictability of the bending force using these models based on real-life dataset of a 1580-mm
hot rolling process in a steel factory. All the gauges used in this research were calibrated, and the
measurement results are reliable and valid. The remaining part of the paper is organized as follows.
Section 2 briefly describes the HSR process, the influencing factors of bending force, the acquisition,
and processing of experimental data. Section 3 gives a brief description of literature review and basic
theories of the six machine learning models. In addition, the three evaluation metrics are also given in
this section. Sections 4 and 5 report the experimental results and discussion, respectively. In Section 6,
we draw the conclusions.

2. Case Study and Data

2.1. Hot Rolling Technology and Bending Force

Figure 2 shows the complete rolling process in a typical HSR process. The HSR process consists of
6 key parts: the reheating furnace, the roughing mill, the hot coil box and flying shear, the finishing
mill, the laminar cooling, and the coiler. The key equipment of the production line is a finishing mill
group composed of 8 groups of stands, which determines the final shape of the strip. Each group of
stand consists of a pair of work rolls and a pair of backup rolls. The spacing between the stand is
5.5 m. The whole line is equipped with work roll shifting and hydraulic roll bending systems to control
flatness and plate crown.

A single batch consists of a coil of rough steel, which enters the reheating furnace to be reheated
to the appropriate temperature. Next, the strip passes through the roughing mill, where its thickness
and width are reduced to close to the desired value. Then, the strip enters the finishing mill section,
where the strip is carefully milled to the required width and thickness. The profile of the strip can be
controlled by changing the bending forces between the two work rolls [25]. The strip thickness and
flatness are measured in real time by an X-ray gauge at the end of the finishing stands as shown in Figure 2.
Measuring the final dimensions of the strip is vital for the mill controllers. The controllers adjust mill
parameters in real time with feedback from the gage to minimize strip flatness. Next, the strip is cooled by
water to an appropriate final temperature. Finally, the strip is coiled and is ready for shipment.

Figure 2. Schematic layout of hot strip rolling (HSR).

73



Metals 2020, 10, 685

2.2. Data Collection and Analysis

In this paper, the final stand rolling data of a 1580-mm HSR process in a steel factory are collected
for experiments. The purpose of models in hot rolling is to predict strip characteristics prior to rolling
the strip based on information about the mill. For the proposed prediction model of bending force,
the input variables are entrance temperature (◦C), entrance thickness (mm), exit thickness (mm),
strip width (mm), rolling force (kN), rolling speed (m/s), roll shifting (mm), yield strength (MPa),
and target profile (μm). The output variable of the model is the bending force (kN). The information of
the detection equipment for these parameters is shown in Table 1. In order to ensure the validity of the
parameters, all the gauges used in this research were calibrated. The fractal dimension visualization
diagram of the collected dataset is shown in Figure 3. Obviously, the input data vary considerably
in different dimensions. Table 2 shows the data distributions for each input variables. In order to
eliminate the difference between the numbers of different dimensional data, avoid prediction error
increase because of the big difference between input and output data, and update the weights and
biases conveniently in the modeling process. It is necessary to scale data to a small interval in a certain
proportion. Normalization is required prior to data entry into the model [26]. The following formula is
used to normalize the data:

y′i =
yi − ymin

ymax − ymin
(1)

where y′i , yi, ymin, and ymax are the normalized data, original data, maximal data, and minimal
data, respectively.

Table 1. Parameter information.

Parameter Detection Equipment Specifications Brand

Entrance temperature Infrared thermometer SYSTEM4 LAND
Exit thickness X-ray thickness gauge RM215 TMO

Strip width Width gauge ACCUBAND KELK
Rolling force Load Cell Rollmax KELK
Rolling speed Incremental Encoder FGH6 HUBNER
Roll shifting Position Sensor Tempsonics MTS
Target profile Profile Gauge RM312 TMO
Bending force Pressure Transducer HDA3839 HYDAC

Figure 3. The fractal dimension visualization diagram of the data.
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Table 2. Input parameters and the values.

Parameter Unit Mean Range of Value

Entrance temperature ◦C 1035.2 988.05~1082.8
Entrance thickness mm 2.4750 2.3827~2.5782

Exit thickness mm 2.2981 2.2374~2.3494
Strip width mm 1252.0 1248.9~1258.8

Rolling force kN 8940.4 7438.4~10,590
Rolling speed m/s 8.6995 8.6535~8.7362
Roll shifting mm 96.436 93.125~102.625

Yield strength MPa 456.71 433.74~482.02
Target profile μm 65.613 61.740~69.315

In the present study, the K-fold cross validation method was used and 1440 pairs of measured
bending force data were divided into five subsets. Four subsets were employed to train the machine
learning models and the remaining one for testing the models. Furthermore, the measurement data
should be processed with z-score normalization to the same scale to reduce the impact of different
magnitudes and dimensions.

3. Methodology

3.1. Artificial Neural Network (ANN)

ANNs are complex computational models inspired by the human nervous system, which are
capable of machine learning and pattern recognition. ANN includes a wide range of learning algorithms
that have been developed in statistics and artificial intelligence. It uses analogy with biological neurons
to generate general solutions to the problem. Since ANNs are nonlinear classification techniques and
also composed of an interconnected group of artificial neurons, they have the ability to learn complex
relationships between input and output variables [17]. ANN is the earliest prediction model applied
in the rolling field, including mechanical property prediction, rolling force prediction, roughing mill
temperature prediction, flatness, and crown prediction [7–21]. Therefore, ANN is the most widely
applied model and the basic model for comparison.

3.2. Support Vector Machine (SVM)

Support Vector Machine (SVM) is a supervised learning method developed from statistical
learning theory to analyze data and pattern recognition, which can be used to classify and regression
data [27]. SVM as a regression technique (SVR) is a nonlinear algorithm and the basic principle is
to map the data to a high-dimensional feature space using a nonlinear mapping, and then construct
the regression estimation function in the high-dimensional feature space and then map back to the
original space, and this nonlinear transformation is achieved by defining the appropriate kernel
function. Many machine learning algorithms follow the principle of empirical error minimization,
while SVR follows the principle of structural risk minimization, so it can obtain better generalization
performance [28]. SVRs are prominent in research and practice, due to their use of linear optimization
techniques to find optimal solutions to nonlinear predictive problems in higher-dimensional feature
spaces. Therefore, it has been widely employed for regression and forecasting in the fields of agriculture,
hydrology, the environment, and metallurgy [29–31]. This encourages us to apply an SVR to the
prediction of the HSR process.

3.3. Classification and Regression Tree (CART)

Decision trees (DT) is an important algorithm for machine learning. The classification and
regression tree methodology, also known as the CART was introduced in 1984 by Breiman et al. [32].
CART has low computational complexity because of its recursive computation. To predict a response,
follow the decisions in the tree from the root (beginning) node down to a leaf node. The leaf node
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contains the response. So CART is non-parametric and can find complex relationships between input
and output variables. Therefore, CART also has the advantage of discovering nonlinear structures
and variables interactions in the training samples [33]. Regression tree is a data mining algorithm
widely used in regression problems of biology [34], environment [35] and material processing [36].
We selected CART to prediction bending force because they are an explanatory technique, able to
reveal data structure, identify important characteristics, and develop rules.

3.4. Bagging Regression Tree (BRT)

Bagging (short for bootstrap aggregating) is a simple and very powerful ensemble method.
Bagging is one of the simplest techniques, which can reduce variance when combined with the base
learner generation, with surprisingly good performance [37]. Bagging Regression Tree (BRT) is the
application of the bootstrap procedure to RT. The basic idea underlying BRT is the recognition that part of
the output error in a single regression tree is due to the specific choice of the training dataset. Therefore,
if several similar datasets are created by resampling with replacement (that is, bootstrapping) and
regression trees are grown without pruning and averaged, the variance component of the output error
is reduced [38,39]. The BRT has been widely used in the fields of biostatistics [40], remote sensing [41],
and material processing [42] due to its flexibility and interpretability to high-order nonlinear modeling.
Therefore, it is reasonable to compare and evaluate BRT as one of the optional models.

3.5. Least Absolute Shrinkage and Selection Operator (LASSO)

LASSO stands for Least Absolute Shrinkage and Selection Operator [43]. The idea behind the
LASSO algorithm is to achieve a minimization of the residual sum of squares while regularizing the
sum of the absolute value of the coefficients being less than a given constant. LASSO technique has
been successfully developed in recent years, combining shrinkage and highly correlated variables.
LASSO regression is characterized by variable selection and regularization while fitting the generalized
linear model. Regularization is to control the complexity of the model through a series of parameters so
as to avoid over fitting. LASSO has been widely used in temperature prediction [44], the wavelength
analysis [45], and streamflow prediction [46]. In view of its wide application in industry, LASSO is also
taken as one of the research models in this paper.

3.6. Gaussian Process Regression (GPR)

Gaussian Process Regression (GPR) is a new machine learning regression method developed in
recent years, and it is also a non-parametric model algorithm based on Bayesian network. The GPR
algorithm can adaptively determine the number of model parameters according to the information of
the training samples, and add the prior knowledge of the existing objects in the modeling process,
and then combine the actual experimental data to obtain the posterior Gauss process model [47].
When GPR is applied to practical problems, GPR can give a confidence interval while outputting
the mean value, making the validity of the prediction result continuously enhanced. In addition,
because the GPR can quantitatively model Gaussian noise, it has excellent prediction accuracy [48,49].
Because of its good predictive ability, GPR has been widely used in data-driven modeling of various
problems in industry [50–53], so GPR has also become an optional scheme in this paper.

3.7. Model Information

All models were implemented in Matlab (Version 2015b, MathWorks, Natick, MA, USA) under
a computer with a hardware configuration of Intel Core i7-7500U CPU 2.7 GHz, and 8 GB of RAM.
CART, BRT, LASSO, and GPR were carried out with treefit, fitensemble, lasso, and fitrgp functions,
respectively. These four functions are included in Matlab’s Statistics and Machine Learning Toolbox.
The parameters of these models were automatically optimized by Matlab function according to the
training dataset. For SVR, the parameter C (trade-off parameter between the minimization of errors
and smoothness of the solution), and the parameter σ (the width of the RBF kernel function) are needed
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to determine the process of model establishment. In order to reveal the effect of C and σ on prediction
results in training dataset. Ten logarithmically, equally spaced points were generated between 1 and
1000 for C. Twenty logarithmically, equally spaced points were generated between 10 and 1000 for
σ. The optimized C and σ were determined to be 100 and 69.5, respectively. For ANN, the transfer
function of hidden layer and output layer are “tansig” and “purelin”, respectively. The “tainlm”
(Levenberg-Marquardt) was chosen as the optimal learning algorithm. In this paper, the performance of
neural networks with 2–30 neurons was investigated considering the single hidden layer. The number
of neurons in the network hidden layer is determined to be 6, and the ANN has the best performance.

3.8. Comparison of Model and Statistical Error Analysis

The accuracy and performance of the studied models for bending force prediction were evaluated
and compared using three commonly used statistical metrics, which were root mean square error
(RMSE, Equation (2)), mean absolute error (MAE, Equation (3)), and coefficient of determination
(R2, Equation (4)). The mathematical equations of the statistical indicators are described below.

RMSE =

√∑N
i=1 (yi − y∗i )

2

N
a = 1 (2)

MAE =
1
N

∑N

i=1

∣∣∣yi − y∗i
∣∣∣ (3)

R2 = 1−
∑N

i=1 (yi − y∗)2∑N
i=1 (yi − y)2 (4)

where yi and y∗i are the measured values and predictive values respectively, N is the total number of
predicted data. Higher values of R2 are preferred, i.e., closer to 1 means better model performance and
regression line fits the data well. On the contrary, the lower the RMSE and MAE values are, the better
the model performs.

4. Results

4.1. Prediction Accuracy of Various Models

Table 3 shows the results of the ANN, SVM, CART, BRT, LASSO, and GPR models performing 30
trials in training and testing dataset. It can be seen that the predicted bending force varies considerably
depending on the model selection. In training dataset, no matter which evaluation metrics are used,
BRT shows the best prediction performance with the highest R2 and lowest RMSE and MAE. In testing
dataset, GPR shows the best prediction performance with the highest R2 and lowest RMSE and
MAE. The prediction performance of BRT follows that of GPR. On the contrary, LASSO has the worst
prediction accuracy not only in the training dataset but also in the testing dataset.

Table 3. Accuracy statistical results of the six machine learning models performing 30 trials in training
and testing dataset.

Model
Training Dataset Testing Dataset

RMSE (kN) MAE (kN) R2 RMSE (kN) MAE (kN) R2

ANN
Max 10.3392 8.0444 0.9678 11.1894 8.6467 0.9621
Min 9.3885 7.2853 0.9611 10.1867 7.8557 0.9543

Mean 9.7603 7.6325 0.9653 10.5676 8.2064 0.9590

SVM
Max 13.0896 10.3777 0.9400 13.4531 10.7890 0.9371
Min 12.8499 9.9659 0.9378 13.1528 10.3986 0.9328

Mean 12.9733 10.1730 0.9389 13.2755 10.5367 0.9356

CART
Max 9.1048 6.8205 0.9749 10.5625 7.8368 0.9640
Min 8.3138 6.3089 0.9699 9.9445 7.2870 0.9591

Mean 8.7054 6.5526 0.9724 10.2547 7.5449 0.9615
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Table 3. Cont.

Model
Training Dataset Testing Dataset

RMSE (kN) MAE (kN) R2 RMSE (kN) MAE (kN) R2

BRT
Max 6.1908 4.7867 0.9865 9.7559 7.6485 0.9674
Min 6.1018 4.7222 0.9861 9.4643 7.4094 0.9653

Mean 6.1552 4.7561 0.9862 9.6441 7.5587 0.9660

LASSO
Max 13.5908 11.2526 0.9345 14.5408 11.9976 0.9330
Min 13.4307 11.0978 0.9329 13.5506 11.1993 0.9222

Mean 13.5261 11.1914 0.9336 14.0047 11.5624 0.9283

GPR
Max 7.4269 5.7891 0.9805 8.6418 6.6802 0.9745
Min 7.3335 5.7243 0.9800 8.3605 6.5054 0.9726

Mean 7.3887 5.7580 0.9802 8.5121 6.6137 0.9735

Note: Abbreviations: root mean square error, RMSE; mean absolute error, MAE; coefficient of determination, R2;
Artificial Neural Network, ANN; Support Vector Machine, SVR; Classification and Regression Tree, CART; Bagging
Regression Tree, BRT; Least Absolute Shrinkage and Selection operator, LASSO; Gaussian Process Regression, GPR.

Figure 4 shows the accuracy ranking results of the six models in training and testing dataset.
The prediction accuracy value of the model can be read out from the ordinate, and the ranking results
of these models are showed with numbers above the color bars. As can be seen from Figure 4, first of
all, the accuracy ranking results show slight difference in training and testing dataset. In training
dataset, the accuracy ranking results is consistent with the three evaluation metrics, and the rank order
is: BRT, GPR, CART, ANN, SVM, LASSO. However, the accuracy ranking result changes slightly in
testing dataset. In addition, with different accuracy evaluation metrics, the accuracy ranking results
are also different. The accuracy rank with the metrics of RMSE and R2 in descending order is: GPR,
BRT, CART, ANN, SVM, LASSO; and that of MAE in descending order is: GPR, CART, BRT, ANN,
SVM, LASSO. Based on the comprehensive performance of the two datasets, it can be considered that
GPR model shows the best prediction accuracy and LASSO model has the worst prediction accuracy.

Figure 4. Prediction accuracy and ranking results of the six machine learning models performing
30 trials.

The scatter plot of the bending force values measured by the factory and the values predicted by
the six machine learning models in training and testing dataset are presented in Figure 5. Scattered
points of different colors in the figure represent the predicted values by different models. In training
and testing dataset, the predicted values of BRT and GPR models are closely distributed on both sides
of the straight line y = x. The results show that the predicted bending force of the two models have
a better correlation with the measured bending force value, and the two models are superior to the
other four models for bending force prediction. On the contrary, LASSO has the worst prediction
accuracy with the most scattered predicted value around the straight line y = x, indicating that the
predicted values are much different from the measured values. The maximum error of all other data
points predicted by the six models is within 10%. Therefore, these six models have achieved good
prediction performance.

Figure 6 shows the measured bending force and predicted bending force by the six models in
training and testing dataset, and also shows prediction errors below. It clearly shows that the BRT has

78



Metals 2020, 10, 685

the best prediction performance in training dataset, the maximum positive error is 23.60 kN and the
maximum negative error is −25.28 kN. In testing dataset, GPR has the best prediction performance
with the maximum positive error as 31.84 kN and the maximum negative error as −26.50 kN. The errors
of BRT and GPR are more concentrated in the range of 0 kN, which means that the number of samples
with large error values is smaller. On the contrary, the LASSO performs worst in the six models of two
datasets. In training dataset, the maximum positive error is 41.07 kN and the maximum negative error
is −44.56 kN. In testing datasets, the maximum positive error is 42.99 kN and the maximum negative
error is −27.04 kN.

 
Figure 5. Scatter plots of the measured bending force values and the predicted crown values by the six
machine learning models.

Figure 6. Comparison results and absolute errors between measured values and predicted values by
six machine learning models.
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Figure 7 shows the histograms and distribution curves of the errors. All the error distribution
curves have a bell shape of normal distribution, which indicates that the prediction errors of all models
are normal distribution. Whether in training or in testing datasets, GPR, BRT, and CART models
perform relatively well, and their normal distribution curves are higher and narrower, which indicate
that more prediction values with smaller errors are obtained. In addition, it is also found that the dataset
centers (the highest point of normal distribution curve) of most models are close to the zero point of
errors. The dataset center represents the average value of errors, indicating that the probabilities of
positive error and negative error are almost equal. However, the normal distribution curve of LASSO
shifts to right obviously in testing dataset, which indicates that the positive error of LASSO model is
much more than the negative error and the predicted values are higher.

Figure 7. Histograms and normal distribution curves of the error of six machine learning models
performing 30 trials.

4.2. Stability of Various Models

The prediction accuracy results show that the prediction accuracy in testing dataset of all models
is lower than that in the training dataset. In addition, in training dataset, the prediction accuracy of
BRT model is better than the GPR. However, in testing dataset, the prediction accuracy of GPR model
is better than the BRT (showed in Figure 4). The difference of prediction accuracy between in training
and testing dataset can be regarded as the stability of the model. The stability of machine learning
model is also an important factor affecting the prediction performance, which should be taken into
account when evaluating the reliability of predicted result. The stability of the machine learning model
is the relative change percentage of the evaluation metrics (including RMSE, MAE, and R2) of the
model in training and testing datasets [31]. The smaller the relative change percentage, the higher the
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stability of the model. The relative change percentage of evaluation metrics under the two datasets can
be described by δi,N and calculated by the following formula:

δi,N =

∣∣∣∣∣∣δi,test − δi,train

δi,train

∣∣∣∣∣∣× 100% (5)

where i represent the evaluation metrics (RMSE, MAE, or R2) and N represent the one of the six models.
Figure 8 shows the δi,N from three evaluation metrics of the six models performing 30 trials.

It shows that the stability rankings of ANN, SVR, CART, BRT, LASSO, and GPR models are slightly
different with different evaluation metrics. With the evaluation metrics of RMSE and R2, SVR shows
the most stable performance with the lowest δi,N values of 2.33% and 0.35%, respectively. LASSO
shows the most stable performance with the lowest δi,N values of 2.33% in the evaluation metrics
of MAE. However, no matter which evaluation metrics is used, the BRT shows the most unstable
performance with the highest δi,N. The δi,N are 56.68%, 58.93%, and 2.05% calculated by RMSE, MAE,
and R2, respectively. This unstable performance reveals that when new input data is used, it will lead
to a significant reduction in prediction accuracy. This is because the BRT model has a large number of
hyper-parameters, which need to be carefully optimized for model application [31].

 
Figure 8. Difference of prediction accuracy metrics (RMSE, MAE, and R2) between training datasets
and testing datasets for 30 trials (the δ(i,N) of the models are shown above the bars).

The distribution of the three evaluation metrics obtained from six machine learning models
performing 30 trials in training and testing dataset are illustrated in Figure 9 using a boxplot.
It represents the degree of spread for the prediction accuracy with its respective quartile. In training
dataset, the suspected outliers of the prediction accuracy only appear in ANN and CART models.
In testing dataset, suspected outliers appear in ANN, SVM, CART, and BRT models. At the same
time, it is found that the quartile distance of testing dataset is increasing compared with that in
training dataset, which indicates that the degree of dispersion of prediction accuracy became larger.
Although Figure 8 shows that both SVM and LASSO models have the most stable performance.
However, the variation of the quartile distance of the LASSO model is most obvious in the two datasets.
Considering comprehensively, it can be considered that SVM is the most stable model.
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Figure 9. Boxplots of the prediction accuracy (RMSE, MAE, and R2) obtained from six machine learning
models performing 30 trials.

4.3. Computational Costs of Various Models

Table 4 and Figure 10 shows the computational cost (time used for computation) of the six machine
learning models. The CART and LASSO show the lowest computational costs of 0.59 s and 0.35 s,
respectively. BRT and ANN also show smaller computational costs of 2.11 s and 9.35 s, respectively.
Compared with the above four models, the computational cost of GPR increases to 63.25 s. Furthermore,
the computational cost of SVM reaches the maximum value, which is 305.09 s.

Table 4. Comparison of computational costs (time used for computation) of the six machine learning models.

Model
Computational Cost (s)

Max Min Mean

ANN 11.66 8.12 9.35
SVM 321.59 295.24 305.09

CART 0.71 0.56 0.59
BRT 2.64 1.87 2.11

LASSO 0.51 0.31 0.35

GPR 64.55 62.06 63.25

Note: The lowest computational cost among all models are marked in bold.

 

Figure 10. Comparison of computational cost (time used for computation) of the six machine
learning models.
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4.4. Comprehensive Evaluation of Various Models

Based on the above results, six machine learning models comprehensively evaluated from
prediction accuracy, stability, and computational cost, and the results are shown in Figure 11. It must
be pointed out that the prediction accuracy here is in testing dataset. Figure 11 shows that GPR
provides the best combination of prediction accuracy, stability, and computational cost. The prediction
accuracy of BRT, CART, and ANN models is slightly worse than that of GPR. For the three models,
the prediction accuracy and computational cost of them are not much different, but BRT has the worst
stability. In addition, SVM does not perform well in terms of prediction accuracy and computational
cost. LASSO has good stability and computational cost, but the prediction accuracy is the worst.

Figure 11. Comprehensive evaluation results of the six machine learning models.

5. Discussion

With the development of technology, today, in the production process of a series of steel, the
equipment will maintain a stable operation state, so the rolling process is also carried out stably.
Therefore, for specific strip specification, most rolling processes will obtain relatively stable datasets
without large variability. Then, the key technology of rolling parameter prediction is how to improve
the prediction accuracy. The stable data can better reflect the normal rolling process. The purpose
of this paper is to discuss the comparison results of prediction accuracy when different models are
applied to bending force prediction. Therefore, in order to reflect the most essential characteristics
of the model and obtain a fair comparison result, the machine learning models used in this paper
were not over optimized by combining with other intelligent optimization algorithms (such as Genetic
Algorithm (GA), Particle Swarm Optimization (PSO), etc.). We believe that this paper can be used as a
reference and basis for other similar prediction applications and research to select machine learning
models, and it is more practical to select basic original models and parameters.

6. Conclusions

In this paper, we applied six machine learning models, including ANN, SVR, CART, BRT, LASSO,
and GPR, to predict the bending force in the HSR process. A comparative experiment was carried
out based on real-life dataset, and the prediction performance of the six models was analyzed from
prediction accuracy, stability, and computational cost. All the gauges used in this research were
calibrated to ensure the validity of the data and reliability of the results. The prediction performance of
the six models was assessed using three evaluation metrics of RMSE, MAE, and R2.

(1) The comparison results of prediction accuracy show that the accuracy ranking results in testing
dataset are slightly different under the three evaluation metrics. However, considering that GPR
performs best, followed by BRT, CART, ANN, SVM, and LASSO respectively. The bending force
measured by experiment is 690~890 kN, while the prediction error of GPR is only 8.51 kN (RMSE)
and 6.61 kN (MAE).

(2) The ranking results of stability show inconsistency in the three evaluation metrics. However,
considering comprehensively, SVM shows the most stable performance with the γ of 2.33%
(RMSE), 0.32% (MAE) and 0.35% (R2). The stability decreases in the order of LASSO, ANN,
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GPR, CART, and BRT. BRT shows the most unstable performance with the γ of 56.68% (RMSE),
58.93% (MAE), and 2.05% (R2).

(3) The computational cost of the six models presents three levels. The computational costs of
LASSO, CART, BRT, and ANN are increasing gradually, but they are all within ten seconds.
The computational cost of GPR model is slightly higher, at about 63 s. However, the computational
cost of SVM has reached more than 300 s.

(4) Comprehensively considering the prediction accuracy, stability, and computational cost of the
six models, GPR can be considered the most promising machine learning model for predicting
bending force. The prediction accuracy and stability of CART and ANN is slightly lower than
GPR, but the computational cost is relatively small, so it can also be used as an alternative.
In addition, BRT also shows the better combination of prediction accuracy and computational
cost, but the stability of BRT is the worst among the six models. SVM not only performs poorly in
prediction accuracy, but also has the greatest computational cost. While LASSO has good stability
and small computational cost, but it also has the worst prediction accuracy.
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Abstract: Refill Friction Stir Spot Welding (RFSSW) shows great potential to be a replacement for
single-lap joining techniques such as riveting or resistance spot welding used in the aircraft industry.
In this paper, the fatigue behaviour of RFSSW single-lap joints is analysed experimentally in lap-shear
specimens of Alclad 7075-T6 aluminium alloy with different thicknesses, i.e., 0.8 mm and 1.6 mm. The
joints were tested under low-cycle and high-cycle fatigue tests. Detailed observations of the fatigue
fracture characteristics were conducted using a scanning electron microscope (SEM) with energy
dispersive X-ray spectroscopy (EDS). The locations of fatigue failure across the weld, fatigue crack
initiation, and propagation behaviour are discussed on the basis of the SEM analysis. The possibility
of predicting the propagation of fatigue cracks in RFSSW joints is verified based on Paris’s law. Two
fatigue failure modes are observed at different load levels, including shear fracture mode transverse
crack growth at high stress-loading conditions and at low load levels, and destruction of the lower
sheet due to stretching as a result of low stress-loading conditions. The analysis of SEM micrographs
revealed that the presence of aluminium oxides aggravates the inhomogeneity of the material in the
weld nugget around its periphery and is a source of crack nucleation. The results of the fatigue crack
growth rate predicted by Paris’s law were in good agreement with the experimental results.

Keywords: aircraft industry; aluminium alloy; friction stir spot welding; mechanical engineering;
single-lap joints

1. Introduction

In recent years, Refill Friction Stir Spot Welding (RFSSW) technology [1], which is a derivative
of Friction Stir Spot Welding (FSSW), is one the main solid-state joining techniques, which are
being extensively studied in the literature. RFSSW is seen as an attractive technique for joining
difficult-to-weld aluminium alloys in aircraft structures [2–5]. One of the crucial assessment qualities
in the aircraft industry is the fatigue performance of structural components and, therefore, many
efforts have been made to investigate the fatigue properties of various grades of friction stir welded
joints of aluminium alloys. Fatigue loading is the main cause of failure of weld joints and is evaluated
either by fatigue crack propagation behaviour [6,7] or stress vs. the number of cycles to failure (S–N)
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behaviour [8,9]. The results of the investigations of many authors revealed that the fatigue strength of
friction stir welded joints is superior to fusion welded joints [10,11] and is equal to or less than base
metal [12,13].

Various results on the influence of welding conditions on the fatigue strength of friction spot
welded joints are reported in the literature. James et al. [14] reported that lower welding speed exhibits
higher fatigue strength. Cavaliere et al. [9] reported an increase in fatigue strength with increase in
welding speed. In contrast, Ericsson and Sandstrom [15] reported that fatigue properties are relatively
independent of welding speed.

Most of the previous studies investigated the fatigue properties of joints between similar aluminium
alloys fabricated by friction stir welding. Sivaraj et al. [16] evaluated the fatigue crack growth of
7075-T651 aluminium alloy joints. They found that the fatigue life of joints is appreciably lower than
that of the unwelded base metal, which is attributed to the dissolution of precipitates in the weld
zone. The effect of base metal temper conditions on the fatigue behaviour of friction stir welded joints
of AA7039 aluminium alloy was studied by Sharma et al. [17]. It has been found that better tensile
properties and superior fatigue strength are observed in AA7039 aluminium alloy joints in W-temper
conditions. Effertz et al. [18] studied the fatigue life of FSSW 7075-T76 aluminium alloy using the
Weibull distribution. They found that, for a relatively low load, corresponding to 10% of the maximum
supported by the joint, the number of cycles surpasses 1 × 106. Hence, an infinite life can be attributed
to the service component.

Many of the previous studies have focused on determining the influence of welding parameters
on the failure modes of joints under quasi-static loading conditions and the weld zone microstructure.
Hassanifard et al. [19] introduced a new method for enhancing the life and strength of FSSW joints
using a localised plasticity process. The S-N data obtained revealed that the cold expansion method
could improve the fatigue life of FSSW joints by up to six times. The microstructures and failure
modes of friction spot welds in lap-shear specimens of aluminium 6111-T4 sheets were studied by
Lin et al. [20]. The micrographs show that, under quasi-static loading conditions, the failure mainly
starts from the necking of the upper sheet outside the weld. Under cyclic loading conditions, the
micrographs revealed two types of fatigue cracks: growths into the lower sheet outside the stir zone
and initiation of the crack from the bend surface of the upper sheet outside the weld. Finding a gap in
the literature, Singh et al. [21] investigated the effect of the environment and welding speed on the
fatigue properties of the FSSWed Al-Mg-Cr alloy. The study showed that the presence of oxides in the
weld nugget zone in the case of liquid nitrogen cooling causes a significant increase in the fatigue crack
growth rate, while the fatigue crack growth rate is lower in the case of welding. The observations of
fatigue cracks of 6061-T6 aluminium lap-shear specimens under cyclic loading conditions suggest that
the fatigue crack is initiated near the possible original notch tip in the stir zone and propagates along
the circumference of the nugget. Then it propagates through the sheet thickness and finally grows in
the width direction to cause a final fracture [22]. Moreover, the results indicate that the fatigue life
predictions based on Paris’s law agree well with the experimental results. Wang et al. [23] proposed
improving the mechanical properties of 2024 aluminium alloy joints by using graphene nanosheets
to strengthen the tip of the hook defect. According to the authors, the improvement of fatigue life
originates from the combined effect of crack deflection, which results from its tight incorporation
between the aluminium matrix and the graphene nanosheets. Kubit et al. [24,25] analysed the effect of
structural defects on the fatigue strength of RFSSW joints using C-scan scanning acoustic microscopy
and SEM. The observations of the fatigue fractures reveal that the clad layer at the bottom of the weld
is a source of initiation of fatigue cracking. Insufficient plasticisation of sheet material is a crucial defect
that influences the number of destructive cycles. It was found that the fracture mechanism depends
on the value of load amplitude. Shahani and Farrahi [26] investigated the mechanical behaviour of
the 6061-T6 aluminium alloy FSSW joints. It was concluded that the stress intensity factors and kink
angle change during the growth of the fatigue crack. Therefore, the contact kink angle assumed in
the literature is not an appropriate assumption. Investigations presented by Chowdhury et al. [27]
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were aimed at evaluating the fatigue properties of FSSWed 5754-O aluminium alloys. At higher cyclic
loads, nugget pull-out failure occurred since the fatigue crack propagated circumferentially around the
nugget, while, at lower cyclic loads, fatigue failure occurred perpendicularly to the loading direction.
Failure modes of spot friction welds in cross-tension specimens of 6061-T6 aluminium alloy sheets have
been investigated by Lin et al. [28]. Paris’s law for fatigue crack propagation has been successfully used
for accurate development of the fatigue crack growth model. An overview of the fatigue mechanism,
fatigue life assessment, crack growth rate, and factors influencing the fatigue of friction stir welded
aluminium alloy joints has been provided by Li et al. [29].

The RFSSW solid-state technique eliminates the disadvantages usually observed in other spot-like
joining technologies, such as the difficulty of automation, weight penalty, requirement to drill holes
(riveted and bolted joints), and the presence of a keyhole originated by the FSSW [18,30]. The
advantages of the RFSSW technique such as no additional material being required to fabricate the
joint mean that it is ideal for joining structural components made of lightweight alloys in the aircraft
industry. Lightweight aluminium alloys are characterised by high fatigue strength [31,32]. However,
the welding process causes non-uniformity in the weld structure, which produces a stir zone (SZ),
a thermo-mechanically affected zone (TMAZ), and a heat affected zone (HAZ). In recent work [24,25],
the authors have shown that the structure of the joint in the Alclad sheet is characterised by the
presence of a bonded ligament causing discontinuity in the weld structure. The presence of weld
defects affects the fatigue failure mechanism. In the case of linear friction stir welding (LFSW), many
scientific papers have been written on the fatigue strength of LFSW joints [33–35]. However, the issue
of the fatigue cracking mechanism for RFSSW joints is still not adequately described, and only a few
scientific studies deal with this issue [35,36].

In this paper, the RFSSW technique is used to join Alclad 7075-T6 aluminium alloy plates of
various thicknesses, i.e., 1.6 mm and 0.8 mm. The single-lap joints were subjected to a fatigue test.
Typical failure mechanisms for low stress-loading conditions and high-stress loading conditions are
presented and discussed. The location of fatigue crack initiation and the propagation behaviour are
also discussed based on the scanning electron microscopy (SEM) analysis. Furthermore, one of the
main aims of the work was to verify the possibility of predicting the propagation of fatigue cracks in
RFSSW joints using Paris’s law.

2. Experimental Methodology

2.1. Material

Alclad 7075-T6 aluminium alloy sheets were selected as the test material. Sheets of two thicknesses
corresponding to the thickness of the stringers (1.6 mm) and skin plate (0.8 mm) of the fuselage of an
aircraft were joined using RFSSW. The main alloying elements of the 7075-T6 aluminium alloy are zinc,
magnesium, and copper. While the alloy is characterised by high static and fatigue strength, it is difficult
to cold form because the value of its yield stress is close to its tensile strength [7]. In addition, 7075-T6
aluminium alloy is difficult to weld and is characterised by a relatively low corrosion resistance [5,7].
However, the basic feature of this alloy is its combination of high mechanical strength and low weight,
which makes it a material commonly used in the manufacturing of aircraft structures. Due to its
relatively high susceptibility to intergranular corrosion, sheets used in the construction of thin-walled
aircraft structures are usually clad, i.e., covered with a thin layer of pure aluminium (approximately
5% of the thickness of the base metal) in the hot rolling process.

The table lists the basic mechanical properties of the sheets tested, which were determined in
the uniaxial tensile test using a Z100 universal testing machine (Zwick/Roell, Ulm, Germany). The
following parameters were determined through the tensile test: yield stress Rp0.2 = 413.7 MPa, ultimate
tensile stress Rm = 482.6 MPa, and elongation at failure A = 7%. Three specimens were tested and the
average values of each specific parameter were determined. The chemical composition of 7075-T6
aluminium alloy is listed in Table 1.
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Table 1. The chemical composition (in weight percentage) of 7075-T6 material.

Al Zn Cr Cu Mg Mn Fe Si Ti
Other

Each Total

87.1–91.4 5.1–6.1 0.18–0.28 1.2–2.0 2.1–2.9 max.
0.3

max.
0.5

max.
0.4

max.
0.2 0.05 0.15

2.2. Welding Process

The fatigue tests were conducted on the single-lap RFSSW joints presented in Figure 1. The
welding was conducted using an RPS100 spot welder by Harms & Wende GmbH & Co KG (Hamburg,
Germany). Before welding, the workpieces were cleaned with acetone on the faying surfaces. The
RFSSW process consists of the following stages.

• The clamping ring is fixed on the top surface of the upper sheet, and the tool stays there for a
certain amount of time to produce the initial frictional pre-heating (Figure 2a),

• the sleeve plunges the sheet to the desired depth, and, at the same time, the pin moves in the
opposite direction (Figure 2b),

• after reaching the desired plunge depth, the directions of movement of both the sleeve and pin
begin to reverse (Figure 2c),

• the weld cycle is completed by removing the tool from the surfaces of the sheets (Figure 2d).

The values of the welding parameters are crucial in assuring the fabrication of welds without
defects such as voids in the weld corner, bonding ligament, and structural discontinuities. The RFSSW
parameters were selected based on the authors’ experience and the results of previous investigations
of the authors presented in the paper [37]. The first stage of the poly-optimisation of the values of
welding process parameters was focused on the analysis of the tool plunge depth g on the load capacity
of the joint. For this purpose, the welds were fabricated at a tool plunge depth equal to 1.3, 1.5, 1.7, and
1.9 mm, with three different tool rotational speeds n = 2000, 2400, and 2800 rpm. The load capacity
of the joints obtained ranged from 5510 N to 8000 N. In the next part of the research, the focus was
put on determining the influence of tool rotational speed and the duration of welding on the load
capacity of joints. For the durations of welding t = 1.5 s and 2.5 s, an increase of tool rotational speed
causes an increase in the load capacity of the joint. For the duration t = 1.5 s, an increase in the tool
rotational speed from 2000 to 2800 rpm results in an increase in load capacity by 17.9% (from 6870
to 8100 N), while, for the welding time t = 2.5 s, it does this by 11.5%. During the investigations, the
hypothesis that the factor analysed did not have an influence on the load capacity of the connection
that was tested. For the analysis, a confidence interval of 95% and α = 5% (the probability of rejecting
the hypothesis tested, assuming it is true) was used. The dependent variable was the maximum shear
load, while the process parameters were set as the independent variables. The values of the parameters
that were selected assured the most favourable joint quality in terms of the highest static strength and
quality of the weld structure (minimum number of structural discontinuities, structural notches, as
small as the heat affected zone, etc.) [37].

The values of the welding parameters are as follows: tool rotational speed n = 2400 rpm, duration
of welding t = 2.5 s, and tool plunge depth g = 1.55 mm.

 
Figure 1. Geometry and dimensions of the specimen for the tensile test.
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Figure 2. Stages of the Refill Friction Stir Pot Welding (RFSSW) process: touchdown and preheating (a),
plunging (b), refilling (c), and retreating (d): 1-pin, 2-sleeve, 3-clamping ring, and 4-bracking anvil.

2.3. Fatigue Test

Fatigue strength tests were carried out on an Instron ElectroPulsTM E10000 testing machine
(Instron, Norwood, MA, USA) designed for dynamic and static testing on a wide range of components
and materials. Fatigue tests were carried out at room temperature with the following conditions: a
frequency of 50 Hz and a limited number of cycles equal to 2 × 106. The coefficient of the stress cycle of
R = 0.1 used is often used in aircraft component testing [38] and corresponds to a tension-tension cycle
in which σmin = 0.1σmax. Four specimens were tested for each level of amplitude.

2.4. Characterisation of Fracture Surfaces

Microstructure and fracture morphologies of selected specimens were analysed using a S-3400N
(Hitachi, Chiyoda, Japan) variable pressure scanning electron microscope (SEM). The samples were
etched using Keller’s solution (2 mL HF, 3 mL HCL, 5 mL HNO3, and 190 mL H2O). When analysing
fatigue fractures, an analysis of the chemical composition was performed on selected areas of the fracture
surface to verify fracture areas and identify impurities in the weld. The chemical composition analysis
was conducted using energy dispersive spectrometry (EDS). Energy-dispersive X-ray (EDX) spectra
were collected on the Quanta 3D 200i (FEI Company, Hillsboro, OR, USA) scanning electron microscope.

3. Results and Discussion

3.1. Microstructure Analysis

The cross-section of the RFSSW joint (Figure 3) can be divided into four regions in terms of the
microstructural characteristics of the joint in sequence from the stir zone (SZ) toward the base material
(BM), the thermo-mechanically affected zone (TMAZ), and the heat-affected zone (HAZ). In the SZ,
a homogenous fine-grained microstructure was found, which was characterised by fully dynamically
recrystallised equiaxial grains. In the HAZ, the grains are similar to those of the BM, but, in the
direction of the TMAZ, the grains become slightly coarse. Within the centre of the SZ in the RFSSW
process, a fine-grained microstructure is observed. In the case of the TMAZ, a high gradient of a
grain size change is revealed. On the boundary of these grains, ultrafine precipitates were observed.
Literature data suggest that these are likely particles of Al7Cu2Fe, Mg (Zn, Cu, Al)2, and also MgZn2

strengthening phases that occur in the 7xxx series aluminium alloys [25].
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Figure 3. Cross-sectional view of the weld made with the parameters n = 2400 rpm, t = 2.5 s, and g =
1.55 mm.

The weld made using RFSSW consists of two main parts: the nugget of the joint and the HAZ.
The nugget of the weld has a fine grain structure. This indicates the occurrence of the recrystallization
caused by both high heat and pressure. In the bottom part of the weld, a plated coating (Alclad) is
observed. Alclad within the weld nugget, which covered the sheet metals to protect them against
corrosion, causes heterogeneity in the structure of the weld. These heterogeneities reduce the weld
strength and clearly indicate the direction of flow of the material. The Alclad has a higher thermal
conductivity (229 W/mK) where BM (134 W/mK) transfers the heat out of the joint very quickly. The
Alclad layer also exists in the lower zone of the joint which, despite reaching a much higher temperature,
is not degraded.

3.2. Fatigue Diagram

A fatigue diagram with areas corresponding to the specific failure mechanism is shown in Figure 4.
Based on the results of shear fatigue testing of the joints, two basic mechanisms of fatigue failure
were observed. A limited number of cycles to failure of 105 is adopted to be the boundary between
low-stress and high-stress fatigue loading. In the area of high-stress fatigue strength, the joints were
mainly damaged by shearing in the plane in which the sheets were joined. High-stress fatigue strength
was characterised by relatively high plastic deformation of the joint. The weld structure is weakened
by a clad layer called a bonding ligament, which is composed of pure aluminium compressed at the
bottom of the weld (Figure 5a). The bonding ligament originating from the Alclad at the original
lap interface has been deformed and redistributed due to plasticised metal flow during the welding
process. The bonding ligament, especially near the axis of the weld, is an inherent problem of the
RFSSW joints [24,37].
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Figure 4. Fatigue diagram for Refill Friction Stir Spot Welding (RFSSW) joints subjected to high-cycle
fatigue strength with a limited number of cycles equal to 4 × 106.

3.3. Fatigue with a High Value of Stress

Plastic deformations of the weld resulting from fatigue cycles are the cause of stress concentration
at the boundary of the clad material in the weld structure and the fine-grained base metal (BM) in
the SZ zone. Moreover, a thin and brittle layer of oxides was formed in the welding process as
a result of thermo-mechanical changes in the BM. The presence of aluminium oxides aggravates
the inhomogeneity of the weld structure around its periphery and is a source of crack nucleation.
The oxides are considered to contaminate the weld. Aluminium and its alloys are very reactive with
atmospheric oxygen and form a layer of oxide on its surface [39]. The oxide layer can cause entrapped
oxide flaws in the stir zone. The existence of oxides in the nugget zone is confirmed by EDS analysis of
the fracture surface of the joint in the area of the upper sheet that underwent fatigue shearing after
22,348 cycles with a maximum variable force value of 2,000 N. Figure 5b shows a fragment of the
fracture surface with three characteristic areas of BM, a clad layer, and the boundary surface between
the clad and BM containing a significant amount of oxides. The chemical composition in these areas is
revealed by EDS spectra: EDS_1 (Figure 5c), EDS_2 (Figure 5d), and EDS_3 (Figure 5e), respectively.
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Figure 5. (a) Cross-sectional view of RFSSW joint structure, (b) scanning electron microscope (SEM)
micrograph of fatigue fracture for a joint that was destroyed after 22,348 cycles at a stress level of
31.45 MPa and energy dispersive X-ray spectroscopy (EDS) spectra of weld material in areas EDS_1 (c),
EDS_2 (d), and EDS_3 (e) in Figure 4b.

For a variable force with a maximum value of 2000 N, all the test samples exhibited the shear
model of failure. Figure 6a shows the fracture surface in the shear plane of the lower sheet for a joint
that was destroyed after loading more than 22,348 cycles. The presence of oxides on the surface of the
clad material in the nugget zone was demonstrated on the basis of EDS spectra of fatigue fractures
(Figure 6b–d). A high content of oxides on the fracture surface was also observed in the case of other
samples that were destroyed as a result of shearing. Figure 7 presents a SEM micrograph of a sample
that was destroyed after loading more than 26,913 cycles.
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(a) (b) 

 

 

(c) (d) 

Figure 6. (a) Scanning electron microscope (SEM) micrograph of a fracture surface for a joint that was
destroyed after 22,348 cycles. At a stress level of 31.45 MPa (b) and (c) magnified views in areas A and
B, (d) EDS spectra of the aluminium oxides shown in Figure 5c.

In the case of selected specimens, especially those characterised by higher fatigue life from among
those loaded with a variable force with a maximum value of 2000 N, SEM analysis has shown that,
despite the fact that the samples were destroyed by shearing, the second mechanism of fatigue cracking
progressed in parallel to the shear fracture. In the lower sheet, transverse cracks were disclosed, which
were the result of stretching this sheet. This type of crack was usually initiated at the boundary of the
SZ and TMAZ in the vicinity of the axis of the joint, and propagated toward the edges of the sheets.
In the first phase of fatigue loading, the fatigue crack propagated along the weld perimeter, after which
it took a linear direction. Figure 8a shows the fatigue fracture for a joint, which led to damage after
22,348 load cycles.
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Figure 7. SEM micrograph of a fracture surface for a joint that was destroyed after 26,913 load cycles at
a stress level of 31.45 MPa.

  

(a) (b) 

 

(c) 

Figure 8. SEM micrographs of a fracture surface for joints that were destroyed after (a) 22,348 cycles at
a stress level of 31.45 MPa, (b) 26,913 cycles at a stress level of 31.45 MPa, and (c) 42,639 cycles at a
stress level of 27.52 MPa with a clear transverse fatigue crack in the lower sheet.
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The joint was destroyed as a result of shearing at the boundary of the clad material and through
the clad material. However, the crack of the lower plate was simultaneously initiated along the weld
perimeter. Figure 8b shows the propagation of the crack as a result of tensile stress. The change in the
direction of crack propagation from peripheral to transverse is clearly visible. A similar phenomenon
was observed for a joint that had been destroyed as a result of shearing more than 42,639 cycles with
a variable force with a maximum value of 1,750 N (Figure 8c). The results obtained are consistent
with the study of Venukumar et al. [40] who tested the fatigue behaviour of friction stir spot welding
refilled by the friction forming process (FSSW-FFP) lap-shear specimens, and concluded that, under
high-stress loading conditions with lower load ranges, more transverse cracks were observed when
compared to those with higher load ranges.

3.4. Fatigue with a Low Value of Stress

In the low stress range of fatigue strength, determined by the number of 105 cycles with variable
force, all test specimens were destroyed as a result of stretching the lower sheet (Figure 9), which
was thinner than the upper sheet. In the low stress range of loading conditions, there are no plastic
deformations caused by subsequent load cycles with a variable load. Hence, there is no crack initiation
at the boundary between the clad material lying at the bottom of the weld and the fine-grained material.

 
Figure 9. A typical pattern of destruction of the weld under high-cycle loading conditions.

3.5. Fatigue Crack Growth Rate

Due to the long-term operation of the RFSSW structure, knowledge about their high-cycle fatigue
life is very important. An accurate description of fracture mechanisms due to fatigue during long-term
operation, and, thus, the prediction of crack propagation, is an important issue. Therefore, it was
decided to attempt to predict the speed of crack propagation in RFSSW joints based on well-established
hypotheses. The authors propose the use of Paris’s law in order to describe the propagation of fatigue
cracks in the lap-shear specimens considered in this article. Paris’s law for crack propagation has been
successfully adopted to predict the fatigue crack growth rate of FSSW aluminium alloy joints [22,41].
In this paper, it was assumed that the initiation of the fatigue crack occurred at the boundary of the SZ
and TMAZ zones. In addition, the initial crack propagation in the peripheral direction of the weld is
not described by Paris’s law.

The SZ, TMAZ, and HAZ have different properties in relation to the native material. In the RFSSW
process, the material in the previously mentioned zones were subjected to thermo-mechanical change.
This caused grain refining and modification of the mechanical properties of the material as a result of
high temperature. Therefore, the mechanisms accompanying fatigue cracking and its initiation in the
area are omitted in this analysis. The analysis was started when the direction of crack propagation
was already linear and was propagating toward the edge of the sheets. Paris’s law was valid for the
linear cracking in the quasi-transverse direction to the load direction. Figure 10 shows in schematic
fashion the area of validity of Paris’s law (or Paris-Erdogan law) for the lap-shear specimens analysed.
In this graph, the rate of crack growth da/dN is expressed on a logarithmic scale, and the amplitude of
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the stress intensity factor ΔK is expressed on a linear scale. The ΔK is a material constant at a given
stress ratio R. The length of the initial crack was adopted in the analysis as “pre-crack” (Figure 11). The
threshold region in the propagation in Figure 10 does not occur for the ΔK-values below the threshold
level. The Paris region corresponds to stable macroscopic crack growth. The final failure region is
associated with the high crack growth rate prior to failure.

 
Figure 10. Rate of fatigue-crack growth with the assumed range of validity of Paris Law for lap-shear
RFSSW specimens.

Paris and Erdogan [42] proposed that the relationship between the rate of fatigue-crack growth
and the stress-intensity range is as follows.

da
dN

= C·(ΔK)m (1)

ΔK = Δσ· √π·a (2)

Δσ = σmax − σmin (3)

N =

a2∫
a1

1

C·
(
Δσ· √π·a

)m da (4)
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where da/dN is the fatigue crack growth rate, N is the life or number of cycles, a is crack length, ΔK
is the stress intensity factor range, and C and m are constants proposed to incorporate the effects of
material, mean load, loading frequency, and environment.

The fatigue crack growth rate is defined as the increase in its length during one loading cycle, and
the case depends on the gap length, working stress, and material properties. Changes in the loading
stress σ during the load cycle cause corresponding changes in the stress in the area close to the edge
of the crack, and, thus, changes in the stress intensity factor range ΔK (Equation (2)). Changes in the
stress near the crack edge determine its behaviour.

The detailed procedure for obtaining feasible and comparable constants in Paris’s law is defined
in standards BS 6835:1988 and ASTM 647-95a. The values of constants C and m for 7075-T6 aluminium
alloy used in this research are as follows: C = 7 × 10−11, m = 4.

Experimental verification was carried out thanks to which it was possible to confirm the accuracy
of Paris’s law for the selected fatigue area of the RFSSW joint. For selected specimens subjected to
fatigue loading, measurements of the distances between the ends of cracks (Figure 11) were conducted
during the tests. These measurements were carried out when the direction of crack propagation in the
lower sheet changes from peripheral to quasi-transverse. These distances were assumed as ’pre-cracks’
and then based on Paris’s law. The theoretical courses of crack propagation were determined according
to Equations (1)–(4).

  
(a) (b) 

Figure 11. Views of fatigue cracks observed during the test when the crack changes its direction of
propagation from peripheral to quasi-transverse for joints that were destroyed after (a) 215,810 cycles
and (b) 831,570 cycles

The predicted evolution of crack length according to Paris’s law is shown in Figure 12. In general,
the experimental results are well predicted using the Paris equation for specific loading conditions
and geometrical configurations. This conclusion is in accordance with the results of Theos [43] who
conducted fatigue analysis of welded aircraft wing panels. The highest consistency was obtained for the
joint, which cracked at the number of cycles of N = 289.82 × 103. The weld was resistant to destruction
when the Paris law underestimates the number of cycles to failure N. The Paris equation has some
limitations, i.e., asymptotic behaviour in both the threshold and final failure region is not described
with this equation. Moreover, the stress ratio is not accounted for the crack growth. A significant
portion of the fatigue life is occupied in the subcritical crack growth region described by Paris’s law,
particularly structures constructed from sheet or plates.
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Figure 12. Fatigue crack growth behaviour with indication of the area of validity of Paris law for a
lap-shear RFSSW joint loaded at a shear stress level of 15.73 MPa (blue points) and of 14.15 MPa (green
points).

Analysis of SEM micrographs of fatigue fractures (Figure 13) shows that, in the area of the lower
sheet, the propagation of the fatigue crack was approximately uniform throughout its thickness. This
may prove that the assumption of Paris’s law in the area of linear cracking of the joint is correct. Good
consistency of the experimental results with the predicted number of cycles at which the joint would
be destroyed allows one to conclude that the assumptions are correct. The considerations presented
may form the basis for broader analyses, which predict crack propagation in RFSSW structures.

  
(a) (b) 

Figure 13. Fatigue fractures of lower sheets of joints that were destroyed as a result of stretching after
(a) 231,794 cycles at a stress level of 15.73 MPa and (b) 1,363,043 cycles at a stress level of 14.15 MPa.
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4. Residual Stresses Induced by Friction Stir Welding

Residual stresses are defined as self-equilibrating forces that remain in a material once all external
forces have been removed. They arise due to complex thermal-mechanical-metallurgical interactions
during welding. Residual stresses (RS) are results of complex thermal-mechanical- metallurgical
interactions during welding. It may result in distortion of the weldments, which can lead to fitting
issues and/or failures. Friction stir welding (FSW) also leads to the introduction of RS in welded
structures. According to the Williams and Steuwer [44], residual stresses can be classified in terms of
length scales on which they act over.

• type-I: extend over macroscopic areas and are averaged over several grains,
• type-II: extend between grains or sub-regions of grains and averaged over these areas,
• type-III: act on the inter-atomic level such as around inclusions or dislocation.

Several approaches for evaluating FSW-induced residual stresses have been proposed in literature
based on the experimental techniques and numerical approaches. Residual stresses induced by friction
stir welding are considered to be a major driving force for crack propagation if friction stir welded the
structures [45]. The dominant role of RS on crack growth rates in 2024-T351 aluminium alloy joints
was explicitly pinpointed by Bussu and Irving [46]. Their analysis underlined that the secondary role
is played by the local microhardness and microstructure. The trend of crack propagation behaviour in
aluminium alloys based on residual stress measurement has been discussed by Hong et al. [47]. The
role of residual stresses and microstructure on crack propagation in 6063-T5 aluminium alloy joints
has been experimentally investigated by Tra et al. [48]. It was found that crack propagation is mainly
driven by the inhomogeneous microstructure in and around the welded area, whereas the effect of RS
is not significant. A completely opposite conclusion was pointed out by Pouget and Reynolds [49].
They concluded that accurate growth rate predictions can be achieved by including a residual stress
effect into the calculation. The key role of process-induced residual stresses on crack growth in FSW
joints has also been shown by Citarella et al. [50] and Sepe et al. [51]. Difficulties in experimentally
obtaining all the components of residual stress tensor significantly reduce the potential application of
experimental methods [46].

Recently, some attempts to numerically assess the fatigue behaviour in FSW structures were
discussed in literature. A numerical investigation on the influence of residual stress, induced by
the FSW process, on fatigue crack growth in 2024-T3 aluminium friction stir welded butt joints has
been proposed by Carlone et al. [45]. They found that, if the initial crack starts from the weld line,
the process-induced opening stresses have an accelerating effect on the crack propagation. The
implemented finite element method-dual boundary element method (FEM-DBEM) proved to be able to
effectively predict multiple crack growth in the presence of residual stresses induced by the fabrication
process. The influence of FSW process parameters on the residual stresses distribution has been also
considered in recent investigations by Carlone et al. [52]. Results of FEM-DBEM-based computations
revealed that the FSW process induced compressive residual stresses that play a delaying effect on the
crack propagation if the initial notch is far enough from the weld line. Zadeh et al. [53] analysed three
dimensional simulations of fatigue crack growth in friction stir welded joints of 2024-T351 aluminium
alloy. Results of computations verified with experiments and the analytical method show 90% accuracy
in terms of fracture mechanics and fatigue life prediction.

The effective numerical approaches able to predict the residual stresses and crack growth in
friction stir welded joints are highly desirable. Therefore, further research will address the need for
experimental and numerical analysis of the residual stresses in RFSSW joints.

5. Conclusions

This paper presents the results of fatigue life assessment of RFSSW single-lap joints subjected to
high-cycle fatigue tests. The following conclusions are drawn from the research.
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• As far as fatigue strength in low cycle conditions is concerned, the joints were mainly damaged by
shearing in the plane in which the sheets were joined.

• The bonding ligament is the main element of the RFSSW joint weakening the fatigue strength of
the joint.

• The RFSSW joint of Alclad sheets is contaminated by a high content of aluminium oxides. The
presence of aluminium oxides aggravates the heterogeneity of the material in the weld nugget
around its periphery and is a source of crack nucleation. Oxides could partially break down and
be released from the outside of the weld area during the welding process.

• As far as fatigue strength is concerned in low stress-loading conditions, determined by the number
of 105 cycles with a variable force, all test specimens were destroyed as a result of stretching the
lower sheet.

• Paris’s law for crack propagation has been successfully adopted to predict the fatigue crack growth
of lap-shear RFSSW specimens. Although some assumptions have been made, the comparison of
the analytical and experimental fatigue crack growth rate confirms the potential of Paris’s law to
analyse the crack growth in RFSSW joints.
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Abstract: This paper is aimed to determine the value of coefficient of friction (COF) at the rounded
edge of the die in the sheet metal forming operations using the bending under tension (BUT) test.
The experimental part of the investigations is devoted to the study of the frictional resistances of
low alloy steel sheet under different strains of the specimen, surface roughnesses of the tool and
for different lubrication conditions. Three oils are destined for different conditions of duties in the
stamping process. Numerical modeling of the material flow in the BUT test has been conducted in
the MSC.Marc program. One of the objectives of the numerical computations is to know the type of
the contact pressure acting on the cylindrical surface countersample in the BUT test by assuming the
anisotropic properties of the metallic sheet. It has been found that the COF in the rounded edge of
the die does not vary with increasing sheet elongation. Taking into account that normal pressure
increases with increasing specimen elongation and workpiece material is subjected to strain hardening
phenomenon, the COF value is very stable during the friction test. The effectiveness of the lubrication
depends on the balance between two mechanisms accompanied by friction process: roughening of
workpiece asperities and adhesion of the contacting surfaces. In the case of high surface roughness of
tool due to a dominant share of ploughing, all of the lubricants used were not able to decrease the
COF in a sufficient extent. The used lubricants were able to reduce the value of friction coefficient
approximately by 3–52% in relation to the surface roughness of rolls.

Keywords: bending under tension test; BUT; coefficient of friction; friction; material properties;
mechanical engineering; sheet metal forming

1. Introduction

The presence of friction in sheet metal forming (SMF) processes is generally an unfavorable
phenomenon and causes changes in the force and energy parameters: the total work and power
needed for the process increases, which also causes the forces and unit pressures on the tool surfaces
to increase. In a stamping tool, frictional resistance is an important process parameter that controls
the material flow in the tool and the surface finish of produced parts [1,2]. At high pressures, the
occurrence of material adhesion to the tool and the formation of accretions affect the quality of the
product surface [3,4]. Thermal dissipation of friction work at high values of unit pressure and relative
speeds leads to a significant increase in temperature in areas adjacent to the contact surface. Limiting of
the sliding speed and thus reducing the efficiency of the process may be necessary. The appearance of
tangential stresses on the contact surface causes changes in the stress–strain state in the entire volume
of the formed material. Friction is one of the reasons for the formation of heterogeneous deformation,
which leads to the formation of heterogeneous material properties and undesirable deformations of free
surfaces. So, friction has a number of negative effects in SMF processes [5–7]. Therefore, it is intended
to reduce the value of friction forces. There are extensive studies on correlation of the microstructure
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of the tool material with the coefficient of friction (COF). However, as found by Kirkhorn et al. [8],
increased or decreased carbide content could, however, not be directly correlated to an alteration of the
friction coefficient when comparing the broad range of different tool materials.

There are many tribological approaches to measure the frictional phenomena existing at the
die–workpiece interface. The methods used to represent the friction conditions in conventional SMF
have been summarized by Trzepiecinski and Lemu [9], where the main advantages and disadvantages
of the modeling methods of the friction phenomena in specific areas of the material are also presented.
Experimental prediction of the frictional resistances is a key issue in the suitable setting of the numerical
models of sheet metal forming process [10–12].

The basic way to reduce friction forces in plastic forming is proper lubrication. Grease lubrication
forms layers when separated on a surface of a deformed object or tool, separating both surfaces partially
or completely [13]. The basic properties of the lubricant include viscosity and surface activity, which
may be essential for maintaining the lubricant under high unit pressure. Due to the wide variety of
conditions for plastic forming processes, there are no universal lubricants. Each process requires a
separate approach to the lubrication problem and the use of appropriate lubricants [14,15]. The results
of the investigations of Hol et al. [16] show that the friction coefficient varies in space and time, and
depend on local process conditions such as the nominal contact pressure and lubrication in the sheet
material. There is extensive development of friction models destined for the description of the frictional
phenomena for different lubrication conditions [17].

Friction occurring on the rounded surface of the die has an adverse effect on the value of the possible
limit deformations of the sheet. One of the basic tests provided for the experimental determination
of the friction resistance values on the rounded edge of the die is the bending under tension (BUT)
test developed by Littlewood and Wallace [18]. In the BUT test, the tribological conditions in the
die entry zone can be simulated by drawing a sheet strip over a die shoulder with superimposed
back tension on the strip. Many efforts have been made in the literature to recognize the effect of
many process parameters on the contact pressure and friction resistance in the rounded region of the
die or the punch. Nanayakkara et al. [19] quantitatively determined the effect of roller radius and
the tooling pressure on the COF. It was found that the tool radii have a direct effect in the contact
pressure. The second cognitive conclusion is that there is a clear relationship between the contact
pressure and the COF. To understand the sheet–die interaction, the bending and unbending response
of the sheet as it contacts the cylindrical die, Coubrough et al. [20] conducted investigations on the
BUT test. The actual contact angle is found to be less than the geometric angle-of-wrap and increases
with increasing strip tension. Fratini et al. [1] used the BUT test to measure friction under lubricated
and dry friction conditions. The authors concluded that the effect of lubricant in the reduction of the
COF is rather small; this is due to the loose of lubricant, which occurred during the tests because of
the contact pressure at the sheet metal–tool interface. However, the lubricant reduced the stick–slip
phenomena, which are dangerous during SMF operations, since they can induce the cracks in the
surface layer of workpiece. Lemu and Trzepiecinski [21] studied the effect of the amount of plastic
deformation of the brass, aluminum alloy and steel specimens on the value of COF. It was found
that the use of tools with low surface roughness value to reduce the COF is unfounded because the
increased real contact area decreases the effectiveness of the lubricant and increases the interatomic
interaction of surfaces. Moreover, the results indicated that use of machine oil reduces the friction
coefficient value to a lower degree for lower roughness values. Hoffmann et al. [22] conducted a study
where they compared the wear occurred in the die radius for different combinations of die and sheet
material. The highest wear of die occurred in the regions where the contact pressure between die and
workpiece are the highest. Berglund et al. [23] evaluated the correlation between machining finish,
punch material and the COF result. The texture characterization parameters measured after the BUT
test exhibit strong correlations with the friction and all are related to the areas and inclinations of the
surface. Pereira et al. [24] demonstrated that, in the sheet–die interface in BUT test, there is a transient
region in the contact pressure that corresponds to the beginning of sheet deformation, after which the
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pressure stabilizes. It has been specified that the yield stress and relationship between sheet thickness
and radius of the die greatly influence the values of contact pressure. In a later study, Pereira et al. [25]
analyzed numerically through finite element simulation of the evolution of contact pressure in the
die radius during the stamping process. It has been found that the same pressure peaks occur during
bending of the sheet over the radius of the die, causing the central part of these peaks to lose contact
and greatly reducing the pressure in this region. Ceron and Bay [26] investigated how the BUT test
combined with a classical analytical modeling may lead to very large errors in estimation of the COFs.
The numerical simulations of the normal stress distributions demonstrated in comparative analysis of
an industrial, multistage deep drawing that finite element modeling provides appropriate estimates.

Most of the investigations on the numerical analysis of the tribological test have been conducted
assuming the isotropic properties of the material. Moreover, due to bending of the sheet over a rounded
die, the assumption that the specimen is subjected to plane strain state is also unjustified, which has
been confirmed by authors in the previous papers devoted to the draw bead friction test [27,28]. Thus,
one objective of this work reported in this paper is to better understand the contact pressure acting
on the rounded edge of the cylindrical countersample in the BUT test by assuming the anisotropic
properties of the metallic sheet. Another aim of the paper is to calculate the COF that acts during the
BUT test for different strains of the sheet metal. Frictional properties of low alloy steel sheet have been
experimentally evaluated for different lubricants.

2. Experimental

2.1. Material

In the investigations, cold-rolled low carbon DC04 grade steel sheets with a thickness of 1 mm
were used. These steel sheets are characterized by super deep-drawing properties manifested by high
plasticity and high susceptibility to strain hardening. According to the standard EN 10130:2009, DC04
steel sheet is suitable for cold forming of complicated outer and inner components of automobile
bodies and other pressworks, especially for high deformation speed. The chemical composition of the
DC04 steel sheet is shown in Table 1.

Table 1. Chemical composition of DC04 steel sheet (in wt. %).

C Mn P S Fe

≤0.08 ≤0.4 ≤0.03 ≤0.03 remainder

Mechanical properties of the sheets have been determined in a uniaxial tensile test according to
ISO 6892-1:2016 [29]. Flat specimens have been cut from the sheet metal in three directions: along
rolling direction (RD) and at angles of 45◦ and 90◦ to the RD. Z100 (Zwick Roell, Ulm, Germany)
uniaxial tensile test machine was used in the investigations of the mechanical properties of the sheets
(Table 2). The following parameters have been determined: ultimate tensile strength Rm, yield stress
Rp0.2 and anisotropy factor r (Lankford’s coefficient). Moreover, the strain hardening properties have
been determined by approximation of the true stress–true strain relation using the Hollomon equation:

σ = K × εn (1)

where σ is the true stress, ε is the true strain, K is the strength coefficient and n is the strain
hardening exponent.
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Table 2. Selected mechanical properties of the DC04 steel sheet.

Specimen Orientation Rp0.2 (MPa) Rm (MPa) K (MPa) n r

0◦ 172 306 513 0.17 1.49
45◦ 179 319 502 0.19 1.32
90◦ 184 210 524 0.20 1.58

Surface roughness parameters (Table 3) of the tested sheet were determined using a Talysurf CCI
Lite 3D optical profiler (Taylor Hobson, Leicester, UK). The following basic parameters have been
determined: root mean square roughness Sq, average roughness Sa, maximum pit depth Sv, 10-point
peak-valley surface roughness Sz, total height St and the highest peak of the surface Sp.

Table 3. Surface roughness parameters of the DC04 steel sheet.

Sa (μm) Sq (μm) Sv (μm) Sz (μm) St (μm) Sp (μm)

1.46 1.72 5.89 12.42 11.39 8.87

2.2. Friction Simulator

Experimental BUT tests have been carried out using a special friction simulator (Figure 1), which
is mounted on a universal tensile test machine. The friction simulator consists of a frame in which
the horizontal tension member with load cell is mounted. One end of the specimen was mounted at
the end of the horizontal tension member, while the second end was mounted in the vertical tension
member with load cell. The specimens for friction test were cut along the rolling direction of the sheet
metal. They were stretched with speed of 0.25 mm·s−1. The strip specimen with width of w = 10 mm
and length of L = 135 mm was wrapped around a cylindrical fixed roll with radius of R = 20 mm.

 

Figure 1. Schematic view of the testing device.

The device was equipped with three rolls differing in their surface roughness. To characterize the
surface roughness of cylindrical countersamples, the roughness average Ra measured parallel with the
roll axis was assumed. The rolls made of cold-worked tool steel had the roughness qualities Ra = 0.32,
0.63 and 1.25 μm. Before testing, all the specimens were degreased with acetone. For lubricated
conditions three oils, namely machine oil (MO), deep-drawing oil (DDO) and heavy-drawing oil (HDO)
with the following specifications were used:

• Machine oil LAN-46 (Orlen Oil): kinematic viscosity 43.9 mm2·s−1 (at 40 ◦C), viscosity index 94,
flow temperature −10 ◦C and ignition temperature 232 ◦C,

• Deep-drawing oil L (Orlen Oil): kinematic viscosity 330 mm2·s−1 (at 40 ◦C), freezing point −29 ◦C,
flash point 238 ◦C and weld point 500 daN,
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• Heavy-Draw 1150 oil (Lamson Oil): density 975 kg·m−3 (at 20 ◦C); viscosity 1157 mm2·s−1 (at 40 ◦C)
and flash point 277 ◦C.

In SMF technology, when stamping components with complex shapes, where extremely different
friction conditions, contact pressures and slip speeds occur, different types of lubricants should be
used. The lubricants were selected in such a way that the first one is used for typical deep-drawing
applications, while the second one is used for super deep-drawing applications and Heavy-Draw 1150
oil is heavy duty stamping oil is used in specially difficult forming applications. All lubricants were
distributed uniformly on the surface of the samples using a shaft.

During the test, front tension force Ft and back tension force Fb were simultaneously measured.
Assuming that the wrap angle α (Figure 2) is constant during the test, the equilibrium equation of the
elementary sector of the strip dα can be shown as:

F + qμwRdγ− (F + dF) = 0 (2)

qwRdγ− F sin
dγ
2
− (F + dF) sin

dγ
2

= 0 (3)

where μ is the COF, w is the width of the strip and q is unit contact pressure determined according to
the equation:

q =
Fb + Ft

2wR
(4)

 

Figure 2. Forces acting on an elemental cut of the strip.

For a very small dα it can be assumed that sin dγ
2 ≈ dγ

2 , furthermore dF is much smaller that F.
Thus, combining Equations (2) and (3) gives

μdα =
dF
F

(5)

Taking into account in the Equation (4) that α = π
2 the COF is determined to be

μ =
2
π

ln(
Ft
Fb

) (6)

The occurrence of friction between the roll and specimen causes that Ft > Fb. The friction test is
realized until the elongation of the specimen becomes equal to 20%. It should be noted that the tensile
force Ft includes the deformation resistance related with the bending of the specimen around the roll.
In this way, Equation (6) does not include explicitly the bending force [21].
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3. Numerical Modeling

3.1. Description of the FE-Based Model

Finite element (FE) based numerical modeling of the BUT test was carried out using the MSC.Marc
program (MSC.Software, Newport Beach, CA, USA). The geometrical model of the countersample and
specimen correspond to the experimental conditions. Due to the fact that strength of the roll material
is considerably higher than the strength of specimen material, it was assumed that no deformation
exists in the roll. So, the roller surface was modeled as perfectly rigid. The end of the specimen at the
back tension side was fixed (Figure 3). The numerical modeling of the BUT test consisted of two steps:
(1) bending the sheet around the roll surface (Figure 3a), and (2) applying the tensile force to the upper
end of the specimen (Figure 3b). The drawing speed corresponds to the experimental conditions.

(a) (b) 

Figure 3. Geometrical model of the bending under tension (BUT) test: (a) initial configuration and
(b) configuration at the beginning of the friction test.

3.2. FE Mesh

The geometric model of the specimen has been discretized by using 8-node isoparametric hex-8
brick elements [30] with the assumed strain formulation, which improve the bending characteristic
of the finite elements. According to the program documentation [31], this can significantly improve
the solution accuracy though the computational costs of assembling the stiffness matrix may increase.
The hex-8 element has been successfully used by Trzepiecinski and Fejkiel [27] to study the material
flow of a sheet specimen through a drawbead.

3.3. Material Model

An elastic–plastic material model approach was considered to build the material model. The plastic
behavior of the sheet metal was established using Hill (1948) [32] yield criterion, which can be applied
for a material description of steel sheet metals [33–35]. Work hardening with power-type law hardening
law has also been incorporated in the finite element method (FEM) based on the average values of
material parameters K and n determined for three directions, according to the Table 2. The Hill (1948)
formulation can be expressed in terms of rectangular Cartesian stress components as:

σ =

√
(F(σ22 − σ33)

2 + G(σ33 − σ11)
2 + H(σ11 − σ22)

2 + 2Lσ2
23 + 2Mσ2

31 + 2Nσ2
12 (7)

where σ is the equivalent stress, and indices 1, 2 and 3 represent the rolling, transverse and normal
directions to the sheet surface, respectively.

Parameters (constants) F, G, H, L, M and N define anisotropy state of material and are equal to:
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F = 1
2

(
1

R2
22
+ 1

R2
33
− 1

R2
11

)
, G = 1

2

(
1

R2
11
+ 1

R2
33
− 1

R2
22

)
, H = 1

2

(
1

R2
11
+ 1

R2
22
− 1

R2
33

)
,

L = 3
2R2

23
, M = 3

2R2
13

, N = 3
2R2

12
,

(8)

Parameters R11, R22, R33, R12, R13 and R23 are defined in form of user input consisting of ratios of
yield stress in different directions with respect to a reference stress according to Equation (8).

R11 =
σ11

σ0
, R22 =

σ22

σ0
, R33 =

σ33

σ0
, R12 =

σ12

τ0
, R13 =

σ13

τ0
, R23 =

σ23

τ0
, (9)

The automatic algorithm for the evaluation of parameters R11–R23 has been built in
MSC.Marc program.

The elastic material behavior of sheet is specified using the following properties: Young’s modulus
E = 2.1 GPa and Poisson’s ratio ν = 0.3.

3.4. Contact Conditions

To describe contact conditions the classical Coulomb friction law was assumed in Equation (10):

ft = fn·μ·T· 2πarctan
‖vr‖
δ

(10)

where ft-tangential (friction) force, fn-normal force, ‖vr‖—relative sliding velocity, δ-value of the relative
velocity below which sticking occurs and T-tangential vector in the direction of the relative velocity.

The value of δ determines how closely the mathematical friction model represents the step function
given as:

ft = fn·μ·sign ‖vr‖ (11)

A small value of relative velocity δ results in a reduced value of the effective friction. A very small
value may result in poor convergence of contact algorithm. It is recommended [27] that the value of
relative velocity should be 1–10% of a typical relative sliding velocity ‖vr‖. In this paper, the value of
δ = 5% was used.

3.5. Mesh Sensitivity Analysis

Mesh sensitivity analysis (MSA) is a crucial part of each FE-based analysis. The finite element
size should be balanced between assurance accurate results and the computational cost. MSA was
carried out for three different element sizes: 1 mm × 1 mm × 1 mm, 0.5 mm × 0.5 mm × 0.5 mm and
0.25 mm × 0.25 mm × 0.25 mm. A more dense mesh was created by dividing elements into two equal
parts in all directions (Figure 4). The value of the front tensile force at a sheet elongation of 5%, 10%
and 15% was adopted as the parameter constituting the basis for the selection of mesh size. Only for
the MSA, constant value of COF (μ = 0.3) was assumed. The parameters of the numerical models and
the results of MSA are shown in Table 4.

Table 4. Parameters of the mesh and mesh sensitivity analysis (MSA) results.

Model No.
Element
Size, mm

Number of
Elements

Number
of Nodes

Tensile Front Force, N
at Specimen Elongation Computation

Time, s
5% 10% 15%

N1 1 × 1 × 1 1380 3058 2709 2979 3096 220

N2 0.5 × 0.5 ×
0.5 11,040 17,451 2697 2976 3089 2008

N3 0.25 × 0.25
× 0.25 88,320 113,365 2695 2976 3086 24,547

The reduction of the element edge size from 1 to 0.5 mm resulted in a change in the front tensile
force value of 0.1–0.44%. At the same time, the computation time increased almost ten times. Further
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reduction of the element size from 0.5 to 0.25 mm caused the value of the front tensile force to change
by less than 0.1%. Due to considerably extended computation time and at the same time a slight
change in the value of the front tensile force model N3 might be rejected. Therefore, the N2 model with
mesh 0.5 mm × 0.5 mm × 0.5 mm is a reasonable solution.

 
(a) (b) (c) 

Figure 4. View of the mesh in the MSA: (a) 1 mm × 1 mm × 1 mm, (b) 0.5 mm × 0.5 mm × 0.5 mm and
(c) 0.25 mm × 0.25 mm × 0.25 mm.

4. Results and Discussion

4.1. Experimental

4.1.1. Effect of Surface Roughness of Tools

As a result of experimental investigations, the relations between tensile forces and percentage
elongation of specimen were obtained. Figure 5 presents an example of such relation registered for
the specimen tested using a roll with roughness of Ra = 0.32 μm at HDO lubrication. Increasing the
tensile forces can be simply attributed to the strain hardening phenomenon. Although the value of
both tensile forces increased, the value of the friction coefficient was very stable during the test.

 
Figure 5. The effect of the specimen elongation on the values of front (Ft) and back (Fb) tension forces
and coefficient of friction (COF); test conditions: Ra = 0.32 μm, heavy-drawing oil (HDO) lubrication.
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The initial unstable range of changes in the coefficient of friction is related to the tension of the
sample around roll surface with minimization of possible clearances. The increase of the friction
coefficient at the beginning of the tribology test is usually attributed to the accommodation of
contacting surfaces before reaching a stable stage meaning of linear friction conditions. In this respect,
the coefficient of friction determined for the initial stage of the test by Equation (6) as the ratio of two
process forces may not make any physical sense. The results were in agreement with the commonly
known Amontons–Coulomb law that the COF does not depend on the value of the normal pressure
and contact area. The unstable region of the changes of both front Ft and back Fb tension forces was
not considered in the determination of COF. The average values of COFs presented in this section
(Section 4.1) and Section 4.1.2 were determined in the stable range of COFs changes. Although both the
front and back tensile forces increased during the test, which results in increasing of normal pressure on
the surface of contact of workpiece with rounded countersample, the COF variation kept at a constant
trend (Figure 5). This conclusion may be attributed to all conducted tests.

Another phenomenon that should be mentioned is the continuous change in surface topography of
the sheet metal due to specimen elongation. This causes the real contact area to increase simultaneously
with the normal pressure. The real contact area depends on, for instance, susceptibility to strain
hardening of roughness asperities, roughness parameters of the tools and the sheet metal and the
geometry of the contact surface [21].

Plots of variations of the COF as a function of friction conditions are shown in Figure 6. In the
case of tests carried out with the use of rollers with a roughness Ra = 1.25 μm, the relatively highest
values of the COF were observed for all lubrication conditions. At the same time, the lubricating oils
used minimized the value of the COF.

  
(a) (b) 

 
(c) 

Figure 6. The effect of Ra of the roll on the value of COF: (a) Ra = 0.32 μm, (b) Ra = 0.63 μm and
(c) Ra = 1.25 μm.
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For dry friction conditions, the largest value of the COFs were recorded for rolls with a roughness
Ra = 0.63 μm (Figure 6b). An increase or decrease in the value of roll roughness resulted in a decreased
value of the COF. This is due to the balance of two mechanisms depending on the roughness of the
tool: (1) adhesion of the workpiece surface to tool material, in the conditions of small roughness
and (2) asperities flattening of the workpiece surface by high roughness of the tool. In the case of
high surface roughness, the load pressure acts on the asperities, which results in a higher degree of
surface flattening and increased frictional resistance [1]. The share between these phenomena in the
total frictional resistance is particularly important in the conditions of sheet lubrication in SMF [2].
The lowest values of the coefficient of friction were recorded during tests using a roll with a roughness
Ra = 0.32 μm (Figure 6a). Under these conditions, frictional resistances resulting from interactions
between the peaks of cooperating asperities were the smallest. At the same time, the volume of
“oil pockets” [2] between contacting surface asperities was large enough to provide an adequate
reservoir of lubricant at the contact area.

4.1.2. Effectiveness of Lubrication

The lubricant used in the SMF should effectively separate friction surfaces, protect the tool against
excessive wear, have high resistance to normal loads and exhibit easy flow in a tangential direction.
The chemical composition of lubricants and viscosity are determined by manufacturers in such a way
that they have the ability to transfer pressure and at the same time that the lubricant film is not easily
broken. The lubricant viscosity plays a key role in mixed lubrication regime when applied load is
partly carried out by fluid film and interacting asperities [36,37]. The mixed lubrication regime is the
intermediate zone between the boundary lubrication regime and the elasto-hydrodynamic lubrication
regime, where the applied load is partly carried by the interacting asperities and the remaining part by
the fluid film. In these conditions, the suitable lubricant viscosity plays a key role [36].

One way to check how effectively the lubricant reduces the friction in specific load conditions is to
determine the value of the factor of effectiveness of lubrication δ as a ratio of the coefficient of friction
determined in dry conditions μd to the coefficient of friction determined in lubricated conditions μl,
according to the following equation:

δ =
μd − μl

μl
× 100% (12)

The highest lubrication efficiency was recorded for HDO (Figure 7). The used lubricants were
able to reduce the value of the friction coefficient approximately by 3–52% in relation to the surface
roughness of rolls. In the case of the HDO lubricant, the greater the roughness of the roll, the lower the
degree of reduction of the friction resistance by the lubricant. The reduction in lubrication efficiency as
the roughness increases is most evident in HDO. MO and DDO lubricants showed a local increase in
efficiency in reducing frictional resistance for intermediate roll roughness Ra = 0.63 μm. Under these
conditions, the amount of space between the asperities was sufficient to accumulate the appropriate
volume of lubricant. For the largest tool roughness analyzed Ra = 1.25 μm, the share of the mechanism
of ploughing of the workpiece surface by countersample surface was large enough that the grease
did not have the proper conditions to reduce COF. An increase of the prestrain value causes an
increase of the sheet surface roughness, and as a consequence, the frictional resistance increases due
to intensification of the roughness flattening mechanism. In the case of high surface roughness of
tool (Ra = 1.25 μm), the load pressure acts dominantly on the asperities, which results in a higher
degree of surface flattening of sheet metal and increased frictional resistance. The hardness of the tool
material made of cold-work tool steel was considerably higher than the hardness of sheet material.
For proper operation, the lubricant requires sufficient pressure to work in conditions of the specific
cushion separating the surface being in contact. When the surface roughness of the tool is high, the
pressure is carried out by roughness asperities of the tool surface. In these conditions, even if the
voids between surface asperities are high, the interaction of high asperities do guarantee the sufficient
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squeezing of the lubricant in the sheet–tool interface. High tool roughness facilitates the escape of
the entrapped lubricant in the pockets. In this way, the lubricant may leak from the contact area.
To identify the optimal surface roughness for the best lubrication effectiveness, three aspects need to be
considered: surface roughness of tool (the surface of the sheet metal is determined in manufacturing
process), lubricant type and contact pressure. The total frictional resistance should take into account
appropriate balance between ploughing mechanism (when the surface roughness is too high) and a
lack of sufficient lubricant pressure when the lubricant pockets are too small, and mechanical contact of
asperities dominate. Due to many parameters and phenomena that influence the frictional resistance
there is no universal efficient method to determine a priori appropriate conditions of the forming
process. Still, the experimental testing, although time- and cost-consuming, is the best way to select
optimal friction conditions that guarantee the best performance of lubricant.

The effectiveness of lubrication may be aided by the mechanism of strain hardening. The DC04
steel sheets are characterized by high susceptibility to work hardening. In the case of cold forming,
this phenomenon consists of two main mechanisms, i.e., dislocation glide and twinning. These
mechanisms strongly depend on the density of dislocations in the material. During elongation,
the surface topography of the sheet metal leads to strong evolution (Figure 8). Scanning electron
microscopy (SEM) micrographs revealed directional frontal deformation. These fronts may be in
macroscale assignment to the motion of the dislocations.

 
Figure 7. The effect of the oil type on the effectiveness of lubrication δ.

The rough topography assists the better adhesion of the lubricant to the workpiece surface.
This influence is as expected, since the low viscous MO does not assure high effectiveness of lubrication,
whereas the higher viscous DDO and the high viscous HDO may support microhydrodynamic
lubrication in sheet metal processes as found by Sulaiman et al. [38]. They also concluded that
low-viscous mineral oil does not promote micro-plasto-hydrodynamic lubrication in sheet metal
forming. This can be revealed from Figure 7, where the performance of this oil in a reduction of COF
did not exceed 12%. The highest effectiveness of lubrication was found for HDO at Ra = 0.32 μm.
High viscosity lubricant reduces the occurring friction significantly. Oil with high viscosity is
characterized by high sticking with contacting surfaces, so the oil film is difficult to break. It is noticed
here that the tool roughness of Ra = 1.25 μm has reduced the effectiveness of lubrication as compared
to the smoother tool surface (Ra = 0.32 μm and 0.63 μm), when testing with all viscosity oils. This leads
to effective separation between a tool and a workpiece on the plateaus of the tool asperities. If a pocket
of fluid layers is sheared, the individual fluid layers are displaced in the direction of the shearing force.
Molecular forces create resistance to shearing and this resistance is given by the viscosity and the
difference in velocity between two given fluid layers, related to the shear rate. The mixed lubrication
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regime, commonly existing in sheet metal forming to a large extent, based on the kinematic viscosity of
lubricant to form a chemical or physical bond with the tool surfaces and steel sheet. When viscosity
of lubricant is not able to fulfill the requirements for hydrodynamic lubrication, it will immediately
lead to asperity peaks breaking through the lubricant film, provoking metallic contact [39]. A very
fine polished tool surface lowers the COF as the lubricant is better retained. Higher viscosity of the
lubricant reduces the COF, presumably due to the fact that lubricant escape is diminished.

 
(a) (b) 

Figure 8. SEM micrographs of the surface topography of the DCO4 steel sheet subjected to the (a) 10%
and (b) 15% elongation, magnification 1200×.

4.2. Results of Numerical Modeling

4.2.1. Distribution of Specimen Elongation

Numerical simulations of the BUT test allow one to better understand the way the sheet deforms
and the phenomena that occur on the interface between the strip specimen and the counter-sample.
Obtaining such results on an experimental basis would be very difficult. Numerical analyses were
carried out on the numerical model corresponding to the friction of samples against the surface of rolls
with a roughness Ra = 0.32 μm (Figure 6a); for these conditions the largest difference in COF values
for dry friction and most effective HDO lubrication were observed. In the numerical simulations,
the values of the COF determined in experimental studies were taken into account according to the
schematic relationship in Figure 5. As this figure shows, the value of COF initial continued to increase
with the elongation of the sample and it reached its stable range at a deformation of 3.5%. In the
elongation range between 3.5% and 15%, a constant value of COF was obtained and this result was
assumed in Figure 6a for the case of HDO.

Figure 9 shows the distribution of mean normal stresses on the contact surface for all the analyzed
friction conditions and the various deformations of the specimen. In the case of the smallest analyzed
sample deformation of 5%, the distribution and value of normal stress was generally similar for all
friction conditions. For the HDO lubrication conditions, which was the most effective lubricant, the
higher the deformation value, the more uniform the stress distribution in the contact zone (Figure 9d).
Observation of the distribution of mean normal stresses for the largest sample deformation (Figure 9c,d)
allowed us to draw a conclusion that the lubricant reduced the stress value on the sample surface in
the contact area. Lower friction resistance makes the sample more easily move over the surface of the
tool. The most loaded section was the vicinity of the place where the specimen was loaded by the front
tensile force leaves contact with the roll. This is due to the accumulation of stresses in the material as a
result of the braking frictional effect of the roll surface on the inner side (see Figure 3b) of the sample.
The non-homogeneous distribution of stress across the sample width is associated with (i) anisotropy
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of the mechanical properties of the sheet and (ii) the occurring friction limiting the flow of the sample
material over the width of the countersample.

 
(a) (b) (c) (d) 

Figure 9. Effect of specimen elongation on the value of the mean normal stress (MPa) for the friction
conditions: (a) dry, (b), machine oil (MO), (c) deep-drawing oil (DDO) and (d) HDO.

4.2.2. Flexuring of the Specimen

Existence of friction on one inner side of the sheet causes local flexure of the specimen.
This phenomenon was observed at the front and back side of the specimen (Figure 10). Of course,
the flexuring on the exit side was greater and resulted from different lengths of the free part of the
samples (Figure 3b). The flexuring of the strip specimen affected the length of the contact area along
the sheet-roll contact surface. The bending deformation of the sample was greater for greater values
of the coefficient of friction. It also indicated that the non-uniform distribution of contact normal
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force along the specimen width and along the contact area (Figure 10) was a result of flexuring of the
specimen in a plane perpendicular to the strip direction.

 
Figure 10. Distribution of contact normal force (in N) at the contact area of sheet metal and countersample
surface; testing conditions: dry friction, roughness of countersample Ra = 0.32 μm.

4.2.3. Normal and Friction Forces

The distribution of the contact normal force and contact friction force is non-uniform along the
contact area, as it is shown in Figure 11a,b, respectively. Local peaks of forces were observed at the
start and the end of contact. This can be associated with the local flexuring of the strip sheet over
the countersample surface (Figure 10). In this case, the flexure of the strip sheet locally unloads the
material in contact (regions A in Figures 10 and 11). The distribution of normal and friction forces
in dry as well as DDO and HDO lubricated conditions was approximately uniform in the range of
3–10 mm of contact length.

(a) (b) 

Figure 11. Distribution of the (a) contact normal force and (b) contact friction force on the contact surface
of metal strip and countersample surface; analyzed roughness of the countersample Ra = 0.32 μm.

Triangular oscillations of the contact normal force value on the side, when the sample leaves
contact with a countersample, might be the result of loss of sheet stability due to flexure of the sheet
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metal shown in Figure 10 (Left). In addition, the strip sheet in the vicinity of the contact with the
countersample tended to bend across the width, which is shown in Figure 10 (Right), where the contact
normal forces were not uniformly distributed across the specimen width. Due to the direction of
specimen movement, the zone located at the bottom of the sample, immediately after coming into
contact with the countersample, was most heavily loaded along the entire width of the sample. In this
area, the distribution of values of contact normal forces between neighboring nodes was very stable,
without oscillations.

The distribution of the mentioned parameters in this range shows that the values of contact
and friction forces for MO lubrication were about 2 times lower than for DDO and HDO lubrication
conditions. The lowest values of friction force along the path lying in the middle of contact area for
MO lubricant did not indicate that this lubricant effectively reduced frictional resistances. Figure 11
allowed us to compare the forces generated by the different friction conditions at a specific cross-section.
However, the decisive factor in the flowing resistance of the specimen along the roll surface is the
distribution of the friction force values along the specimen width.

5. Conclusions

This study was devoted to the experimental investigation of the frictional phenomena at rounded
edges of the die and punch in sheet metal forming operations. Numerical modeling allowed us to
study the material flow over the rounded countersample. The change in different process parameters
was considered in the investigations. The following conclusions were drawn from the research:

• The normal pressure in the BUT test continuously increased with increasing specimen elongation,
and this was due to the strain hardening phenomenon. However, the COF was very stable during
the tests realized in all friction conditions. This conclusion is in contrast to the recent investigations
of authors [2,3] on the friction determination in a strip drawing test when the nonlinear relation
between friction and normal force was found.

• The effectiveness of the lubrication depended on the balance between two mechanisms
accompanied with friction: (1) adhesion of the surfaces in contact and (2) roughening of workpiece
asperities by the tool surface. High surface roughness of tool released the dominant share of
ploughing in total frictional resistance. In these conditions, all of the lubricants used were not able
to decrease the COF in to sufficient extent.

• Lubricants destined for application in SMF operations were able to reduce a value of friction
coefficient approximately by 3–52% in relation to the surface roughness of rolls.

• Friction in the sheet–tool interface caused flexuring of the strip during flowing the sheet through
the BUT test. This effect results in the non-uniformity of the contact normal force and depended
on the value of COF.

• The lubricated conditions, by making the sample to move over the tool surface more easily,
reduced the mean normal stress value on the sample surface in the contact area. Moreover, in the
case of the most effective lubricant, i.e., HDO, the higher the deformation value, the more uniform
the stress distribution in the contact zone was observed.

• The distribution of contact friction force and contact normal forces was non-uniform along the
width and length of the strip material being in contact with the roll surface. This could be
associated with the local flexuring of the strip sheet over the countersample surface.
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21. Lemu, H.G.; Trzepieciński, T. Numerical and experimental study of the frictional behaviour in bending
under tension test. J. Mech. Eng. 2013, 59, 41–49. [CrossRef]

22. Hoffmann, H.; Nürnberg, G.; Ersoy-Nürnberg, K.; Herrmann, G. A new approach to determine the wear
coefficient for wear prediction of sheet metal forming tools. Prod. Eng. 2007, 1, 357–363. [CrossRef]

23. Berglund, J.; Brown, C.; Rosén, B.G.; Bay, N.O. Milled die steel surface roughness correlation with steel sheet
friction. CIRP Ann. 2010, 59, 577–580. [CrossRef]

24. Pereira, M.; Yan, W.; Rolfe, B. Contact pressure evolution and its relation to wear in sheet metal forming.
Wear 2008, 265, 1687–1699. [CrossRef]

120



Metals 2020, 10, 544

25. Pereira, M.; Duncan, J.L.; Yan, W.; Rolfe, B.F. Contact pressure evolution at the die radius in sheet metal
stamping. J. Mater. Process. Technol. 2009, 209, 3532–3541. [CrossRef]

26. Ceron, E.; Bay, N.O. Determination of friction in sheet metal forming by means of simulative tribo-tests.
Key Eng. Mater. 2013, 549, 415–422. [CrossRef]

27. Trzepiecinski, T.; Fejkiel, R. A 3D FEM-Based Numerical Analysis of the Sheet Metal Strip Flowing Through
Drawbead Simulator. Metals 2019, 10, 45. [CrossRef]

28. Trzepiecinski, T.; Lemu, H.G. Frictional conditions of AA5251 aluminium alloy sheets using drawbead
simulator tests and numerical methods. J. Mech. Eng. 2014, 60, 51–60. [CrossRef]

29. ISO 6892-1. Metallic Materials—Tensile Testing—Part 1: Method of Test at Room Temperature; International
Organisation for Standardization: Geneva, Switzerland, 2016.

30. Msc.MARC 2010. Element Library; MSC.Software Corporation: Santa Ana, CA, USA, 2010.
31. Msc.MARC 2010. Theory Manual; MSC.Software Corporation: Santa Ana, CA, USA, 2010.
32. Hill, R. A theory of the yielding and plastic flow of anisotropic metals. Proc. R. Soc. London. Ser. A. Math.

Phys. Sci. 1948, 193, 281–297. [CrossRef]
33. Taherizadeh, A.; Green, D.E.; Yoon, J.W. A non-associated plasticity model with anisotropic and nonlinear

kinematic hardening for simulation of sheet metal forming. Int. J. Solids Struct. 2015, 69, 370–382. [CrossRef]
34. Banabic, D.; Comsa, D.S.; Gawad, J. Plastic Behaviour of Sheet Metals. In Multiscale Modelling in Sheet Metal

Forming; Springer Science and Business Media LLC: Berlin, Germany, 2016; pp. 1–46.
35. Farahnak, P.; Urbanek, M.; Džugan, J. Investigation study on determination of fracture strain and fracture

forming limit curve using different experimental and numerical methods. J. Phys. Conf. Ser. 2017, 896, 12082.
[CrossRef]

36. Lovell, M.R.; Khonsari, M.M.; Marangoni, R.D. The response of balls undergoing oscillatory motion: crossing
from boundary to mixed lubrication regimes. J. Tribol. 1993, 115, 261–266. [CrossRef]

37. Karupannasamy, D.; Hol, J.; De Rooij, M.; Meinders, T.; Schipper, D. Modelling mixed lubrication for deep
drawing processes. Wear 2012, 294, 296–304. [CrossRef]

38. Sulaiman, M.H.; Christiansen, P.; Bay, N.O. The influence of tool texture on friction and lubrication in strip
reduction testing. Lubricants 2017, 5, 3. [CrossRef]

39. Bech, J.; Bay, N.O.; Eriksen, M. A study of mechanisms of liquid lubrication in metal forming. CIRP Ann.
1998, 47, 221–226. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

121





metals

Article

Residual Stresses and Surface Roughness Analysis of
Truncated Cones of Steel Sheet Made by Single Point
Incremental Forming

Ján Slota 1, Bogdan Krasowski 2, Andrzej Kubit 3, Tomasz Trzepiecinski 4,*,

Wojciech Bochnowski 5, Kazimiera Dudek 6 and Miroslav Neslušan 7

1 Institute of Technology and Material Engineering, Faculty of Mechanical Engineering, Technical University
of Košice, Mäsiarska 74, 04001 Košice, Slovakia; jan.slota@tuke.sk

2 Department of Mechanical Engineering, State School of Higher Vocational Education, Rynek 1, 38-400
Krosno, Poland; b_krasowski@wp.pl

3 Department of Manufacturing and Production Engineering, Rzeszow University of Technology, al. Powst.
Warszawy 8, 35-959 Rzeszów, Poland; akubit@prz.edu.pl

4 Department of Materials Forming and Processing, Rzeszow University of Technology, al. Powst. Warszawy
8, 35-959 Rzeszów, Poland

5 Centre for Innovative Technologies, University of Rzeszów, ul. Pigonia 1, 35-959 Rzeszów, Poland;
wobochno@univ.rzeszow.pl

6 Institute of Technology, Faculty of Mathematics and Natural Sciences, University of Rzeszów, al. Rejtana 16c,
35-959 Rzeszow, Poland; kaziadudek@o2.pl

7 Department of Machining and Manufacturing Technology, University of Žilina, Univerzitna 1, 010-26 Žilina,
Slovakia; Miroslav.Neslusan@fstroj.uniza.sk

* Correspondence: tomtrz@prz.edu.pl; Tel.: +48-17-743-2527

Received: 31 December 2019; Accepted: 7 February 2020; Published: 10 February 2020

Abstract: The dimensional accuracy and mechanical properties of metal components formed by the
Single Point Incremental Forming (SPIF) process are greatly affected by the prevailing state of residual
stress. An X-ray diffraction method has been applied to achieve an understanding of the residual
stress formation caused by the SPIF process of deep drawing a quality steel sheet drawpiece. The
test object for an analysis of residual stress distribution was a conical truncated drawpiece with a
slope angle of 71◦ and base diameter of the cone of 65 mm. The forming process has been carried
out on a 3-axis HAAS TM1P milling machine. Uniaxial tensile tests have been carried out in the
universal tensile testing machine to characterize the material tested. It was found that the inner
surface of the drawpiece revealed small linear grooves as a result of the interaction of the tool tip with
the workpiece. By contrast, the outer surface was free of grooves which are a source of premature
cracking. The stress profile exhibits a nonlinear distribution due to different strengthening of the
material along the generating line of the truncated conical drawpiece. The SPIF parts experienced a
maximum residual stress value of about 84.5 MPa.

Keywords: mechanical engineering; truncated cone; incremental sheet forming; SPIF

1. Introduction

Single Point Incremental Forming (SPIF) is a sheet metal forming process which involves forming
by local stretching of the sheet with a pin tool. The tool moves along a path controlled by a computer
numerical control (CNC) machine. Incremental Sheet Forming (ISF) allows the forming of complex
parts with a much higher degree of deformation than conventional deep drawing or stretch forming
processes [1,2].
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Springback is one of the main problems associated with incremental forming processes. The
amount of springback is affected by the geometry of the drawpiece, the mechanical properties of the
sheet material and the tension applied [3]. In SPIF, the state of residual stress can be influenced by
adjusting the process parameters during the machining process [4]. A literature review of SPIF suggests
that the geometrical accuracy of drawpieces may be increased by using a smaller tool diameter, a
smaller tool step-down, and thicker sheets [5,6]. The large levels of deformation occurring in SPIF
induce highly non-uniform residual stresses that affect the shape and dimensional accuracy of the
formed parts.

Analysis of surface topography in ISF has gained research interest in the past few years [7,8].
According to Lasunon et al. [9] feed rate has little effect on the surface roughness, while the wall angle,
depth increment, and its interaction play an important role. Hagan and Jeswiet [10] analyzed the
effect of several forming variables, such as step-down size and spindle speed, on surface roughness.
They concluded that the surface finish is a resultant of large-scale waviness created by the tool path
and small-scale roughness induced by large surface strains. Attanasio et al. [11] investigated effect of
variable step size and constant step size on surface roughness. It was found that varying step size with
constant scallop height produced better surface finish. Powers et al. [12] found that the maximum
height of the profile Rz is greater with rolling marks perpendicular to forming orientation. The surface
roughness increases with the post-forming sheet strength, forming force, and residual stress, thereby
showing that strain hardening has a direct influence on the roughness [13]. Furthermore, Al-Ghamdi
and Hussain [13] found that the free-surface roughness and the contact-surface roughness are inversely
related. Durante et al. [14] investigated the effect of spindle speed on the average surface of pyramid
frusta. Roughness of surface was found to decrease when spindle speed passed from not rotating
to rotating conditions. A detailed review of the current state-of-the-art of ISF processes in terms of
its technological capabilities and discussions on the ISF process parameters and their effects on ISF
processes may be found in the works of Gatea et al. [15] and Behera et al. [8]. Maqbool and Bambach [16]
quantified the respective contribution of each forming mechanism (i.e., bending, membrane stretching,
through-thickness shear) involved in the SPIF process and the dependence of geometrical accuracy on
the dominant deformation mechanism. The practical consequence of the mode of deformation on the
geometrical accuracy of pyramid-shaped parts has been demonstrated. It was found that a decrease in
the dissipation energy in the bending mode leads to lower residual moments.

Residual stresses are defined as the internal stresses in a material that are present in the absence of
external loading. In ISF the residual stresses are mainly caused due to local yielding of the material
as a consequence of its plastic deformation. The lifetime and integrity of the components are greatly
affected by the intensity of residual stresses [17]. The residual stresses also affect the fatigue life of the
protective coatings which is especially important in the case of the low-carbon deep-drawing quality
steel sheets used in the automotive industry. The combination of tensile residual stresses with service
stresses adversely affects the fatigue life of the components, whereas compressive residual stresses are
beneficial in improving the fatigue life of formed components [17–19]. An increase in the geometrical
accuracy is achieved due to the decreased contribution of the bending deformation mode and lower
residual moment [16]. A better understanding of the residual stresses is necessary to increase the
geometrical accuracy of incrementally formed parts.

In the last decade, many papers have been devoted to residual stress analysis in incremental
forming. There are various methods for measuring residual stresses such as hole drilling [20,21],
slitting [22], the contour method [23], and numerical computations [4,17,20]. Maaß et al. [4] analyzed
the significance of kinematic hardening effects on the state of residual stress based on numerical
simulations. They found that the average deviation of the residual stress amplitudes in the clamped
and unclamped parts may reach 18%. The results of numerical computations made by Tanaka et al. [24]
revealed that the smaller the radius of the forming stylus, the larger the residual stresses become.
Radu et al. [20] inspect, experimentally and by finite element-based simulation, the state of the
residual stresses induced in incrementally formed double frustums of pyramids made from 1050
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aluminium-based alloy. The hole drilling strain gauge method has been used to find the distribution
of residual stresses in the sheet thickness. The results indicated compressive residual stresses with a
magnitude that varies through the sheet thickness. In another paper, Radu et al. [25] investigated the
effect of residual stresses on the accuracy of parts processed by SPIF using the strain-rosette method.
The results of the investigations revealed that a favorable state of residual stresses, and implicitly a
good accuracy of parts, can be obtained when small values of tool diameter and vertical step sizes
are used. Shi et al. [21] investigated the residual stresses in incrementally formed Cu/steel bonded
laminates using the hole-drilling method. They found that the most significant process parameters
influenced by residual stresses were the tool diameter and wall angle, while the tool rotation was the
least significant process parameter. Different unidirectional and bidirectional tool path strategies were
used by Maaß et al. [26] to analyze the residual stress development in SPIF formed parts. The results
suggest that the influence of the tool path strategy on the amplitude of the resulting residual stress
is not decisive. Abdulrazaq et al. [27] used three types of tool shape in their work on the forming of
pyramid like drawpieces from 1050 aluminium alloy which gave higher residual stresses than other
types. It has been found that residual stresses increased with increasing step size and feed rate values.
Al-Ghamdi and Hussain [28] experimentally analyzed the through-thickness stress gradient across
the thickness of Cu/steel bonded laminates. It was found that ISF induces a gradient in compressive
stress gradient, which can be much greater (about 18 times) than that the rolling process induces in
the parent laminates while bonding. An experimental and numerical investigation of the influence
of process parameters in ISF on residual stresses has been carried out by Maqboll and Bambach [17].
Residual stresses were determined in parallel and perpendicularly to the direction of tool motion at the
center of a strip cut from the numerical model in the clamped and unclamped states. The results of the
analyses reveal that the most significant parameter in the build-up of residual stress and the reduction
of geometrical accuracy is the wall angle. Different strategies that analyze the intensity of the residual
stresses and its effects on the accuracy of parts formed have been discussed in the literature [25,29].

Hajavifard et al. [30] used ISF to improve properties of conical annular discs by introduction
residual stresses in material. The main mechanism of residual stress generation was the transformation
of metastable austenite into martensite under the action of the forming tool. The residual stresses
induced by the selective laser melting process on the fabricated AlSi10Mg metallic sheets, as well as
those produced during their ISF operation were analyzed by López et al. [31].

To the best of authors’ knowledge, measurement of the residual stresses by the X-ray diffraction
(XRD) method in the SPIF process has not so far been reported. So, in the current study, residual stress
distribution was investigated in a conical truncated drawpiece formed by the incremental forming
process. The residual stresses were measured in the subsurface layer at a depth of about 0.005 mm.
Therefore, verification will be carried out of the possible interaction between the value of the residual
stress measured in different parts of the conical truncated drawpieces and the roughness parameters
measured on the surface of the drawpieces. In this manuscript residual stresses were measured
separately in the axial and tangential directions. The experimental investigations to form a conical
truncated drawpiece were carried out on a 3-axis TM1P milling machine (HAAS, Oxnard, CA, USA). A
Proto iXRD Combo diffractometer (Proto Manufacturing Inc., Taylor, MI, USA) using CrKα radiation
was used to determine the distribution of residual stresses.

2. Experimental Methodology

2.1. Material

The experimental forming of conical truncated drawpieces has been carried out for cold rolled
DC04 deep drawing quality steel sheet (1.0338 acc. to EN 10130:2009) with a thickness of 0.8 mm
supplied by Arcellor-Mittal (Dąbrowa Górnicza, Poland). The DC04 steel sheet is characterized by
high ability to deform, weldability and susceptibility to springback. This material is intended for use
in forming processes where good strength, rigidity and ductility are required. Typical applications are
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to be found in the automotive industry, metal furniture and the domestic appliance sector. The results
of the element-analysis obtained by optical emission spectroscopy are presented in Table 1.

Table 1. The chemical composition (in weight%) of DC04 steel sheet.

C Mn Cu Ni Cr Al Ti Mo V S Si Fe

0.016 0.188 0.06 0.042 0.021 0.035 0.022 0.003 0.020 0.004 0.003 Rest

The basic mechanical properties of the sheet tested (Table 2) were determined in the uniaxial
tensile test according to EN ISO 6892-1:2016-09. The mechanical properties of the sheet metal were
determined through tensile tests along three directions with respect to the rolling direction: 0◦, 45◦ and
90◦. Three specimens were tested for each cut direction and an average value of a specific parameter
was determined. The strain hardening parameters (strength coefficient K and strain hardening
exponent n) were determined by approximation of the true stress-true strain relationship using the
Hollomon equation

σp = K·εn (1)

where σp is the yield stress, ε is the true strain.

Table 2. Basic mechanical properties of DC04 steel sheet.

Specimen
Orientation

Yield Stress
Rp02, MPa

Ultimate
Tensile Stress

Rm, MPa

Elongation
A50, %

Strengthening
Coefficient K,

MPa

Strain
Hardening
Exponent n

0◦ 184.5 303.9 23.0 490.4 0.205
45◦ 193.7 314.9 22.1 489.9 0.164
90◦ 176.1 296.0 22.8 465.7 0.169

2.2. Incremental Forming

The experimental investigations to form the conical truncated drawpiece (Figure 1a) were carried
out on a 3-axis TM1P milling machine (HAAS, Oxnard, CA, USA). Blanks of size 120 mm × 120 mm
were placed in the machine, and were clamped at the edges using screws (Figure 1b). The die supports
the sheet, and its opening defines the working area of operation of the forming tool. The tool, which is
attached in the head of the machine through the ER collet system, continuously indents into the sheet
by step size and follows a spiral path for the desired part. The final height drawpiece was equal to 70
mm. The slope angle of the truncated cone and the diameter of the base of the cone were 71◦ and 65
mm, respectively. The tool was made of high-speed steel and had a rounded tip with a radius R = 3.5
mm and a diameter of 7 mm.

During machining, based on the recent investigations and experience the following processing
conditions were applied:

− feed rate f = 1500 mm·min–1,
− tool rotational speed n = 87 rpm,
− incremental depth (step size) ap = 0.3, 0.5 and 0.7 mm,
− lubricant: full synthetic 75W-85 (Castrol Ltd., Liverpool, UK) lubricant (viscosity 74.0 mm2/s (at 40
◦C), density 874 kg/m3 (at 15 ◦C), pour point −45 ◦C).
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(a) (b) 

Figure 1. Geometry (a) and view (b) of the forming tool: 1—ER collet, 2—spindle, 3—workpiece,
4—holding ring, 5—body.

The tool path (Figure 2) was generated using the EDGECAM software (Hexagon, Reading, UK)
based on the 3D model of a conical truncated drawpiece. After the control program was created, the
forming device and tool were mounted on the milling machine. The control program, created in the
simulation mode, was then validated in the test mode.

 

Figure 2. Tooling model with the tool path generated.

2.3. X-ray Diffraction Analysis

The XRD technique was used to measure the residual stress within the surface layer formed, as a
result of interaction between the SPIF tool and the surface of the material being processed. The XRD
method is based on the change of position of a diffracted plane which corresponds to a change of
the material lattice parameter as a result of material deformation. Residual stresses after unloading
were measured by the XRD technique carried out on a Proto iXRD Combo diffractometer (Proto
Manufacturing Inc., Taylor, MI, USA) using CrKα radiation (average effective penetration depth ~5 μm,
scanning angle ±39◦ and Bragg angle 156.4◦). The residual stresses were calculated from shifts of
the 211 reflection. The Winholtz and Cohen method and X-ray elastic constants 1

2 s2 = 5.75 TPa−1,
s1 = −1.25 TPa−1 were used for residual stress determination. Residual stresses were measured in the
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axial as well as the tangential directions in the center of the sample (with respect to their width and
length). The strain analysis is based on the interplanar spacing d according to Bragg’s law:

nλ = 2d(hkl)sinΘ (2)

where λ is the wavelength, Θ is the Bragg angle, n is the diffraction order of the interference (hkl).
The interplanar lattice spacings were measured for different specimen orientations. The residual

stress can then be calculated using the sin2ψmethod based on the Bragg symmetrical diffraction, and the
appropriate elastic material constants. This method uses a Ψ–type goniometer (Proto Manufacturing
Inc., Taylor, MI, USA), which allows one to obtain appropriate inclinations of the diffraction vector
by angles Ψi (Figure 3) in the plane perpendicular to the diffraction plane. In XRD analyses a round
collimator with a diameter of 2 mm was used. The exposure time during which the specimen was
overexposed for each diffraction angle was 12 s. The reflection profiles for the were measured in the
2Θ angular range of −39◦ to 39◦. Figure 4 shows the location of the measuring point in the element of
the cone.

 

Figure 3. X-ray diffraction (XRD) methodology.

 

Figure 4. Location of the stress measurement points.
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2.4. Surface Characterisation

Topographies of the as-received and deformed surfaces of truncated cones were characterized by
3D main surface roughness parameters. Measurement of the surface roughness parameters was carried
out using a Contour GT 3D optical microscope (Bruker, MA, USA) with vision 64 software. Surface
topography was measured at both internal and external surfaces of drawpieces. The main standard 3D
parameters determined by this measurement are the average roughness Sa, the highest peak of the
surface Sp, the root mean square roughness parameter Sq, and the maximum pit depth Sv. Selection of
surface roughness parameters was based on the work of Ham et al. [32,33] which suggested that it was
more useful to use areal surface texture parameters in evaluating surface texture and topography in
single point incremental sheet forming.

The Sa parameter shows a strong correlation with the Sq parameter. Both the Sa and Sq parameters
are used to represent the roughness of a two-dimensional surface topography. Sa describes surface
roughness more comprehensively than the arithmetical mean height Ra, the arithmetical mean deviation
of the profile that is assessed, which reflects the roughness of a one-dimensional contour [34]. In ISF,
the Sa parameter is more suitable for analysis of surface topography than the Ra parameter [35,36].

3. Results and Discussion

3.1. Formability

During the experimental tests truncated cones were made with a slope angle α = 70–72◦ and with
different step size ap, and feed rates. The assumed total depth of the formed part was 75 mm. Two
drawpieces were tested for each set of input parameters. The aim of the investigations was to obtain,
for all configurations of the input parameters of the forming process, truncated cones with a height of
75 mm. It is noteworthy that a slope angle α in combination with step size ap are responsible for the
limit conditions for obtaining the successful deformation of drawpieces without cracks.

The step size ap determines the amount of material that is subjected to deformation during one
pass. According to the results of tests carried out, this parameter has little effect on the change of
plasticization of the processed material. With an increase in step size ap, a slight increase in the slope
angle α was obtained at which the truncated conical drawpiece had a shape that was correct and did
not have any defects. The reduction of the ap value caused the drawpieces to crack at the initial stage
of forming, in the range of a slope angle of 71–72◦ (Table 3). The heights of the drawpieces at fracture,
shown in Table 3, are the averages of the two drawpieces that are formed. In addition, the reduction
in ap results in a longer duration of treatment, which is disadvantageous from the point of economic
production. The only positive effect of decreasing the value of the step size is a clear improvement in
the quality of the outer and inner surface of the drawpiece (Table 3).

Table 3. Results of experimental tests (
√

means that drawpiece has been successfully formed)

Slope Angle α (◦)
Step Size ap (mm)

0.3 0.5 0.7

70
√ √ √

71 Fractured at h = 15.6 mm
√ √

71.5 Fractured at h = 16.5 mm
√ √

72 Fractured at h = 16.5 mm Fractured at h = 18.9 mm Fractured at h = 20.4 mm

The SPIF of the cones with larger wall angles was limited by their premature fracture (Table 3). It
is well known [37], in fact, that at increasing the steepness of the walls, process conditions become
heavier, so that plastic collapse occurs in the blank. Obviously, this result is strongly dependent on
sheet thinning, which increases at increasing the steepness of the walls. All drawpieces with a slope
angle of 72 were fractured at a depth much smaller than the assumed total depth. In contrast the
truncated cones with the 70◦ wall angles were successfully formed until they reached the design depth
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without fracture. Since at a specific wall angle, a cone can only be successfully formed to a certain depth
using single-stage SPIF, the maximum forming angle alone cannot properly represent the formability
of the material. Hence, according to Shamsari et al. [38], the formability of a sheet metal in SPIF can be
best illustrated by the maximum forming depth at various wall angles, as depicted in Table 3.

Figure 5 shows the deformed parts at fracture. In the case of all the fractured surfaces a fracture
occurred as a continuous crack along the circumference of the component. The corner of the drawpiece
is the most strained region in the sheet due to its complex stress state. The formability and morphology
of crack initiation in the sheet (region of local sheet thinning) is a complex function of the tool path
strategy [7,39,40], shape of the drawpiece [15,41], forming temperature [8,15], friction conditions [8,42],
and vertical step down [15,38] used. The crack initiation was observed in the vicinity of the rib bottom
and propagates along the edge of the truncated cone (Figure 5). The fracture region observed coincides
with that seen in the results of the investigations of many authors [38,41]. The drawpieces were
fractured due to excessive thinning of the sheet and sharp edges were produced from the crack surface.

 

Figure 5. Morphology of fracture of drawpieces formed with the following parameters: (a) α = 71◦,
ap = 0.3 mm; (b) α = 71.5◦, ap = 0.3 mm; (c) α = 72◦, ap = 0.3 mm; (d) α = 72◦, ap = 0.5 mm; (e) α = 72◦,
ap = 0.7 mm.

3.2. Surface Roughness

As mentioned above, a slope angle in combination with a step size ap are responsible for obtaining
a successful drawpieces without cracks. The step size influences the material deformation limit to a
small degree. However, the step size had a very large impact on the surface finish of the surface of
the part. Although the small linear scratch bands resulting from the interaction of the tool tip with
the workpiece material have been revealed on the inner surface of the drawpiece, no clear grooves
have been found on the outer surface. Small areas of galling with a wavy appearance are also visible
on the internal surface (Figure 6). In SPIF, the surface finish on the inner surface can be mainly be
characterized as a resultant of large-scale waviness created by the forming path [43]. The surface
roughness of the outer surface is mainly caused by large surface strains, which usually leads to an
orange peel phenomenon (Figure 6).
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Figure 6. View of the outer and inner surface of the drawpiece.

Figures 7 and 8 show the surface topographies of the outer (Figure 7) and inner (Figure 8) surface
of the drawpieces with a slope angle α = 71◦ formed at step size ap = 0.5 mm. Surface topographies
were measured in three locations A, B, and C along the generating line of the cone, according to
the Figure 6. There is no clear change in the maximum height of the profile at outer surface of the
drawpiece. In the outer surface there are clear peaks and valleys (scratch bands) resulted from the
local contact of tool tip with sheet surface. The width between adjacent peaks equals the values of
step size. The surface topography was measured at half a height of drawpieces (vicinity of point 2 in
Figure 4). The distance between scratch bands do not increases with the increasing of the drawpiece
heights (Figure 8). In means that the thickness of sheet metal which undergone the deformation due to
interaction of tool tip did not change due to further increasing of drawpiece height.

 

Figure 7. Surface topography of the outer surface of the drawpiece with a slope angle α = 71◦ formed
at step size ap = 0.5 mm; surface topographies (a), (b) and (c) are measured in locations of A, B and C
indicated in Figure 6, respectively.
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Figure 8. Surface topography of the inner surface of the drawpiece with a slope angle α = 71◦ formed
at step size ap = 0.5 mm; surface topographies (a–c) are measured in locations of A, B and C indicated
in Figure 6, respectively.

Figures 9 and 10 show the effect of step size on the value of the basic roughness parameters on the
outer and inner surfaces of the drawpiece, respectively. The parameters were measured in the vicinity
of the points indicated in Figure 4. The trend of change in the values of Sv was found to be a decrease
on the outer surface of the drawpiece (Figure 9). In the case of the drawpieces formed at ap = 0.3 and
ap = 0.5 (Figure 9a,b) an increase of the Sa, Sp and Sq parameters along the height of drawpiece was
found. Drawpieces formed at ap = 0.7 (Figure 9c) are characterized by clear reduction of the highest
peak of the surface Sp. The location of the roughness measurement at the outer surface do not effect
significantly on the change in value of roughness Sv parameter (Figure 9).
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(a) (b) 

(c) 

Figure 9. Variation of surface roughness parameters on the outer surface of a drawpiece with a slope
angle α = 70◦ formed at step size (a) ap = 0.3 mm, (b) ap = 0.5 mm and (c) ap = 0.7 mm.

  
(a) (b) 

Figure 10. Cont.
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(c) 

Figure 10. Variation of surface roughness parameters on the inner surface of a drawpiece with a slope
angle α = 70◦ formed at step size (a) ap = 0.3 mm, (b) ap = 0.5 mm and (c) ap = 0.7 mm.

It is very interesting to show the influence of ISF on the surface topography of the inner surface of
drawpieces. In the case of the step sizes of 0.3 mm and 0.5 mm, as the surface roughness was measured
at increasingly high locations along the drawpiece height, the value of Sp clearly increased (Figure 10b).
In contrast, the value of the maximum pit depth Sv decreased. Surface roughness measurements of the
drawpiece formed at ap = 0.7 mm show the Sp parameter value is close to the one measured on the
as-received surface.

The value of the two commonly used surface roughness parameters Sa and Sq did not change
significantly with the increasing of the height of drawpiece. It can be concluded that the surface finish
of outer surface of a drawpiece is a resultant of small-scale roughness induced by large surface strains.
While the surface quality of inner surface of drawpiece is a result of large-scale waviness created by the
tool path. This is in accordance with results of Hagan and Jeswiet et al. [10]. In general, observations
of the surface roughness change are in accordance with the results of obtained by Liu et al. [43]. They
concluded that surface roughness on the external noncontact surface is always higher than that of the
internal tool-sheet contact surface.

Figure 11 shows the effect of slope angle on the main roughness parameters on the outer surface
of the drawpieces. A clear increase in the average roughness Sa (Figure 11a) and Sq (Figure 11c) is
observed for the slope angles α = 70◦ and α = 71◦. In the same conditions, the value of these parameters
decreases along the height of the drawpiece. An increase in the slope angle of the drawpiece causes
more proportional stretching of the sheet in the circumferential direction and in the axial direction. In
addition, ISF causes a decrease in the maximum pit depth Sv, a clear relationship between the location
of place measurement and the value of this parameter was not revealed.

Final inner and outer average roughness was greater than on the initial surface of the blanks,
whereas Oleksik et al. [44] concluded that the outer surface of parts was unaffected by the input
parameters. In fact, in our investigations the average roughness Sa increases to a smaller extent on the
inner surface than the outer surface.

A decrease in step size increases the processing time. However, the quality of the outer and inner
surface characterized by the value of the average roughness was not significantly affected by step size
(Figures 8 and 9). In the case of the outer surface, a small increase in the Sa parameter is observed
along the generating line of the cone (Figure 9). Many researchers investigated the effect of process
parameters on the resulting surface roughness at one selected location on the drawpiece surface. As
found in this paper, the surface roughness changes with drawpiece height. So, to receive reasonable
conclusions, the investigations must be focused on the evaluation of overall surface roughness.
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(a) (b) 

  
(c) (d) 

Figure 11. Variation of surface roughness parameters (a) Sa, (b) Sp, (c) Sq and (d) Sv on the outer surface
of a drawpiece formed at step size ap = 0.5 mm.

3.3. Residual Stresses

The outer surface of the drawpiece exhibits a compressive magnitude of residual stress (Figure 12).
Radu [45], when studying DC04 steel with a thickness of 0.8, found that residual stresses in the material
were of a compression type. As for the drawpieces formed at ap = 0.5 mm, α = 70◦ and ap = 0.5 mm,
α = 71◦, the residual stress starts to decrease along the surface until it reaches its maximum compressive
magnitude value at point 3 (Figure 4). It was found that tangential residual stress was lower than axial
stress. In the case of a drawpiece formed at ap = 0.5 mm, α = 71.5◦ another relationship between the
axial and tangential residual stresses than for drawpiece formed at ap = 0.5 mm, α = 70◦ was revealed.
The tangential stress increases between points 1 and 3, while the axial residual stresses decrease.

This variation of stress magnitudes between the measurement points 1 and 3 is an indication of
flexural stresses on the conical truncated drawpiece formed from steel. The increase in the slope angle
lead to increase of the circumference of the drawpiece at specific cross-sections parallel to the cone base.
Base on the constancy-of-volume relationship, when the circumference of the drawpiece at specific
cross-section increases, the sheet thickness decreases. In these conditions the stiffness of the drawpiece
is smaller and sheet material in smaller extend accumulate the plastic deformation.
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(a) (b) 

 
(c) 

Figure 12. Variation of residual stress on the outer surface of a drawpiece with a slope angle (a) α = 70◦,
(b) α = 71◦ and (c) α = 71.5◦, formed at step size ap = 0.5 mm.

The surface roughness of drawpieces was measured at the same locations as the residual stresses
(Figure 4). Considering that the stresses were measured in the subsurface layer at a depth of about
5–10 μm, this permitted them to investigate the possible effect of surface topography on the amount
of residual stress. The effect of roughness parameters on the value of residual stress is presented in
Figures 13–15. Only in the case of the Sa parameter, which plays an important role in the characterization
of surface roughness in manufacturing processes, can a clear relation between slope angle, average
roughness and residual stress be found. Residual stresses measured in a tangential direction decrease
with the increasing value of the Sa parameter (Figure 13b). A similar trend is observed for the axial
stresses, but only for the drawpieces with slope angles of 70◦ and 71◦. Only in the case of a drawpiece
with a slope angle of 71.5◦ does the increase of the Sa parameter lead to an increase in residual stresses
(Figure 13a). Due to the similar trends of the changes of the Sa and Sq parameters (Figures 9 and 10), the
above-mentioned conclusions are also valid for the effect of the Sq parameter on the residual stresses.

An increase in step size causes an increase in the axial (Figure 16a) and tangential (Figure 16b)
residual stresses, as was also found by Radu et al. [25] and Jimenez et al. [46]. By increasing the tool
step-down, the magnitude of the compressive residual stresses on the non-contact surface also increases
when forming pyramidal drawpieces [17]. As for step size ap = 0.3 mm, the value of the residual
stresses measured in an axial and a tangential direction shows great proportionality (Figure 17a). When
step size started to increase, this relationship led to a disturbance. Increase of step size to the maximal
value considered, the value ap = 0.7 mm, causes a reversal of the changes of the value of tangential
residual stress, and at point 3 the value of the tangential stress is higher than the axial stress. The results
allow us to draw the conclusion that the values of the residual stresses measured in the subsurface
layer depend on the direction of measurement. The effect of surface roughness on the residual stresses

136



Metals 2020, 10, 237

is not entirely clear because the mechanical properties of the sheets change between points 1 and 3 due
to the strengthening phenomenon.

  
(a) (b) 

Figure 13. Effect of the average roughness Sa on the variation of (a) axial and (b) tangential residual
stresses in the outer surface of a drawpiece formed at a step size ap = 0.5 mm.

  
(a) (b) 

Figure 14. Effect of the highest peak of the surface Sp on the variation of (a) axial and (b) tangential
residual stresses in the outer surface of a drawpiece formed at step size ap = 0.5 mm.

  
(a) (b) 

Figure 15. Effect of the maximum pit depth Sv on variation of (a) axial and (b) tangential residual
stresses in the outer surface of a drawpiece formed at a step size ap = 0.5 mm.
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(a) (b) 

Figure 16. Effect of the step size ap on the variation of (a) axial and (b) tangential residual stresses on
the outer surface of a drawpiece with a slope angle α = 70◦.

 
(a) (b) 

 
(c) 

Figure 17. Effect of the average roughness Sa on the variation of residual stresses in the outer surface
of a drawpiece with a slope angle α = 70◦ formed at a step size (a) ap = 0.3 mm, (b) ap = 0.5 mm and
(c) ap = 0.7 mm.
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The change of residual stresses along the generating line of the cone may be attributed to the
strain hardening phenomenon and material field stress. The mechanism of strain hardening is
enhanced by the increase in density of the dislocations. On the other hand, dislocations are needed to
produce the lattice rotation, and at the same time the remaining dislocation will increase the residual
stresses [16]. The intensity and distribution of the residual stresses are controlled by the underlying
plastic deformation mechanisms of the forming process, i.e., bending, stretching and through-thickness
shear [16]. As Tanaka et al. [24] concluded, the higher the contribution of bending deformation, the
more pronounced will be the geometric deviations. The non-compatible strain fields form the other
source of residual stresses. The characteristics of the plastic zone are crucial for an understanding of
the underlying physics of the deformation process and the generation of residual stress around a crack
tip under fatigue loading.

4. Conclusions

The residual stress distribution was investigated along the outer surface of a DC04 steel sheet
conical truncated drawpiece processed by SPIF. A XRD analysis has been carried out in an axial and
tangential direction. The following conclusions are drawn from the research:

1. The inner surface of the drawpiece revealed small linear grooves as a result of the interaction
of the tool tip with the workpiece. The surface finish of the outer surface of a drawpiece is
the result of small-scale roughness induced by large surface strains which leads to an orange
peel phenomenon.

2. On both the inner and outer surfaces of the drawpiece, an increase of the Sa, Sp, and Sq parameters
was found along the generating line of the cone when compared to the as-received surface.
Moreover, a clear reduction in the Sv parameter was revealed.

3. The inner and outer surfaces, characterized by their average roughness values, was not significantly
affected by step size. In the case of the outer surface, only a small increase in the Sa parameter is
observed along the generating line of the cone.

4. The outer surface of the drawpiece exhibits a compressive magnitude of residual stress in both
the axial and tangential direction. The value of tangential residual stresses was lower than
axial stresses.

5. Residual stresses measured in a tangential direction decrease with an increase in the value of the
Sa parameter.

6. Step size had a very large impact on the value of residual stresses. An increase in step size causes
an increase in the absolute values of axial and tangential residual stresses.

7. Residual stresses measured in a tangential direction decrease with the increasing value of the Sa
and Sq parameters. A similar trend is observed for the axial stresses, but only for the drawpieces
with slope angles of 70◦ and 71◦. No clear relationship was found between the rest of roughness
parameters and residual stress values.

8. The geometric deviations found in the incrementally formed drawpieces are a result of local
springback behind the actual forming process as well as springback upon unclamping and upon
trimming. To better understand the role of residual stress on the geometric accuracy of the SPIFed
part, the effect of the process parameters on the residual stresses after different stages of drawpiece
fabrication will be analyzed in future research.
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Abstract: The impact of asymmetric cold rolling was quantitatively assessed for an industrial
aluminum alloy AA 5454. The asymmetric rolling resulted in lower rolling forces and higher strains
compared to conventional symmetric rolling. In order to demonstrate the positive effect on the
mechanical properties with asymmetric rolling, tensile tests, plastic-strain-ratio tests and hardness
measurements were conducted. The improvements to the microstructure and the texture were
observed with a light and scanning electron microscope; the latter making use of electron-backscatter
diffraction. The result of the asymmetric rolling was a much lower planar anisotropy and a more
homogeneous metal sheet with finer grains after annealing to the soft condition. The increased
isotropy of the deformed and annealed aluminum sheet is a product of the texture heterogeneity and
reduced volume fractions of separate texture components.

Keywords: asymmetric rolling; aluminum alloy; planar anisotropy; mechanical properties; microstructures

1. Introduction

Rolling is one of the most common metal-forming processes, frequently used for steels and
aluminum alloys [1–5]. With their lower density and higher corrosion resistance, aluminum alloys
will be used for increasing numbers of components in the automotive industry [6–8]. Of particular
interest is the AA 5xxx series, because its mechanical properties have the potential to be improved by
asymmetric rolling, endowing it with mechanical properties that are closer to those of steels [9–11].

Asymmetry in the rolling process can be introduced in different ways. Kinetics, geometry and
friction are the major parameters that can be influenced to create the asymmetry. This can involve rolling
with different roller diameters, rolling with the uneven use of lubricants, rolling with single-drive
roller and rolling with different rotation speeds of the rollers. The latter two are more appropriate
for rolling mills in the industry [12–17]. Rolling with different rotation speeds, where the so-called
“grabbing problems” are less significant than with a single-drive roller, have an impact on changes
to the workpiece’s thickness as a consequence of the uneven distribution of the longitudinal velocity.
Higher contact and shear stresses as well as friction differences on the contact surfaces were introduced
while rolling with a speed difference between the upper and lower rollers of 5 m·s−1. A larger difference
between the velocity of the upper and lower work roller contributes to a greater reduction of the
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rolling force [18–22]. At the same time, the speed difference results in the creation of a larger shear
deformation area, which appears as a consequence of the changed position of the neutral points in
the deformation zone [23,24]. On the other hand, a negative consequence of asymmetric rolling is the
bending of the workpiece, more often known as the “ski effect” [25–27].

The asymmetric rolling of aluminum was in most cases investigated for thin sheets with small
dimensions [28,29]. This means it would be interesting to study the impact of asymmetry in the rolling
process on thicker sheets. In addition to achieving higher strains and creating a more homogeneous
microstructure with smaller crystal grains, investigations of asymmetric rolling need to focus on
the texture components. It would be particularly useful to know which of the rolling, shear and
recrystallization texture components are the reason for the more effective heat treatments and the lower
anisotropy [30–35]. For thinner sheets, the Erichsen test is normally used to assess the formability
properties. In the case of thicker sheets, the plastic-strain-ratio test can be performed as an alternative.
The calculated values of the so-called Lankford factor were in some cases, in previous investigations,
much smaller for asymmetrically rolled samples than for symmetrically rolled samples, which means
the formability is improved [36–39].

In our investigation the influences of asymmetric rolling in comparison to symmetric rolling were
studied with respect to the technological, mechanical and metallographic perspectives. The interactions
between the measured rolling forces, the achieved strains, the tensile and yield strength, the hardness,
the indicators of planar anisotropy, the microstructures with an average size of grains and
crystallographic textures with volume fractions of different rolling, shear and recrystallization texture
components were investigated, with the aim to determine appropriate asymmetric rolling conditions
for industrial applications.

2. Materials and Methods

2.1. Material and Geometry

The experimental materials were industrially produced via vertical direct chill casting with
a subsequent homogenization of the slab, which was further hot rolled and coiled. A sheet with
a thickness of 6.7 mm was cut into plates with an entry size of approximately 510 mm × 230 mm.
The chemical composition of the AA 5454 aluminum alloy plates (Table 1) was controlled in the
laboratory with X-ray fluorescence (XRF) and with inductively coupled plasma, optical emission
spectrometry (ICP-OES).

Table 1. Chemical composition of AA 5454 aluminum alloy (wt.%).

Mg Mn Fe Si Cr Al

2.43 0.61 0.25 0.18 0.09 Bal.

2.2. Rolling Parameters

The plates were rolled using two different roll gaps, i.e., 4.0 mm and 3.1 mm. With the roll gap of
4.0 mm the imposed strains were around 33%, and with the roll gap of 3.1 mm, around 44%. The rolling
asymmetry results from the different rotation speeds of the two identical rollers of diameter 295 mm.
In the laboratory experiments the rotation speed of the upper roller was kept constant at 10 rpm,
while the rotation speed of the lower roller was set at 10 rpm, 15 rpm and 20 rpm. The corresponding
asymmetry factors (ωlower/ωupper), as a consequence of the speed difference between the upper and
lower rollers, were equal to 1.0, 1.5 and 2.0. The asymmetry factor 1.0 represents symmetric rolling, while
the 1.5 and 2.0 factors of asymmetry represent two different types of asymmetric rolling. To recreate
industrially relevant conditions a special lubricant, SomentorTM 32, was used. Minimally and for each
rolling type same quantity of lubricant was added on both rollers, with intention to avoid the adhesion,
which is frequent for rolled aluminum. With lubrication at symmetric and asymmetric rolling the
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friction was reduced and consequently the factors of asymmetry were maintained. When lubrication
applied, the factors of asymmetry are expected to be lower than the design value. On the other hand,
the cold dry rolling is very rarely used and without lubrication the right response of material will not be
reached and comparable between symmetric and asymmetric rolling with industry-similar conditions.

2.3. Mechanical Tests

The mechanical tests and the metallographic analyses were carried out on deformed and
heat-treated samples. The heat treatment involved 400 ◦C for 1 h, which is common in the industry for
this alloy. The mechanical properties from the tensile test, in accordance with the ASTM E8 M standard,
and the plastic-strain-ratio test, in accordance with the ASTM E517 standard, were evaluated along
the rolling direction (0◦), the transverse direction (90◦) and the diagonal direction (45◦). The Brinell
hardness was measured on the surfaces on the top and the bottom of the plates and in the centre
position of the cross-section.

2.4. Microscopy

Prior to the light microscopy (LM) and the electron-backscatter diffraction (EBSD), the samples
were mechanically grinded and polished. The last preparation step was polishing for 10 min with OPS
and ion etching 50 min. For the metallographic analyses and the determination of the average size of
the grains, in the top, bottom and centre positions of the specimen’s cross-section, a ZEISS AXIO Imager
M2m microscope (Carl Zeiss AG, Oberkochen, Germany) was used. A JEOL JSM-6500F field-emission
scanning electron microscope (JEOL, Tokio, Japan) equipped with an HKL Nordlys II EBSD camera
using Channel5 version 5.0.9.0 software (Oxford Instruments HKL, Hobro, Denmark) was used to
detect the texture components in the symmetrically and asymmetrically rolled samples. Twelve major
texture components in the face-centered cubic (fcc) material were searched for. Four rolling texture
components (C, S, B and D), three shear texture components (H, E and F) and five recrystallized
texture components (G, R, P, Q and Cube) were investigated and their volume fractions determined.
The crystallographic planes and directions, as well as the angles in Euler space, are listed in Table 2.
The instrument was operated at 15 kV and a 1.3 nA current for the EBSD analysis, with a tilting angle
of 70◦. Individual diffraction patterns were obtained together with mapping of the areas of interest.
The detection was set to 5–7 bands, with 4 × 4 binning. For each sample, a map 1235 μm × 1005 μm, in
the cross-section centre and bottom surfaces, which was in contact with the faster roller, was measured
with a maximum step size of 5 μm. The volume fraction of the texture components was determined
with a 10◦ deviation.

Table 2. Major texture components in face-centered cubic (fcc) material [30].

Designation Miller Indices {hkl} <uvw> Euler Angles (φ1, Φ, φ2)

B {011} <211> (35◦, 45◦, 0◦)
S {123} <634> (59◦, 34◦, 65◦)
C {112} <111> (90◦, 35◦, 45◦)
D {4411} <11118> (90◦, 27◦, 45◦)
H {001} <110> (0◦, 0◦, 45◦)
E {111} <110> (60◦, 54.7◦, 45◦)
F {111} <112> (90◦, 54.7◦, 45◦)

Cube {001} <100> (0◦, 0◦, 0◦)
G {110} <001> (0◦, 45◦, 0◦)
R {124} <211> (53◦, 36◦, 60◦)
P {011} <112> (65◦,45◦, 0◦)
Q {013} <231> (58◦, 18◦, 0◦)
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2.5. Numerical Simulation

The commercial finite element package ABAQUS CAE 2018 (Dassault Systémes,
Vélizy-Vallacoublay, France) was used with a model modified from an explicit three-dimensional
rolling model. For numerical simulations all initial dimensions of workpieces and rolling mill were
the same as at experimental laboratory rolling. The density (2690 kg·m−3), modulus of elasticity
(70.5 × 109 Pa), Poisson’s ratio (0.33) and stress-strain values of initial (hot rolled) material, with the
yield stress 151.0 MPa, were set as mechanical properties of specific aluminum alloy. The set time
period was 2.5 s and the used friction coefficient were 0.1, 0.15 or 0.2, what is in accordance with the
velocity of rollers. Rotation speed of rollers (0.1667, 0.2500 and 0.3333 radians·time−1) and roll gap set
(4.0 mm and 3.1 mm) were the same as at laboratory rolling, that way the factors of asymmetry and
strain were approximately equal.

3. Results and Discussion

The results are presented as a comparison between symmetric and asymmetric rolling.
The technological, mechanical and metallographic findings were examined with respect to the
strain and the samples’ condition, i.e., deformed or annealed.

3.1. Rolling Force and Ski Effect

An undesirable ski effect only appeared with the asymmetric rolling. Stated is clearly shown
with the comparison of numerical simulations for symmetric (Figure 1a) and asymmetric (Figure 1b)
rolling. The same phenomena were observed also at laboratory rolling. Comparing simulations and
experiments the same functions, effects and phenomena were observed. Asymmetric rolling provided
thinner rolled plates at the same roll gap set and that made the rolling process faster than symmetric
rolling. With a higher factor of asymmetry exit thicknesses of plates were closer to the set roll gap,
what was noted at simulations and laboratory rolling as well.

 
Figure 1. Numerical simulation of symmetric rolling (a) and asymmetric rolling (b).

Figure 2 shows the influence of the rolling-speed asymmetry factor on the strain of the plates
and the rolling force for two set roll gaps of 4.0 mm and 3.1 mm. It is clear that with an increasing
asymmetry factor the rolling forces were decreasing with the increasing strain. Explanation for that
occurrence is in a much lower mean contact pressure at asymmetric rolling than in the case of symmetric
rolling. That phenomena functioned by the denature shape of the deformation zone, which creates
favorable circumstances for evolving longitudinal tensile stresses, whose action above the workpiece
during the rolling match the previous and subsequent applied stress. Stated extensively reduces the
mean pressure exerted on the contact surface of the rolls and as significance also rolling forces [22].
In the case of the symmetric rolling for a set roll gap of 4.0 mm, the rolling force was 1128 ± 3 kN
at a 30.6 ± 0.6% strain. Compared to asymmetric rolling for the same set roll gap, the strain was
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higher and the rolling forces were lower. The obtained rolling force for a 1.5 factor of asymmetry
was 1099 ± 2 kN, and for a factor of asymmetry 2.0 it was 1083 ± 7 kN. The differences between the
strains were not significant. The achieved strain for the factor of asymmetry 1.5 was 31.4 ± 0.5% and
for the factor of asymmetry 2.0 it was 31.5 ± 0.2%. Somewhat smaller differences in the strains for
the asymmetric rolling were obtained for the set roll gap of 3.1 mm. In both cases the strain was up
to 44.9 ± 0.5%. In spite of the similar strain, a rolling force of 1341 ± 2 kN for the lower factor of
asymmetry and 1309 ± 3 kN for the higher factor of asymmetry were measured. Compared to the
symmetric rolling, a rolling force of 1377 ± 2 kN and a strain of 42.7 ± 0.1% were obtained. The increase
in the strain and the decrease of the rolling force with asymmetric rolling was the case for both set roll
gaps. For the higher set roll gap, the difference in the achieved strain between the symmetric and the
asymmetric rolling process was around 2.5%. At a lower set roll gap the difference was 5%. According
to the presented strains, the decrease of the rolling force in the case of a factor of asymmetry equal
to 1.5 was 2.5% and for a factor of asymmetry equal to 2.0 it was 5%. In general, the increases of the
achieved strains and the decreases of the rolling forces were not significant, but in the case of more
passes, with asymmetric rolling, the desired thickness would be achieved with a smaller number of
passes, which has an important economic impact for the rolling mill’s function and wear.

Figure 2. Measured rolling forces and calculated strains according to the two different roll gaps.

The ski effect only appeared on the asymmetrically rolled plates, and it was described using the
length and the angle. The length of the ski effect was measured from the bended edge to the place
where the plate became straight. The angle of the ski effect was defined as the highest angle of the
plates’ curvature. Ski effect on rolled plates is presented in Figure 3a. In Figure 3b the schematic
presentation of the ski effect length and angle for separate rolling type is shown. Plates with exit
dimensions from 684 mm to 785 mm had average values of the bended length from 57.0 to 63.6 mm
(±3 mm). The differences between the measured angles of the bending area were small. At the same
time, it should be noted that the factor of asymmetry had a higher impact on the formation of greater ski
effect than the strain. Larger angles of 20.3 ± 0.5◦ and 21 ± 0◦, as well as longer lengths of 60.3 ± 0.6 mm
and 63.6 ± 1 mm, were measured on the plates rolled with a factor of asymmetry equal to 2.0. Shorter
lengths of the ski effect equal to 57.0 ± 3 mm and 57.6 ± 0.6 mm were measured at a factor of asymmetry
equal to 1.5. For this factor of asymmetry, the observed angles were between 18.3 ± 0.6◦ and 19 ± 0◦.
Asymmetric rolling with a faster lower roller results in a down-orientated ski effect. This can result in
damage to the rolling table at the exit of the laboratory rolling mill or the transport rollers on industrial
rolling mills, if in such cases asymmetric rolling is even possible. The ski effect represents a bent, useless
area of rolled workpiece and must be cut off or made flat with mechanical intervention. The length of
the ski effect, depending on selected asymmetric rolling type, will be significantly influenced by the
vertical space between the deformation zone and the rolling table. The smaller the height between the
workpiece on the exit and rolling table, the faster the bending process will finish and the workpiece

147



Metals 2020, 10, 156

with a limited ski effect will slide forward on the rolling table. In the cases of asymmetric rolling from
7 ± 1% to 9 ± 1% of the ski effect according to the whole rolled plate were calculated. Comparing
the symmetric and asymmetric plates, where, with the asymmetric rolling, between 2% and 5% more
useless material was produced. On the other hand, it is necessary to emphasize that besides a larger
percentage of a bent workpiece, the plates were longer because higher strains were reached with
asymmetric rolling and the material will have better properties

Figure 3. Ski effect on rolled plates (a) and schematic presentation of ski effect with measured lengths
and angles (b).

3.2. Tensile and Yield Strength

With both set roll gaps the highest tensile-strength values were in the transverse direction. At the
same time the tensile-strength values in the rolling direction with both set roll gaps were the lowest.
For the 4.0 mm set roll gap the tensile-strength values were 279 ± 5 MPa for an asymmetry factor
of 1.0 and 280 ± 5 MPa for asymmetry factors of 1.5 and 2.0. At a 3.1 mm set roll gap the average
tensile strength values were higher. A factor of asymmetry of 1.0 brought us a tensile strength of
290 ± 6 MPa, with a factor of asymmetry of 1.5 the average value was 293 ± 6 MPa and for a factor
of asymmetry 2.0 the tensile strength was 291 ± 7 MPa. Regarding the heat-treated samples for both
set roll gaps, the highest values of the tensile strength were in the rolling direction. At the same time
the lowest tensile-strength values after the heat treatment were observed in the diagonal direction.
The average tensile-strength values after the heat treatment were similar for both set roll gaps and
all three directions. Measured tensile strength was around 220 ± 3 MPa. In both cases of the roll-gap
settings the highest values of the yield strength were in the rolling direction. The values for the factor
of asymmetry equal to 2.0 were for both set roll gaps the highest and reached 235 ± 8 MPa with a set
roll gap of 4.0 mm and 253 ± 1 MPa with a set roll gap of 3.1 mm. All the other yield-strength values
for the deformed samples were for a higher set roll gap between 216 ± 6 MPa and 234 ± 5MPa and for
a lower set roll gap between 244 ± 7 MPa and 251 ± 8 MPa. The highest yield-strength values were
for a set roll gap of 3.1 mm with the heat-treated samples in the diagonal direction. All the values of
the yield strength for heat-treated samples and all rolling types were lower and relatively even for
both set roll gaps, with small deviations between 86 ± 0 MPa and 91 ± 1 MPa. The symmetrically and
asymmetrically achieved strengths before and after heat treatment were very similar, with just smaller
increases in both properties with asymmetric rolling. On the other hand, the tensile and yield strengths
with asymmetric rolling stayed in the range of created strengths with symmetric rolling.
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3.3. Anisotropy

For thicker sheets, the Erichsen test for deep-drawing properties could not be performed. For that
reason the alternative plastic-strain-ratio test was conducted. The planar anisotropy indicator Δr was
calculated from the Lankford factor r. The values of Δr could be positive or negative, depending on
the relationship between the elongation and width increase of the tested sample. More important is
that the Δr values were close to 0 [38]. For all the rolling types and for both set heights of the roll gap,
the Δr values were negative (Table 3). The deformed sample’s Δr values for both set roll gaps were, in
the case of asymmetric rolling, higher in the negative section than with symmetric rolling. Higher
negative values of Δr with the asymmetric rolling also mean a higher planar anisotropy, because
the total isotropy of the material appears when Δr is 0. Comparing the Δr values of the deformed
and heat-treated samples there was a strong contrast. The Δr values for the deformed samples were
decreasing with an increasing factor of asymmetry, and the values of Δr for the heat-treated samples
were increasing with an increasing factor of asymmetry. After the heat treatment Δr was −0.237 ± 0
for a factor of asymmetry equal to 1.0 at a 4.0 mm set roll gap. This was a more negative Δr value
than for the same sample in the just-deformed condition. The same phenomenon was observed with
a factor of asymmetry equal to 1.5 and a larger set roll gap, where the Δr after heat treatment was
−0.206 ± 0.01. For a factor of asymmetry equal to 2.0 Δr was −0.169 ± 0.02, which was less negative
than the Δr of the same, just-deformed sample. A more significant negative decrease in the values
was visible with a smaller set roll gap. Of particular note is that for factors of asymmetry equal to 1.5
and 2.0 the Δr values were −0.052 ± 0 and −0.050 ± 0. This is a very good indicator of the very low
anisotropy for the asymmetric deformed samples after heat treatment, knowing that the Δr after heat
treatment with the same set roll gap and factor of asymmetry equal to 1.0 was −0.112 ± 0.02. Regarding
the higher Δr values of the asymmetrically rolled samples in the deformed condition, after the heat
treatment the asymmetrically rolled samples in all cases had a lower Δr than the symmetrically rolled
samples. This phenomenon could be attributed to a more appropriate texture for the successful heat
treatment [29].

Table 3. Planar anisotropy indicator Δr for deformed and heat-treated samples.

Roll Gap Set ωlower/ωupper
Δr

Deformed Condition
Δr

Heat-Treated Condition

4.0 mm
1.0 −0.145 ± 0.05 −0.237 ± 0
1.5 −0.197 ± 0.05 −0.206 ± 0.01
2.0 −0.276 ± 0.02 −0.169 ± 0.02

3.1 mm
1.0 −0.134 ± 0.01 −0.112 ± 0.02
1.5 −0.157 ± 0.02 −0.052 ± 0
2.0 −0.155 ± 0.01 −0.050 ± 0

3.4. Hardness

Hardness values for all rolling types and both conditions are presented in Table 4. The highest
hardness values were obtained in the centre for all the rolling types. The values for the deformed
condition with the larger set roll gap and factor of asymmetry equal to 1.0 were somehow higher
than in the cases with a factor of asymmetry equal to 1.5 and 2.0. What is more important is that the
difference between the surfaces hardness for the asymmetric types was smaller. The same phenomenon
was observed with deformed samples with a set roll gap of 3.1 mm. The differences in the surface’s
hardness decreased in the case of the set roll gap with a higher factor of asymmetry. All the measured
hardness values at the top, bottom and centre for heat-treated samples were more evenly spread than
with the deformed samples. The differences in the surface hardness were smaller for the heat-treated
samples than for the deformed samples. However, at the same time, it is clear that the hardness
differences were smaller after the heat treatment of the asymmetrically rolled samples than for the
symmetrically rolled samples.
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Table 4. Hardness for all rolling types in deformed and heat-treated condition.

Roll gap Set (mm;
Factor of Asymmetry)

Measuring Position
Deformed

Conditio (HB)
Heat-Treated

Condition (HB)

4.0 (1.0)
Top 86 ± 0.5 57 ± 2

Centre 90 ± 2 56 ± 3
Bottom 83 ± 1 57 ± 2

4.0 (1.5)
Top 83 ± 0.5 57 ± 1

Centre 88 ± 1 57 ± 1
Bottom 82 ± 3 56 ± 1

4.0 (2.0)
Top 83 ± 1 57 ± 0.5

Centre 88 ± 2 56 ± 0.5
Bottom 80 ± 3 58 ± 1

3.1 (1.0)
Top 84 ± 1 56 ± 2

Centre 92 ± 0.5 58 ± 1
Bottom 85 ± 2 57 ± 0.5

3.1 (1.5)
Top 87 ± 2 58 ± 3

Centre 92 ± 1 56 ± 1
Bottom 86 ± 2 58 ± 3

3.1 (2.0)
Top 86 ± 1 56 ± 1

Centre 92 ± 1 56 ± 1
Bottom 86 ± 0.5 56 ± 0.5

3.5. Microstructure

Comparing the microstructures of the deformed samples (Figure 4a–c) with the microstructures
of the heat-treated samples (Figure 4d–f), some differences were observed. Since higher strains were
achieved with the asymmetric rolling, the average size of the grains, as a consequence, was smaller.
The centre band of the longitudinally deformed grains was for the asymmetrically rolled microstructure
smaller and it was decreased with a higher factor of asymmetry. Moreover, it is important that the
grains in the asymmetrically deformed samples are, in all three measured sections, more evenly
distributed than for the symmetrically rolled samples. The results for the higher and lower set roll gaps
are presented in Figure 5a,b. In the deformed samples the grain sizes are, for a set roll gap of 4.0 mm,
between 26.4 ± 0.7 μm and 17.7 ± 0.5 μm, and for a set roll gap of 3.1 mm, between 23.3 ± 0.3 μm and
17.5 ± 0.6 μm. The grains in the centre position of the cross-section are, for all three different factors of
asymmetry, larger than those on the top or bottom position. The difference between the grain size on
the top and bottom positions is very small, but at the same time the smaller grains were obtained at the
bottom position, which can be the impact of the higher velocity of the lower roller. This is valid for
the deformed samples as well as for heat-treated samples. After the heat treatment, there is no major
difference in the distribution of the microstructural components for all three sections. The grains in
the microstructure are very even, especially with the asymmetrically rolled samples. Some impacts
of the asymmetry remained after the treatment to the soft condition. For the heat-treated samples
the grain sizes were between 33.9 ± 1 μm and 25.3 ± 0.7 μm for the set roll gap of 4.0 mm and from
25.0 ± 0.5 μm to 19.3 ± 0.6 μm for the set roll gap of 3.1 mm at the top, centre and bottom positions of
the samples’ cross sections. The presented average grain sizes for the heat-treated samples are shown
in Figure 5c,d. A major advantage of the asymmetric rolling is the creation of more homogeneous
material, in our case, confirmed with the average size of the grains and the hardness throughout
the cross-section. More homogeneous material, i.e., the material with the more evenly distributed
properties throughout the cross-section, is better for further forming processes, heat treatment and
quality of the products [30,31].
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Figure 4. Microstructure in samples’ cross-sections for symmetrically rolled 1.0 (a), asymmetrically
rolled 1.5 (b), asymmetrically rolled 2.0 (c), symmetrically rolled 1.0 and heat treated (d), asymmetrically
rolled 1. 5 and heat treated (e) and asymmetrically rolled 2.0 and heat treated (f).

Figure 5. Average grain size for deformed condition with 4.0 mm set roll gap (a), deformed condition
with 3.1 mm set roll gap (b), heat treated with 4.0 mm set roll gap (c) and heat treated with 3.1 mm set
roll gap (d).
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3.6. Texture

The texture components were detected with EBSD for the deformed and heat-treated samples.
At the same position and for the same asymmetric rolling type, the deformed condition, with its
strongly pronounced texture pattern and higher intensity of the pole figure, and heat-treated condition,
with an even distribution of all the texture components and a very low intensity of the pole figure
were observed. The EBSD mapping confirms the refinement of the crystal grains with asymmetric
rolling, were with the higher factor of asymmetry the smaller grains were produced. The associated
pole figures in Figure 6a–c present a lower intensity and that way also the higher heterogeneity of
texture created with the asymmetric rolling. Observing the central position of the lower deformed
and heat-treated sample, the texture component E at a factor of asymmetry equal to 1.0 and a texture
component R at a factor of asymmetry equal to 2.0 stand out. All the other observed texture components
for all three factors of asymmetry were from 0.0 to 2.5 vol.%. These results are presented in Figure 7a.
The same figure shows that the volume fraction of all the rolling texture components in the case of
asymmetric rolling is higher than for the symmetric rolling type. At the same time, a smaller difference
in the volume fractions was observed between the separate texture components in the asymmetric
rolling textures. The same phenomenon appears in Figure 7b, where the centre positions of the more
deformed samples are presented. In the sample that was deformed with a factor of asymmetry equal
to 1.0 and heat-treated higher volume fractions for all the rolling texture components were obtained in
comparison to the asymmetric rolling types with factors of asymmetry equal to 1.5 and 2.0. Moreover,
in the symmetrically rolled sample, the separate texture components were more obvious. This indicates
that the volume fractions of all the texture components with asymmetric rolling were more even than
for the symmetric rolling. In general, the volume fractions of all the observed texture components
were, for the asymmetrically rolled and heat-treated samples with a set roll gap of 3.1 mm, between 0.1
and 1.8 vol.%. Closer to the faster roller, i.e., the bottom position of the sample, were with a set roll gap
of 4.0 mm in a symmetrically rolled sample, there was the volume fraction of texture component E,
with 6.3 vol.% and texture component G, with 3.9 vol.%. The highest volume fraction of the rolling
texture components was, in Figure 7c, observed for a factor of asymmetry equal to 2.0. In Figure 7d,
where the bottom section of the more symmetrically deformed and heat-treated sample was presented,
the highest volume fraction of 3.1 vol.% was observed for the texture component R. The higher volume
fractions of the rolling and shear texture components were obtained in this sample with a factor of
asymmetry equal to 1.5. All the compared textures had a very even distribution of texture components,
but at the same time, because the symmetrically rolled sample had more stood out recrystallization
texture components, and the volume fractions of all the textures were, for the asymmetrically rolled
samples with a factor of asymmetry equal to 1.5 and 2.0, significantly equivalent. For comparison of
the observed texture components and the texture evolution the deformation history and the initial
textures of the material are important [35]. The fibers as texture elements connected to different texture
components must be exposed as a possible preference for successful heat treatment [31]. Nevertheless,
a comparison between asymmetrically and symmetrically rolled textures is useful and can explain
some changes in the mechanical properties. This is in addition to the detection of the C, S and B
texture components, which could indicate the formation of β fibers as major texture element for highly
deformed rolling materials with fcc.
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Figure 6. EBSD mapping (IPF Z) and pole figures for rolled and heat-treated samples in centre position
for symmetrically rolled 1.0 (a), asymmetrically rolled 1.5 (b) and asymmetrically rolled 2.0 (c).

Figure 7. Volume fraction of texture components in heat-treated samples for 4.0 mm set roll gap and
centre position (a), 3.1 mm set roll gap and centre position (b), 4.0 mm set roll gap and bottom position
(c) and 3.1 mm set roll gap and centre position (d).

4. Conclusions

The asymmetric cold rolling of AA 5454 aluminum alloy plates was compared with symmetric
rolling. Due to the uneven distribution of the upper and lower roller pressures and the workpiece
velocity, the mechanisms in the deformation zone were more suitable for producing smaller crystal
grains, which has an impact on improving most mechanical properties. The main advantage of
asymmetric rolling is the presence of significant shear strain, leading to a gradient structure. At the
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same time, the asymmetric rolling enables the creation of more shear texture components, in addition
to the rolling and recrystallized texture components. The texture heterogeneity presented with more
different texture components and less stands out volume fraction of a separate texture component will
have lower planar anisotropy.

The asymmetric conditions were created by using different roller speeds. The general aim was to
determine the impact of the asymmetry on the rolling process for a specific alloy. At the same time,
metallographic analyses were made to explain some changes to the technological and mechanical
properties. For asymmetric rolling, a lower rolling force was needed to create higher strains at the same
set roll gap. Thickness reductions as well as strains increased and the rolling forces were decreased
with a higher factor of asymmetry. The lengths and the angles of the ski effects were very similar,
nevertheless, it was clear that the ski effect depends much more on the factor of asymmetry than
the strain. The highest values of the tensile and yield strengths were not present in the deformed
and heat-treated condition in the same direction. The elongations after the heat treatment were quite
similar, which indicates an effective heat treatment.

The planar anisotropy in the deformed condition of the asymmetrically rolled samples was higher
than with the symmetrically rolled samples. The elimination of the planar anisotropy after the heat
treatment was larger in the asymmetrically rolled samples. The production of a more homogeneous
material is visible in the samples with the more evenly distributed hardness throughout the cross-section,
with smaller deviations in the case of the asymmetrically rolled samples than with the symmetrically
rolled samples. The impact of the asymmetry is through the hardness of the material, also shown after
the heat treatment. In accordance with the homogeneity of the hardness is the average size of the grains,
where with a higher factor of asymmetry grains decreased. The grain size deviations throughout
the cross-section were also lower with the asymmetrically rolled samples. Different crystallographic
textures were detected at the central position, as well as at the bottom position of the same samples.
The volume fractions of the detected texture components were, for the asymmetrically rolled samples,
more evenly distributed than for the symmetrically rolled samples, where more separate texture
components stand out.
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Abstract: Drawbeads are elements of the stamping die and they are used to compensate material
flow resistance around the perimeter of the drawpiece or to change the stress state in specific
regions of the drawpiece. This paper presents the results of experimental and numerical analyses
of tests of sheet metal flowing through a drawbead. The tests have been carried out using a special
tribological simulator of the drawbead. Experimental tests to determine the coefficient of friction
(COF) have been carried out for three widths of sheet metal strip and two drawbead heights.
The three-dimensional (3D) elastic-plastic numerical computations were performed using the MSC.
Marc program. Special attention was given to the effect of material flow through the drawbead on the
distribution of the normal stress on the tool-sheet interface. The mesh sensitivity analysis based on the
value of the drawing force of the specimen being pulled through the drawbead allowed an optimal
mesh size to be determined. The errors between the numerically predicted values of the COF and the
values experimentally determined ranged from about 0.95% to 7.1% in the cases analysed. In the
case of a drawbead height of 12 mm, the numerical model overestimated the value of the COF for all
specimen widths analysed. By contrast, in the case of a drawbead height of 18 mm, all experimentally
determined friction coefficients are underestimated by Finite Element Method (FEM). This was
explained by the different character of sheet deformation under friction and frictionless conditions. An
increase in the drawbead height, with the same sheet width, increases the value of the COF.

Keywords: drawbead; FEM; friction; material properties; numerical modeling; mechanical engineering;
sheet metal forming; stamping process

1. Introduction

Drawbeads are used to compensate material flow resistance around the perimeter of the drawpiece
or to change the stress state in specific regions of the drawpiece [1,2]. Typically, drawbeads are located
between the die and blankholder surfaces. The quality of deep drawn parts largely depends on
controlling the movement of the material into the die hole. For this purpose, a blankholder or
drawbeads are used. When using the blankholder, the increased resistance of the material flow in the
flange of the drawpiece is achieved by friction. When a greater flow resistance is required, especially
locally in certain areas of the flange of the drawpiece, drawbeads are used. Then, the increased
resistance in the flange results both from friction and from cyclic plastic deformation of the sheet
metal [3,4] and drawbead geometry imposes a change in the curvature of the sheet. The most widely
used geometrical form of a drawbead cross section is circular (Figure 1).
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Figure 1. Cross-section of a typical drawbead with circular form.

The tribological and mechanical properties of the sheet metal and friction processes,
i.e., the lubrication conditions and the dynamics of contact, play a decisive role in determining
the quality of the parts formed [5–8]. To investigate the behaviour of the sheet while flowing through
the drawbead, the drawbead test (DBT) is commonly attributed to friction modelling at the drawbead
in sheet metal forming (SMF). A method of friction determination using the DBT has been developed by
Nine [9]. Nine’s drawbead simulator mainly tests the friction condition between the blankholder and
the die, which fails to reflect the change of coefficient of friction (COF) in each region caused by different
stress modes. Several authors have conducted research to better understand the frictional phenomena
in sheet metal forming [10–13] and mechanics of sheet deformation at the drawbeads [14–16] and over
the years, analytical, semi-empirical and numerical approaches have been developed.

Lee et al. [17] developed numerical procedures to predict the drawbead restraining force (DBRF)
using a semi-analytical method. The effect of process parameters and material properties including
the shape of the yield surface is investigated. Xie [18] studied the effect of the geometric parameters
influencing the semi-circular drawbead force. The inverse model of the drawbead geometric parameters
has been established based on the neural network and genetic algorithm. This enabled a nonlinear
relationship between drawbead geometry and forming quality to be obtained. Zhang et al. [19]
proposed a new method for automatic optimisation of drawbead geometry in SMF based on the
iterative learning control model. The process improves the level of automation and the efficiency of
drawbead design and decreases the dependency on engineering experience. Halkaci et al. [20] used
a shallow drawbead to reduce the wrinkling tendency in hydromechanical deep drawing. A shallow
drawbead added to the blankholder increased the limiting drawing ratio of aluminium alloy sheet.

Experimental testing of the material flowing through the drawbead using friction simulators
permits not only the determination of the DBRF but also the evaluation of the value of the COF. Due to
a strong effect of the type of material, coating, lubricant and surface topography of both the workpiece
and the tool, etc. on the value of frictional resistances determined using DBS, there are no universal
models of friction. Thus, the experimental testing of draw beads is still necessary. Bassoli et al. [21]
proposed a versatile draw bead simulator to measure the restraining force exerted on sheet metal by
the draw bead during deep drawing. It was found that the restraining force was slightly augmented
when the sheet metal thickness was increased. As a consequence of cyclic bending and unbending
of the sheet metal, the material experienced work hardening and wall thinning. Nanayakkara and
Hodgson [22] proposed a method to determine the draw bead contact conditions as a function of
bead penetration which was based on the drawbead simulator. The results give a useful relationship
between the rates of change of the contact angle with increasing bead penetration.

Many studies on drawbeads have emerged, particularly encouraged by the rapid progress of
computational methods. Numerically, there are still numerous difficulties in accurately modelling and
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describing drawbead geometries and actions [23]. Duarte et al. [24] proposed a hybrid approach for
estimating the DBRF throughout the explicit dynamic finite element (FE) method. A comparison of the
numerical results with the experimental data provided by Nine [9] shows that the average of absolute
error with respect to experimental data bases was around 6%. Moon et al. [25] employed drawbead
forces computed by equivalent drawbead models in a finite element modelling (FEM) of the stamping
process. Joshi et al. [26] conducted the experimental investigations on different semi-circular drawbead
geometries and compared them to those obtained from Stoughton’s analytical drawbead model [27].
This model significantly overpredicted the DBRF, whereas the numerical two-dimensional (2D) plane
strain drawbead model accurately predicted the DBRF. Bramhakshatriya et al. [28] conducted the
numerical computations of hemispherical cup forming using a circular drawbead. The numerical
results were in good agreement when compared with the experimental ones.

Knowledge of the frictional resistances that have arisen in the drawbead region of the stamping
die is necessary in order to prepare an appropriate design of die tool and to forecast the material flow
during the forming of drawpieces, especially those with complex shapes [7,29,30]. Most of the research
is focused on the estimation of the drawbead restraining force in sheet metal forming. Academic
investigations on the determination of the COF during sheet metal flow through the drawbead are
limited. The majority of FEM-based computations are based on the analysis of a 2D plane-strain state
model of the physical drawbead which does not accurately reflect the material deformation in the
drawbead. The aim of this paper is experimental study and three-dimensional (3D) elastic-plastic
FEM-based numerical modelling of the frictional phenomena and material deformation during the
flow of the sheet metal through the drawbead. Different set-up conditions, including drawbead height
and specimen widths, have been considered.

2. Experimental

2.1. Material

DC04 cold rolled steel sheet for drawing with a thickness of 0.8 mm was used as a test material.
Due to good weldability and excellent formability, DC04 steel sheet is well-suited to the manufacturing
of structural elements, especially in the transport and household appliance industries. Examples of
typical applications for this steel are side panels, floor panels and car bodies. The chemical composition
of this steel (Table 1) is restricted by the requirements of EN 10130:2009 [31].

Table 1. Chemical composition of DC04 steel sheet (in wt.%).

C Mn P S Fe

≤0.08 ≤0.4 ≤0.03 ≤0.03 remainder

The mechanical properties of sheet metals (Table 2) were determined in a uniaxial tensile test
in machine Z100 (Zwick/Roell, Ulm, Germany) according to EN ISO 6892-1:2016 [32]. The plastic
properties are characterised by the strain hardening coefficient K and strain hardening exponent n.
These parameters were determined by approximation of the true stress–true strain relation by the
Hollomon equation:

σ = K × εn (1)

where σ is stress and ε is plastic strain. Three samples were tested for each direction of the specimen:
At an angle of 0◦, 45◦ and 90◦ with respect to the rolling direction of the sheet metal.

The values of the basic surface roughness parameters determined using a Talysurf CCI Lite 3D
optical profiler (Taylor Hobson, Leicester, UK) are as follows: Average roughness Sa = 1.31 μm, root
mean square roughness Sq = 1.53 μm, maximum pit depth Sv = 6.98 μm, total height St = 11.39 μm,
10-point peak-valley surface roughness Sz = 9.41 μm and the highest peak of the surface Sp = 4.41 μm.
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Table 2. Selected mechanical properties of DC04 steel sheet.

Specimen
Orientation

Yield Stress
Rp0.2 (MPa)

Ultimate Tensile
Stress Rm (MPa)

Elongation A50

(%)
Strengthening

Coefficient K (MPa)
Strain Hardening

Exponent n

0◦ 179 311 22 471 0.19
45◦ 189 305 21 488 0.19
90◦ 183 289 23 479 0.17

2.2. Method

The frictional resistances arising in the drawbead region of the stamping die have been determined
using a special tribological drawbead simulator (DBS). The model of the simulator is shown in
Figure 2. The device is designed to allow the separation of the deformation resistance of the sheet
and the frictional resistance from the total resistance of the sheet metal deformation at the drawbead.
The frame (1) of the device is mounted in the bottom grip of the universal tensile testing machine Z100
(Zwick/Roell, Ulm, Germany). The specimen (3) is mounted in the upper grip of this machine. During
the tests the unsupported end of the specimen has a tendency to bend. The stability of the contact
area of the sheet and the working rollers (4) was achieved by a supporting roller (5). During tests the
values of the drawing (friction) and clamping (normal) force were measured by using two load cells
(6 and 7) placed at surface of the upper tension member (2) and horizontal tension member (8),
respectively. When the test was carried out with fixed rollers, the rotation of the working rollers (4)
was blocked by using pins (9). Adjustment of the value of the drawbead height was realised by a wing
nut (10). A personal computer was used to register the values of both the drawing and clamping
forces. The measuring signals from both tension members (2 and 8) were transmitted to a 4-channel C
series strain/bridge input module NI-9237 (National Instruments, Austin, TX, USA) into the LabView
program (National Instruments, Austin, TX, USA). The values of the forces were registered with
a frequency of 50 Hz.

 
Figure 2. Cross-section of a typical drawbead with circular form: 1—frame, 2—upper tension member,
3—specimen, 4—working rollers, 5—support roller, 6 and 7—load cells, 8—horizontal tension member,
9—pin, 10—wing nut.

The method of determining the COF requires two tests of drawing a sheet metal strip over rotating
(Figure 3a) and fixed (Figure 3b) rollers. Drawing the specimen over a set of rotating rollers allows
one to minimise the frictional resistance. The drawing force in this case is mainly associated with
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overcoming the deformation resistance of the sheet metal strip. A set of fixed rollers represents the
total resistance of drawing the specimen through the drawbead.

Figure 3. The concept behind the determination of frictional resistance: (a) rotatable rollers,
(b) fixed rollers.

The value of the COF is determined from [33]:

μ =
sinα
2a
× FF − FR

NF
(2)

where α is the quarter contact angle of actual engagement of the strip over the middle roller, FR is the
pulling force obtained with the freely rotating rollers, FF is the pulling force obtained with fixed rollers
and NF is the normal force obtained with fixed beads.

To avoid breaking the specimen at large wrap angles and when testing mild sheets due to excessive
drawing resistance, it is necessary to ensure clearance c (Figure 4) between the rollers. The clearance
value should be appropriately set. Too small an amount of clearance may lead to blocking the specimen,
especially when testing the drawing specimen with fixed beads. On the other hand, excessive clearance
may cause an unfavourable change in the character of the specimen deformation [34]. In this paper,
the clearance is set according to the paper of Nanayakkara et al. [33], which suggests setting a clearance
of 1.55 mm for a sheet thickness of 0.8 mm.

 
Figure 4. Parameters of a drawbead: c—clearance, h—drawbead height, g—sheet thickness, α—quarter
contact angle of actual engagement of the strip over the middle roller.

A change of friction conditions in DBS may be obtained by changing the wrap angle of the
counter-sample, the lubrication conditions, the shape and dimensions of the drawbead model,
and the drawing speed of the sheet. The results of a wide range of experimental investigations prepared
using a simulator that had been developed (Figure 2) were presented in a recent paper of the author [1].
In this paper, the aim of experimental research is to provide experimental data for the preparation and
validation of the numerical model.
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The research was carried out on sheet metal strips with dimensions 400 mm × w mm × 0.8 mm
(length×width× thickness). The specimens were cut along the direction of sheet rolling. Three specimen
widths, i.e., 7 mm, 14 mm and 20 mm, were considered. Moreover, two heights h of the drawbead
(Figure 4), i.e., 12 and 18 mm, were investigated. The friction tests were conducted under dry friction
conditions. The velocity of drawing the specimens was 10 mm·s−1. The set of rollers that was used had
a surface roughness characterised by an arithmetical mean deviation of the profile Ra = 0.63 μm.

3. Numerical Modeling

3.1. Description of the FE Model

Numerical modelling of the drawing of sheet metal through the drawbead model was carried
out in the finite element-based MSC.Marc program (MSC Software, Newport Beach, CA, USA). The
rollers were assumed to be non-deformable, which only allowed the inclusion of the external surfaces
of the rollers in the numerical model. Displacement is applied to the first end of the specimen. In
contrast, the second end of the specimen was free. The simulations took place in two stages. In the first
stage, one of the ends of the sheet metal strip was blocked. Then, the displacement was imposed on the
middle roller to reach the desired height of the drawbead h (Figure 5a). After that, the displacement
was applied to one end of the specimen (Figure 5b).

(a) (b) 

Figure 5. Geometry and boundary conditions of the Finite Element Method (FEM) model of the
drawbead simulator: (a) first and (b) second stage of simulation.

The material model was assumed to be an elastic-plastic. The numerical computations have been
performed with material behaviour described by the von Mises [35] yield criterion, including the strain
hardening phenomenon according to the Hollomon equation. The average values of K and n constants
in Equation (1), were determined based on Table 2. The remaining material parameters were as follows:
Young’s modulus E = 186,891 MPa, Poisson’s ratio ν = 0.3, material density ρ = 7860 kg·m−3.

The contact conditions between the sheet and the surfaces of the rollers were described by
Coulomb’s law:

σt ≤ −μσnt (3)

where σt is the shear stress, σn is the normal stress, μ is COF, t is the tangential vector
(
t = vr

‖vr‖
)

and vr

is the relative sliding velocity.
Alternatively, Equation (3) can be rewritten as a relationship between tangential and normal

forces:
FT ≤ −μFNt (4)

where FT is the tangential (friction) force and FN is the normal force.
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Experimentally determined variations of COF when pulling a sheet metal strip through a drawbead
simulator are shown in Figure 6. The variation in COF can be divided into two regions (Figure 7):

(1) The first region (0–2.5 s) with an increase in the COF due to the positioning the middle roller to
the desired value.

(2) The second region (2.5–17 s) with the changes in the COF stabilised during the stage of pulling
the sheet strip through the DBS.

Figure 6. Experimentally determined variation of the coefficient of friction during a drawbead test.

 
Figure 7. Experimentally determined variation of the COF during a DBS test for height of drawbead
h = 18 mm and specimen width w = 20 mm.

Two simulations are required for the determination of the numerically predicted COF:
(1) In the model with blocked pins, the COF was assumed based on the experimental investigations.

For the stage of setting the position of the middle roller, a linear increase in the COF was assumed.
In the case of the drawing, a constant value of the COF was assumed, which corresponded to the
average value of the experimentally determined COF (Table 3).

(2) In the model with freely rotatable rollers, the COF was assumed to be 0.
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Table 3. Experimentally determined values of coefficient of friction.

Drawbead Height h, mm Specimen Width w, mm COF

12
7 0.202

14 0.205
20 0.221

18
7 0.176

14 0.191
20 0.206

3.2. Mesh Sensitivity Analysis

To discretise the sheet metal, the spatial 8-node isoparametric finite elements hex-8 were used
with a formulation assumed strain that improves the behaviour of these elements during bending [36].
The hex-8 element has been successfully used by Fejkiel [37] to study the flowing of a sheet specimen
through a drawbead. An appropriate element size is crucial in the analysis of the sheet deformation
in metal forming operations. In the aforementioned investigations of Fejkiel [37] it was found that
five layers of spatial hex-8 elements are appropriate to get accurate results. In this paper, a mesh
sensitivity analysis (MSA) was carried out for five elements through the sheet thickness and different
sizes of mesh se × se at the sheet plane: 3.334 × 3.334 mm2, 1.667 × 1.667 mm2, 0.833 × 0.833 mm2 and
0.417 × 0.417 mm2. MSA was carried out for the highest sheet width considered w = 20 mm and the
highest drawbead height considered h = 18 mm. The aforementioned sizes of finite elements in the
sheet metal plane correspond to dividing the sheet with 6, 12, 24 and 48 elements (Figure 8). More and
more dense meshes of finite elements were determined by division of the superordinated mesh into
four equal elements. In order to reduce computation time in MSA, the distance of sheet drawing was
reduced to 70 mm. The constant value of COF in MSAs was assumed to be 0.2.

 
Figure 8. View of the mesh in the mesh sensitivity analysis (MSA).

4. Results and Discussion

The average drawing force of the metal strip in fixed rollers was adopted as the parameter
constituting the basis for the selection of mesh size. Due to the extremely disproportional ratio of
height in the thickness direction to length of the elements with a size se = 3.334 mm, the numerical
calculations of a model including elements of such sizes failed (Figure 9).

In the case of the remaining mesh sizes, the computations were successfully completed. For the
numerical model containing finite elements of size se = 1.667 mm, the value of the average drawing
force was 1041.6 N with a computation time of about 102 min. Twice reducing the dimensions of the
finite elements from se = 1.667 mm to se = 0.833 mm caused an increase in the average value of the
drawing force by about 1%, while the central processing unit (CPU) time increased almost 10 times.
Further reduction of the mesh size was not rational due to the long CPU time, i.e., over 105 h (Table 4).
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From the point of view of the effect of mesh size on CPU time and the change in the value of the
drawing force, the model with elements se = 1.667 mm is the most advantageous.

 
Figure 9. Distribution of von Mises equivalent plastic strain in the specimen discretised with elements
with a size of se = 3.334 mm.

Table 4. Parameters and results of MSA.

Element Size
se × se mm2

Number of
Elements

Number of
Nodes

Average Drawing
Force, N

Computation
Time, s

3.334 × 3.334 1620 2695 - 1240
1.667 × 1.667 6480 8502 1041.6 6115
0.833 × 0.833 35,920 32,550 1050.1 56,829
0.417 × 0.417 103,680 127,302 1061.0 381,197

In the FEM numerical simulation, it is not possible to take the roughness of the rollers and friction
mechanisms in the form of adhesive wear, ploughing, and the interaction of the roughness asperities
of the sheet metal surface and tools into account. The value of the COF determined experimentally
and introduced into the FEM model is a result of complex contact phenomena defined by the value of
the COF introduced. Therefore, it is possible to determine the response of the numerical model in the
form of values of both the drawing and clamping forces, and the determination of the value of the
COF according to the modified version of Equation (2):

μ =
sinα
2α
× FFE

F − FFE
R

NFE
F

(5)

where FFE
F is the numerically predicted pulling force obtained with the fixed rollers, FFE

R is the
numerically predicted pulling force obtained with freely rotating rollers and NFE

F is the numerically
predicted normal force obtained with fixed beads.

Variations in the drawing and clamping forces of the middle roller under the conditions of height
of drawbead h = 12 mm and specimen width w = 20 mm and under the conditions of freely rotatable
and fixed rollers are presented in Figure 10a,b, respectively. Based on such results, the instantaneous
values of process forces and the variations in the value of COF were determined from Equation (5).

The results of the variation of COF for the height of drawbead h = 18 mm are presented in
Figure 11. The average value of COF was calculated for the stage of drawing the specimen (Figure 11).
A comparison of the experimentally determined and numerically predicted values of COF for the
drawbead heights of h = 12 mm and h = 18 mm are presented in Figure 12a,b, respectively. The errors
between the predicted values of the COF and those experimentally determined in the cases analysed
ranged from about 0.95% to 7.1%. For the drawbead height h = 18 mm smaller error values of COF were
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observed (Figure 12b) compared to the drawbead height h = 12 mm (Figure 12a). The next observation
is that the numerical model overestimated the value of COF for all specimen widths analysed. In the
numerical model increasing the drawbead height, at the same sheet width, increases the value of COF.
This conclusion has been confirmed for the two sample widths analysed, 12 and 18 mm. The difference
in the COF between the largest and smallest width of the samples was about 8.8%.

 
(a) (b) 

Figure 10. Numerically predicted variation of the drawing and normal force for a specimen pulled to
flow by a system of (a) rotatable and (b) fixed rollers for height of drawbead h = 12 mm and specimen
width w = 20 mm.

 
Figure 11. Numerically predicted variation of the COF for height of drawbead h = 18 mm and different
specimen widths: (a) 20 mm, (b) 14 mm and (c) 7 mm.
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(a) (b) 

Figure 12. Comparison of average values of COF determined experimentally and based on FEM for
drawbead heights of (a) h = 12 mm and (b) h = 18 mm.

The differences between the average values of COF determined in two ways can be partially
explained by the deviation of the specimen profile from the ideal case. During the friction test in both the
friction and frictionless cases, one end of the specimen was mounted in the grip of the tensile machine.
The second end of the specimen was free (Figure 13a). As a result of the lack of tension force in the
specimen material located opposite to the grip of the testing machine, the wrap angles of the specimen
around the input roller α1 and the output roller α2 are not equal (Figure 13b,c). This also translates into
a lack of symmetrical wrapping of the middle roller. The values of the wrapping angles of the rollers
operating under friction and frictionless conditions α and β are different. The experimental method
of determination of the COF assumes that the wrap angles of both the middle and output rollers are
the same and result from the geometry of the drawbead. Thus, the COF determined on the basis of
Equation (2) may be disturbed. Future work will be focused on the verification of this hypothesis for
different specimen widths and thicknesses.

 
Figure 13. The character of the specimen deformation around the working rollers (a) for the drawbead
height of h = 18 mm, and specimen width w = 20 mm for (b) the friction and (c) frictionless conditions.

The sheet strip between the middle roller and the output roller dominates the tensile stresses
resulting from counteracting the pulling force by frictional forces on the surfaces of both the middle
and input rollers. In the contact zone between the sheet metal strip and the input roller, the sheet
metal is bent for the first time, thus, the elastic deformation of the sheet exerts a significant impact
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on the character of the material flow. As the sheet drawing progresses, the sheet material is bent and
straightened, intensifying the effect of the strain hardening phenomenon on the resistance of specimen
drawing. The varied character of sheet deformation during flow through the drawbead causes the
wrap angle of the rollers to be different from the analytical value resulting from the geometry of
the drawbead.

In addition to the difference in the wrap angles of individual rollers, another effect that has
been noticed is the non-uniform distribution of normal stress in the sheet metal material (Figure 14).
While the distribution of stresses is similar when sheet metal is drawn under friction and frictionless
conditions, there is a significant difference in the maximum values of normal stresses. The value
of maximum normal stresses in the contact area between the sheet metal and rollers under friction
conditions is about 33% higher compared to the frictionless conditions. A similar observation was
noticed in the case of the process of drawing the specimen through the drawbead with a height of
h = 12 mm.

(a) (b) 

Figure 14. Distribution of normal stress in the specimen material for a specimen width w = 20 mm,
and drawbead height of h = 18 mm under (a) friction and (b) frictionless conditions.

The next stage of the research determined the distribution of equivalent plastic strains (EPSs) along
the width of the specimen. These results were obtained for two planes lying in the middle part of the
specimen and at its edge on the internal (Figure 15a) and external (Figure 15b) surfaces of the specimen.
The distributions thus correspond to the stage of passing the specimen through the drawbead.

(a) (b) 

Figure 15. Paths of measuring the equivalent plastic strain on (a) the internal and (b) external surfaces
of specimen: sp and kp—start points, sk and kk—end points.

Three zones with different levels of EPS can be distinguished both on the external (Figure 16a)
and the internal (Figure 16b) surfaces of the sheet metal. The individual levels correspond to the
locations where the specimen material contacts the surface of the rollers. In these locations, the material
flow associated with the frictional contact between the rollers and the sheet metal strip is inhibited.
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Therefore, rapid changes in the value of EPS occur in the zones that are between the rollers. The region
where a large amount of EPS occurs corresponds to the region where the highest normal stresses occur
on the surface of the output roller (Figure 14). The character of change of EPS on both surfaces of the
specimen is similar (Figure 16a,b). The locations of measurement of the EPS over the specimen width
and different friction conditions do not have a significant effect on the value and distribution of the EPS.

(a) (b) 

Figure 16. Distribution of EPS on (a) the internal and (b) external surface of specimen.

5. Conclusions

This article presents the results of experimental and numerical analyses of the sheet metal flowing
through a drawbead simulator. Tribological tests have been carried out on DC04 steel sheets commonly
used in the automotive industry using a special tribological drawbead simulator. The following
conclusions are drawn from the research:

(1) From the point of view of the effect of mesh size on CPU time and the change in the value of
the drawing force, the model element length se = 1.667 mm was the most advantageous.

(2) The errors between the experimentally determined and numerically predicted values of the
COF in the cases analysed ranged from about 0.95% to 7.1%.

(3) In the case of drawbead height of 12 mm, the numerical model overestimated the value of
COF for all the specimen widths analysed; in contrast, in the case of drawbead height h = 18 mm,
all the experimentally determined friction coefficients are underestimated by FEM; this can be explained
by the different character of the sheet deformation around input and output rollers in the experiment,
which translates into a lack of symmetrical wrapping of the middle roller, and input and output rollers.

(4) In the numerical model increasing the drawbead height, at the same sheet width, increases the
value of the COF; the difference in the COF between the largest and smallest widths of the samples
was about 8.8%.

(5) The value of maximum normal stresses in the contact area between sheet metal and rollers
under friction conditions was about 33% higher compared to frictionless conditions.
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Abstract: As a process for producing seamless tubes, the tandem skew rolling (TSR) process was
proposed. In order to study deformation characteristics and mechanism on tubes obtained by the TSR
process, a numerical simulation of the process was analyzed using Deform-3D software. Simulation
results demonstrated the distribution of stress, strain, velocity, and temperature of a seamless tube in
the stable stage during the TSR process. Actual experiments of carbon steel 1045, high strength steel
42CrMo, and magnesium alloy AZ31 were carried out in a TSR testing mill. The results demonstrated
that the TSR process is qualified for producing tubes of high quality, with an accuracy of ±0.2 mm in
wall thickness and ±0.35 mm in diameter. This process is suitable for manufacturing seamless tubes
that are difficult to deform or that have been deformed in a narrow range of temperature.

Keywords: tandem skew rolling; seamless tube; magnesium alloy; deformation behavior; high
strength steel

1. Introduction

The steel industry is now in a post-industrial era of steel, whose theme is “green manufacture,
make green.” The short process is one way to meet the requirement for industrial development.
The tandem skew rolling (TSR) process is an ingenious metal-formed technique for producing seamless
steel tubes that can achieve continuous skew rolling by combining the piercing section with the rolling
section [1,2]. Compared with the conventional process of manufacturing seamless steel tubes, a
three-step forming process of piercing, rolling, and reducing, the TSR process is a shorter, two-step
forming process.

The TSR process has been investigated for many years. In order to implement the TSR process, a
TSR testing mill was designed and developed for experimental research. The mechanical structures of
the mill and a method of adjusting process parameters were introduced and described [3,4]. A theoretic
model of the TSR process was then established and derived in terms of dual stream functions, which
could obtain the kinematically admissible velocity field of the billet during the rolling process [5]. Based
on the times spent on the deformation process of the two sections, the velocity coordination of the rollers
in both sections was researched, and a proper velocity match was obtained [6]. Moreover, to study the
interstand tension in the tandem process, a tension testing device was developed and used with the
testing mill, which reflected the changes in the stress of billet [7]. Further, how the process parameters
affected the rolling force and the dimensional precision of the tubes was investigated [8]. Finally,
aiming to improve the dynamic performance of the control system in the TSR process, a dynamic

Metals 2020, 10, 59; doi:10.3390/met10010059 www.mdpi.com/journal/metals173



Metals 2020, 10, 59

matrix control algorithm together with a particle swarm optimization algorithm was used to optimize
the parameters in the process [9,10].

Due to the application of a finite element model (FEM), it was possible and economical to precisely
analyze the changes in the shape of workpieces during metal deformation. Wang et al. [11] used the
finite element method to analyze the three-roll skew piercing process. Bogatov et al. [12] studied the
rotary piercing process using Deform-3D software and obtained the trajectories of points with different
radial coordinates. Pater et al. [13] studied skew rolling with three tapered rolls for producing long main
shafts of steel using the commercial FEM simulation software suite Simufact Forming v.12. They also
studied the tube forming process in Diescher’s mill [14], and the thermo-mechanical piercing process
using the commercial software MSC SuperForm 2005 [15]. Stefanik et al. [16] studied the three-high
skew process for producing aluminum bars using the Forge 2011® software. Romantsev et al. [17]
studied the piercing process for a new four-high screw rolling mill without guides, which was designed
by comparing existing piercing processes in screw rolling mills. Toporov et al. [18] used finite element
modeling to improve the piercing operation on a piercing mill. Murillo-Marrodán et al. investigated
the friction conditions between the rolls and the workpiece of a hot skew roll piercing process with
three friction laws via the FORGE software [19].

Aiming at the precise representation of the deformation characteristics of billets during the TSR
process, numerical simulation of the TSR process using the software Deform-3D was employed to
study the distributions of stress and strain. Based on numerical analysis, experiments were carried
out with carbon steel 1045, high-strength steel (HSS) 42CrMo, and magnesium alloy AZ31 on the
TSR testing mill to verify the feasibility of the process. The TSR process was originally developed to
manufacture seamless tubes that were difficult to deform (e.g., high strength steel 42CrMo) or could
only be deformed with a narrow temperature range (e.g., AZ31 alloy) because the temperature drop
was slower in this process.

2. Materials and Methods

By the TSR process of producing seamless tubes, the heated cylindrical billet was pierced and
rolled continuously in the mill, in which the piercing and rolling processes were completed at once.
The schema of the TSR process is presented in Figure 1. The process involves three Mannesmann
barrel-shaped rollers in the piercing section, three Assel tapered rollers in the rolling section, and a
plug together with a mandrel and a billet.

Figure 1. Schema of the tandem skew rolling (TSR) process.

2.1. Experimental Test

Through untiring efforts made over many years, the TSR testing mill was developed for
experimental studies of seamless tubes, as shown in Figure 2. This mill consists of the driving
part of the piercing section, the main mill (the piercing section combined with the rolling section),
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the mandrel carriage in which the plug is joined with the mandrel by a screw thread, and the driving
part of the rolling section.

 
Figure 2. TSR testing mill.

In order to extend the range of the TSR process, in the experimental study, the cylindrical billets of
carbon steel 1045, HSS 42CrMo, and magnesium alloy AZ31 were used with dimensions ϕ40 × 500 mm.
The rollers in the piercing section were the same sizes with a maximum diameter of 180 mm and
a length of 140 mm, while the rollers in the rolling section were the same sizes with a diameter of
180 mm at the shoulder and a length of 120 mm. The plug was used together with the mandrel with a
diameter of 30 mm. The rollers in the piercing section, driven by A.C. motors, rotated in the same
direction with the same invariable rotary speed of 169 rpm. The rollers in the rolling section, driven by
D.C. motors, rotated in the same direction with the same variable rotary speed, which should match
the speed of the rollers in the piercing section under different process parameters. The reasonable
ranges of process parameters were obtained through previous multiple experiments. The rolling
temperature was very important for hot plastic deformation, especially the alloy material. Therefore,
the initial rolling temperatures for steel 1045, HSS 42CrMo, and AZ31 alloy were set at 1200, 1250, and
400 ◦C, respectively, which were selected to make full use of their plastic deformation capacity under
corresponding high temperatures. The process parameters used in experiments are shown in Table 1.

Table 1. Process parameters of the TSR testing mill.

Item Piercing Section Rolling Section

Process
Parameter

Feed
Angle
(deg)

Entrance
Face Angle

(deg)

Roll
Gap

(mm)

Plug
Advance

(mm)

Feed
Angle
(deg)

Entrance
Face Angle

(deg)

Roll
Gap

(mm)

Roll
Rotational
Speed/rpm

Adjustable
rang 0–15 0–9 30–48 0–35 0–15 0–9 35–48 0–200

Reasonable
rang 7–9 0 34–36 20–25 7–9 4 37–39 174–190

Experimental
values 8 0 35 23 9 4 39 186

2.2. Finite Element Model

For the analysis of the metal flow and deformation in the TSR process, the commercial software
Deform-3D was applied. Due to the complexity, the analysis of the metal flow and deformation should
be simulated only in a 3D state of strain conditions. In Figure 3, the worked-out FEM of the TSR process
according to the schema in Figure 1 is presented. This model consists of three barrel-shaped rollers,
three tapered rollers, a pusher, a plug together with a mandrel, and a billet. The billet is defined as a
plastic body, and the others are modeled as rigid bodies. Additionally, the pusher was used to place
the billet into the area between rollers. The process parameters (e.g., feed angle, entrance face angle,
roll gap, and speed) used in the FEM were the same as those used in the experiment and are shown in
Table 1. However, a short distance of 200 mm between the piercing section and the rolling section was
used in the simulation in order to save computation time, which was 630 mm in the TSR testing mill.
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Figure 3. Finite element model (FEM) of the TSR process.

Aiming to reflect the metal flow and deformation rule, only the 1045 steel was selected in
simulation. A rigid plastic material model, which is the 1045 steel of the software’s own model, was
employed and assigned to the billet with dimensions ϕ40 × 200 mm, whose flow curves are shown in
Figure 4. The billet was meshed and approximately divided into 30,000 tetrahedral elements. It was
assumed that the billet was heated to 1200 ◦C, and the temperatures of the rigid tools, the rollers, and
the pusher were constant at 150 ◦C during the whole forming process. In the case of the plug and the
mandrel, it was assumed that the temperature was the same as the environment temperature—20 ◦C.
It has been stated that the coefficient of the heat exchange between the tools and formed material is
11 N/(s·mm·C). However, the value of this coefficient determining the heat exchange between the billet
and the environment was 0.02 N/(s·mm·C). Friction is an important factor for a smooth rolling process.
The greater the friction, the easier it is to roll smoothly, and the less time spent in simulation. Due to
the purposeful roughness of the rollers, it was assumed that the friction factor for these rollers had a
limiting value of 1.0. However, because the plug was made with a follow-up rotational movement
with the billet during piercing, the friction of the surface of contact between the plug and the billet was
very low. Therefore, the friction was set to 0.3 in the FEM.

ε ε

Figure 4. Flow curves of 1045 steel at different strain rates: (a) 0.1 s−1 and (b) 100 s−1.

3. Results and Discussion

3.1. Numerical Modeling Results of the Steel 1045 during the TSR Process

The changes in the billet shape during the TSR process are presented in Figure 5, from which two
rollers are omitted to improve readability.

176



Metals 2020, 10, 59

 
Figure 5. Change in billet shape during the TSR process.

Based on Figure 5, at the beginning, the billet is clamped by rollers in the piercing section,
which puts it into a rotary motion and later transmits it in the axial direction. A process of rotational
compression is then started, and this lasts until the head of the billet has made contact with the plug.
Next, the forming process of the hollow shell internal hole begins, and its size is determined by the
applied plug dimension. At approximately Step 4900, the head of the hollow shell moves straight
out from the rollers in the piercing section. Further, with continuous rolling, the pierced hollow shell
makes contact with the rollers in the rolling section at approximately Step 5600 and is rolled into the
roll gap. Under the combination of the roller in the piercing section and the rolling section, the TSR
process reaches a stable phase after Step 6000.

The distribution of stress determined for the stable stage in the longitudinal and cross-section
planes is presented in Figure 6, and the strain is presented in Figure 7. The data in Figure 6 shows that
higher stress intensity magnitudes occur at locations outside where the surface contacts the rollers and
are equal to approximately 160 MPa in both sections, and the highest values are concentrated at the
shoulder of the rollers in the rolling section. Meanwhile, the changes in the different cross sections
indicate that it makes the sharpest contact only at the moment when the rollers bite the billet from three
directions. As the billet moves along the deformation region, the magnitude of the stress intensity,
while it deepens from outside to inside, increases with an increase in the contact surface. The same
change regularity is presented in the rolling section.

 
Figure 6. Stress distribution in the stable stage (Step 6000) of the TSR process.
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Figure 7. Strain distribution in the stable stage (Step 6000) of the TSR process.

In Figure 7, it can be observed that strains are presented in a laminar way. However, the greatest
strains are present in the external layers of the formed tube. In Figure 7, the changes in the billet cross
profile along the whole length of the forming area can be analyzed. Due to the influence of the rollers,
the cross profile varies from a circle to a triangular circle and then to another circle in the piercing
section. The cross profile continuously varies from a circle to a triangular circle and then to another
circle in the rolling section. Finally, after the metal moves through the mandrel, the tube gains the
required circular shape.

To clearly display the distributions of stress and strain determined for the stable stage, Figure 8
shows an isometric view and longitudinal section of distribution patterns for the seamless steel tubes
during the TSR process as follows: (a) stress, (b) effective strain, (c) velocity, and (d) velocity with a
vector plot, in which the distributions of the velocity field and metal flow are obtained.

 
(a) (b) 

 
(c) 

 
(d) 

Figure 8. Distribution pattern of the producing seamless steel tube in the TSR process: (a) stress,
(b) effective strain, (c) velocity, and (d) velocity with a vector plot.
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In Figure 8c, distribution law is arranged in layers of the velocity fields, which show a decreasing
trend from outside to inside. The highest magnitude appears at the outside surface, while the lowest
magnitude appears at the central axial zone in front of the plug. When the head of the billet touches
the plug, the core metal flows outward along the surface of the plug under the friction force given by
the rollers. This force was enough to present the metal flow rule of the tube obtained by TSR process.
Figure 8d gives the velocity vector of the tube produced in the process and shows the metal flow rule.
The velocity vector is always tangential to the surface and forms an angle with the axial line, which
determines the movement pattern of the billet. When touching the plug, the core metal flows outward
along the surface of the plug. Note that no cavity is formed in the core metal in front of the plug.

3.2. Experimental Analysis

3.2.1. Quality of Tubes

Figure 9 shows the seamless tubes produced on the TSR testing mill. As shown in Figure 9,
the tubes of carbon steel 1045 and AZ31 alloy achieved the desired cylindrical shapes. However, HSS
42CrMo could not be successfully completed with the rear-jamming of the tail of the billet present in the
piercing section. The season was due to the collapsing nose of the plug, which resulted in the increase
in axial resistance. Meanwhile, there were no significant defects on the outside surfaces of the tubes,
except from the tail burrs of the AZ31 alloy and the trumpet-shaped heads of the tubes. In addition,
the carbon steel 1045 tubes had diameters of 39.14 ± 0.35 mm, wall thicknesses of 4.67 ± 0.2 mm,
and lengths of up to approximately 1360 mm, and the dimensions of the AZ31 alloy tubes were
39.85 ± 0.35 mm, 4.42 ± 0.25 mm, and 1200 mm, respectively. However, only a length of 750 mm of
HSS 42CrMo tube was obtained and rolled by the TSR process, and the diameters and wall thicknesses
were about 38.22 ± 0.35 mm and 4.33 ± 0.3 mm, respectively. The comparative data of these tubes are
listed in Table 2.

 
Figure 9. Seamless tubes produced in the TSR testing mill.

Table 2. The dimensional values of the tubes with different materials by experiments.

Material Diameter (mm) Thickness (mm) Length (mm) Extension Coefficient

Carbon steel 1045 39.14 ± 0.35 4.67 ± 0.20 1360 2.72
HSS 42CrMo 38.22 ± 0.4 4.33 ± 0.30 1400 2.80
AZ31 alloy 39.85 ± 0.35 4.42 ± 0.25 1200 2.40

The distribution of thicknesses of the tubes along the axial direction is shown in Figure 10.
Figure 10 shows that the tubes of carbon steel 1045 and the AZ31 alloy had a more accurate thickness
compared with the HSS 42CrMo tube produced in the TSR testing mill. Meanwhile, under the same
process parameters in the experiment, different diameters and thicknesses were obtained with different
materials and properties. The extension coefficient of the carbon steel 1045 was about 2.72, while
those of HSS 42CrMo and the AZ31 alloy were about 2.8 and 2.4, respectively. The reasons for this
might be linked directly to the plastic deformation properties themselves. From the condition of
experiments, the color of the tandem rolled tube of the HSS 42CrMo darkened more quickly than that
of the carbon steel 1045, which was sufficient to prove that HSS 42CrMo was a temperature-responsive
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metal. Under a proper rolling temperature, the AZ31 alloy tube was rolled more easily than others.
Additionally, a uniform wall thickness of the middle section of the tubes was obtained, the reason for
which might be the stable rolling in the process.

Figure 10. Distribution of the thickness in the axial direction.

3.2.2. Roll Force

Figure 11 shows the experimental data related to the roll force of the two sections and the plug
axial force in the TSR process for the production of seamless tubes: (a) carbon steel 1045, (b) magnesium
alloy AZ31, and (c) HSS 42CrMo, respectively. Because of the plug combined with the mandrel, the date
of the axial force could be the sum of the dates on both. As shown in Figure 11a, the whole process of
the rolling carbon steel 1045 can be easily divided into three stages: (i) piercing, (ii) piercing and rolling,
and (iii) rolling, which is the same as the AZ31 alloy. However, there was no stage of rolling solely in
Figure 11c because of the rear-jamming present during the rolling tube of HSS 42CrMo. What could be
seen in Figure 11 is that the roll force values of both sections of the rolling HSS 42CrMo are greater
than those of the rolling carbon steel 1045 and the AZ31 alloy, respectively. The roll force of the AZ31
alloy is the smallest. As is known, compared with carbon steel, HSS has a higher tensile strength when
small amounts of alloying elements are added, while magnesium alloy has a lower one.

As shown in Figure 11a,b, with the billet pushed and contacted with the rollers of the piercing
section, the roll force of the piercing section increased steeply in stage (i). In quick succession, when the
head of the incoming billet made contact with and passed through the plug, the roll force of the piercing
section slightly rose and then reached a relative steady state, followed by a slight decline. Meanwhile,
the axial force on the plug also increased and then remained stable.

Continuously, when the pierced hollow tube moved forward in a spiral fashion and fed into the
roll gap of the rolling section, it was situated in the real TSR process in stage (ii). The roll force of
the rolling section increased rapidly and afterwards decreased slowly to a certain extent. Meanwhile,
the force of the two sections featured a downward sloping curve on a small scale, because of the
interstand tension between the two sections. The axial force also increased with the addition of force
on the mandrel.

In stage (iii), as the billet exited the roll gap of the piercing section, the force of the piercing section
decreased steeply, and the axial force decreased rapidly to a small value because of the lack of axial
force on the plug. Meanwhile, the force of the rolling section slightly increased due to the lack of the
interstand tension mentioned above. The force decreased to 0 when completed.

As shown in Figure 11c, the rolling HSS 42CrMo took longer than the carbon steel 1045,
which reflects the difficulty of rolling high-deforming steel, such as 42CrMo. Based on Figure 11c,
the slip between the roller and the billet in the piercing section occurred at about 12 s, accompanied
by the increase in the force of the piercing section, and no axial movement occurred thereafter in the
actual experiment. The force decreased to 0 after a manual stop. The reason for this is mentioned
above: the collapsing nose of the plug and the increase of axial resistance must be a major factor
causing the rear-jamming, which increased the force of axial resistance, even with greater friction. As is
known, friction between the billet and the roller is key in the rolling process. Meanwhile, the material
characteristics of HSS 42CrMo in the deformation may be an intrinsic factor, which is determined
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by the small amounts of alloying elements. Even so, this is enough to prove the feasibility of the
TSR process for HSS seamless tubes. The rolling process thus might become smoother in two ways:
the rolling velocity might increase, and the roll friction might increase. These methods, under these
conditions, could therefore decrease the work time of plugs.

As shown in Figure 11b, the variation tendency of the roll force of the AZ31 alloy was similar
to the one of steel 1045. Only the used time of each deformation section was shorter than steel 1045,
and the average force values were lower. Based on other research on piercing experiments with the
AZ31 alloy [20,21], using the TSR process to manufacture seamless tubes of AZ31 alloys was a daring
attempt and has been proven to be a breakthrough.

Generally, this could be used as a reference for similar kinds of material. Conversely, there
might be some distinctions for different kinds of materials, in which some factors affect the results,
e.g., deformation temperature, deformation rate, and deformation degree.

Fortunately, different material productions for tubes formed by TSR have been successful, and
the process has been shown to be feasible for use. Further tests where the plug is replaced should be
done, with the goal of achieving a longer contact time under high temperatures. Adjusting process
parameters is another effective way of increasing the rolling velocity or shortening the contact time
between the plug and the billet. The emphasis should be on high-quality tubes of nonferrous and
high-deforming metals, such as tubes of titanium alloy used in oil well fields, and such high quality is
the ultimate goal of the TSR process.

 
(a) (b) 

(c) 

Figure 11. Experimental data relating roll force and plug axial force in the TSR process: (a) 1045,
(b) AZ31, and (c) 42CrMo.
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4. Conclusions

Based on the studies carried out, it was found that rolling on a TSR testing mill allowed TSR to be
run with high efficiency in the deformation of seamless tubes pierced and rolled at the same time time,
which makes continuous skew rolling more economical and practical. The following conclusions can
be drawn.

(1) The distribution of stress presented higher stress intensity magnitudes on outside surfaces
contacting with the rollers.

(2) The distribution of strain was presented in a laminar way, with higher strain intensity magnitudes
occurring at the external layers of the formed tube. The cross profile varied from a circle to a
triangular circle and then to another circle in the piercing section, and again, continuously, in the
rolling section.

(3) The distribution of velocity was also arranged in layers with a higher magnitude at the outside
surface and the lowest one at the central axial zone in front of the plug.

(4) Based on experiments in a TSR testing mill, the desired seamless tubes of carbon steel 1045,
HSS 42CrMo, and the AZ31 alloy were obtained, with an accuracy of ± 0.2 mm in wall thickness
and a diameter of ±0.35 mm.

(5) The TSR process is suitable for manufacturing seamless tubes that are difficult to deform or that
are deformed in a narrow temperature range.
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Abstract: In this study, the effect of heat treatment on the fracture behavior of alloy B steel with boron
(B) contents as high as 130 ppm was investigated. The Alloy B are derived from Gr.92 steel with
outstanding creep characteristics. The amounts of minor alloying elements such as B, N, Nb, Ta, and
C were optimized to achieve better mechanical properties at high temperatures. Hence, workability of
the alloy B and Gr.92 were compared. An increase in the B content affected the phase transformation
temperature and texture of the steel. The development of the {111}<uvw> components in γ-fibers
depended on the austenite fraction of the steel after the phase transformation. An increase in the
B content of the steel increased its α-to-γ phase transformation temperature, thus preventing the
occurrence of sufficient transformation under the normalizing condition. Cracks occurred at the point
of the elastic-to-plastic deformation transition in the normal direction during the rolling process,
thereby resulting in failure. Therefore, it is necessary to avoid intermediate heat treatment conditions,
in which γ-fibers do not fully develop, i.e., to avoid an imperfect normalization.

Keywords: modified 9Cr-2W steel; B content; phase transformation; texture; heat treatment

1. Introduction

Owing to its low-cost raw materials and excellent base load capacity, nuclear power generation
plays a key role in meeting the energy demands of Korea. However, the large-scale commercialization
of nuclear power is limited because of the large amounts of nuclear fuel spent after the operation.
In order to overcome this limitation, it is imperative to develop an innovative nuclear power plant,
which can contribute to sustainable development and environmental protection while producing
sufficient energy to meet the increasing demands [1,2].

Sodium cooled fast reactors (SFRs) have gained immense attention in this context owing to their
economic efficiency, stability, nuclear non-proliferation, and low emission of spent nuclear fuel. These
reactors operate at temperatures much higher than the operating temperatures of light water reactors
and exhibit high thermal efficiency [3–7]. The nuclear fuel cladding tube, which transfers the fission
energy and comprises the nuclear fuel rod and fissile material, is the main component of these reactors.
Hence, the development of efficient fuel cladding tubes is essential as they are crucial for the safety of
nuclear reactors.

Ferritic-martensitic (FM) steels are considered to be promising candidates for fuel cladding and duct
materials for SFRs owing to their high thermal conductivities, low expansion coefficients, and superior
irradiation swelling compared to that of austenitic steels [8–10]. However, the creep rupture strength of
FM steels abruptly decreases during the long-term creep exposure at high temperatures [11]. Advanced
FM steel alloys are derived from Gr.92 steel. The amounts of minor alloying elements such as B, N,
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Nb, Ta, and C were optimized to achieve better mechanical properties at high temperatures [10].
In our previous study, we prepared 36 model alloy ingots of 9Cr-2W steel by adjusting their B and
N contents, and the two model alloy ingots with the best creep characteristics were used to design
cladding tubes [12]. Research on the material property and the manufacturing technology of these
alloys will considerably contribute to extend their application as nuclear reactor parts with excellent
creep characteristics and the ability to withstand high temperatures.

The optimum heat treatment conditions and amount of cold work depend on the manufacturing
process parameters such as the cold rolling rate and normalizing and tempering heat treatment
temperature and time [8]. However, when an alloy B steel plate with a B content as high as 130 ppm
is rolled, fracture occurs only when it is subjected to tempering after the normalization. In addition,
similar phenomena occur during the cold drawing process under the same conditions. Fracture during
the manufacturing process reduces the yield of alloy B steels, resulting in a low productivity.

In this study, the causes of fracture during the manufacturing process of alloy B steels with low
production yield were investigated in order to develop a novel manufacturing process for alloy B
steels with high formability. The specimens of the rolled alloy B and Gr.92 steels subjected to different
intermediate heat-treatment conditions were observed using an optical microscope (OM), a stereoscope,
nano-secondary ion mass spectrometry (Nano-SIMS), and electron backscatter diffraction (EBSD).
In addition, the mechanical properties of the rolled specimens along the orientation direction were
evaluated by carrying out their compression tests.

2. Materials and Methods

2.1. Materials

The chemical compositions of the two different kinds of 9Cr-2W steel, designated alloy B and
Gr.92, are shown in Table 1. In order to investigate the effect the heat treatment conditions on the
formability of alloy B steel, plate specimens were manufactured as follows. Ingots were prepared
using a vacuum induction melting process and were fabricated into round bars, which were subjected
to hot forging. The round bars had an outer diameter of 100 mm. The hot-forged specimens were
normalized at 1050 ◦C for 6 min, followed by air cooling (AC) at 298 K. Tempering of the normalized
specimens was carried out at 800 ◦C for 6 min, followed by AC. The reference material, Gr.92 with
an outer diameter of 200 mm, was purchased and tested. Gr.92 was normalized at 1040 ◦C for 5 h,
followed by AC. Tempering of the normalized specimens was carried out at 760 ◦C for 8 h, followed by
AC. The alloy B and Gr.92 specimens were subjected to the same initial heat treatment and normalizing
and tempering conditions. Both the steel specimens had an outer diameter of 100 mm and a thickness
of 5 mm.

Table 1. Chemical compositions of the alloy B and Gr.92 steel specimens (wt. %).

Materials C Si Mn P S Ni Cr Mo W V Nb Ta N B Fe

Alloy B 0.07 0.10 0.45 0.0056 0.001 0.45 9.0 0.5 2.0 0.20 0.2 0.05 0.02 0.013 Bal

Gr.92 0.1 0.45 0.44 0.02 0.009 0.49 9.0 0.46 1.60 0.20 0.07 - 0.04 0.004 Bal

Cold rolling was performed at the same reduction ratio as the cold drawing process in which
fracture occurred. The specimens were rolled to a thickness of 3 mm (from 5 mm), showing a reduction
ratio of 40%. The distance between rolling rolls was fixed at 3 mm, and rolling was performed until the
thickness of the specimen became 3 mm.

The rolled specimens were heat-treated. The tempering treatment of the rolled specimens was
carried out at 800 ◦C for 6 min, followed by AC. The specimens were normalized at 1050 ◦C for 6, 15,
and 30 min, and 1150 ◦C for 6 min, followed by AC and were tempered at 800 ◦C for 6 min, followed
by AC. A schematic of the experimental procedure is shown in Figure 1.
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Figure 1. Schematic of the experimental procedure. AC: air cooling.

2.2. Observation of Microstructure

The microstructures of the heat-treated alloy B and Gr.92 specimens were investigated using
OM and EBSD. The specimens for the microstructural observations were grinded, polished (using
a diamond suspension of up to 0.25 μm, and etched (95 mL water + 3 mL nitric acid + 2 mL fluoric
acid). The microstructures of the heat-treated specimens were examined by carrying out their EBSD
analyses after a metallographic sample preparation step. The EBSD samples required additional
one-hour polishing with a 0.04 μm colloidal silica suspension. The EBSD patterns of the specimens
were obtained using a Su5000 (Hitachi High Technology, Omuta-shi, Fukuoka, Japan) instrument
equipped with a Hikari detector operating with EDAX-TSL OIM DATA collection software (AMETEK
Inc., Berwyn, PA, USA). The crystallographic textures of the specimens formed during the various
heat treatment processes were recorded. The orientation distribution functions (ODFs) ƒ(g) of the
specimens were calculated using the harmonic series expansion method based on Bunge (l = 22) from
their incomplete pole figures {110}, {200}, and {211} [13,14]. The orientation g was expressed in the form
of a triple Euler angle (ϕ1, Φ, ϕ2). All the ODF calculations were carried out assuming that the samples
showed a triclinic symmetry, as given by the rolling direction (RD), transverse direction (TD), and
normal direction (ND) of a plate such that 0◦ ≤ {ϕ1, Φ, ϕ2} ≤ 90◦. Subsequently, secondary ion mass
spectrometry (SIMS) imaging with a Nano-SIMS (CAMECA, Gennevilliers, Hauts-de-Seine, France)
device was used to observe boron segregation at the grain boundaries. The Nano-SIMS specimens
were prepared by a procedure identical to the aforementioned method and were analyzed. Nano-SIMS
measurements with statistical errors of less than 0.2% were obtained by using a CS+ gun beam with
a diameter of 80 nm and impact energy corresponding to 16 keV and 0.35 pA. Prior to obtaining the
distribution maps, the concentration depth profiles of 11B+, 12C−, 52Cr+, and 56Fe+ were determined
by Nano-SIMS in an area of 10 × 10 μm2. 11B16O2

−, 12C−, 52Cr16O−, and 56Fe16O− ions were detected
and images of boron, carbon, chromium, and iron were obtained [15]. The analysis was performed at
the Busan center of the Korea Basic Science Institute (KBSI).

2.3. Compression Test

The applicability of the compression test as a general method for evaluating the cold workability
of steel has been investigated [16–18]. Compression tests were carried out at 298 K and the strain
rate of 1 mm/min using an INSTRON-3367 (INSTRON, Norwood, MA, USA) system to evaluate the
mechanical properties and workability of the alloy B and Gr.92 specimens subjected to the different
heat treatment processes. The sampling and compression test procedure of the specimens are shown in
Figure 2. The specimens were obtained by rolling a plate in three different directions, i.e., RD, TD, and
ND. These specimens were cubes with the dimensions of 2 mm × 2 mm × 2 mm and had a smooth
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surface. The actual displacement and load of the specimens were recorded continuously during the
compression test. In addition, the occurrence of cracks in the specimens was monitored.

Figure 2. Sampling and compression of the specimens. RD: rolling direction; TD: transverse direction;
ND: normal direction.

3. Results

3.1. Observation of the Fracture Surfaces of the Alloy B and Gr.92 Steels under Different Heat Treatment
Conditions

The fracture surface of the rolled alloy B plate subjected to normalization and tempering is shown
in Figure 3. The alloy B plate was characterized using scanning electron microscopy (SEM) to determine
its mode of fracture, as shown in Figure 3b. The fracture surface of the plate showed transgranular
cleavage facets. The fractograph clearly revealed that the mode of fracture was brittle.

 

Figure 3. Alloy B steel during the rolling process under the tempering condition after the normalization:
(a) fractograph of failed part and (b) scanning electron microscopy (SEM) image.

The OM images of the alloy B and Gr.92 steel specimens heat-treated under different conditions
are shown in Figures 4 and 5, respectively. The rolling process resulted in the formation of an elongated
grain boundary in the RD of the specimens. Elongated grain boundary was observed when the alloy B
and Gr.92 specimens were only tempered (800 ◦C, 6 min) without normalization. However, the alloy B
specimens heat-treated at 1050 ◦C for 6 min and 800 ◦C for 6 min showed elongated grain boundaries
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and the deformation of the structure. The remaining heat treatment conditions yielded a tempered lath
martensite structure.

Figure 4. Optical microscope (OM) images of the alloy B steel specimens subjected to different
intermediate heat treatment conditions: (a) as-received; (b) 800 ◦C, 6 min; (c) 1050 ◦C, 6 min and 800 ◦C,
6 min; (d) 1050 ◦C, 30 min, and 800 ◦C, 6 min; (e) 1150 ◦C, 6 min, and 800 ◦C, 6 min.

Figure 5. OM images of the Gr.92 steel specimens subjected to different intermediate heat treatment
conditions: (a) as-received; (b) 800 ◦C, 6 min; (c) 1050 ◦C, 6 min, and 800 ◦C, 6 min; (d) 1050 ◦C, 30 min,
and 800 ◦C, 6 min; (e) 1150 ◦C, 6 min, and 800 ◦C, 6 min.

The image quality map and grain boundary character distribution (GBCD) of the alloy B and
Gr.92 specimens heat-treated under the 1050 ◦C, 6 min and 800 ◦C, 6 min are shown in Figure 6.
An image quality map was derived from EBSD analysis of the ND, where the high angle grain boundary
(HAGB, misorientation angle > 15, and color code: red) and coincidence site lattice (CSL, color key:
Σ3—blue, Σ11—yellow, Σ17—violet, Σ19—brown, Σ25—orange) are shown in Figure 6a,b. The image
quality map of the alloy B appeared as an elongated HAGB. In the contrast, the Gr.92 exhibited
an equiaxed HAGB. The fraction of low angle grain boundary (LAGB) and HAGB in alloy B were 0.65
and 0.30, respectively. In the case of Gr.92, LAGB and HAGB values were 0.41 and 0.39, respectively.
The mis-orientation angle distribution plot shows that the fraction of LAGB in alloy B was higher than
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that of Gr.92. The reason for this is that the fraction of LAGB was high due to the formation of cell and
sub grain during the cold deformation when alloy B does not undergo complete phase transformation
from martensite to austenite despite the normalizing heat treatment. In contrast, the fraction of HAGB
in the Gr.92 was higher than that of Alloy B because the complete phase transformation formed a lot of
prior austenite grain boundary (PAGB) and tempered martensite.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The image quality map and grain boundary character distribution (GBCD) of the alloy
B and Gr.92 specimens heat-treated under the 1050 ◦C, 6 min and 800 ◦C, 6 min conditions: (a,b)
the image quality map of alloy B and Gr.92 are denoted by the high angle grain boundary (HAGB)
(mis orientation angle > 15, color code: red) and CSL boundary (color key: Σ3—blue, Σ11—yellow,
Σ17—violet, Σ19—brown, Σ25—orange (c) misorientation angle distribution plot, and (d) coincidence
site lattice (CSL) boundary distribution plot.

Figure 6d shows that the number fraction of the CSL boundary (Σ3–29) in alloy B and Gr.92
accounted for about 0.04 and 0.18 of the total number of boundaries, respectively. Among the CSL
boundaries, the most prominent were Σ3, Σ11, Σ13, and Σ25. The CSL boundaries of Σ3 and Σ11 could
be preferentially found within regions of martensite.

3.2. Texture

The typical main texture components of cold-rolled low-carbon steels in the ϕ2 = 45◦ section
of the ODF are shown in Figure 7 [19]. Body-centered cubic metals and alloys tend to form α- and
γ-fibers. Typically, α-fibers exhibit the orientation and a common <110> crystal axis parallel to the RD,
i.e., the {hkl}<110> orientations such as {001}<110>, {112}<110>, and {111}<110> at (ϕ1, Φ, ϕ2) = (0◦,
0◦, 45◦), (0◦, 35◦, 45◦), and (0◦, 54.7◦, 45◦), respectively, in the Euler space. On the other hand, γ-fibers
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exhibit orientations with the {111} crystal axis parallel to the ND i.e., the {111}<uvw> orientations
such as {111}<110> and {111}<112> at (ϕ1, Φ, ϕ2) = (60◦, 54.7◦, 45◦) and (90◦, 54.7◦, 45◦), respectively,
in the Euler space. In addition, the Goss orientation {011}<100> is typically observed at (90◦, 90◦, 45◦)
in the Euler space [19,20].

Figure 7. Main texture components of cold-rolled low carbon steels in the ϕ2 = 45◦ section of the
orientation distribution functions (ODF) [19].

The ODFs for the ϕ2 = 45◦ sections of the alloy B and Gr.92 specimens heat-treated under different
conditions are shown in Figures 8 and 9, respectively. The evolution of the ODF intensity of the γ-fibers
in the alloy B and Gr.92 specimens under different heat treatment conditions is shown in Figure 10.
Under all the heat treatment conditions, both the alloy B and Gr.92 specimens showed the development
of α-fibers, which exhibited orientation and a common <110> crystal axis parallel to the RD. In the
case of the alloy B steel, the as-received specimen and the specimens heat-treated at 1050 ◦C for 6 min
and 800 ◦C for 6 min did not develop γ-fiber components, which is advantageous for formability. In all
the other heat treatment conditions, γ-fiber components were developed. On the other hand, the Gr.92
steel showed γ-fiber components under all the conditions. This is because the γ-fiber components
were developed uniformly under the initial conditions in the case of the Gr.92 steel.

Figure 8. ϕ2 = 45◦ section of the ODF in the alloy B steel specimens heat-treated under different
conditions: (a) as-received, (b) 800 ◦C, 6 min, (c) 1050 ◦C, 6 min, and 800 ◦C, 6 min, (d) 1050 ◦C, 30 min,
and 800 ◦C, 6 min, and (e) 1150 ◦C, 6 min, and 800 ◦C, 6 min.
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Figure 9. ϕ2 = 45◦ section of the ODF of the Gr.92 steel specimens heat-treated under different
conditions: (a) as-received, (b) 800 ◦C, 6 min, (c) 1050 ◦C, 6 min, and 800 ◦C, 6 min, (d) 1050 ◦C, 30 min,
and 800 ◦C, 6 min, and (e) 1150 ◦C, 6 min, and 800 ◦C, 6 min.

Figure 10. Evolution of the ODF intensity f (g) in the γ-fiber (Φ = 54.7◦ and ϕ2 = 45◦, constant)
components of the steels subjected to different intermediate heat treatment conditions: (a) alloy B and
(b) Gr.92.
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3.3. Effects of Heat Treatment Conditions on the Mechanical Properties of the Steels

The results of the compression tests of the alloy B and Gr.92 steels along the ND at 298 K are
shown in Figure 11. Except for the 1050 ◦C, 6 min and 800 ◦C, 6 min conditions, all the conditions
showed the same compression test results. The ultimate reduction in height Rc (%) is calculated as:

Rc(%) =
H − h

H
× 100 (1)

where H is the height of the specimen before test and h is the height of the specimen after test.
The compressive test was performed up to 1.7 mm due to the limitation of the test equipment.
Additionally, the 0.2% yield strength and the ultimate compressive strength are obtained by recording
the displacement and load. In the case of the alloy B specimens (along the ND), the hardening and
strength increased rapidly in the elastic region. Therefore, fracture occurred during the elastic-to-plastic
transition. The images of the alloy B and Gr.92 specimens after the compression along the ND are
shown in Figure 12. In the case of the Gr.92 specimens, when the rolling was successful without
fracture, cracks were absent in all the directions. In the case of the alloy B, specimens heat-treated
under the 1050 ◦C, 6 min and 800 ◦C, 6 min conditions (wherein fracture was observed), cracks were
observed in the ND.

  
(a) (b) 

(c) 

(d) 

Figure 11. Compression test of the specimens heat-treated under different conditions along the ND:
(a) alloy B, (b) Gr.92, (c) mechanical properties of Alloy B, and (d) mechanical properties of Gr.92.
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Figure 12. Images of the specimens heat-treated under different conditions after the compression test
along the ND: (a) alloy B 800 ◦C, 6 min, (b) Gr.92 800 ◦C, 6 min, (c) alloy B 1050 ◦C, 6 min, and 800 ◦C,
6 min (d) Gr.92 1050 ◦C, 6 min, and 800 ◦C, 6 min, (e) alloy B 1150 ◦C, 6 min, and 800 ◦C, 6 min, and (f)
Gr.92 1150 ◦C, 6 min, and 800 ◦C, 6 min.

4. Discussion

In this study, the effect of heat treatment on the fracture behavior of alloy B steel with boron (B)
contents as high as 130 ppm was investigated. As shown in Figures 3 and 4, the alloy B steel showed
cleavage fracture only under the 1050 ◦C, 6 min and 800 ◦C, 6 min conditions. Tempered lath martensite
and deformed microstructures were obtained after the heat treatment. In the case of tempering,
the austenite phase transformation does not occur, so some deformed microstructure remains [21].
On the other hand, the deformed microstructure transforms into an austenitic structure by heating
at the phase transformation temperature (Ac3, the temperature at which the α-to-γ transformation
commences) or higher temperatures under the normalized condition [22]. The deformed microstructure
disappears during the austenitization and a lath martensite structure is formed with a high dislocation
density in the PAGB upon cooling [23]. PAGBs are divided into packet boundaries parallel to a group
of laths with the same habit plane, and each packet boundary is further divided into block boundaries
with the same orientation as that of the lath group. The lath and packet are parallel to the {111} plane
of the austenite phase and exhibit a K-S orientation relationship [24]. In a packet, there are six variants
with different direction parallel relationships on the same conjugate parallel close-packed plane (e.g.,
(111)γ // (011)α) [24,25].

However, the alloy B steel specimens heat-treated under the 1050 ◦C, 6 min and 800 ◦C, 6 min
conditions showed deformed microstructure. This can be attributed to the segregation of B at the
grain boundaries. It is well known that grain boundary segregation of trace element (such as B, As,
Sn, Cu etc.) affect the chemical composition of interfaces, causing increased material embrittlement
due to a reduction of cohesion at the interfaces, or it can stabilize the nanocrystalline structure through
reduced mobility of the grain boundaries [26–30].
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In Figures 13 and 14, the alloy B specimens that were heat-treated to 1050 ◦C for 6 min and 800 ◦C
for 6 min were used to conduct a Nano-SIMS analysis of the precipitate and the distribution of boron
at grain boundaries.

Figure 13. Nano-secondary ion mass spectrometry (Nano-SIMS) Images of B, C, Cr, and Fe of the alloy
B specimens heat-treated under the 1050 ◦C, 6 min and 800 ◦C, 6 min conditions.

The segregation behavior of Alloy B specimens heat-treated to 1050 ◦C for 6 min and 800 ◦C for
6 min is explained by precipitation. Cr-based carbide (Cr, Fe)23(B, C)6 was the main precipitate of
9–12% Cr FM steel. When the content of boron is 0.004 wt % or more, a brittle Fe2B precipitate is
formed [31,32]. Fe2B precipitate was not observed frequently. Equilibrium phase diagrams predicted
by thermodynamic calculations demonstrate that the Fe2B phase constitutes a fraction of 0.001 at
temperatures exceeding 800 ◦C [32]. These are also similar to the Nano-SIMS results. The result of
Nano-SIMS analysis demonstrated that the B and C distributions produced a behavior almost identical
to the Cr and Fe distribution. If the observed Cr and Fe elements are assumed to have the distribution
of (Cr, Fe)23(B, C)6, this indicates that the amount of boron incorporated into the (Cr, Fe)23(B, C)6

precipitate was highly dependent on the location of the precipitate associated with the PAGB [3,4].
Also, trace element Nb, Ta, and V affect to form of (Cr, Fe)23(B, C)6. The combination of boron and
these elements suppress the α-to-γ transformation by stabilizing austenite due to formation of MX
carbides with high thermal stability and reducing the rate of carbon diffusion and the inhibition of (Cr,
Fe)23(B, C)6 [31]. The Ac3 of the alloy B steel was measured by thermomechanical analysis and was
compared with that of the Gr.92 steel [32]. The alloy B specimens showed higher phase transformation
temperatures than the Gr.92 specimens, as can be observed from Table 2. We believe that the precipitate
is not the cause of the failure that occurred during processing. This is because there was no precipitate
around the fracture surface.
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(a) 

(b) 

Figure 14. Nano-SIMS distribution map of sputtered carbon, boron, chromium, and iron ions in the
areas denoted by the arrows of the alloy B specimens heat-treated under the 1050 ◦C, 6 min and 800 ◦C,
6 min conditions: (a) #1 (b) #2.

Table 2. Phase transformation temperatures for alloy B and Gr.92 steels [32].

Materials Ac1 (◦C) Ac3 (◦C)

Gr.92 844 879
Alloy B 852 909

The different textures of the two steels can be attributed to their different B contents. The texture of
both the steels depended on the fraction of the austenite phase present in them during the intercritical
annealing. During the α→ γ→ α transformation, a texture with a strong {111} component develops by
intercritical annealing with the transformation of a certain amount of the γ phase [33–35]. Therefore, in
the case of the alloy B steel specimens, γ-fibers, which become parallel to the ND during the α→ γ→
α transformation because of the incomplete normalization, were not formed.

Figure 11 shows the compression test results of the alloy B steel along the ND. Fracture commenced
at the point where hardening occurred rapidly in the elastic region and the strength increased suddenly,
resulting in the transformation of the elastic region into the fracture region. This is because the γ-fiber
component did not develop on the ND plane and the plastic deformation did not occur in the ND plane.
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Crack initiation occurs along the slip bands in a grain or at the grain boundary on the surface.
In the crystallographic mode of ferrite steels, cleavage involves the separation of atomic bonds along
the low index {001} crystal plane [36]. The separation process along the low index plane prefers to
lower the surface energy. The low index plane lies on the {001} plane and other low-index planes
such as {110}, {112}, and {123}. It has been reported that cleavage fracture is caused by the lack of slip
bands [37]. This phenomenon was observed in the 1050 ◦C, 6 min and 800 ◦C, 6 min alloy B specimens
because the ND // {111} plane (γ-fiber), which ensured that formability does not develop. Thus, the slip
system did not function properly during the rolling and plastic deformation does not occur on the ND
plane and fracture occurs on it.

5. Conclusions

In this study, a modified 9Cr-2W steel (Alloy B) was developed for application as the fuel cladding
with good creep performance for SFRs. It is expected that the investigation of the properties and
manufacturing processes of these alloys will significantly contribute to expanding the applicability of
components with high-temperature strength and creep characteristics for nuclear reactors in the future.

The analysis of the fracture of the alloy B steel sample during the manufacturing process showed
that an increase in the B content resulted in an increase in the α→ γ phase transformation temperature
such that sufficient transformation did not occur under the normalizing condition. The effect of heat
treatment on the alloy samples depended on their B contents. Under the incomplete heat treatment
conditions, the γ-fiber components, which are advantageous for formability, did not develop in the
samples. It was assumed that cracks occurred when the elastic-to-plastic deformation transition
occurred in the ND during the rolling process, thereby resulting in failure. Therefore, it is necessary to
avoid intermediate heat treatment conditions in which γ-fibers do not fully develop, i.e., an imperfect
normalization should be avoided.
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Abstract: A three-dimensional (3D) finite-element model (FEM), including quasi-static stamping,
sequential coupling for electromagnetic forming (EMF) and springback, was established to analyze
the springback calibration by electromagnetic force. Results show that the tangential stress at the
sheet bending region is reduced, and even the direction of tangential stress at the bending region
is changed after EMF. The springback can be significantly reduced with a higher discharge voltage.
The simulation results are in good agreement with the experiment results, and the simulation method
has a high accuracy in predicting the springback of quasi-static stamping and electromagnetic forming.

Keywords: electromagnetically assisted forming; springback control; numerical simulation

1. Introduction

In recent years, lightweight products are more commonly used because of the requirement for
energy conservation. For this reason, aluminum and magnesium alloys as well as high-strength steel
applications have been produced in increasing numbers. However, the common springback behavior
during sheet-metal bending greatly affects both size and shape precision of produced parts.

During bending, the sheet deformation under an external load consists of both plastic and elastic
deformation. When the external load is removed, the elastic strain is recovered. This results in a
geometrical deviation from the ideal target product [1,2]. More specifically, the springback is the
deviation between the shape before and after unloading, which is caused by the elastic recovery of the
bending region. Since all metal materials have elastic modulus, springback is an unavoidable problem
in sheet forming processes. In comparison with traditional low-carbon steel, the springback tendency
of aluminum alloy is very pronounced. Therefore, the effective prediction and control of springback is
important to improving the precision of bent aluminum-alloy parts.

Electromagnetic forming (EMF) is a high-speed forming method that can deform a workpiece
through magnetic force using the electromagnetic induction theorem. The deformation speed of
electromagnetic forming is extremely fast, often reaching 300 m/s. Compared with traditional stamping,
this can be seen as a high-speed deformation process. EMF can significantly enhance plastic strain
due to the inertia effect [3,4]. Therefore, the EMF process can increase the formability of metal sheets
and reduce both springback and wrinkling [5,6]. It was reported that EMF technology could be
used for aluminum sheet/tube forming, bending, joining, welding, cutting, and calibration of parts.
For example, Guo et al. [7] used electromagnetic incremental forming (EMIF) to obtain an integral
curvature panel with the grid ribs stiffened. Xiong et al. [8] designed a V-bending electromagnetic
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forming (EMF) method though experimentation and simulation to solve the shape difference between
the formed part and the desired part. However, only a few simple-shaped parts can be manufactured
using these methods.

Thus, electromagnetically assisted sheet-metal stamping (EMAS), which combines the advantages
of high-speed forming into the traditional stamping process, has been used widely. For EMAS, the
sheet is bent by quasi-static stamping firstly, then the working coils are setup at the sheet bending area
to generate a high magnetic force. Finally, an increased formability was found in EMAS compared with
the traditional stamping process [9]. Many researchers have studied the effect of EMAS on springback
in various experiments. For example, Shang et al. [10] established the V-bending method and evaluated
the effect of pulsed magnetic force on springback using 2024-T3 aluminum sheets. Liu et al. [11] and
Sun et al. [12] established the U-shaped parts by electromagnetically assisted bending using 5052-O
aluminum sheets, respectively. Iriondo et al. [13,14] established the forming of L-shaped parts and
analyzed the effect of pulsed electromagnetic force on the springback of 5754 aluminum alloy and
DP600 high-strength steel. Woodward et al. [15] designed disposable actuators to control and minimize
springback. Therefore, it was recognized in the field of electromagnetic forming EMF can reduce
springback. However, the question of why the angle can be controlled after EMF process was not
clearly answered in those papers.

In this paper, the three-dimensional (3D) finite-element model (FEM) utilizing ABAQUS and
ANSYS software was used to describe the mechanism of electromagnetic impulse calibration.

2. FEM of Electromagnetic Impulse Calibration

2.1. Simulation Strategy

There are two main simulation methods for electromagnetic forming: (1) the loose coupling
method, and (2) the sequential coupling method. In [16], we analyzed the differences between the two
methods. If the magnetic forces calculated are not based on the updated EM model, the simulation
approach can be deemed the loose coupled method. For the EMF, the sequential coupling method has
higher calculation accuracy because it considers the effect of workpiece deformation on magnetic field
calculation. In this paper, quasi-static stamping, sequential coupling for electromagnetic forming, and
springback have been all considered, and the simulated flowchart can be seen in Figure 1. The effects
of local electromagnetic momentum are neglected and the hypothesis of a symmetric Cauchy stress
tensor is used. The ANSYS/emag software, which uses Maxwell electromagnetic equations to calculate
the electromagnetic force, was used for electromagnetic field simulation. The ABAQUS/explicit
software was used to calculate the quasi-static stamping and dynamic deformation process. When the
deformation is terminated, the springback of the sheet is calculated by ABAQUS/implicit software.

 

Figure 1. Simulation strategy for springback control by EMF.

2.2. Structure Field Model

The simulation data in this paper were taken from published studies by Liu et al. [11] and
Sun et al. [12]. The main parameters of the EMF equipment were: rated voltage (5 kV), and capacitance
(774 μF). The detailed experimental conditions were as follows: (1) The elasticity modulus of a
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AA5052-O aluminum-alloy sheet was set as 68 GPa, the Poisson’s ratio was set as 0.33, the density was
set as 2.7 × 103 kg/m3, and the yield strength was set as 90 MPa. The length, width, and thickness
of the sheets were 120 × 40 × 1 mm. (2) The length and the corner radius of the punch were 60 and
10 mm, respectively, as shown in Figure 2a. The gap between the punch and die was set to 1.05 mm.
The quasi-static constitutive behavior of the AA5052-O sheet is described by Equation (1).

Figure 2. Structure-field model. (a) Geometric dimension; (b) 2D view of stamping; (c) 3D view of
stamping; (d) angle in 2D view after springback.

For electromagnetic forming, inaccurate simulation results could be obtained if the strain rate
effect is not considered. To consider the effect of a high strain rate on the forming process, the behavior
of viscoplastic material was modeled with a rate-dependence law (Cowper–Symonds power law) in
ABAQUS finite-element analysis software. Cui et al. [17] produced large-scale ellipsoid parts using
electromagnetic incremental forming combined with stretch forming. The Cowper–Symonds power
law was used to accurately predict the high-speed forming process with multi-steps of coil discharge
and stretching. Thus, the Cowper–Symonds constitutive model was used in this paper as shown
in Equation (2).

σs = 364.16ε0.25 (1)

σ = σs(1 + (

.
ε
P
)

m

) (2)

where σ is the dynamic flow stress, σs is the quasi-static constitutive behavior of the sheet,
.
ε is the

strain rate, P = 6500 s−1, and m = 0.25 is the specific parameter of aluminum alloy.
The ABAQUS/explicit software was used to create a three-dimensional (3D) U-bending model, as

shown in Figure 2a. To enhance the calculation speed, the punch and die were treated as rigid bodies.
The element type of the punch and die was R3D4. The sheet was meshed using C3D8, an eight-node
hexahedral element. Contact conditions between the punch and sheet, as well as the sheet and die,
have been considered in this paper. The friction coefficient was set to 0.1. The sheet-center bulged
during the quasi-static stamping. According to the experimental condition in [11,12], we set a certain
displacement for the punch moves to ensure that the sheet center would just make contact with the die.
The deformed sheet can be seen in a two-dimensional (2D) view in Figure 2b. Based on the stamping
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results, it can be found that the maximum principal stress (Abs) occurred predominantly at the sheet
corner, as shown in Figure 2c. According to the principle of plastic forming, the three principal stresses
during sheet bending were in the tangential direction, the width direction, and the thickness direction,
respectively. In order to better understand the changes of stress during forming, the three principal
stress components were defined as following: σθ, tangential component; σb, width component; and σt,
thickness component. As the principal stresses along the tangential direction have a great effect on
springback, the distribution of tangential stress (σθ) on the sheet at different times should be analyzed.
However, the distribution of tangential stress (σθ) cannot be directly selected in the Abaqus software.
Thus, the tangential stress was judged as special elements based on element stress vector. As shown in
Figure 2c, the tangential compression and tensile stress occurred at the inner and outer layer of the
sheet corner region after stamping, respectively. Figure 2d shows the 2D view before and after the
springback. The springback angle was about 18.9◦, and the radius of the bend region changed to about
12 mm.

2.3. Electromagnetic Field Model

Based on the geometric dimensions of the coil and the sheet, a 3D electromagnetic field model
was established, as shown in Figure 3a. The electromagnetic field model consisted of the far-air region,
air region, coil, and sheet. The element types for the far-air region, air region, coil, and sheet were
infin111, solid97, solid97, and solid97, respectively. Based on the deformed sheet in Figure 2c, the
electromagnetic field model was updated. The updated models contained sheet and coil, as shown in
Figure 3b. Figure 3c shows the induced current distribution on the sheet metal after coil discharge.
The current on both sides of the width of the sheet metal and the current at the corner region of the
sheet metal constitute a current loop. The direction of induced current on the sheet metal was opposite
to the current loaded into the coil.

Figure 3. Field analysis of the (a) electromagnetic field model; (b) updated model of the sheet and the
coil; and (c) induced current on the sheet metal.

Sun et al. [12] reported the current density flowing through the coil for a 1 × 10 mm section at 3 kV.
According to our calculation, we can obtain the current curve during the coil discharge at 3 kV. At 60 μs,
the current reaches its maximum value of 42 kA. In EMF, the discharge current, I (t), flowing in the coil
is approximately described by Equation (3). For an EMF device, the capacitance (C), inductance (L),
and resistance (R) were always kept consistent. Figure 4 shows the current flowing through the coil at
different voltages.

I(t) = U

√
C
L

e− R
2L t sin

1√
LC

t (3)
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Figure 4. Current through the coil as a function of time.

3. Results

3.1. Discharge Voltage U = 1.5 kV

Figure 5 shows the shape deformation of sheet metal at different times for discharge voltage U =
1.5 kV. In order to facilitate the observation of different sheet regions deformed, the displacement of
the sheet metal at the initial discharge time is defined as 0. When the coil is discharging, the material at
the sheet corner region moves away from the punch. Thus, the contact area between the sheet and
the die increases and the middle part of the sheet becomes flat during EMF. After the discharge time
exceeds 1500 μs, the bottom of the sheet metal is separated from the die. At the time of 3000 μs, it can
be considered that the sheet metal deformation is terminated.

Figure 5. Distribution of displacement in the sheet for 1.5 kV at different times: (a) 0 μs, (b) 75 μs,
(c) 300 μs, (d) 600 μs, (e) 1500 μs, and (f) 3000 μs.
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Figure 6 shows the distribution of maximal principal stress in the sheet at different times for the
discharge voltage U = 1.5 kV. In Figure 6a–d, the stress concentration area on sheet metal gradually
moves towards the sheet metal center. From the time of 0–75 μs, the value of tangential stress at
elements 5450 and 4197 decreases, while the tangential stress at elements 5930 and 3637 increases.
From the time of 600–3000 μs, there are small tangential stresses at the corner region. Because the
tangential compressed stress exists in the inner corner region and the tangential tensile stress exists in
the outer corner region at 3000 μs, springback should occur.

Figure 6. Distribution of tangential stresses in the sheet for 1.5 kV at different times: (a) 0 μs, (b) 75 μs,
(c) 300 μs, (d) 600 μs, (e) 1500 μs, and (f) 3000 μs.

Comparing the results of Figure 2 with Figure 6, the tangential stress on the sheet corner after
EMF is smaller than after quasi-static stamping. The springback angle after EMF with 1.5 kV should be
smaller than the one after stamping. Figure 7 shows the springback results after a coil discharge at
1.5 kV. The springback angle after coil discharge at 1.5 kV is about 4.9◦.

Figure 7. Springback after coil discharge at 1.5 kV: (a) 3D view; (b) 2D view profile.
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Figure 8 shows the changes of three principal stresses over time at nodes 3694 and 7893. The
position of the special nodes on elements is shown in Figure 8. The position of the special elements on
the sheet is shown in Figure 6. At the discharge time of 0 μs, the values of three principal stresses are
obtained by quasi-static stamping. When the discharge voltage is 1.5 kV, the three principal stresses at
special nodes undergo disordered high frequency oscillation. At the end of the EMF process of 3000 μs,
the tangential stresses at the two special nodes are obviously less than the one at the moment of 0 μs.

 

Figure 8. Stress changes at special nodes: (a) node 3694; (b) node 7893.

3.2. Discharge voltage U = 2 kV

Figure 9 shows the distribution of maximal principal stress on the sheet at different times when
the discharge voltage U = 2 kV. In comparison with the results in Figure 6, the value of the tangential
stress at elements 5450 and 4197 decreases more sharply, while the tangential stress at elements 5930
and 3637 increase more sharply with a higher discharge voltage from the time of 0 to 75 μs. At the time
of 600 μs, tangential tensile stresses occurs at elements 5450 and 5930, positioned at the inner layer of
the sheet corner. The direction of tangential stress for elements 5450 and 5930 is different from the
results in Figures 2c and 9d. At 3000 μs, both tangential compression stress and tensile stress exist on
inner and outer layer of sheet corner. Thus, the springback angle could further decrease with 2 kV
discharging, compared with the results of 1.5 kV discharging.

Figure 10 shows the springback after coil discharge at 2 kV; the springback angle after coil
discharge at 2 kV is about 0.9◦. In comparison with the results in Figure 2, Figure 7, and Figure 10, the
springback angle after coil discharge decreases more sharply with a higher discharge voltage.

3.3. Discharge Voltage U = 3 kV

Figure 11 shows the distribution of maximal principal stress on the sheet at different times for the
discharge voltage U = 3 kV. It is found that the two sides of the sheet metal width deform faster than
the sheet center. This is because, a large induced current appears at the side of the sheet metal after
coil discharge, and a larger induced current corresponds to a larger magnetic field force. Therefore,
a pit appears at the sheet corner region after deformation, which reduces the deformation uniformity
compared with 1.5 and 2 kV.
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Figure 9. Distribution of tangential stresses in the sheet for 2 kV at different times: (a) 0 μs, (b) 75 μs,
(c) 300 μs, (d) 600 μs, (e) 1500 μs, and (f) 3000 μs.

Figure 10. Springback after the coil discharge at 2 kV: (a) 3D view; (b) 2D view.

Figure 12 shows the springback results after a coil discharge at 3 kV. The springback angle after
coil discharge at 3 kV is about −1.4◦. However, a pit appears at the sheet corner region after springback,
which causes the deformation uniformity to be reduced. The corner radius is not the same along the
entire width of the sheet.
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Figure 11. Distribution of tangential stresses in the sheet for 3 kV at different times: (a) 75 μs, (b) 150 μs,
(c) 300 μs, (d) 600 μs, (e) 1500 μs, and (f) 3000 μs.

Figure 12. Springback after coil discharge at 3 kV: (a) 3D view; (b) 2D view.

3.4. Plastic Strain and Strain Rate

Figure 13 shows the distribution of equivalent plastic strain on the sheet. Under the condition of
quasi-static stamping, the plastic strain mainly occurs at the corner region of the sheet, and the plastic
strain in the middle region of the sheet is close to zero. After the coil discharge, the maximum plastic
strain on the sheet increases due to the sheet becoming re-deformed under the action of electromagnetic
force. Plastic deformation occurs at the middle part of the sheet. In order to facilitate subsequent
analysis, special nodes 7284 and 7158 were chosen. It can be found that the plastic strain of nodes 7284
and 7158 gradually increases as the discharge voltage increases.
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Figure 13. Equivalent plastic strain. (a) Quasi-static stamping; (b) 1.5 kV; (c) 2 kV; (d) 3 kV.

Figure 14 shows the strain rate versus time for nodes 7158 and 7284. In the quasi-static stamping,
the punch is assumed to bend the sheet at a speed of 2 mm/s. Thus, the maximum strain rates of nodes
7284 and 7158 are 0.06 and 0.01 s−1, respectively. If the coil is discharged at 1.5, 2 or 3 kV, the plastic
strain at node 7284 is only slightly increased, while the strain rate at node 7284 is greatly increased. The
maximum strain rate at node 7284 at 3 kV is 341 s−1. As shown in Figure 13, the plastic strain at node
7158 with 3 kV discharge is significantly increased compared to the quasi-static condition. This results
in a significant increase in the strain rate at node 7158 after discharge, to a maximum of 2511 s−1.

Figure 14. Strain rate versus time for (a) quasi-static stamping, and (b) coil discharge with
different voltages.

3.5. Simulation Verification

The changes in the angle after EMF are shown in Table 1. Both experimental data [11,12] and the
simulation suggest that the method is accurate at predicting electromagnetically assisted bending.
At 3 kV there exists a pit at the sheet corner region after springback, which coincides with the simulation
results shown in Figure 12.
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Table 1. Simulation and experiment.

Discharge Voltage 0 1.5 kV 2 kV 3 kV

Experiment 20.8◦ 4.3◦ 1◦ −0.2◦
Simulation 18.9◦ 4.9◦ 0.9◦ −1.4◦

4. Conclusions

In this study, a 3D finite-element model (FEM) with U-shaped bending was developed using the
ABAQUS and ANSYS software package. It can be concluded that:

(1) The simulation results are in good agreement with the experimental results. It is proven that
the simulation method is accurate at predicting the springback for quasi-static stamping and
electromagnetically assisted bending.

(2) After the coil discharges with 1.5 and 2 kV, the tangential stress on the sheet corner will be greatly
reduced, and the springback will also be significantly reduced. If discharge voltage is 3 kV, the
tangential stress distribution on the sheet corner region is more uneven and a higher plastic strain
on the sheet. Thus, the springback can be further reduced at 3 kV. However, the deformation
uniformity is reduced.
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Abstract: Friction is the main phenomenon that has a huge influence on the flow behavior of deformed
material in sheet metal forming operations. Sheet metal forming methods are one of the most popular
processes of obtaining finished products, especially in aerospace, automobile, and defense industries.
Methods of sheet forming are carried out at different temperatures. So, it requires tribological tests
that suitably represent the contact phenomena related to the temperature. The knowledge of the
friction properties of the sheet is required for the proper design of the conditions of manufacturing
processes and tools. This paper summarizes the methods used to describe friction conditions in
conventional sheet metal forming and incremental sheet forming that have been developed over
a period of time. The following databases have been searched: WebofKowledge, Scopus, Baztool,
Bielefield Academic Search Engine, DOAJ Directory of Open Access Journals, eLibrary.ru, FreeFullPdf,
GoogleScholar, INGENTA, Polish Scientific Journals Database, ScienceDirect, Springer, WorldCat,
WorldWideScience. The English language is selected as the main source of review. However, in a
limited scope, databases in Polish and Russian languages are also used. Many methods of friction
testing for tribological studies are selected and presented. Some of the methods are observed to have
a huge potential in characterizing frictional resistance. The application of these methods and main
results have also been provided. Parameters affecting the frictional phenomena and the role of friction
have also been explained. The main disadvantages and limitations of the methods of modeling the
friction phenomena in specific areas of material to be formed have been discussed. The main findings
are as follows—The tribological tests can be classified into direct and indirect measurement tests of
the coefficient of friction (COF). In indirect methods of determination, the COF is determined based
on measuring other physical quantities. The disadvantage of this type of methods is that they allow
the determination of the average COF values, but they do not allow measuring and determining the
real friction resistance. In metal forming operations, there exist high local pressures that intensify
the effects of adhesion and plowing in the friction resistance. In such conditions, due to the plastic
deformation of the material tested, the usage of the formula for the determination of the COF based on
the Coulomb friction model is limited. The applicability of the Coulomb friction model to determine
the COF is also very limited in the description of contact phenomena in hot SMF due to the high shear
of adhesion in total contact resistance.

Keywords: coefficient of friction; bending under tension; draw bead; friction; friction testing; material
properties; mechanical engineering; sheet metal forming; strip drawing; surface properties; tribology
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1. Introduction

Conventional sheet metal forming (SMF) methods are widely used for making shaped components
across the many industries. In an SMF process, a thin piece of metal sheet, commonly referred to
as the workpiece, is stretched by stamping tool into the desired shape without excessive thinning
or wrinkling. Finished products fabricated by SMF processes have good quality, are geometrically
accurate, and commonly do not require finishing procedures. The main problem in SMF techniques is
the appropriate compensation of the springback phenomenon [1,2]. However, sheet forming processes
are complex and require expensive tooling that is economically feasible only for mass production [3].
Goals of experimental investigations in sheet metal forming operations are classified into two [4,5]:

(1) understanding the contact conditions during sheet metal forming and
(2) assessing the influence of specific variables in the forming operations.

Incremental sheet forming (ISF) is a relatively recent technique that allows solving many problems
of the conventional sheet forming process. ISF is a dieless forming process suitable for small batches
and has demonstrated its great potential to form complex three-dimensional parts with using a
relatively simple and low-cost tools. Potential application areas of ISF include the aerospace industry,
biomedical applications, rapid prototype production, and metal forming in the automotive industry.
ISF processes are characterized by much less forming force compared to conventional stamping, no
need to manufacture the dies, a higher value of the sheet deformation in relation to die-forming, and the
ability to shape elements on a conventional computer numerical control (CNC) milling machine [6].

In general, ISF includes several sheet flexible forming approaches, such as Single Pint Incremental
Forming (SPIF), Two Point Incremental Forming (TPIF), also known as Double-Sided Incremental
Forming (DSIF), Incremental Forming with Counter Tool (IFWCT), or Water Jet Incremental Sheet
Metal Forming (WJISMF) [6–8].

In SMF, the shape, dimensional accuracy, and surface roughness of the final part mainly depend
on the character of sheet deformation due to material properties, tool design, forming conditions
(temperature, forming speed, etc.), initial surface topography, friction conditions (dry or lubricated
contact). Former studies [9,10] showed that the surface properties of the tool have a significant effect on
friction as well as wear behavior of sheet metal forming under lubricated conditions. The existence of
friction forces at the deformed material and tool interface, in particular, determines the non-uniformity
of the deformation of the sheet metal.

Therefore, it is necessary to have sufficient knowledge of the frictional resistance in order to
properly design the die tool and to forecast the flow of the material under forming, especially in
the case of complex shapes. Moreover, finite element-based numerical simulations that allow for an
accurate analysis of deformation of the sheet require a proper description of the contact phenomena.
However, for proper operation, one requires knowledge of the frictional resistance and its evolution
during the forming process. This justifies the work on the proper planning of the friction tests using
proper simulators that are developed to model the friction phenomena simulation tests. In this paper,
the methods used to represent the friction conditions in conventional SMF and ISF have been summarized.
Furthermore, the main disadvantages and limitations of the modeling methods of the friction phenomena
in specific areas of the material to be formed have been discussed.

2. Methods

To fulfil the aim of the article, the main scientific databases have been explored. The English
language is selected as the main source of review. However, in a limited scope, Polish and Russian
languages are also used in exploring the Polish language and Russian language-based scientific
databases. To identify the potential relevant documents, the following bibliographic databases were
searched: WebofKowledge, Scopus, Baztool, Bielefield Academic Search Engine, DOAJ Directory of
Open Access Journals, eLibrary.ru, FreeFullPdf, GoogleScholar, INGENTA, Polish Scientific Journals
Database, ScienceDirect, Springer, WorldCat, WorldWideScience. No restriction has been made on the
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publication years. The search strategy was limited to scientific articles and scientific theses distributed
in open access and distributed under the access available at the authors’ Universities. The duplicated
articles found by various databases were not considered. Papers were also excluded if they did not fit
into the conceptual framework of the study. References available in found articles were also considered.
Many years of experience of the authors allow drawing the hypothesis that there is a very limited
number of friction tests in sheet metal forming, which causes that no special numerical screening
algorithm was used. The articles were reviewed “manually”. It should be pointed out that the results
found by different databases were consistent. The keywords used to search in the databases include,
but not limited to:

I. English language: “friction coefficient sheet forming”, “friction coefficient metal forming”,
“friction sheet forming, “friction deep drawing”, “tribology sheet metal forming”, “friction
bending under tension”, “friction blank holder”, “coefficient of friction”, “tribometer coefficient of
friction”, “friction simulative tests”, “strip drawing test”, “hot forming friction testing”, “friction
in draw bead”, “draw bead friction test”, “advances in friction testing”, “advances in friction
measuring”, “friction apparatus for sheet metal forming”;

II. Polish language: “tarcie podczas kształtowania blach”, “współczynnik tarcia”, “tarcie przeróbka
plastyczna metali”, “tribotester”, “pomiar tarcia kształtowanie blach”, “opory tarcia”, “tarcie
pod dociskaczem”, “metody wyznaczania oporów tarcia”, “metody określania współczynnika
tarcia”, “postępy w pomiarze współczynnika tarcia”, “pomiar sił tarcia w procesie tłoczenia”,
“test przeciągania paska blachy”, “test zginania blachy z rozciąganiem”, “test przeciągania w
warunkach ściskania blachy”, “test zginania w warunkach ściskania blachy”, “test zginania
blachy z przeciąganiem”, “test zginania blachy z ciągnieniem”;

III. Russian language: “трибoтестер”, „кoэффициент трения фoрмoвaние листoвoгo метaллa”,
„трение при фoрмoвaнии листoвoгo метaллa”, „метoдыoпределения сoпрoтивления
трения”, „сoпрoтивление трения”, „прoгресс в измерении кoэффициентa трения”,
„фрикциoннo-плaстическoе фoрмoвaние метaллoв”, „измерение трения”, „метoдыoпределения
кoэффициентa трения”.

IV. The next section shortly describes the fundamentals of tribology in sheet metal forming. The results
of the review are presented in Sections 4 and 5.

3. Frictional Resistance

Frictional resistance depends on diverse parameters such as lubrication, normal pressure,
the surface roughness of the sheet metal and the tool, type of materials of the contact pair, sliding speed,
and temperature [11]. In forming at elevated temperatures, the coefficient of friction (COF) is usually
higher than in cold forming. This is because higher temperature forming increases adhesion at the
contact interface. The interaction between the two surfaces and the oxide and debris layers formed is
constantly changing and strongly affected by the forming conditions [12]. It is well known [13,14] that
friction changes as a result of plastic deformation of the material and the increased surface roughness.
This leads to the transition from a hydrodynamic to a mixed friction regime, and the metal to metal
contact increases.

The unfavorable effects of frictional resistance include [15,16]: non-uniform workpiece deformation,
worsening of workpiece surface roughness, and the increased tool wear. The existence of frictional
resistance between workpiece and punch in the stamping process has an advantage that the maximum
allowable drawing force can be increased. As it was concluded by Menezes et al. [17], the variations of
the COF between the tool and workpiece surface directly affect both the stress distribution and the
shape of the workpiece. This also has direct impacts on the material microstructure.

Friction in sheet metal forming is a complex function of the physico-mechanical properties of the
tool and workpiece, forming parameters, the topography of both metallic sheets and tools, and contact
conditions. In order to fully characterize the role of friction in sheet metal forming, a tribological
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system may be introduced, which consists of four main elements (Figure 1)—friction pair, lubricant,
micro- and macroenvironment, and processing parameters.

Figure 1. Scheme of a tribological system in sheet metal forming.

Tribology plays a key role in the formability of material and quality of products. The surface
roughness of sheet and tooling surfaces, surface coating, and lubrication type are the fundamental
parameters of the tribological performance of elements in the automotive industry [18]. The most
economical and effective way to reduce the harmful effects of frictional resistances in stamping
operations is lubrication. The most important properties of the lubricant are viscosity and extreme
pressure load [19]. The pressure between the die and the workpiece is a crucial factor determining
the effectiveness of lubrication. At a relatively low contact pressure, the frictional interaction takes
place through mixed lubricated asperity contacts that are dominated by boundary effects [20]. In such
conditions, the total applied load is partially carried by the hydrodynamic action of the lubricant
film. The contact normal stresses in deep drawing and hot sheet metal forming may reach a value
of 750–800 MPa. So, the proper selection of lubricant type is crucial to realize the tool-workpiece
separation and friction reduction. The application of good boundary lubricants containing hard
coatings and extreme-pressure additives could increase the frictional resistance of the die-workpiece
contact surfaces [21]. Results of Kim et al. [22] also showed that the combined uses of good boundary
lubrication and hard coatings reduce heat generation at the die-workpiece contact.

In SMF, the friction coefficient is controlled by two different friction components [23]: (1) an adhesive
force acting in the real contact areas and (2) a deformation force acting when the harder tool
surface asperities plow into the surface of the softer sheet metal. Surface plowing refers to the
deformation of the surface of a softer material due to a harder material sinking into it. In other words,
the friction effect is observed due to the adhesion effects between asperities, the plowing at contacting
asperities, and the hydrodynamic friction stresses that appear when the lubrication regime is applied.
The impact of adhesion and plowing on the frictional resistance is a function of the real area of contact.
Therefore, frictional resistance depends on the real area of contact, which can be influenced by two
mechanisms [24–26]: (1) roughening and (2) flattening. These mechanisms occur due to sliding, normal
load and stretching, where flattened surfaces exhibit a higher COF. On the other hand, roughening of
asperities decreases the real area of contact resulting in lower friction.

In addition, in hot forming processes, the temperature may dynamically change in the forming
process, so a constant COF cannot reflect friction and galling characteristic of the interface [27]. Galling,
in particular, accelerates with rising temperatures in both lubricated and dry friction conditions [28],
thus affecting the quality of parts formed.

Many studies were devoted to investigating the effectiveness of friction reduction by different
types of lubricants. A lubricant with high viscosity can form a thicker film, enlarging the distance
between the interacting asperities and hence reduces abrasion. In contrast, lubricants with an extremely
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high value of pressure load may maintain an oil film under higher contact pressure between asperities
and minimize the asperity adhesion [19,20].

4. Friction Testing in Conventional Sheet Metal Forming

4.1. Background

The first quantitative investigations of friction, lubrication, and wear were made by inventor
Leonardo da Vinci (1452–1519) almost 450 years ago. Guillaume Amontons (1663–1705) in 1699
enunciated fundamental laws of friction, with those names not associated. One of the two main
statements is that the friction force is independent of the apparent area of contact between the two
surfaces. Secondly, the friction force acting between two sliding surfaces is proportional to the applied
load. The concept of experimental apparatuses and development of da Vinci′s understanding of the
friction laws have been comprehensively examined by Hutchins [29]. Many of the concepts of friction
measurement presented in da Vinci′s manuscripts are still up-to-date. Furthermore, they formed the
basis for creating new concepts of friction tests.

Due to the presence of different conditions with regard to the pressure forces, state of stresses,
and speed of displacement in the individual areas of the draw piece, a series of tribological tests were
developed to model the friction conditions for the needs of the plastic sheet forming processes [16,30].
Over the years, two main groups of tribological tests were developed. The tests simulating tribological
conditions model the geometrical interactions of the friction pair, often without maintaining the process
kinematics. The second group, the process simulation tests, are designed to manipulate plastic-forming
operations while maintaining process kinematics. Both groups of tests can be divided into tests with
direct or indirect measurement of the values of the COF. A review of the effects of coating, lubrication,
and temperature on the tribological characteristics in hot forming and the tribometers for different
metal forming processes at elevated temperatures has been presented by Dohda et al. [31]. Moreover,
the tribological behaviors of oxides in hot forming were discussed. An overview of the simulation tests
representing the friction conditions in the specific areas of the draw piece is also shown in Figure 2.

Figure 2. Tribological tests representing the friction conditions in the specific areas of the draw
piece: (a) pin-on-disc tribometer, (b) bending under tension, (c) drawing with tangential compression,
(d) bending with tangential compression, (e) strip-drawing test, (f) draw-bead test, (g) strip-tension
test, (h) hemispherical stretching, (i) strip-reduction testing; prepared based on [16].
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Most tests allow indirect determination of the value of the COF based on the measurement of the
changes in other physical parameters like strains or forces. Besides, in order to study the interactions
in the sheet-tool interface, the industry is nowadays using different numerical simulation-based
tests [32–34].

Bay et al. [16] divided the friction tests with regard to the normal pressure value, surface expansion,
and sliding length into three groups:

(1) bending under tension tests with mild tribological conditions with normal medium pressures,
low-sliding speeds, and no surface expansion,

(2) draw-bead tests with medium-to-high normal pressures, medium sliding lengths, and no surface
expansion and

(3) strip-reduction tests with normal high pressures, low-sliding lengths, and surface expansion.

Even until the present, no universal method has been developed for determining the COF. This
is attributed to the variety of the geometry of tool contact with the deformed material as well as the
existence of different stress and strain states in specific areas of the draw piece in the sheet-forming
processes (Figure 3).

Figure 3. Types of sheet-tool contact: (a) flat contact, (b) sliding over a curved part of the tool, and
(c) linear sliding contact.

4.2. Friction Between Flat Dies

Strip drawing test (SDT) is used to model friction condition in metal forming, i.e., between
the punch and the die wall. In this test, a plane specimen of the tool material is pressed against a
strip of sheet metal, which is drawn simultaneously [15]. The strip is drawn between non-rotating
counter-samples, which are mostly flat [14] or have cylindrical shape [13,15] (Figure 4). The existence of
frictional forces between the contact surfaces assists in achieving better accuracy of measurement of the
COF. Several parameters such as the pressure force between counter-samples, lubrication conditions,
drawing speed, the surface roughness of the counter-samples and temperature do affect the change in
frictional resistance.

Figure 4. Schematic diagram of the strip-drawing test: (a) cylindrical dies and (b) flat dies.
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The value of the COF is determined according to the formula:

μ =
FP

2FN
(1)

where FP is the pulling (friction) force, FN is the normal force.
The SDT has been studied by many authors to determine the COF in a wide range of process

parameters. The experimental results determined by Trzepieciński et al. [15,35] have determined
several relationships that show the effect of lubricant conditions, surface roughness and the orientation
of the sheet metal on the value of the COF in the forming processes. Vollertsen and Hu [36] used the
SDT to identify the tribological size effects and develop a size-dependent friction function integration
in finite element-based numerical simulations. Masters et al. [14] studied the friction behavior of
metallic sheets at different levels of specimen strain. They found that the COF increases with the level
of strain. The problem of the influence of the drawing speed and the directional surface topography on
the value of friction resistance and the change of surface topography in mixed lubrication conditions in
the SDT was discussed by Roizard et al. [37]. During the testing of sheets whose roughness ridges were
oriented perpendicular to the direction of drawing, the friction force was 30% lower when drawing
inversely oriented specimens. The analysis of surface roughness changes in aluminum sheets during a
sheet-drawing test of cylindrical and flat counter-samples [38] showed a similar character of surface
topography change, and comparable value of the COF determined in both tests.

The mean contact pressure between pins and sheet metal strip may be estimated by using the
Hertz relation for a line contact under the elastic deformation with smooth surfaces [39]:

pn =
π
4

√
Fn
b E∗

2πR∗ (2)

where b is the specimen width, Fn is the applied load, E* and R* are the combined elasticity modulus
and the combined radius, respectively, determined according to:

E∗ = 2E1E2

E2
(
1− ν2

1

)
+ E2

(
1− ν2

2

) (3)

R∗ = R1R2

R1 + R2
(4)

where R1 and R2, E1, and E2, v1 and v2 are radiuses, Young’s moduli and Poisson’s ratios of bodies in
contact, respectively.

Parameters that can influence friction and lubrication are also extensively studied in the last
decade. Payen et al. [40] investigated mainly the role of contact pressure and of a chemical coating
on the tribological behavior and the roughness changes of sheets surfaces in SDT, which they called
the plane friction test. Applying an anti-adhesive coating reduced the local friction shear stress at the
boundary contacts. As a consequence, the character of asperities deformation is changed in such a way
that large levels of normal crushing of asperities can be reached with reduced debris generation [40].
Coelho et al. [41] tested EBT (Electron-Beam Texturing) zinc-coated trip 700 steel sheet under the strip
drawing test with flat dies considering a real contact area in the die-sheet-die system instead of the
apparent one. The results for flat contact friction demonstrate that a suitable combination of velocity
and pressure is required to establish the micro-hydrodynamic effect under typical boundary lubrication
conditions. The micro-hydrodynamic conditions of the boundary lubrication are caused by the plastic
deformation of coating, which produces high hydrostatic pressure on the entrapped lubricant.

Venema et al. [42] used the strip-drawing test with flat dies to characterize tribological interactions
between the tool and the sheet metal during hot stamping using hot friction draw tester with roller
hearth furnace. The essence of the friction test is based on the SDT with flat dies. Their results show
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that the tool materials worn down by friction could be embedded in relatively soft sheet coating which
subsequently causes plowing of the tool surface. Xue et al. [43] designed the strip drawing test, which
consist in a combination of flat and convex dies (Figure 5). The authors did not describe the advantage
of such a configuration over a flat and rounded counter-sample (Figure 4). The COF value may be
determined using the commonly used Equation (1).

Figure 5. Strip-drawing test setup with combined shapes of counter-samples.

The motivation of the experimental investigations of Recklin et al. [44] was observed if different
test stands of friction investigation show a significant quantitative difference in the friction value.
The main reason for the deviation of the tribological behavior in different stands is the different stiffness.
Moreover, the contact area of each test stand may be different. Therefore, Recklin et al. [44] compared
two commonly used strip drawing tests and detected the causes of the deviation. It was found that
the quantitative value of the mean COF over the contact pressure depends on the area of the contact
surface. The second important conclusion is that the variation of COF over the contact pressure is
dependent on the stiffness of the stand.

Kondratiuk and Kuhn [45] tested the COF of coatings in hot strip drawing experiments (Figure 6).
The basic setup consists of a drawing device, a continuous electric furnace, a feeder section to
transport the sheet metal strip. After placing a steel strip manually onto the chain drive, the strips
are automatically transported into the furnace using a motor-powered chain drive. The strip is then
transported into a hydraulic holding device when the pre-specified dwell time has been reached. Next,
the tool closes, and the strip is compressed by applying a load acting between the upper and lower
tool and is drawn through the drawing device.

Figure 6. Schematic representation of a hot strip drawing simulator: 1—chain, 2—electric furnace,
3—tool holder, 4—movable tool holder, 5—heated sheet metal strip, 6—sliding bed with a hydraulic
holding down device; prepared on the basis of [45].

The COF can be calculated using Equation (1) as a function of drawing distance. The results of
investigations allowed the individual tribological characterization of the hot-dip-aluminum–silicium
and electro-plated zinc alloy coatings for hot forming applications. The effectiveness of the use of
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lubricants to decrease the forming load in hot stamping of Al-coated 22MnB5 steel was studied by
Uda et al. [46] in hot strip drawing test. Al-coated 22MnB5 steel is widely used as the sheet material in
hot stamping. Technically, the used device is very similar to that used by Kondratiuk and Kuhn [45].
Based on the results of the experimental tests, a new high-performance lubricant for hot stamping
was developed. Tokita et al. [47] studied the effects of the temperature deviation due to contact with
the tools and the COF at high temperatures on stretch formability at a high temperature using a high
temperature sliding test. Experimental testing of HR steel sheets conducted under warm forming
conditions shown that, in forming in the low-temperature range (200–400 ◦C), the influence of the COF
on sheet formability is dominant in spherical stretch forming. The COFs of both the hot rolled and
galvannealed coated steel sheets at a high temperature were higher than those at room temperature.

The above-mentioned test (Figure 6) was performed outside the furnace, and hence it is not
exactly isothermal. Shi et al. [48] designed a friction rig intended to make isothermal tests at elevated
temperature. Using this test rig, the frictional properties of the sheets in SDT was studied. The rig
is universal and can be fitted to any universal testing machine equipped with the furnace chamber.
The vertical force of pulling the sheet between counter-samples is measured by testing machine, and the
normal pressure is applied to test-piece by the gravitational force of the weights via a lever mechanism.

The correlations between the tool surfaces and friction in SDT with flat dies were determined
by Merklein et al. [49]. In this study, diverse finishing strategies were employed on the surface of
the tool. Tribological performance of tool surfaces fabricated using different finishing strategies was
investigated by conducting strip drawing tests under dry conditions. From the results with lubricated
strips, it was found that the preferential direction orientation has a lower influence on the friction
compared to the roughness. Moreover, the orientation of grinding marks in the tool surface has a
notable influence on the friction under dry conditions.

Tests with the rotary movement of the tool consist of placing a specimen in the form of a
ring or a disc between the anvil of a testing machine and the counter-sample performing a rotary
movement along the axis of the specimen. During the test, the tangential force and normal force are
measured in the contact area. As a counter-sample, flat (pin-on-disc) [50] or spherical (ball-on-disc,
Figure 7a) [51–53] pins, as well as ring-shaped tools (Figure 7b) known as twist compression tests
(TCTs) are used. The frictional resistance can be determined for different slip speeds, lubrication
conditions, and pressure forces.

Figure 7. Illustration of rotary counter-sample tests (a) pin-on-disc, and (b) twist compression (prepared
on the basis of [54]).

During the pin-on-disk tests, the friction force and the slip distance for the first disk revolution
are measured using a computer program that registers and controls the values of the friction force as a
function of time. The COF value was determined from the values of both normal FN and friction FT
forces using the formula in Equation (5):

μ =
FT

FN
(5)
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The apparent pressure pc in the pin-on-disk test with flat pin may be evaluated from the friction
band width, bf, which can be assumed to be equal to the diameter of a circular contact section. Thus,
the apparent pressure for each test was calculated from [41]:

pc =
4FN

πb2
f

(6)

where FN is the normal force, and bf is the width of friction band.
The results of investigations using pin-on-disc tribometers where the length of the friction track is

arbitrary, cannot be compared with measurements carried out on the work stations with the to-and-fro
motion of the counter-sample. Due to the cyclic contact of the counter-sample with the surface of the
sheet being tested and the concentrated nature of the contact, the COF value representative for a given
surface can only be determined for the initial stage of the friction process. In this manner, one can
determine the anisotropy of the value of the COF according to the rolling direction of the sheet [51,53].

The use of tribotesters to determine the COF of plastically deformed sheets is limited due to
the nature of the concentrated contact, whose presence in the real deep-drawing processes is limited.
Moreover, the low ratio of the yield strength of the workpiece material and the counter-sample material
allows the rapid initiation of wear processes. The superficial contact of the counter-sample with the
sheet surface being tested is assured by a method using an annular counter-sample with a radius of
external cylindrical surface r loaded with pressure p (Figure 7b) [10]. The value of the COF in the TCT
is determined based on the following formula:

μ =
T

A× p× r
(7)

where T is the torque, A is the surface area of contact, p is the normal pressure, and r is the radius of
the external cylindrical surface.

Kim et al. [22] used TCT to establish guidelines on how to select the optimum combinations of die
materials, coatings, and lubricants for stamping of galvanized AHSS (DP600, TRIP780, and DP980) for
automotive structural parts. Ball-on-disc tests were used to a large extent in describing the tribological
behavior of materials in the contact region and to determine the COF [13,14]. It is important to note
that these tests are quite similar to scratch tests and are different from ring compression tests and
pin-on-disc tests. They generate apparent friction that may contain two integrated components, i.e.,
shear friction and plowing friction [52].

Pin-on-disc tester was used in the study reported by Dou and Xia [55], which described the effects
of the normal loads and the sliding velocity on the friction characteristics between the stamping die
and the sheet metal under the boundary lubrication. From this study, it was observed that the friction
mechanism between sheet metal and the die is mainly abrasive wear and plowing wear, with slight
adhesive wear.

Reports from some researches [56,57] indicate that the measured COF is usually higher when
the sliding direction is parallel to the grinding lay. Ajayi et al. [53] used a pin-on-disc tribometer and
investigated the role of surface texture, especially the effect of grinding lay on frictional behavior of the
boundary lubrication regime. The results indicated frictional anisotropy of the directionally ground
AISI 8620 specimens in the entire speed range of the test, although it is more apparent at low speed,
and that the magnitude of the friction variation spikes is significantly reduced. At such high speeds,
where the spikes are lower and closer together as a function of time, the frictional anisotropy may be
mistaken for noise in the friction measurement system.

Interface friction of the ball-on-disc test under a high temperature is studied by Wu et al. [58].
A shematic illustration of the test stand is shown in Figure 8. A full contact model is developed to
assess the lubrication of this testing mechanism and to decouple the contributions of solid-solid contact
asperity to the interface friction stress. It was found that the temperature increase can significantly
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influence the lubricant performance. This can be due to the effect of lubricant additives. Furthermore,
in the boundary lubrication regime, friction is sliding-speed dependent because the interaction of the
solid layer may be formed by lubricant additives when the temperature of the lubricant increases.

Figure 8. Schematic configuration of the tribological test: 1—specimen, 2—liquid container, 3—heat
chamber, 4—load cell, 5—pin, 6—cover; prepared on the basis of [58].

Experimental testing of high steel sheets under hot stamping conditions using a high-temperature
pin-on-disc test carried out by Ghiotti et al. [59] reveals that the blank temperature and contact pressure
have a larger influence on the COF that typically can reproduce the condition in industrial processes.
Moreover, the cooling rate does not affect the surface characteristics, in the range variations typical of
the hot stamping. It was found that with increases in stamping temperature, the COF decreases. This
can be explained by a reduction of shear strength of coating with the temperature.

Ball-on-plate Sliding Test (BST) is designed by UMT-TriboLab. The apparatus allows high-temperature
reciprocating wear and is equipped with a resistance furnace. Figure 9 shows an illustration of the test
set-up. A special clamping fixture was designed to ensure that there exists no slipping or movement of
specimens while testing. The electro-mechanical drive allows us to carry out the ball-on-plate tests
and assuring the existence of constant pressure at the contact interface [27]. The COF under different
conditions can be calculated using the classical Coulomb′s law (Equation (5)).

Figure 9. Schematic of UMT (Universal Mechanical Tester)-Tribolab tribometer.

Lu et al. [27] conducted experimental investigations on the unlubricated reciprocating sliding
friction and galling behavior of 7075 aluminum alloy sheets at different temperatures. The results allow
connecting the process temperature with the friction mechanism. Conventional scratch tests may be
modified in order to obtain a well-controlled slipping contact as in BST. For example, Carlsson et al. [60]
used a steel ball of diameter 7.5 mm instead of the Rockwell C diamond stylus with a radius of
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200 μm. Based on the experimental test of friction of Dogal® and Aluzink® sheets, they concluded that
compared with the BUT (Bending Under Tension) test, the modified scratch test, and the pin-on-disc
test are easy and rapid to perform.

Kirkorn et al. [9] conducted investigations on the frictional behavior of a number of conventional
tool materials that are used in the sheet forming industry employing a novel method of COF measuring
based on flat-die strip drawing. According to the authors, the uniqueness of this device (Figure 10),
compared with existing tribotesters used in sheet forming applications, is the ability to fully control
the applied normal force and drawing velocity during experimental studies. A more comprehensive
description of the functionality of the tribotester used can be found in [61]. The developed device
enabled comparison of different tool steels, surface treatments, coatings, and lubricants in terms of
galling and friction under real SMF process conditions. The normal and shear forces were measured,
and the COF is calculated using Equation (31).

Figure 10. Schematic illustration of flat-die strip drawing: 1—specimen, 2—spring, 3—spring buffer,
4—tool holder, 5—tool, 6—force sensor.

4.3. Friction in Ironing in a Conical Die

Strip Reduction Tests (SRTs) represent severe tribological conditions with low slipping length, high
normal pressure, and surface expansion. Some types of SRTs are tests carried out with a reduction of the
sheet thickness between flat [62] or cylindrical [38,63] counter-samples. One of the first experimental
approaches for the simulation of the ironing process was developed by Fukui et al. [64], who made direct
measurements of friction force in metal-strip drawing where the strip was made to reduce between
two stationary dies. The COF is defined as the ratio of normal force and tangential force occurring
during sheet drawing between cylindrical surfaces (Figure 7a), and this relation is expressed as [65]:

μ =
FT − 2FN tan

(
α
2

)
2FN + FT tan

(
α
2

) (8)

where FT is the pulling (friction) force, FN is the normal force and α is an angle of the arc contact area
(Figure 11a), which may be determined according to the formula:

tan
α
2
=

√
g0 − g1

4R− (g0 − g1)
(9)

where R is the radius of the rounded edge of the counter-sample, g0 is an initial sheet thickness, and g1

is the final sheet thickness.
From the conditions of the equilibrium of the elementary section of the sheet between flat dies

(Figure 11b), the relationship between the drawing force FT of the sheet and the pressure force FN is as
follows [66]:

FT

FN
=

2(μ+ tanα)
1− μ tanα

(10)
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Assuming that the value of the COF does not change along the contact surface between the dies
and the plate, the value of the COF is given by:

μ =
FT − 2FN tanα
2FN + FT tanα

(11)

Figure 11. Illustrative diagram of the strip-reduction test carried out between (a) cylindrical dies
(b) flat dies.

The SRT test has also been conducted by several researchers to simulate the ironing process [33,67].
This test is capable of simulating varying conditions such as drawing speed, reduction, sliding length,
and the tool temperature [68]. The apparatus developed by Andreasen et al. [68] uses a round,
non-rotating tool-pin instead of a wedge-shaped die (Figure 12). The test was conducted in such a way
that the thickness of the sheet metal strip is reduced between a non-rotating tool pin (representing the
conical die) and a supporting plate (representing the cylindrical punch).

Figure 12. Schematic representation of the SRT: 1—specimen, 2—jaws, 3—piezoelectric transducer,
4—tool pin, 5—supporting plate, 6—vertical guide; prepared on the basis of [68].

The strip and the supporting plate are clamped together at the front end (corresponding to the
punch nose in ironing). The two ends of the tool pins have square cross-sections that are designed
to be mounted on two vertical guides that allow the change of the gap between the tool pin and the
support the plate [68].

Recently, Moghadam et al. [63] developed the method of detection of the onset of galling in strip
reduction testing using acoustic emission. They investigated the same apparatus as Andreasen et al. [68].
It was concluded that acoustic emission could be applied as a non-destructive measuring technique
for assessment of galling in the strip reduction test emulates the ironing process. A direct correlation
between the contact conditions and the generated acoustic emission events was found. Dohda and
Kawai [69] proposed an alternative to Fukui et al.’s [64] strip-ironing type tribometer consisting of a
bottom plate that is drawn with the strip through a wedge-shaped ironing die. Measurements carried
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out by Le and Sutcliffe [66] show that, in SDT, the change in friction is associated with a change in
contact ratio between the tool and strip. Analysis of the surface drawn with rougher dies suggests that
the lubrication has broken down, leading to the plowing of material picked up onto the tool surface.

Üstünyagiz et al. [33] proposed a new strip reduction test (SRT) for an industrial ironing process
in order to replicate the severe tribological conditions involving sliding length, tool temperature,
lubricant film and drawing speed. Sulaiman et al. [62] studied lubrication performance in SRTs with
tools provided with longitudinal and shallow pockets that are oriented perpendicular to the sliding
direction (Figure 13). They found that the distance between the pockets should be larger than the
width of the pocket. By doing so, a topography similar to the flat table mount is created to avoid
mechanical interlocking in the valleys. If the distance between the pockets is 2–4 times larger than the
pocket width, the textured tool surface reduces friction and improves the lubrication effect.

Figure 13. Schematic diagram of an SRT with a textured tool surface, prepared based on [62].

In addition, Üstünyagiz et al. [33] proposed a new Continuous Strip Reduction (CSR) test that
can replicate the extreme tribological conditions under forward stroke and backward retraction of the
punch (Figure 14). To replicate the forward stroke, two stationary cylindrical tool pins are used to draw
the strip from right to left while its thickness is reduced in section I (Figure 15).

Figure 14. Schematic of the ironing process during (a) forward and (b) backward strokes.

The lower cylindrical tool pin is mounted on a heater block, which was used to adjust the tool
temperature by an electric cartridge. The backward stroke of the ironing process is replicated in
section II (Figure 15). This section provides a further reduction in the strip thickness, and the gap
between the two stationary pins can, thus, be adjusted to a value slightly smaller than that utilized
in section I. The test can simulate process parameters such as drawing speed, sliding length, strip
thickness reduction and tool temperature. It is also possible to quantify the onset of the breakdown
of the lubricant film and the resulting galling effect after several strokes during the forward and
backward strokes.
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Figure 15. Schematic diagram of an SRT with a textured tool surface: 1—specimen; 2, 3, 6, 7—stationary
cylindrical tool pins; 4, 8—housing; 5, 9—heater blocks; 10—base; prepared based on [33].

4.4. Friction Conditions in Die Curvature

The Bending Under Tension (BUT) test developed by Littlewood and Wallace [28] is attributed to
the friction modeling on the edge of the die. The test consists of drawing the strip of metal around
the cylindrical counter-sample (Figure 16). The traditional way of performing these BUT tests is by
differential measurements using two sequential tests, one by drawing over a fixed circular cylindrical
tool-pin, the other over a freely rotating pin, implying that no sliding takes place. Then an estimate of
the friction is obtained from the difference in the front tension measured in the two tests.

Figure 16. Forces acting on an elementary section of the strip.

Assuming that there is a constant COF μ in the contact region and the wrap angle γ (Figure 16) is
constant during the test according to the equilibrium of all forces acting on an elemental cut of the strip
dγ, it can be shown that:

F + qμwRdγ− (F + dF) = 0 (12)

qwRdγ− Fsin
dγ
2
− (F + dF)sin

dγ
2

= 0 (13)

For a very small dγ, one can assume that sin dγ
2 ≈ dγ

2 and dF << F. Thus, combining Equations (12)
and (13) gives:

μdγ =
dF
F

(14)

Integrating Equation (14), and taking into account γ = π/2 the COF is determined to be:

μ =
2
π

ln
(F1

F2

)
(15)
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The average contact stress (unit contact pressure, q) in this case is determined from the
following equation:

q =
F1 + F2

2wR
(16)

where w is the width of the strip, and R is the radius of the pin.
Trzepieciński and Lemu [32] developed a tribological simulator based on the concept of the BUT

test. The test device is schematically shown in Figure 17. As illustrated, a grip supported by a load cell
was used to hold the test strip at one end of the device. The specimen was wrapped around a fixed
cylindrical roll and loaded in a tensile testing machine, ensuring contact over an angle of approximately
90◦. Applying the fixed pin allows setting up the rolls in four positions, which enables the utilization of
the full circumference of the roll. The tensile forces F1 and F2 can be measured simultaneously during
the test. A major benefit of this test setup is that strain it is not necessary to measure the strain in order
to determine COF. For some tests, the effect of strain on COF can be of interest, while the use of an
extensometer may not be reasonable or warranted in some other cases.

Figure 17. Schematic view of the testing device: 1—device frame, 2—specimen, 3 and 4—tension
members, 5 and 6—extensometers, 7—working roll, 8—fixing pin.

Furthermore, the BUT test allows determination of the change of COF during the process of
stretching the specimen over the roller. This change may be related to the change in sheet topography
and increased normal pressure due to sheet deformation [15,70]. Furthermore, it may be related to a
change in the contact conditions as a result of the strain hardening phenomenon. As a result of the
friction resistance existing between the roller and the sheet, one gets F1 > F2 (Figure 17). Weinmann
and Kernosky [71] developed a transducer that can be used to measure tension in metal strip while
letting it move over the die shoulder. The transducer portion that is simulating the die shoulder
is cylindrical and mounted on the body on a pair of bearings. Similar to the BUT test, the friction
was determined based on both the front and back-tensions. So, the friction is not measured directly.
Bay et al. [16] developed a test design that is variant of that of Weinmann and Kernosky [71], which
measures not only back and front tensions but also the torque on the counter-sample (pin) directly.
The friction apparatus is designed in such a way that the sheet strip clamped in two claws is bent
around a non-rotating pin. Drawing the strip with the front claw while breaking the back claw ensures
sliding of the strip around the pin under the controlled back-tension. To simulate the influence of
varying tool temperature, authors designed electric heaters which can be inserted in the tool-pin holder.
Moreover, in order to control the temperature, water-cooling channels were drilled in elements of
friction apparatus.

Dilmec and Arap [72] proposed a test apparatus to measure the COFs for both the flange and the
radius regions using only a single experiment. The operating procedure of this apparatus is based on
the principles of strip drawing test and BUT methodology. Since the press moves vertically, the flat
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die simulator and the radial strip drawing test could not be individually designed. The section of the
system that represents friction conditions at the die radius region, is shown in Figure 18. The COF
for the radius region can be calculated using the front tension force registered by the press control
system and the back-tension force using the Euler equation (Equation (15)). Then the analysis of
variance method was used to investigate the effect of the blank holder force, die radius, drawing speed,
the surface roughness of the tools, and the type of lubrication on dynamic COF between the sheet
metal flange and the radius regions of the tools.

Figure 18. Schematic view of BUT device.

Many experimental and numerical works have contributed to the knowledge about tribological
phenomena on the edge of a rounded die [70,73,74]. The BUT tests consist of making differential
measurements by carrying out two tests, one after the other, one by drawing over a fixed circular roller,
the other over a freely rotating roller [74]. A major drawback in all studies of BUT test is that friction
measurement requires repeated measurements of the front and the back forces.

In another variant of the BUT test, the bending force can be determined by conducting the test
with a free rotating roller or in conditions of minimized friction between the roller and the plate.
The difference in the values of tensile forces for fixed and rotating rollers is attributed to the bending
force of the sample around the roll. The test is carried out in two stages (Figure 19) [75]—(1) with a
blocked roller and (2) with a mobile roller.

Figure 19. Schematic diagram of the bending under tension test realized by (a) fixed and (b) rotatable pin.

Taking into account the influence of sheet thickness and the radius of the counter-samples,
the dependence relationship determining the COF based on the measurement of tensile forces in both
stages is as follows [75]:

μ =
1
γ

2R + g
2R

ln
F1a − (F1b − F2b)

F2a
(17)

where R is the radius of the counter-sample, γ is the contact angle, g is the sheet thickness, F1a is a
pulling force on a fixed counter-sample, F1b is a pulling force on a rotatable roller, F2a is a back-tension
force on a fixed counter-sample, F2b is a back-tension force on a rotatable roller, Fb = F1b – F2b is the
bending force of the specimen over the roller.
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Sniekers and Smits [76] used a torque sensor on the pin in the BUT test to avoid the second step
of the test when the pin is free to rotate. In this method, the COF is determined by measuring the
torque from:

μ =
F0D

R√
F2

1 + F2
2 −
(F0D

R

)2 (18)

where F0D represents the torque on the pin (Figure 20), F1 and F2 are the pull force and the back-tension
force, respectively.

Figure 20. Equilibrium of the torque in the BUT, prepared based on [76].

The ratio of the friction stress τ [77] and the contact pressure p given by Equation (16) giving the
COF are given by Equations (19) and (20), respectively.

τ =
2T
πwR2 (19)

μ =
4T

πR(F1 + F2)
(20)

where w is the strip width and R is the pin radius.
Sube [78] proposed a variation of the Equation (20) as:

μ =
(F1 + F2) − Fb

2wR
(21)

where Fb is the bending force obtained as a difference of the pull force from the back force (Equation (22)),
represented by F∗1 and F∗2 in Equation (22), respectively. These forces are obtained when the test is
conducted with the pin free.

Fb = F∗1 − F∗2 (22)

Direct measurement of the central force induced in the specimen is not possible in the BUT test [79].
This can be a serious problem when the specimen is made of a material that is strain-rate sensitive
because it may lead to force estimation errors and, as a result, substantial errors in COF calculations.
One of the limitations of the BUT test is the difficulty of isolating the bending effect based on theoretical
calculation from the approximated equation of Swift’s bending force. To overcome this limitation,
Hassan et al. [79] developed a BUT punch friction test in which an improved analytical friction model
that accounts for the bending was proposed. This proposed method enables direct measurement of
tensile forces from F1 and F2 (Figure 20). Punch displacement is then measured using displacement
capacitive transducer. The pin holder of the rig is supported by a specially designed head that can
replace the chuck.
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In general, the friction coefficient value can be determined from [79]:

μ =
1
θ

ln
[

F1

F1 + Fb

]
(23)

where Fb is the bending force.
In order to isolate the effect of friction from that of bending and hence compensate the bending

effect, two test methods are commonly employed: (1) using a fixed pin and (2) using a rolling pin.
The actual friction coefficient is then calculated using an equation proposed by Wagoner et al. [80]:

μ =
[ 1
θ

ln
F1

F2

]
pin
−
[ 1
θ

ln
F1

F2

]
roller

(24)

where θ is the angle of contact between specimen and roller/pin.
Gali et al. [81] developed the hot forming friction measurement setup (Figure 21). This tribometer

is capable of measuring the COF between the pin and a metallic strip contact stretching at different
strain rates and temperatures. The apparatus consisted of a friction measurement assembly and
a loading system, with two synchronized linear actuators that apply a constant strain rate to the
sample. A strip was placed around the rotating heater and pulled on both ends by a tensile force.
The strip was also compressed by the steel pin, which has an embedded load cell to measure the normal
load. The tribometer was developed at the University of Windsor, and the principles of its operation,
including the details of the strain measurements, are described in an earlier paper of Das et al. [82].
They additionally installed a camera system over the top face of the strip to measure changes in the
initial diameter of circular grids inscribed on the strip’s surface and then used it for in-situ evaluation
of the major and minor strains in the hot zone. The results of testing AA5083 aluminum alloy sheets at
different temperatures showed that COF increased, and this can be attributed to the effects of softening
tribolayer at high temperature and abrasion at low temperature [81].

Figure 21. Schematic of the hot bending under the tension test.

While forming the draw pieces with complex shapes, such as car bodies, it is important to utilize
dies having varying outline curvatures. When cylindrical counter-samples are used to model friction
conditions on dies with varying outline curvatures and varying radii of edge fillets, it is difficult to
get results on the edge of the die that fully reflect the friction conditions. To overcome this limitation,
Trzepieciński and Lemu [32] proposed an experimental and numerical method to describe the friction
in sheet metal forming. Due to the rounded shape of the proposed counter-samples (Figure 22), it was
found necessary to employ a different method of determining the forces can eliminate friction through
the steps listed below [32]:
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• determining the pulling and back-tension forces experimentally, i.e., by friction test, using a
counter-sample having a non-cylindrical profile,

• using numerical methods to determine the pulling and back-tension forces under frictionless
conditions (μ = 0) employing a counter-sample with a non-cylindrical profile.

Figure 22. Proposed methods for the determination of the COF on a die edge with a (a) convex and (b)
concave profile.

Considering that the sample is bent at an angle of 90◦ while conducting the friction test, the COF
is determined by [32]:

μ =
1
γ

2R + g
2R

ln
F1exp − (F1num − F2num)

F2exp
(25)

where R is the counter-sample radius, g id the thickness of the sheet, F1exp is the pulling force
(experimentally determined), F1num is the pulling force (numerically determined), F2exp is the back-tension
force (experimentally determined), and F2num is the back-tension force (numerically determined).

The knowledge of intensity and distribution of the contact and friction stresses over the die
surface in SMF is important both from the tool wear analysis and the die design. Jurkovic et al. [83]
proposed a method of defining contact stresses and determination of COF. A more detailed figure can
be found in the aforementioned reference [83]. For the determining method of direct contact stresses,
the authors elaborated and designed sensors for the measurement of normal stresses and tangential
contact stresses. The contact stresses are measured by means of pins with transducers.

4.5. Friction Testing in the Draw Bead Region

The draw bead test (DBT) is a concept developed by Nine [84] for friction modeling at the
draw bead in sheet metal forming. Draw beads compensate for the material flow resistance around
the perimeter of the draw piece or to change the stress state in specific regions of the draw piece.
The curvature of the metallic sheet passing the draw bead model (Figure 23) changes frequently. Thus,
the aim of the method is to enable separation of the deformation resistance in the sheet from the
frictional resistance. In DBT, the values of the pulling and the clamping forces are measured when
pulling the strip over fixed (Figure 23a) and rotating (Figure 23b) rollers. Drawing the sheet over the
set of rotating rolls minimizes the frictional resistance.
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Figure 23. The concept of determining frictional resistance: (a) fixed rollers, (b) rotatable rollers,
(c) geometrical parameters of draw bead.

When the wrap angle of the middle roller is 180◦, the difference in the drawing force for the
rotating and fixed rollers may be attributed to the friction process and used to calculate the value of the
COF according to the relationship [84]:

μ =
FF − FR

π·NF
(26)

where FF is the pulling force, FR is the pulling force, and NF is the normal force or clamping force.
These forces are obtained from the fixed rolls, the freely rotating rolls, and the fixed beads, respectively.

The change of friction conditions may be obtained by changing the lubrication conditions, shape,
and dimensions of the draw bead model, wrap angle of the counter-sample, and the drawing speed of
the sheet [85]. The influence of the manufacturing tolerance of the sheet metal on the disturbance of the
recorded forces is often omitted in DBTs. The influence of the values of surface roughness parameters
on the value of the COF was discussed in detail in Skarpelos and Morris [86], which found that metallic
sheets with a higher Ra parameter showed a lower value of COF.

The value of the COF for a wrap angle α different from 180◦ is determined from [87]:

μ =
sinα
2a

PF − PR

NF
(27)

where α represents a quarter of contact angle of the actual engagement of the strip over the middle roll.
The difference between forces PF and PR in the numerator of Equation (27) is the force that

expresses the frictional resistance. This force is a component of frictional resistance occurring in the
direction of the sample drawing. This resistance is associated with the occurrence of friction on the
entire length of the contact arc on each of the three rollers equal to 2α = π rad (Figure 23c). The value
of the friction force FT = PF − PR is burdened with the error resulting from the assumption that
the use of rotating rollers eliminates friction. The normal force NF is a component of the resultant
pressure on the direction normal to the direction of drawing the sheet, and thus, the value of the COF
determined according to Equation (27) cannot be identified with the classical Amontons–Coulomb
friction coefficient.

When the middle roller’s maximum displacement becomes equal to its diameter, its wrap angle
becomes different from 180◦, because it is necessary to ensure adequate clearance c (Figure 23c) between
the counter-samples. This prevents the blocking of the specimen. The value of the wrap angle on
all rollers is related nonlinearly to the value of clearance c and the displacement of the middle roller,
as shown in Figure 24. Excessive drawing resistance may occur, and as a result, test samples of mild
steel sheets may break when the wrap angles get larger. In contrast, the use of excessive clearance c
between the rollers can cause an unfavorable change in the way the sheet deforms [88]. According to
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the recommendations in Nanayakkara et al. [87], the side clearance c should be equal to approximately
twice the sheet thickness:

c = g + s (28)

where s is an additional margin equal to 0.77 mm for g = 0.8 mm sheet thickness.

Figure 24. The relation between the total angle of wrap 2α and the middle roller penetration z.

Figueiredo et al. [4] used the draw bead simulation (DBS) test to investigate the tribological
properties of DP600 dual-phase steel sheets. Results of experimental tests allowed to conclude that
the die material surface roughness has a significant effect on COF. A major drawback in all studies on
friction measurement in the draw bead region is that the determination of friction demand repeated
measurements of the drawing force using fixed and rotating counter-samples. Such a way of the
determination of the value of COF leads to large uncertainties due to scattering [89]. In order to avoid
this problem, Olsson et al. [90] proposed a new draw bead test that can measure the friction force
acting directly on the tool radius using a build-in piezoelectric torque transducer. The method enables
recording the breakdown of lubricant film as a function of the drawing distance. For coated sheet
steels, the friction coefficient is assumed constant with contact pressure. One of the first comprehensive
tests of frictional resistances of zinc-coated sheets using the BUT and DBS tests have been conducted
by Vallance and Matlock [91].

The conventional methodology of the DBS test is only valid to measure an average COF over
the pressure range. However, the new methodology proposed by Kim et al. [92] can be employed to
determine friction coefficients from draw-bend friction tests involving pressure non-uniformity. In this
methodology, contact pressure maps that are obtained from numerical simulations, contrary to the
uniform pressure assumption, are used to build the COF model expressed as a 2nd order polynomial
of pressure.

4.6. Friction Modeling in the Punch Curvature

In the tensile strip test (Figure 25), developed by Duncan et al. [93], a strip specimen of sheet metal
is pulled over two rollers. This is done to simulate the frictional phenomena between the punch and
sheet metal in sheet forming. While the pulling force and the strain are measured on one side of the
roller, the back-tension force on the second side of the roller is calculated from the measured strains,
i.e., using the stress-strain relationship of the test material [94]. Assuming that the COF is constant
over the rollers, its value may be determined using the formula [95]:

μ =
2
π

ln
Fp

Fb
(29)

where Fp is a pulling force and Fb is a back-tension force (Figure 25).
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Figure 25. Schematic diagram of the tensile strip test.

Similar to that introduced by Duncan et al. [93], the apparatus developed by Lovell and Deng [19]
is a “plane-strain bend/unbend tension” device that stretches and bends the test specimens of the metal
strip. COF between the die and the workpiece, and the surface roughness of the deformed sheets,
could be measured under different lubrication conditions, strip widths, testing speeds and pin radii.

Hao et al. [96] studied the friction at the tool-workpiece interface using the “U” shaped friction
test. As depicted in Figure 26, the strip specimen is pulled over two pins and around a rounded die,
which is mounted on a load cell. The pulling force, F1, and the strip tension on the other side of the
pins, F2, are measured during the test. In the” U” shaped strip friction test, the COF is estimated from
measurements of strip tensions on each side of the die. The force and moment equilibrium on an
element of the strip give the following formulas that can be used in determining the COF μ, the average
contact pressure ps, and the average friction stress f [22] as given in Equations (30), (31), and (32)
respectively:

μ =
1
θ

ln
F1

F2
(30)

ps =
F1 + F2

2wR
(31)

f =
F1 − F2

wRθ
(32)

where F1 and F2 are the strip tensions (Figure 26), R is the radius of the die, w is the strip width, and θ
is the wrap angle of the strip on the die.

Figure 26. Schematic of the “U” shape strip test, prepared based on [96].

This test is a modification of the tensile strip test, which was developed at Ohio State University
(OSU) [80]. It was designed for the experimental determination of the COF in conditions of variable
wrap angle of the sheet over a cylindrical counter-sample (Figure 27). As in the case of the bending
under tension test, the resistance associated with sample bending and drawing can be separated by
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running the OSU test on fixed and rotating rollers. The rotating rollers allow the elimination of the
effects of friction and allow the measurement of forces required to bend the specimen. The undeniable
advantage of the OSU test is to ensure the realism of the deformation process of the sheet and
contact conditions:

• simultaneous occurrence of the bending and stretching of the sheet,
• the wrap angle of the counter-samples changes gradually with the increase in their displacement.

Figure 27. Schematic diagram of the OSU friction test: F1—the force acting on the center of the
specimen, F2—is the force acting in side walls, H—punch height, N—pressure force, R—radius of
cylindrical counter-sample, γ is the contact angle, ε1 and ε2—strains of the specimen in the center and
side walls, respectively.

Apart from the effect of bending and straightening the sheet, the relationship between the tensile
forces F1 and F2 is equal:

F1

F2
= eγμ (33)

where γ is the wrap angle of the counter-sample, μ is the COF.
After rearranging Equation (33), the COF takes the form:

μ =
1
γ

ln
F1

F2
(34)

The plastic deformation of the sheet caused by bending around the counter-sample causes changes
in the topography of the surface, and consequently, the local pressures relative to the actual contact
surface is smaller than the nominal pressures taking into account the nominal contact surface [70].

4.7. Friction Conditions Under Sheet Stretching

Figure 28 illustrates a schematic view of an apparatus developed by Azushima and Zhu [97] for
the Tension-Bending Test (TBT) and represents stretching over the punch radius of curvature and
under the punch nose. The sheet metal strip is clamped with the end of the actuator ram head, and the
other end is subjected to a tension load. The drawing load is then measured by means of a strain gauge
load cell inserted between the ram load and the chuck. The test may be conducted under different
drawing speeds, the geometry of the die, surface topography of die, and lubrication conditions.

The COF is determined using following equation [97]:

μ = 2
FD − FT − FB

θ(FD − FT)
(35)

where FD is drawing load, FT is back-tension force, FB is the Swift bending tension [98], and θ is the
die angle.
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The average contact pressure is defined as [97]:

pav =
FT + FD

2wR
(36)

where R is the die radius, and w is the specimen width.
TBT has been used by Azushima and Zhu [97] to study the lubrication characteristics at the

interface between the A1100 aluminum sheet and tool in the die corner of deep drawing. They found
that the surface roughening becomes predominant when the average contact pressure gets lower,
and thus, the COF becomes constant. In addition, increasing average contact pressure leads to the
flattening of surface asperities for higher average contact pressure, and hence, the COF decreases.
Azushima et al. [98] measured the COF using TBT, and they observed that the asperity flattening
occurred for the specimen with a rough surface, which dominated the boundary lubrication regime,
and the COF remained constant. It is well known that, due to the geometry of contact in TBT,
the asperity flattening and the surface roughening took place due to the plastic strain.

Figure 28. Schematic illustration of the flat-die strip drawing.

5. Friction Testing in Incremental Sheet Forming

In the ISF process, a rigid tool with a rounded tip is widely used do deform the sheet metal.
To avoid possible scratch on the sheet surface, an Oblique Roller-Ball (ORB) tool in combination with
the path generation algorithm, was developed by Lu et al. [99]. To better understand the frictional
effect, the authors also developed an analytical model of friction based on the stress analysis. In the
design (Figure 29), a ball cap is clamped by the tool arm to a certain angle instead of clamped vertically
in the conventional design. The rotation of the spindle will not change the position of the rollerball.
The measured forming loads, i.e., horizontal and vertical forces, show the cyclical change in tool forces
tends to be a “U” shape. The force difference after passes suggests the varied friction conditions.

Figure 29. Schematic representation of the ORB test: c—CNC spindle, 2—tool arm, 3—ball bearings,
4—ball cup, 5—roller ball; prepared based on [99].
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Precise calculation of COF is not easy since the measured horizontal force contains not only the
friction but also the forming force. According to the approach of Xu et al. [100], Lu et al. [99] defined
friction indicator μ* in the analysis to evaluate COF. This friction indicator is the ratio between the
horizontal and vertical force components at the mid-position of the groove in each pass, according to
Equation (37) [99]:

μ∗ =
fH∣∣∣ fZ∣∣∣ =

f riction + f orming load∣∣∣ fZ∣∣∣ (37)

where fH is the horizontal (or in-plane) force resisting the motion of the forming tool in the horizontal
plane, fZ is the vertical force acting normal to the horizontal plane and flattens the sheet.

It should be noted that μ* is not only the result of friction conditions but also related to other effects
such as strain hardening phenomenon and geometry of the desired component. The experimental
friction tests revealed that lower friction could be obtained using roller-type tools. This reduction
is more apparent when the pressure between the tool and sheet is high up to a specific level [99].
Durante et al. [101] concluded that the forces in SPIF continue to increase in the initial few contours
due to the dynamic equilibrium between sheet thinning and strain hardening. Therefore, the friction
indicator should be calculated once the force has achieved a steady-state.

Wei et al. [102] evaluated the COF using Equation (38) using sliding tests on 20 mm wide specimens,
fixed at the ends. As illustrated in Figure 30, a tool path alternates between a stroke, back and forth
twice along an 80 mm straight line [101], similar to the straight groove test, was used by Kim and
Park [103] and more recently by Ilyas et al. [104] to evaluate forming limit curves in ISF.

Figure 30. Sliding test path for the evaluation of COF (number of tool passes have been indicated by
1–3 and 2–4), prepared based on [101].

The formula for the determination of the COF value is [102]:

μ =

∣∣∣∣∣Fh
Fv

∣∣∣∣∣ (38)

where Fh and Fv are horizontal and vertical components of the total force, respectively.
In order to evaluate the modulus of the equivalent force in the sheet plane, it is enough to calculate

the force Fh [101]:

Fh =
√

F2
a + F2

b (39)

where Fa and Fb are values of the horizontal component forces evaluated in the central zones for sides a
and b in Figure 31, respectively, and represent the moduli of the two components of the horizontal force.

Analysis of variance of the effect of some forming parameters (sheet thickness, tool diameter,
forming angle, and step size) on the value of friction indicator μ* conducted by Wei et al. [102]
revealed that the response of friction indicator to parameter variations is relatively complex. During
forming, the mechanical properties of the sheets change during the strain-hardening phenomenon [6].
Furthermore, the tool-sheet contact area changes when the forming is performed with an altered set
of parameters [105]. These changes affect the values of force components, and hence, the friction
indicator [102]. It should also be noted that the results of roughness findings of Wei et al. [102] are
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different from those presented in the ISF literature. The material type observed to be the major factor
influencing the friction condition, and hence, the roughness. Recently, a number of researchers mainly
studied the friction indicator as to the function of tool rotation. In many cases [100,101,105], it has been
revealed that the friction indicator has a significant effect on the roughness.

Figure 31. Sides of the tool path during the forming of pyramid frusta.

In the case of the pin-on-disc test, the tool contacts the workpiece over the same rounded loop
repeatedly; whereas in the case of the SPIF, the forming tool never exactly touches the same workpiece
area. Despite this, Petek et al. [106] used a conventional pin-on-disc test shown in Figure 21 to study
the coating ability to prevent the adhesion of the workpiece at initial testing conditions during SPIF.
Pin-on-disc test is also applied by Minutolo et al. [107] to determine COF value for a numerical model
of the ISF process. The sliding speed was set equal to the punch feed rate in the motion of the groove.
According to the authors′ conclusion, results of finite element-based computations were observed to
have good agreement with the experimental ones, showing that pin on disc test can be used for testing
friction in the SPIF process. Hussain [108] successfully studied the different lubrication strategies
during ISF of titanium sheets using pin-on-disc tribometer.

Saidi et al. [109] proposed an approach estimating the COF in SPIF based on the values of forming
forces Fx, Fy, and Fz (Figure 32) while forming the truncated cones with wall angle α. The authors
took the following assumptions: (i) value of COF varies from one zone to another, and (ii) COF is
estimated on the basis of a uniform displacement of the tool with respect to the workpiece. Based on
these assumptions, the COF was calculated by the following relation [109,110]:

μ =

√
F2

x + F2
y√

F2
z

(40)

Figure 32. Relationship of the forming force components.
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6. Conclusions

In the SMF occurs various zones in terms of stress, deformation, sliding velocity, and contact
conditions. Therefore, over the years, a number of tribological tests to model the phenomenon of
friction in individual regions of sheet metal to be formed have been developed. The aim of this review
is (i) presentation of tribological tests aimed at determining the value of COF occurring in SMF and
ISF, while maintaining the actual contact geometry and kinematics of the tool movement, and (ii) the
discussion of the disadvantages and limitations of specific tests. Although most of the friction tests
were developed many decades ago, they are still valid and used by many authors. Although the
methods to determine friction resistance in conventional SMF at different temperature conditions
have been fairly well understood [10,15,16,50], there are a very limited number of experimental tests
modeling conditions in ISF [102,104,105,109]. This is due to the difficulty in separating the frictional
resistance from the plastic deformation resistance in the process [110].

Based on the literature review, the tribological tests can be classified into direct and indirect
measurement tests of the COF. In indirect methods of determination, the COF is determined on the
basis of measuring other physical quantities, e.g., friction force and normal force [40,50–53,55,57,58,66].
Based on the adopted model, the COF is calculated. The disadvantage of this type of methods is
that they allow the determination of the average value of COF, while they do not allow measuring
and determining the real friction resistance. Most of the tribometers, which are typically used to
measure the wear resistance, allows determining the instantaneous value of the COF. The rotational
specimen causes that the length of the friction track is unlimited. This intensifies the wear processes and
causes overestimation of the value of COF. Assigning the COF determined in a pin- and ball-on-disc
tribotesters to the conditions arisen in conventional SMF should be limited. However, the pin-on-disc
and ball-on-disc are able to determine the effect of directional topography on the wear and COF [111].

Most of the friction tests, are able to capture the COF values of tool-workpiece interfaces by controlling
critical parameters, such as lubrication conditions [19,20,62,112], microgeometry of contact (surface
roughness of sheet and tools surfaces) [50,53,91], contact pressures [40,90], temperature [42,46,47,81], tool
material and coating applied [21,22,38,45], and sliding velocity [33]. The multitude of parameters and
phenomena affecting frictional resistance means that the results obtained in various tribological tests
are not comparable [35].

The BUT and DBS tests could not directly measure COF in such a way that their value has
heavily relied on the material behavior of tested materials. During friction tests, the sheet is plastically
deformed, which affects the value of process forces used to evaluate the value of the COF. In contrast,
the plastic deformation of the sheet strip specimen in BUT tests allows determining the evolution of
the value of the COF with the increased contact pressure.

In the classical Coulomb model commonly used in the solid mechanics, the friction force is
proportional to the normal pressure. The ratio of the friction force to the contact pressure is handled as
a material constant, named the COF [113]. In metal forming operations exist high local pressures which
intensify the effects of adhesion and plowing in the friction resistance. In such conditions, the usage of
the formula for the determination of the COF based on the Coulomb friction model (Equation (1)) is
limited to small pressures.

In SDT, it was realized that in the presence of the cylindrical counter-samples, the relation of the
normal force and the friction force is nonlinear [15,35]. It is a result of a non-proportional increase in real
contact area with an increase in normal force. This phenomenon is observed by the non-linear decrease
of the value of the COF (Equation (1)) with an increase of normal force [35]. In the case of lubricated
conditions and tests with flat counter-samples, the value of pressure is crucial in the determination
of the COF. As shown by Mousavi et al. [114], since the lubricant film is under relative high surface
pressure, a uniform distribution of lubricant over the contact area rarely takes place. Therefore,
lubricant pockets can provide the permanently reserved lubricant during the sheet metal forming.
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The main problems observed in warm and hot forming processes are that high friction and wear
occur because of high adhesion between the workpiece material and tool surface, and surface-initiated
fatigue. The occurrence and prevention of galling mechanism are investigated by using tribometers
for metal forming at elevated temperatures [12,27,63]. The typically used pin-on-disc tribometer to
characterize frictional contact in hot stamping do not reproduce appropriate contact conditions. First,
the cyclic contact of the pin with the specimen does not correspond to real contact conditions [58].
Second, the build-up in the front of pin causes plowing friction and causes overestimation of COF.
Third, if the ball-shaped pin is used, the real contact area changes during the test [111]. In fact,
according to the Coulomb law, the COF is independent of the contact area. However, the applicability
of Coulomb friction model is very limited in the description of contact phenomena in hot SMF due to a
high shear of adhesion in total contact resistance.

Author Contributions: T.T. had the initial idea for the manuscript and wrote the draft of an article; H.G.L.
contributed in Funding acquisition, project administration, validation, and writing–review & editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors gratefully acknowledge the financial support provided by the University of
Stavanger under the activities of the COTech Program Area for Research.

Conflicts of Interest: The authors declare no conflict of interest.

References
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