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Abstract: The influence of geometric configuration on the friction characteristics during incremental sheet forming of
AA5052 was analyzed by integrating surface morphology and its characteristic parameters, along with plastic strain,
contact pressure, and area. The interface promotes lubrication and support when wall angles were < 40°, a 0.5 mm-thin
sheet was used, and a 10 mm-large tool radius was employed. This mainly results in micro-plowing and plastic
extrusion flow, leading to lower friction coefficient. However, when wall angles exceed 40°, significant plastic strain
roughening occurs, leading to inadequate lubrication on the newly formed surface. Increased sheet thickness and
decreased tool radius elevate contact pressure. These actions trigger micro-cutting and adhesion, potentially leading to
localized scuffing and dimple tears, and higher friction coefficient. The friction mechanisms remain unaffected by the
part’s plane curve features. As the forming process progresses, abrasive wear intensifies, and surface morphology
evolves unfavorably for lubrication and friction reduction.
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1 Introduction

Incremental sheet forming (ISF) is a flexible
process [1], recognized for its localized deformation
and cyclic loading traits [2]. It significantly
enhances the cost-effective formability of AA5052
sheet metal [3-5], addressing aerospace
manufacturing needs for single and small-batch
parts [6,7]. However, the substantial friction effect
compromises surface quality, limiting practical
industrial application [8]. Wall angle, sheet
thickness, plane curve features, and tool radius in
ISF are pivotal geometric parameters. Yet, the
mechanism of their influence on the interface
friction effect remains unclear.

Friction is pivotal in through-thickness
shearing during ISF. Utilizing FEA, BAMBACH

et al [9] observed this shearing and correlated its
magnitude with tool dimensions and incremental
step size. ALLWOOD et al [10] conducted a
comprehensive study on through-thickness shearing
resulting from friction in the tool movement
direction, highlighting its significant contribution to
enhancing the forming limit. JACKSON et al [11]
investigated friction-induced displacement of upper
and lower surfaces during incremental forming of
sandwich panels. Notably, CHANG and CHEN [12]
and YANG and CHEN [13] proposed uneven
friction distribution causing circumferential twisting.
Through membrane analysis, they revealed the
intricate mechanism behind this twisting induced by
friction. To improve friction conditions, scholars
suggested innovative tools like vertical [14,15]
and inclined [16] roller tools as alternatives to
hemispherical tools. These tools transform sliding
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friction into rolling friction, effectively mitigating
detrimental friction effects and reducing tangential
strain. This transformation substantially improves
surface finish quality, emphasizing the critical role
of friction effects as paramount parameters
influencing ISF quality.

Several scholars evaluated the influence of
geometric parameters on surface quality and
extensively researched methods to enhance it, using
parameters like arithmetical mean deviation of the
profile (R,) and maximum height of the profile
(R,) as characterization parameters for surface
roughness [17,18]. KUMAR and GULATI [19]
noted that increased sheet thickness and incremental
step led to higher roughness, while increased tool
radius had the opposite effect. DURANTE et al [20]
corroborated these findings through AA7075 sheet
incremental forming experiments and theoretical
analysis, emphasizing negligible impact of forming
angle on surface roughness. Moreover, MOHANTY
et al [21], in Al-1100 sheet incremental forming,
found an increasing trend in surface roughness with
a wall angle increase from 60° to 70°. Through
Taguchi experiments, KUMAR and KUMAR [22]
identified sheet thickness as the most significant
parameter affecting surface roughness in AA2014-
T6 incremental forming, with a pronounced
increase in roughness as sheet thickness increased
from 1.2 to 2.3 mm. They also observed reduced
roughness with a tool diameter from 16 to 18 mm
but a substantial increase to 20 mm. Some studies
utilized various experimental designs to investigate
surface roughness at different levels of key forming
parameters, determining factors influencing it
and optimizing parameters for superior surface
quality [23,24]. However, these studies solely focus
on parameters impact on surface roughness without
delving into the underlying mechanisms causing
variations. Further exploration is needed to uncover
the intrinsic causes of roughness variations.

Scholars focused on aligning
methods and types with forming parameters for
optimal effects on surface quality. In AZ31 sheet
incremental forming, ZHANG et al [25] confirmed
that Nano-K2Ti409 whiskers and organic binders
enhance bond strength between the anodized
lubricating coating and substrate, ensuring
favorable lubrication. Similarly, XU et al [26],
employing atmospheric plasma spraying, prepared
nickel-coated molybdenum disulfide coatings to

lubrication

lubrication  conditions, determining
optimal spraying parameters for lubrication effect,
surface quality, and forming force. DIABB et al [27]
demonstrated that using plant oil lubrication with
SiO, nanoparticles during AA6061 ISF induces
adhesive wear, highlighting smaller tool radii’s
susceptibility to scratching and tearing debris,
leading to increased surface roughness [28]. SEN
et al [29] applied minimum quantity lubrication
(MQL) in single-point incremental forming of 7128
sheets, improving surface roughness and morphology.
LI et al [30] proposed an ISF with an interpolator
between the tool and AA2024-O sheet, acting as a
barrier to eliminate direct contact and sliding
friction, reducing contact pressure. They noted
increased surface roughness with larger tool radii
and incremental steps. Despite extensive research
on forming conditions’ influence on surface quality,
the underlying mechanisms causing variations
remain incompletely elucidated.

Consequently, this study undertakes the
meticulous measurement and characterization of
the friction coefficients, surface morphologies and
features  during AAS5052 parts formation,
considering varying wall angles, sheet thicknesses,
plane curve features, and tool radii. By combining
experimental findings with tribological principles,
the mechanisms behind variations in friction
characteristics due to parameter changes are
elucidated. This provides valuable insights into the
evolution of surface quality during actual forming
processes.

improve

2 Extraction of geometric configuration
and friction testing method

2.1 Extraction of geometric configuration

ISF utilizes simple and versatile tools to
deform the sheet metal point by point along a
predetermined process path, leading to the gradual
formation of the geometric structure of the part
through plastic accumulation. This technique has
been successfully applied in the fabrication of
aerospace components [31], automotive parts [32],
and medical implants [33,34], as depicted in Fig. 1.
Although various industrial parts exhibit a variety
of complex geometric configurations, the plane
curve features of all these configurations consist of
combinations of circular arcs, straight lines, and
arcs with variable curvatures. Hence, the influence
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Fig. 1 Geometric configurations of parts formed by ISF

of the plane curve features on the friction
characteristics in ISF can be represented by a cone
part comprising a singular circular arc line, a
pyramid part comprised a singular straight line, and
an elliptical cone part constituted by a singular arc
with variable curvature.

Furthermore, the wall angle a, sheet thickness
to, and tool radius R are also vital parameters that
determine the geometric configuration of the part. o
represents the inclination angle of the part’s
sidewalls, exerting a significant impact on the
deformation of the sheet metal and the forming
force during incremental forming, thereby
influencing the friction process. 7 denotes the initial
thickness of the material, which needs to be
determined based on specific part requirements. It
impacts the friction process in the incremental
forming by altering the contact area and the
forming force. R determines the minimum bending
radius during the forming process. In actual

~ Geometric configurations
Pyramid

Spherical cap

'Elliptic‘él' cone

production, the appropriate tool radius can be
selected based on the geometric configuration of the
specific part to meet the requirements. It is also
essential to consider its influence on the friction
process by adjusting the interface contact pressure.

2.2 Friction testing method

Friction coefficients are determined through a
method proposed by our team, which establishes an
equilibrium relationship between experimental and
theoretical analysis forces based on the membrane
analysis method to determine the friction coefficient
through inverse calculation, as illustrated in Fig. 2.
The experimental force refers to the average
horizontal force, F1, during the steady-state phase
of ISF experimental process. The theoretical
analysis force refers to the vector sum of the
horizontal component of the material deformation
force F! and the friction force £ F includes
circumferential and radial deformation forces, F*
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Fig. 2 Friction testing method for ISF

and Frd, respectively. These forces are obtained
by integrating the normal stress o; over the
projected areas S and S; in the circumferential and
radial directions, respectively. The friction force, f,
is the vector sum of the circumferential and radial
friction components, f: and f;, respectively. f. acts on
the axial and radial projected areas, S, and S;, while
fr acts on the circumferential projected area, S..
Equation (1) can be derived as

Fh:E]d+J7:

2
\/(O-tSc+ﬂO-t \/S212+S1'2) +(O-tSr+luO-tSC )2 (1)

The experimental setup depicted in Fig. 2
illustrates the apparatus utilized for acquiring the
ISF process and obtaining the required Fy. The
trajectory of the tool driven by the CNC machine
spindle is determined based on the wall angle, plane
curve features, and the step size (the amount by
which the tool descends per layer) while executing
ISF  experiment. Sophisticated fixtures were
employed to securely affix the sheet in place.
Additionally, force sensors were employed to
dynamically monitor the forming forces inflicted
upon the sheet in real-time.

Based on the geometric relationships of the
contact region shown in Fig. 2, the contact area S
and its corresponding projected areas Sa, Sc and S:
can be calculated using Eq. (2):

2Rh— h2 R sin(a + arcsin L) +
2Rsina

N2Rh—h* - 4

(1] 24n
2tanaD +(E[( h+R):

N2Rh—h* + ghR sin(a + arcsin 5 z

Rsina
2
D +(%\/2Rh—h2 :

1/2

)= th} (2)

h can be determined by calculating Eq. (3) [35]:
t, (l—cosa)_'_\/ﬂ 3)
o (3 - n) +1 R

2

Through the implementation of the membrane
analysis method for ISF, it becomes feasible to
formulate the stress equilibrium equation for the
constituent contact area unit. This equation, when
coupled with the Tresca yield criterion, yields a
comprehensive representation of the interrelation
between the stress o; and the material plastic stress
o(¢), as denoted by Eq. (4):

2t

Ut:mﬂ(f;) (4)

R-h K

R? -arccos +

tana

R — Rcos(a + arcsin -
Rsmma

h:
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According to the deformation characteristics of
ISF, the plastic strain ¢ can be calculated by [36]

N

Therefore, by substituting Egs. (2)—(5) into
Eq. (1), the friction coefficient x4 can be obtained
by

2 2
e \/(Sc.lsjwf +SrSC) +S{%—S§—Sﬁj—

(Sey/S; +57 +Sr5c)}/52 (6)

3 Material and experimental scheme

3.1 Material

AA5052 sheet used in the experiment was
rolled and annealed, with a geometric dimension of
200 mm x 200 mm. Its chemical compositions are
depicted in Table 1. The stress—strain curves of this
material were obtained through uniaxial tensile
tests performed on an INSTRON-100 kN material
testing machine, as shown in Fig.3. It can be
assumed that the material properties exhibit no
significant anisotropy. Hence, the average values of
the mechanical properties in the 0°, 45° and 90°
directions are considered for the AA5052 sheet in
the experiments. The initial surface roughness, Ra,
was measured to be 0.337.

The tool material is GCrl5, subjected to
quenching and machining processes. The initial
surface roughness, R., was measured to be 0.8.

Table 1 Chemical compositions of AA5052 (wt.%)
Mg Cr Fe Si Cu Zn Mn Al

3.2 Experimental scheme

Considering the limitations of single-point
incremental forming and the typical range of wall
angles for common parts, four different wall angles,
namely 30°, 40°, 50° and 60°, were chosen for
forming. Five common thicknesses of AAS5052
sheets, namely 0.5, 0.8, 1, 1.2 and 1.5 mm, were
selected for forming. Additionally, forming
experiments were conducted using tool radii of 4, 7
and 10 mm, which have significant dimensional
differences. The dimensions of the various plane
curve feature parts illustrated in Fig. 1 are as
follows: the maximum diameter of the cone part is
70 mm, the maximum side length of the pyramid
part is 100 mm, and the maximum longer and
shorter axes of the elliptical cone part are 100 and
50 mm, respectively. The forming height remains
consistent at 37 mm for all the parts.

A single-variable approach was employed to
assess the impact of each parameter on the friction
characteristics during ISF of AAS5052 sheets,
wherein only one parameter was varied in each
experiment. The specified geometric configuration
parameters used for forming the pyramid-shaped
parts were a wall angle (a) of 50°, sheet thickness
(to) of 1 mm, and a tool radius (R) of 7 mm. The
specific experimental parameters are presented in
Table 2. The remaining forming parameters were
kept constant throughout the experiments, with a
feed rate (v) of 1000 mm/min, rotation speed (w) of
500 r/min, step size (£) of 0.5 mm, and the lubricant
used was L-HM46 oil. The process path followed a
spiral trajectory.

Table 2 Experimental scheme

o/(°) ty/ymm R/mm Plane curve feature

247 020 040 020 0.03 0.06 0.08 Bal

300

True stress/MPa
3
S

0 005 010 015 020 025
True strain

Fig. 3 True stress—true strain curves of AA5052

30 1 7  Pyramid, cone, and elliptical cone
40 1 7  Pyramid, cone, and elliptical cone
50 1 7  Pyramid, cone, and elliptical cone
60 1 7  Pyramid, cone, and elliptical cone
50 0.5 7  Pyramid, cone, and elliptical cone
50 0.8 7  Pyramid, cone, and elliptical cone
50 1.2 7  Pyramid, cone, and elliptical cone
50 1.5 7  Pyramid, cone, and elliptical cone
50 1 4  Pyramid, cone, and elliptical cone
50 1 10 Pyramid, cone, and elliptical cone

3.3 Characterization
The influence of geometric configuration
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parameters on the friction coefficient was assessed
by calculating the rate of change of the friction
coefficient (r) using Eq. (7), which relies on the
friction coefficient (1) at the specific forming
parameters.

_ H—= luspeciﬁed

n x100% (7)

:uspeciﬁed

The surface morphology impacts the
effectiveness of lubrication, the collision probability
between rough peaks after lubrication film failure,
and the stress levels involved. This study visually
analyzed the friction traces left on the sheet surface
by friction effects using SEM images at various
geometric configuration parameters. The profile
arithmetic mean deviation (R,) is widely used to
describe surface roughness, but it has significant
limitations. Surfaces with the same R, value can
have completely different surface morphologies and
performance characteristics, leading to substantial
evaluation errors. To provide a more accurate
description and differentiation of actual surface
morphology, the skewness (Rs), which reflects the
asymmetry of the height distribution, and the
kurtosis (Rk.), which reflects the peakedness of the
height distribution, are further employed [37].
When Rq > 0, the surface is predominantly concave,
with minimal supporting area at the peaks, making
the sharp contours susceptible to accelerated wear.
On the other hand, when R«<0, the surface exhibits
a multi-peaked profile, indicating a favorable
supporting surface that facilitates wedge action to
carry high loads and promote the formation of oil
films. A larger Ry, is advantageous for reducing the
real contact area and improving wear resistance. In
general, a more negative Ry and a larger Ry, are
both beneficial for reducing friction.

The inner surface of the parts in contact with
the tools is evenly divided into four regions:
trapezoidal sides for each side with a 90° angle for
the pyramid-shaped part, sector sides for every 90°
along the circular direction for the cone-shaped
part, and sector sides on both the major and minor
axes at 90° intervals for the elliptical cone-shaped
part. Only Regions 1—4 for the pyramid-shaped part
are shown in Fig.4. To represent the surface
morphology throughout the entire forming process,
this study divided the length of each region along
the meridian direction into three equal segments.
These segments were sequentially classified as the

initial, intermediate, and final stages of surface
formation, based on the forming sequence. In
addition, surface morphology parameters were
measured for each stage along both the feed
direction and the meridian direction. The feed
direction refers to the direction of tool movement,
while the meridian direction is perpendicular to the
feed direction. The surface morphology parameters
along the feed and meridian directions for each
stage are the average values of corresponding
parameters in the four regions, which can be
calculated using Eq. (8):

_RI+R +R+R,

R’ 8

2 (@)
where R’ represents the symbol for surface
morphology parameters.

- [Feed diitestion <

e e Regﬁion,z‘_”
O Initial stage forming surface
@ Intermediate stage forming surface

m Final stage forming surface

Fig. 4 Measurement regions of surface morphology

The assessment of the impact of geometric
configuration parameters on surface morphology
along both the feed and meridian directions during
the entire formation process was carried out by
examining the change rate of surface morphology
parameters (1) using Eq. (9), which is based on the
specific formation parameters.
=R Rt 00, )

’
specified

4 Results and discussion

4.1 Influence of wall angle

When forming cone-shaped parts with a wall
angle (a) ranging from 30° to 60°, u is 0.1003, 0.11,
0.1901 and 0.2208, respectively. In comparison to
the friction coefficient at a=50°, there is a decrease
of 47.238% at a=30°, a decrease of 42.136% at
0=40°, and an increase of 16.149% at a=60°, as
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depicted in Fig. 5(a). The change rate of x is only
5.102% when o changes from 30° to 40°, indicating
that the alteration in u is insignificant when a is
small. However, as o increases, u exhibits a
noticeable upward trend, implying a significant
degradation in the interface friction condition.
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Fig. 5 Friction coefficients and their change rates (a),
and plastic strain and contact area (b) at different wall
angles

According to Egs. (2) and (5), the plastic strain
and contact area are calculated for a<40°, as shown
in Fig. 5(b). The limited plastic strain and contact
area result in insignificant plastic deformation
roughening, as well as a smaller newly formed area
and timely lubrication. The slight plowing action
leads to relatively small and insignificant variations
in R, along the feed and meridian directions, as
depicted in Figs. 6(a) and (b). Additionally, Ry is
relatively small and Ry, is large, with stable values
shown in Fig. 7. Therefore, when forming small-
angular parts, there is a favorable support surface
and a small actual contact area, which facilitates the
wedge effect in promoting the formation of oil film
to bear high loads. Thus, there is mainly micro-
plowing and plastic extrusion sliding during the
initial stage of forming, leaving scratches on the
surface, as shown in Figs. 8(a) and (b).
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Fig. 6 R, (a) and change rate of R. (b) with respect
to wall angle, and change rate of R, during forming
process (c¢)

As the forming process progresses, the
accumulating debris cannot be efficiently expelled
from the forming zone and enters the contact
interface, resulting in an increasing trend in R, and
Ry, and a decreasing trend in Ry, as seen in
Figs. 6(c) and 7. These effects intensify abrasive
wear, leading to more surface scratches and
increased depth. The material folds caused by the
micro-plowing action are repeatedly extruded and
piled up on the sheet surface, as shown in Figs. 8(a)
and (b) during the intermediate to final stages.
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Fig. 7 R« (a) and Ry, (b) throughout forming process at different wall angles
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Fig. 8 Surface morphologies of parts throughout forming process at different wall angles: (a) a=30°; (b) a=40°;

(¢) a=50°; (d) 0=60°

Therefore, when a<40°, with an increase in «, the
strain and newly formed surface area only
experience a slight increase, while the surface
morphology characteristics remain consistent. This
does not reach the threshold for a transition in
friction mechanisms, resulting in similar friction
coefficients.

On the other hand, when a exceeds 40°, the
plastic strain and newly formed surface area
significantly increase, as shown in Fig. 5(b). The
plastic strain roughening noticeably, and if
lubrication is insufficient, the newly formed surface
may adhere to the tool, leading to interactions with

abrasive wear. This results in an increase in R,
along the feed and meridian directions, as seen in
Figs. 6(a) and (b), along with an increase in Ry and
a decrease in Ry, as shown in Fig. 7. Consequently,
the surface micro-convex peaks only provide a very
small supporting area, and their sharp contours
increase significantly. The larger newly formed
contact area with insufficient lubrication is prone to
accelerated adhesive wear. Therefore, after «
increases to 50°, the friction mechanism during the
initial stages of forming already exhibits micro-
cutting action, as the torn edges stack on the surface
after multiple extrusions.
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As the forming process continues, micro-
cutting debris mix into the contact interface,
and tool surfaces accumulate built-up edges,
continuously micro-cutting the sheet surface. R, and
Ry show an increasing trend, while Ry, shows a
decreasing trend, as shown in Figs. 6(c) and 7. The
phenomenon would result in further cold welding at
the peak-to-peak contact interface under high
pressure, exerting shear stress on the internal
materials of the sheet during relative motion,
leading to the formation of microcracks and
adhesive wear, as shown in Fig. 8(c), with a
noticeable increase in the friction coefficient.
Furthermore, as o increases to 60°, the newly
formed area continues to increase, leading to the
ongoing deterioration of surface parameters,
causing an increase in the adhesion area and even
the occurrence of scuffing effects. In addition,
serious dimple-like defects are formed on the sheet
surface, as shown in Fig. 8(d). Consequently, the
friction coefticient further increases.

Therefore, the friction characteristics and
surface quality are not constant throughout the
entire forming process of complex parts with
varying wall angles in ISF. For a<40°, the friction
characteristics and surface quality can be
considered to be consistent and relatively optimal.
However, for a>40°, the friction characteristics and
surface quality gradually decrease as o increases.
Additionally, the surface morphology features
develop in a direction that is unfavorable for
lubrication and friction reduction as the forming
process progresses.

4.2 Influence of sheet thickness

As tp increases from 0.5 to 1.5 mm, u rises
from 0.1556 to 0.2103. Compared to the friction
coefficient at #=1 mm, there is a decrease of
18.148% at #=0.5 mm, and a decrease of 8.89% at
t—=0.8 mm. However, there is an increase of 3.261%
at t=1.2mm, and an increase of 10.626% at
t=1.5mm, as depicted in Fig. 9(a). With the
increase in f#, u demonstrates a consistently
increasing trend, signifying a gradual deterioration
in the friction conditions. Nonetheless, it is
noteworthy that only significant variations in
friction conditions occur when there is a
considerable disparity in #. Thus, this study
characterizes the mechanisms behind the changes in
friction characteristics for 7o 0of 0.5, 1, and 1.5 mm.
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Fig. 9 Friction coefficients and their change rates (a), and

contact pressure and area (b) at different sheet
thicknesses

As the sheet thickness increases, the plastic
strain decreases slightly according to Eq.(5).
However, the maximum decrease from 0.5 to
1.5 mm is only 10.473%, indicating that the effect
of strain roughening is not significant. In contrast,
the corresponding contact pressure increases by
14.491%, and the contact area enlarges by 63.973%,
as shown in Fig. 9(b). The higher contact pressure
is more likely to squeeze out lubricants at the
interface, resulting in an increased proportion of
tool hard extruding the sheet surface. Although the
friction effect is independent of the nominal contact
area, the combined effect of a larger area and higher
pressure further causes an increase in the real
contact area under the same initial morphology.

Therefore, there is a noticeable increase in R,
due to the direct extruding and plastic flow motion
between more micro-asperities as #, increases, as
shown in Figs. 10(a) and (b). At the same time, Rk
shifts from negative skewness to positive skewness,
and Ry, decreases from greater than 3 to less than 3,
as shown in Fig. 11. This means that the favorable
wedge effect for lubrication and the good supporting
surface gradually disappear, and the morphology
evolves towards a less favorable direction for the
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lubrication and friction reduction, increasing
the real contact area. Therefore, the interface
experiences not only plastic extrusion flow, but also
deeper micro-plowing and micro-cutting actions at
t=1.5 mm, leaving deeper scratches and debris on
the surface. Plow folds and tearing edges are
extruded and piled up on the surface. At the same
time, adhesive and shear actions form lamellar
debris and defects on the surface. Even when the
adhesive strength is large, deep surface cracks can
form, resulting in dimple-shaped tearing defects, as
shown in Fig. 12(c).
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Fig. 11 R« (a) and R (b) throughout forming process at
different sheet thicknesses

In contrast, when £y is small, such as 0.5 mm,
the lubricant can effectively function under
favorable morphology and lower pressure
conditions, resulting in a smaller real contact area.
In addition to the plastic extrusion and shearing
motion, only the higher micro-asperities of the tool
plow the sheet surface. Upon repeated extrusion,
the edges of these scratches pile up on the surface,
as shown in Fig. 12(a), exhibiting a reduced friction
coefficient. For f=1 mm, it is in an intermediate
transitional stage between the two mentioned above,
as shown in Fig. 12(b), exhibiting friction effects
similar to those described in Section 4.1.

Furthermore, it is observed that there is a
gradual roughening trend on the surface as the
forming process progresses, as depicted in
Figs. 10(a) and (c). At the same time, there is an
increasing tendency for R« and a decreasing
trend for Ry, as shown in Fig. 11. The surface
morphology tends to transition towards a less
favorable state for lubrication and friction reduction
as the forming process advances. This may be
attributed to the inability to remove the debris at the
interface during incremental forming of box-shaped
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parts, where the presence of debris intensifies
abrasive wear and leads to deeper scratches on the
sheet surface, as evident in Fig. 12(a). When # is
larger, the morphology that is less conducive to
lubrication increases the adhesive effect, resulting
in lamellar defects and even severe dimple-like
defects due to scuffing, as illustrated in Fig. 12(c).

Therefore, given the prerequisite of meeting
the requirements for structural strength and
operational performance of prefabricated parts, the
option of utilizing thin sheets for part fabrication
arises due to their superior friction characteristics
and surface formation quality.

4.3 Influence of tool radius

As R varies from 4 to 10 mm, with u of
0.2074, 0.1833 and 0.1598, a comparison to the
friction coefficient at R=7 mm reveals an increase
of 13.148% at R=4 mm, followed by a decrease of
12.821% at R=10 mm, as depicted in Fig. 13. Hence,
it is observed that m progressively diminishes
with increasing R, thereby presenting a positive
enhancement in friction conditions.

0.25

0.20

0.15

0.10

0.05

4 7 10
R/mm
Fig. 13 Friction coefficients and their change rates

during ISF with different tool radii

Due to the characteristics of ISF, which
involves layer-by-layer extrusion in the feeding
direction, there exist corrugated extrusion patterns
between the layers, as shown in Fig. 14. As R
decreases, the corrugation height increases, and the
surface morphological parameters tend towards
roughness, which is unfavorable for lubrication.

It can be observed that a slight decrease occurs
in the plastic strain as R decreases according to
Eq. (5). However, the maximum reduction from R=
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10 mm to R=4 mm is only 11.123%, indicating that
the morphological parameter change resulting from
strain is not significant. On the other hand, the
contact pressure increases by 108.834%. The higher
pressure causes the lubricant to be squeezed out
from the interface, resulting in greater direct solid
contact between the tool and the sheet. This leads to
increased plowing depth. Hence, the aforementioned
combined effects result in surface roughening
when smaller radius tools are employed, as
illustrated in Figs. 15(a) and (b). Additionally, the
surface morphology exhibits a positive Ry that is
unfavorable for lubrication, as well as an increased
Ry, which contributes to a larger real contact area,
as shown in Fig. 16.

Thus, there is closer contact between the tool
and the sheet during the use of smaller radius tools,
resulting in more and deeper plowing scratches.
Simultaneously, the corrugation material from
extrusion, the edge material from plowing, and the
torn edge material from micro-cutting form material
stacks through repeated extrusion. Under higher
loads, the cold welding effect resulting from direct

extrusion contact leads to the formation of cracks
during relative tangential motion. With further
relative movement, these cracks tear and form
lamellar-like defects, resulting in lamellar-like
debris as depicted in Figs. 14(a) and (b). Further-
more, with the increasing presence of debris at the
interface, the depth of the cracks intensifies. Under
the traction of shearing stress, deeper-layer tearing
occurs, leaving behind dimple-like tear defects on
the surface, as shown in the final stage of the
forming process in Fig. 14(a).

On the contrary, the contact pressure is
reduced when larger radius tools are wused.
Additionally, the favorable morphological Ry and
R, contribute to capturing lubricants at the
interface, isolating direct contact between the tool
and the sheet. This condition promotes the effective
action of the lubricant, resulting in a relatively
small real contact area. The surface exhibits only
plow marks, material piles up from plowing, and
plastic flow traces, as depicted in Fig. 14(c).
Therefore, larger tool radii correspond to lower
friction coefficients.
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Furthermore, the surface morphology formed
with tools of the same size also tends to gradually
roughen as the forming process progresses, as
illustrated in Figs. 15(a) and (c). R« and Ry, also
develop in a direction that hinders the effectiveness
of lubricants and increases the contact area, as
shown in Fig. 16. Therefore, the plowing effect
intensifies as the forming process continues, leading
to an increase in adhesion and further reducing the
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Fig. 16 Ry (a) and Ry, (b) throughout forming process at
different tool radius

surface quality, as depicted in Fig. 14. The main
cause of this phenomenon, specifically the
increased presence of debris at the interface, has
been explained in Sections 4.1 and 4.2.

Therefore, while meeting the minimum
bending radius requirement for the prefabricated
parts, it can be considered to choose larger-sized
tools for forming to improve the friction conditions
and the surface quality.

4.4 Influence of plane curve feature

Compared to pyramid parts with different wall
angles, the maximum change rate of the friction
coefficient for cone parts is only 4.885%, occurring
at a=30°. Similarly, the maximum change rate of
the friction coefficient for elliptical cone parts
is only 4.686%, also occurring at a=30°, as shown
in Fig. 17(a). Compared to pyramid parts with
different sheet thicknesses, the maximum change
rate of the friction coefficient for cone parts is only
—3.577%, occurring at =1 mm. Likewise, the
maximum change rate of the friction coefficient for
elliptical cone parts is only —3.104%, occurring at
ty=1 mm, as shown in Fig. 17(b).
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Furthermore, when compared to pyramid parts
formed using tools with different radii, the
maximum change rate of the friction coefficient for
cone parts is only —3.577%, occurring at R=7 mm.
Similarly, the maximum change rate of the friction
coefficient for elliptical cone parts is only —4.408%,
happening at R=10 mm, as shown in Fig. 17(c).
Within a wide range of geometric configuration
parameter variations, where only the plane curve
features of the part differ, the change in friction
coefficient remains below 5%. The insignificant
changes would not cause significant alterations in

the process of ISF, and therefore, can be
disregarded.

The main factors affecting the friction system
in ISF are shown in Table 3, which include material
and its processing state, initial surface morphology,
deformation characteristics, process parameters,
lubrication conditions, environmental temperature,
forming force, and contact area. Any variation in
these factors would cause a change in the friction
coefficient. other process
parameters are the same and only parts with
different plane curve features are formed, the
material and processing state of the tool and the
sheet, as well as the parameters of the initial surface
morphology, remain consistent as described in
Section 3.1. They are all in a plane strain state, with
the same strain [4]. Process parameters and
lubrication conditions are also kept consistent as
described in Section 3.2. The experiments are
conducted at room temperature. It can be
determined that the contact area is independent of

the part’s plane curve features according to Eq. (2).

However, when

Table 3 Main factors influencing friction system

Factor Pyramid, cone and elliptical cone

Material and its
processing state

In line with consistency, as stated
in Section 3.1

Initial surface

In line with consistency, as stated

morphology in Section 3.1
Deformation .
.. Plane strain state
characteristics

In line with consistency,

Process parameters . .
p as stated in Section 3.2

Lubrication condition L-HM46 oil
Environmental
v Room temperature
temperature

Rate of change does not exceed

Forming force +3%, as shown in Fig. 18

Independent of the characteristics

Contact area
of the plane curve features

The forming forces for parts with different
plane curve features are similar, with deviations
smaller than £3%, as shown in Fig. 18. For
30°<a<60°, the maximum variation is only 1.630%;
for 0.5 mm<#<1.5 mm, the maximum variation is
only —2.847%; for 4 mm<R<10 mm, the maximum
variation is only —2.404%. The minimal deviations
may originate from instrument drift, external
vibrations, etc, and can be ignored. The consistency
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of various important factors influencing the friction
system establishes the basis for similar friction
characteristics in forming parts with different plane
curve features.

This work only describes the study of the
friction characteristics when forming pyramid, cone,
and elliptical cone parts under specific geometric
parameters. The research methodology for studying
the friction characteristics between parts with

different plane curve features under other geometric
parameters is similar and would not be elaborated.

R, remains relatively consistent throughout the
entire forming process of parts with different
plane curve features, with variations of less than
10%. Moreover, there is a tendency for gradual
roughening as the forming process progresses, as
shown in Fig. 19. Ry gradually increases, while Ry,
gradually decreases during the forming process,
indicating the evolving surface towards a less
favorable lubrication direction, as depicted in
Fig. 20.
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Fig. 19 R, (a), and change rate of R, (b) among different
plane curve feature parts

Therefore, the friction mechanism in the
forming initial stages for various plane curve
features parts primarily involves micro-plowing,
micro-cutting action, and material pile-up caused by
plastic extrusion flow and combined action. As the
forming process continues, more debris enters the
interface, leading to a gradual surface roughening
for parts with different plane curve features,
favoring reduced lubrication and increased contact
area. This leads to an increase in plowing and
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cutting depths, a higher proportion of adhesion, and
the formation of cracks and lamellar defects caused
by shear stress induced by plastic material flow, as
illustrated in Fig. 21.

In summary, the friction mechanism remains
the same when only the plane curve feature
varies, resulting in consistent friction coefficients.
However, there may be a slight worsening trend due
to the increased generation of debris during the
forming process.
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4.5 Friction mechanism

Based on the analysis of the friction
characteristics in Sections 4.1-4.4, it is observed
that there is no significant strain roughening when
a<40°, a small newly formed area in the forming of
thin sheets with #=0.5 mm, and a smaller contact
pressure when a large tool radius of R=10 mm. This
results in a better surface morphology, which is
beneficial for capturing lubricant and exerting
lubricating effects. Due to the smaller direct contact

. . 4.0 b
0.40 | Meridian direction (€)) Feed direction (b)
Cone 387 Cone
0.35F - -o-- Pyramid 36l ~—o— Pyramid
Elliptical cone ' Elliptical cone
0.30 +
34}
~ 025}
é \‘6{\6 § 32 I [}’01]
0.20 + 30t (74
e ’
0.15} i 28L . PN
Feed direction * |Meridian direction
0.10+ Cone 26+ Cone
> —o— Pyramid -9~ Pyramid
0.05r . . Elliptical cone 24F Elliptical cone ,

Intermediate Final

Forming stage

Initial

Intermediate Final

Forming stage

Initial

Fig. 20 Ry (a) and Ry, (b) throughout forming process at different plane curve feature parts

Cone

Pyramid, same as Fig. 8(c)

Elliptic cone

T

e e RS CC i ctiont
P
Corrugationt= :

a

I e 5%

[T
| * -

Dense setehe
material
(c)

Fig. 21 Surface morphologies of different plane curve feature parts: (a) Cone; (b) Pyramid; (c) Elliptical cone



Guang-can YANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 715-733 731

area, the dominant mechanisms are micro-plowing
and plastic extrusion, causing material pile-up after
the edge of the plowed wrinkle and plastic material
flow are extruded. Furthermore, the lubricant plays
a certain lubricating role, leading to a mixed
lubrication state and exhibiting a smaller friction
coefficient. This results in a relatively better surface
quality, as shown in Fig. 22(a).
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Fig. 22 Evolution of friction mechanisms

The plastic strain roughening becomes
prominent and the newly formed area continues to
increase when o increases to 50°. The contact
pressure and area are large when f# is 1 mm. The
contact pressure experiences a significant increase
when R decreases to 7 mm. As a result, the sheet
surface becomes rougher, which is unfavorable for
lubrication. The increase in direct contact area
inhibits the effectiveness of the lubricant, leading to
a higher proportion of dry friction in the mixed
lubrication. Therefore, the interface also exhibits
significant micro-cutting and adhesion in addition
to micro-plowing and plastic extrusion. The edges
that are torn during micro-cutting experience
repeated extrusion, which results in the formation
of pronounced material pile-up. In the region of
adhesion, the relative motion causes the shallow

surface layer of the soft sheet to peel off, forming a
lamellar defect. Simultaneously, the shear stress
leads to the movement of the adhered point on the
soft sheet surface, causing stress concentration at
the groove and forming cracks gradually. This
results in a higher friction coefficient, forming a
surface with larger roughness and unfavorable for
lubrication, indicating relatively poor surface
quality, as shown in Fig. 22(b).

As o increases to 60°, fyincreases to 1.5 mm,
and R decreases to 4 mm, sheet surface roughening
becomes more pronounced. The lubricant is further
squeezed out of the interface, resulting in a
continuous increase in the direct contact area and a
large proportion of the adhesive area. Hence, the
interface experiences not only plastic extrusion,
micro-plowing, micro-cutting, and adhesive wear,
but also deeper dimple-like tearing defects due to
local scuffing. Consequently, higher friction
coefficients are exhibited during this stage,
resulting in poorer surface quality of the formed
part, as depicted in Fig. 22(c).

5 Conclusions

(1) For o<40°, minimal plastic strain
roughening and small newly formed surface arca
are observed. When forming a thin sheet with #=
0.5 mm, small contact pressure and area are
maintained. A larger tool (R=10 mm) results in
lower contact pressure. These factors contribute to
surface morphology favorable for lubrication and
support. The interface operates in a mixed
lubrication state, featuring micro-plowing and
plastic extrusion flow, resulting in a low friction
coefficient.

(2) After a surpasses 40°, notable plastic strain
roughening causes persistent enlargement of
inadequately lubricated newly formed surfaces. At
tr—=1 mm or R=7 mm, contact pressure significantly
increases, adversely affecting surface morphology
for lubrication and support. Increased direct dry
friction contact shifts primary friction mechanisms
to micro-plowing and adhesive wear, elevating the
friction coefficient. Even at «=60°, or #{,=1.5 mm, or
R=4 mm, localized scuffing forms dimple-like
tearing defects.

(3) Plane curve features do not affect the
interfacial friction mechanism, because the main
factors affecting the friction system remain
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consistent, and the surface  morphology
characteristics remain similar throughout the
forming process. Despite geometric configuration
parameters, abrasive debris cannot be effectively
removed from the interface during forming process,
leading to an increased proportion of abrasive
wear. Consequently, surface morphology evolves
unfavorably for lubrication and friction reduction.
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