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Abstract: An analytical model for contact area and contact stress considering the loading history in incremental sheet
forming (ISF) was established. Then, by integrating with the directional characteristics of friction force and horizontal
force in the process, a friction test method reflecting the forming characteristics of ISF was proposed. Friction
coefficients during the forming processes of parts with different wall angles were measured under various plane curves,
process paths, and lubrication conditions. Furthermore, the accuracy of the analytical model, as well as the measured
friction coefficients and their variation trends, was verified through comparative analysis with experimental results,
simulation data, and outcomes from other existing models. The results indicate that the influence of the plane curve
characteristics and process paths of parts on the friction condition is not significant. Under the lubrication conditions of
L-HMA46 oil, MoS, grease, graphite powder, and dry friction, the friction coefficient shows a gradually increasing trend.
Notably, when the wall angle is <40°, the friction coefficient remains relatively constant; however, when the wall angle
exceeds 40°, the friction coefficient increases progressively.
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1 Introduction

Since the concept of incremental sheet forming
(ISF) was proposed [1-3], the understanding of
friction characteristics has remained limited despite
remarkable progress in formability [4], accuracy [5]
and surface quality [6] research. The point-by-point
processing in ISF involves high-pressure contact
areas, inducing substantial friction during relative
motion [7]. This friction can affect formability and
surface quality [8,9]. Thus, a comprehensive study
on friction is crucial to enhancing surface quality
and supporting the industrial adoption of ISF.

In ISF, process parameters and lubrication
conditions critically influence interface friction,
affecting part surface quality and formability. Light
interferometry scans revealed that the step depth
remarkably increases peak-to-valley height, while
spindle speed has minimal effect on roughness [10].

Although progress has been made, the friction
mechanism in ISF is still not fully understood.
DURANTE et al [11] developed a theoretical
method for predicting surface roughness, incorporating
tool radius, depth increment, and forming angle, but
neglected sheet thickness, material properties, and
contact conditions. Lubrication improves friction
and surface quality [12], but is challenged by
lubricant expulsion under high pressure. HUSSAIN
et al [13] examined tool—lubricant interactions,
emphasizing the need for a detailed mechanism
explanation. KIM and PARK [14] found that a
spherical tool enhances the formability in AA1050
material without lubrication, though poor interfacial
friction leads to early sheet failure. AZEVEDO
et al [15] demonstrated that optimal lubricant selection
improves surface quality and geometric accuracy
and reduces forming force in AA1050 and DP780
steel sheets. Additionally, the role of friction in
altering surface characteristics has been recognized
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in other forming processes [16], highlighting its
importance in plastic forming [17,18].

Friction leads to through-thickness shear and
twisting of parts in ISF. BAMBACH [19] noted
that thickness-shear depends on tool diameter
and step size, which accumulates and twists the
part, adversely affecting its geometric accuracy.
ALLWOOD et al [20] found that through-thickness
shear along the tool’s movement direction improves
the forming limit. EYCKENS et al [21] suggested
that tool rotation affects through-thickness shear.
CHANG and CHEN [22] developed a new model
for the twisting angle in ISF, identifying that
uneven circumferential friction stress along the
meridional direction causes twisting, with its
direction dependent on the derivative of through-
thickness stress relative to the wall angle.
CARRINO et al [23] etched two orthogonal lines
on the sheet, showing that tangential friction twists
the part around its axis. This twisting angle at the
part’s bottom serves as a quantitative friction force
indicator. JACKSON and ALLWOOD [24] used
a roller tool to convert sliding friction at the
tool—sheet interface into rolling friction, thereby
reducing thickness shear from friction.

The friction effect plays
in the forming process, necessitating accurate
measurement of friction conditions to study its
effect effectively. Various friction test methods have
been developed for sheet metal forming. For
instance, a tension-bending friction test method [25]
employs a tensile strip of sheet metal pulled
through a round roll at a specified speed, which is
commonly used to evaluate the friction between the
sheet metal and the die fillet in stamping [26].
ANDREASEN et al [27] introduced a strip
reduction testing method to replicate friction
conditions between the sheet metal and the cone
mold during forming. NINE [28] designed a device
to simulate the drawbead, conducting friction tests
on it [29]. Additionally, WANG and WAGONER
[30] created an experimental approach to mimic the
friction at the punch fillet in sheet metal bulging,
considering lubrication effects. This method can
simulate actual deformation and contact conditions.
However, given that ISF features localized forming
characteristics distinct from traditional sheet metal
forming, these existing friction test methods are not
suitable for ISF.

HAMILTON [31] proposed that the friction

a crucial role

force results from normal indentation, tangential
sliding, and tool rotation. SILVA et al [32] offered a
contact stress analysis model considering plane
friction effects under the assumption of plane strain
and biaxial equal tension. The model decomposed
friction stress into circumferential and radial
directions, with circumferential stress generated by
the combined action of the circumferential feed and
tool rotation, and radial stress primarily influenced
by the vertical movement of the tool. However,
further research is needed for predicting forming
and friction forces. LU et al [33] established a stress
model using the membrane analysis method,
considering the effect of circumferential friction on
the stress state, forming load, and stress triaxiality
in ISF. This model provides a foundation for the
force prediction. Current methods for characterizing
friction conditions in ISF primarily use the
horizontal-to-vertical force ratio, as adopted by LU
et al [33] and LI et al [34], as a friction indicator to
assess tribological behavior under different contact
conditions. DURANTE et al [35] found that the
friction condition could be characterized by the
friction indicator in the straight groove test. The
indicator was also used in laser-assisted ISF by XU
et al [36] to evaluate the influence of friction on the
formability at tool rotation speeds below 1000 r/min.
However, the horizontal force measured in these
friction experiments includes friction and plastic
deformation forces. Consequently, the horizontal
force does not represent the true friction force and
cannot quantitatively evaluate friction conditions.

The contact area dynamically changes due to
the inflow of undeformed materials and outflow of
deformed materials in ISF. This results in distinct
friction characteristics compared with other
processes. However, existing friction test methods
fail to capture these specific characteristics. In
response, this study introduces a semi-analytical
friction test method according to horizontal force
balance. By integrating models for contact area,
contact stress, and friction directions specific to
ISF, this method offers a more accurate reflection of
ISF characteristics. The investigation delves into
the influence of various wall angles, plane curves,
process paths, and lubrication conditions on
friction test results. This method is expected to
provide a theoretical reference for the evaluation
of friction conditions in ISF and a solution to
performing test.



Guang-can YANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3985—4006 3987

2 Semi-analytical friction test method for
ISF

This section introduces a new semi-analytical
friction test method for ISF, as depicted in Fig. 1.
Firstly, an analytical model of the instantaneous
contact area that accounts for deformation history,
1s established. Next, a model for contact stress
is developed. These models are then combined
to create an analytical model of deformation
and friction forces, integrating the directional
characteristics of forces in ISF. This integration
forms a comprehensive model of the forming force,
including deformation and friction forces. Finally,
the friction coefficient is calculated by correlating
the actual forming force from experimental tests
with the analytical model.

2.1 Analytical model of contact area

Accurately evaluating the contact area’s size
and shape is crucial to calculating the friction
and forming forces in ISF. Some researchers
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approximated the contact area as a rectangle in a
CAD model [37]. BANSAL et al [38] modified this
model by confirming the geometric relationship
between the tool and sheet. CHANG et al [39]
introduced models for circumferential, axial, and
radial contact areas and deformation forces.
Recently, an improved model has been developed
for calculating contact areas based on real contact
parameters [40]. However, the influence of adjacent
forming layers on the contact area remains
unaddressed, indicating that the theory of
calculating contact area in ISF still requires
refinement.

The contact area, detailed in Fig.2, is
influenced by several factors: tool radius (R), initial
sheet thickness (#%), wall angle (@), and depth
increment (Z). The size of the contact zone is
especially magnified to highlight the geometric
features. The contact area S includes S. and Sh. Se is
the contact sub-area, consisting of the indentation
contact area generated by depth increment and
the extrusion contact area between the tool and
the surface scallop. S is the extrusion contact area
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Fig. 2 Schematic diagram of contact area and its projected components of ISF

formed when the undeformed material near the
deformation area of the (N—1)th forming layer
flows into the deformation area of the Nth forming
layer. On the basis of the above analysis and under
the assumption that the end of the extruded
area of the sheet is tangent to the tool in the
meridian direction, a modified contact area model
considering the loading history of the previous
forming layer is established.

Se can be calculated by Eq. (1) described in
Ref. [39]. The height, denoted as 4, represents the
extent to which the sheet flows into the bottom of
the tool. It can be calculated using Eq. (2) and
consists of two distinct components. Firstly, the
height increase is attributed to the elastic deflection
occurring within the contact area of the sheet metal.
Secondly, the height decrease arises from the
thinning effect experienced by the sheet. ¢; and ¢»
are the included angles of the contact area along the
meridian direction and can be calculated by Egs. (3)
and (4), respectively:

SC=ER[h+R—(1_Cosa)¢2} (1)
2 D

s (1-cos oc)

a(3—“)+1
2

@ =ot arcsin(

L2z,
R (2)

2Rsina} )

quzarccos(R; hj 4

When the loading history is considered, Sh can
be calculated using Eq. (5) by employing geometric
relationships, which can be viewed as the integration

of narrow strips along the circumferential direction
on the spherical surface of the tool, in the
meridional direction.

S, = j:: R*sing- Bdg (5)

where ¢ is the contact angle along the meridian
direction; @3 is the wrapping angle along the
meridian direction when the material of the (N—1)th
forming layer enters the Nth forming layer, which
can be calculated by Eq.(6); f is the wrapping
angle of Sy along the circumference, which can be
calculated by Eq. (7):
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R-2
g03=arccos( hj (6)
\/R2 —(Z + Reos go)2 -
p=arccos _ tan o
Rsing
R —(R—h)z _R—Rcos p—h
arccos . tan o (7)
Rsing

Based on the above analysis, the contact area S
can be calculated by

1-
S:Semh:g{hm%}
4

j; R*sing- fdg (8)

Given that the relative motion between the tool
and the sheet is complex, determining the direction
of friction is difficult. Therefore, the contact area is
projected into axial, circumferential and radial
directions (Fig. 2). The complex relative motion is

Forming tool

Tool moving
direction @

Contact area
Small element

simplified into each projection area to obtain the
simple relative motion relationship. The theoretical
guidance for the direction of friction action is given.
The axial projected area S., the circumferential
projected area S, and the radial projected area S; can
be calculated by

S,=R*=(R-h) -
. Z
[%R31ngo]+,/R2—(R—h)2 _2tana} 9)

S;%[(Z;”hmj\/er

2
X hRsing, - R2p, + h } (10)

2 tana
Sr:% RZ_(R—h)z-(R—Rcosgol—h) (11)

2.2 Analytical model of contact stress
As the tool radius is far greater than the sheet
thickness, as shown in Fig. 3(a), the stress state is

0

(d)
Fig. 3 Diagrams of stress: (a) Overview; (b) Stress components; (c) Meridional direction of (b); (d) Circumferential
direction of (b)
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analyzed based on the membrane analysis method
[32]. The stress components of an element are
described in detail in Fig. 3(b): o; is the thickness
direction stress, o, is the meridian direction stress,
oy is the circumferential direction stress, and 7o is
the circumferential shear stress. The influence of
the thickness directional shear stress 7, and the
meridional shear stress z, on the deformation area,
which is not discussed in this study, can be ignored
[33]. The stress states of the element along the
meridian and circumferential directions are shown
in Figs. 3(c) and (d), respectively. The included
angles of the element in the meridian and
differential directions are dp and df, respectively.
Based on the basic assumptions commonly used in
plastic processing mechanics and membrane
analysis method of ISF, the following reasonable
assumptions can be made [32,33,39]:

(1) Compared with the sheet’s material
properties, the tool can be assumed to be rigid
without deformation.

(2) or is evenly distributed along the
circumferential and meridian directions on the
contact surface. That is, ¢ is independent of the
circumferential angle 6 and meridian angle ¢.

(3) ot is linearly distributed along the thickness
direction; thus, the outer surface of the sheet is 0.

(4) The shear stress can be expressed as t5=uot
and evenly distributed in the contact area, where u
is the friction coefficient during ISF.

The force component acted by o; on the neutral
plane along the thickness direction in the element is

F;:ﬁ. R+£+g d(ﬂ
t2 2 4

(R +§+%jsm[¢+d7¢’}de (12)

where ¢ is the actual sheet thickness, which can be
expressed as

=1, cosa (13)

The force component along the thickness
direction generated by the action of o, on the
element is

t+dt

%y

(t+dt)sin(%j+aw (R-l—éjsinqp-dé’-tsin(%)

(14)

F! =(a¢+da¢)-[R+ )sin(go+dgo)d9-

The force component along the thickness
direction generated by the action of oy on the
element is

F, =(20, +d09)(R +é+%jd(p-

dr) o (40) (L de
(t+ 2) sm[ 5 ) s1n((p+ 2) (15)

The force balance equation along the thickness
direction on the neutral plane of the element can be
expressed as

F}+F, +F =0 (16)

Given that dp and df are small, sin(de/2)=
de/2, sin(d0/2)=d6/2, R >> t; with higher-order terms
neglected and the plane strain state combined, the
simplified form of Eq. (16) is obtained by

at(R +éj+2t0'¢—0 (17)

The Tresca yield criterion is
0y~ 0=0¢ (18)

where o. is the equivalent yield stress.

After combining Egs.(17) and (18), the
relationship between o¢; and the equivalent yield
stress o. is obtained by

2
o.=- ts o, (19)
R+—t
2

The strain in the meridian direction &, is caused
by tension and bending on the neutral plane of the
sheet, which can be derived by

t R Rt
g¢=1n(—°)+ In| —— |=In| —>— (20)
t t t
R+ t(R + )
2 2
Based on the principle of constant volume and
plane strain assumption, the thickness strain & is

&=—¢, ey

Therefore, the equivalent plastic strain & in the
deformation zone can be calculated by

(22)
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The equivalent plastic stress o. can be
expressed in accordance with the constitutive
equation of materials:

o~=Func(ec) (23)

The analysis model of equivalent plastic stress
0. about key forming parameters and material
properties can be established by combining Egs. (22)
and (23). Furthermore, by substituting Eq. (23) into
Eq. (19), the thickness directional contact stress ot
is expressed as

2 2 Rt
0't=——t-Func —In 0

R+—t \/§ t(R—+tj

(24)
2

Therefore, the tangential friction stress (z) can
be calculated by

2t 2 Rt
r=p0,=u———Func{—=In 0

R+§t V3 I(R+t)
2 2

(25)

2.3 Deformation force and friction force

In ISF, the material deformation force is the
integral of the contact stress on the contact area.
Therefore, the axial deformation force F., the radial
deformation force F, and the circumferential
deformation force F & can be obtained by combining
the axial projected contact area S, the radial
projected area S, and the circumferential projected
area S. with the thickness contact stress o; as
follows:

-Func i1r1

% R2_(R—h)2-(R—Rcos @, —h) (27)

r - YtPr

R+—t
2

F'=cS =L- 2 _ Ry,
c t~c
R+§t
2

%Kz;”mze) R*—(R-h) +

2
T hRsing, - R, + h }} (28)
2 tana

The total deformation force F¥ during ISF can
be calculated by

Rt,
t(R + tj
2

1-cos ]
{ERLHR—( e |, [0 g Sinsﬁ-ﬁd‘p}
2 % &

Fil=¢ S= - Func iln

2t
S=—"
R+§t ‘6

(29)
When the friction coefficient is u, the total
friction force fin ISF can be calculated by

{ER{MR—O_COM)%}J%Rz Sincﬂﬁdw}
2 & &
(30)
As shown in Fig. 4, the friction force fincludes
the circumferential friction force f, introduced
by spindle rotation and the meridian directional
friction force fr generated by the feed motion. fy
can be divided into horizontal circumferential
component fy and radial component fi, but has
no axial component. f; can be divided into axial
component fi* and circumferential component ff,
where fi* acts on S., and i acts on S,. Given that the
depth increment Z is far less than the tool radius R,
resulting in S; being far less than S,, /¥ is far greater
than f, thus, fi* can be ignored, that is, fi ~ f;. Based
on the above analysis, the friction effect in ISF is
inferred to be distributed in the horizontal direction.
Therefore, the shear deformation of the part along
the feed direction is caused by the friction traction
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force [33], which even leads to the twisting of the
part [41], while along the meridian direction of the
tool, the primary deformation is tensile, and the
shear deformation is not remarkable.

Sheet

Fig. 4 Schematic diagram of direction of friction force
and its components in ISF

Therefore, the circumferential component of
friction force f. acts on the axial projected area S,
and radial projected area S,, as the vector sum of fi
and f', which can be calculated by

J= I+ fE = uoS]+S; (31)

By substituting Egs. (9), (11), and (24) into
Eq. (31), we have

fczyz—tS-Func %ln R—tot JR* —(R-h)*-
3 t(RJrzj

R+—t
2

2
|:(%Rsin(pl+\/R2—(R—h)2— z ]+

2tana

2
7[

1/2
—(R—Rcosg, —h)2 (32)
16

The radial friction force f; acts on the
circumferential projection area S, fi=~fw, which can
be calculated by

2 2
f=f=1,S.~p—="—Func{—=1In

R+§t V3 t(R+tj

l[(zgnmRJ R*—(R—-h) +

2
ghRsingol _ R, + } (33)

2.4 Forming force

According to the analysis in Section 2.3, the
friction effect in ISF mainly acts in the horizontal
direction, and its axial component can be ignored.
Therefore, the axial forming force (F,) is almost
equal to the axial deformation force Fg, that is

F,=F/ (34)

In ISF, the horizontal forming force (F4) is the
vector operation of the circumferential forming
force F. and the radial forming force F:.. The
circumferential forming force F. is composed of the
circumferential deformation force F& and the
circumferential friction force f.. The radial forming
force F: is composed of the radial deformation force
F8 and the radial friction force f. Thus, the
relationship can be given by

F=F, + E=J(Ff ) +(E4) (35)

Therefore, the total forming force can be
calculated by

F=E+E=Func(ae, a,t, R, Z, i) (36)

The loads in the horizontal plane (. and F))
during ISF can be measured by the sensor of the
friction test equipment of ISF, as shown in Fig. 5.
Thus, the horizontal load (F,) can be calculated by
F,=\F}+F] (37)
where Fy and F, are the projected components of
the circumferential forming force F. and radial
forming force F; in the x and y axis, respectively;
thus, Fy, is equal to the horizontal forming force Fi,
which can be written by

Fi=F,, (38)

__ \ 1 ‘ °
N\ Clanpites ° A
fixtares /¢ \®))

s & ()
Tri-axial force sensor &

Fig. 5 Sketch of relationship between F1, and F,
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In addition, the load in z-axis (¥:) measured by
experiments is equal to the axial forming force Fj,
which can be expressed as

F.=F. (39)

2.5 Determination of friction coefficient
According to the equation relationship
between the analytical model of horizontal force Fi,
and the measured value F, established by Eq. (38),
the friction coefficient x about key forming
parameters, material properties and measured
horizontal force can be expressed as Eq. (40), by
which Egs. (30)—(33) can be used to calculate
the total friction force f, circumferential friction
component f;, and radial friction component f;.

2
e {afsj (Sr L2t s ) -
1/2
5202 (5" +s3>—F,;>} -
atSc(Sr 152+ 82 )} /(otSz) (40)

3 Finite element analysis of ISF

The simulation model was established by the
dynamic explicit analysis module of ABAQUS,
as shown in Fig. 6. The sheet metal dimensions
were 200 mm % 200 mm % 1 mm (length x width x
thickness), and a local refinement mesh size of
0.5 mm was applied in the potentially processed
region. Notably, employing shell elements for the
sheet and considering its substantial length and
width compared with thickness, computational
efficiency was ensured while maintaining accuracy.
The material properties of the AAS5052-O sheet
were derived from material experiments conducted
on an Instron—100 kN machine at a quasi-static
tensile speed of 0.1 mm/min. These experiments
were performed in three directions: parallel to the
rolling direction, perpendicular to the rolling
direction, and at a 45° angle to the rolling direction
of the AA5052-O sheet. Anisotropic effects were
deemed negligible, and averaged values from the
three directions were used as the mechanical
property data, from which the following
constitutive equation was determined through
fitting:

0,=253.41485 - 88.85789 exp| ———=— | -
0.00272

—153.73168exp(— Ee ) (41)
0.09745

The tool, with a radius of 7 mm, was considered
rigid due to its remarkably higher hardness
compared with the sheet, ensuring no plastic
deformation during forming. The blank holder and
backing plate (Fig. 6), acted as rigid bodies solely
for fixing the sheet’s position. The backing plate
was entirely fixed, while a face load of 5 MN was
applied to the blank holder. The friction coefficient
between the blank holder/backing plate and the
sheet was set to be 0.35. Parameters of the tool feed
speed (1000 mm/min), spindle speed (500 r/min)
and depth increment (0.5 mm) were chosen in
accordance with common practices in practical
incremental forming processes. The friction
coefficient, determined by the proposed friction
testing method in this study, was incorporated into
the contact pairs between the sheet and the tool. The
penalty function method was employed as the
contact algorithm for surface-to-surface contact.

<. Sheet

Clamping
fixtures

Fig. 6 Schematic diagram of finite element analysis
model

4 Friction test experiments for ISF

The schematic diagram of the friction test
equipment of ISF is shown in Fig. 7. A sheet is
fixed by the blank holder and the backing plate, and
an expansion space required for forming parts is
provided by the supporting block, which is fixedly
connected with the sensor through the connecting
plate. The above clamping fixtures are installed on
the machine tool slide through the foundation. A
tool can be driven by the machine tool spindle to
move according to the pre-designed path. During
ISF, the loads along the x, y, and z axes are detected
by the strain elements of the sensor, which cause
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Fig. 7 Schematic diagram of friction test equipment

electrical signals to change in real-time.

The of the truncated pyramid 2=100 mm, the maximum

electrical signals are converted into digital signals major axis L;=100 mm and the maximum minor
by the controllers transmitted to the upper computer axis L,=70 mm of the truncated elliptic cone were

software to display the loads F\, F), and F. along x,

chosen.

y, and z-axes in real-time, respectively. The friction
coefficient ¢ under the corresponding experimental Table 1 Fraction experimental parameters and conditions

conditions can be calculated using Eq. (40). of ISF

The friction tests of ISF were conducted under Parameter and Val
the experimental conditions shown in Table 1. The condition alue
plane curve and wall angle are the key geometric Forming tool radius,
features of parts. The wall angles of conventional R/mm 7
parts are 30°—60°, as shown in Fig. 8(a). Therefore, Initial sheet
the friction conditions of conventional wall angles thickness, fo/mm !
were measured. The plane curves of parts are Depth increment,
basically composed of the combinations of circular Z/mm 0.5
arcs, straight lines, and variable curvature arcs, Wall angle, a/(°) 30. 40. 50. 60
while typical trunc.ate.:d cone, tru.ncated pyramid, Feed speed.,
and truncated elliptic cone (Figs. 8(b—d)) are v/(mm-min) 1000
formed by the accumulation of the above single .

. . Spindle speed,

plane curve along different wall angles. Thus, in o/(r-min-) 500
this work, the friction conditions of truncated cones, . . .

. .. Circular arc, straight line, and
truncated pyramids and truncated elliptic cones Plane curve variable curvature are
were measured, which are suitable for evaluating )

Process path Contour path, and spiral path

the friction conditions of parts with various
plane curve features. The maximum diameter of the Lubricant
truncated cone D=70 mm, the maximum side length

L-HM46 oil, MoS, grease, graphite
particle powder, and dry friction
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@ Sy

Fig. 8 Geometric features of parts: (a) Wall angle; (b) Truncated cone; (c¢) Truncated pyramid; (d) Truncated elliptic

cone

In addition, the friction conditions of the
contour and spiral paths shown in Figs. 9(a) and (b)
were tested. Lubrication is one of the most effective
methods to improve interface friction conditions.
Moreover, anti-wear mechanical lubricating oil
L-HM46, MoS, grease, graphite nanoparticle
powder and dry friction without lubrication are
common lubrication conditions for sheet metal
forming under various working conditions. The
friction conditions under the above lubrication
conditions were tested.
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Fig. 9 Schematic diagrams of contour path (a) and spiral
path (b)

The friction coefficients for forming truncated
cones, truncated pyramids and truncated elliptic
cones with different wall angles under the spiral
path and L-HM46 oil lubrication conditions are
shown in Fig. 10(a). The friction coefficients when
forming truncated cone parts with different wall
angles under L-HM46 oil lubrication using spiral

and contour process paths are shown in Fig. 10(b).
In addition, the friction coefficients when forming
truncated cone parts with different wall angles by a
spiral path under different lubrication conditions
are shown in Fig. 10(c). The friction conditions of
graphite solid particle powder and dry friction are
poor, resulting in the reduced formability of the
sheet metal and the inability to form parts with
large wall angles, thus, those were not discussed in
this work.

5 Results and discussion

5.1 Validation of analytical model

The measured axial forces of parts with
different wall angles formed along different plane
curves using the spiral process path are depicted in
the scatter diagram in Fig. 11(a). The forces for the
truncated pyramid and truncated elliptic cone align
well with those of the truncated cone, with
maximum deviations of 0.437% at ¢=30°, 0.088%
at a=40°, 0.941% at o=50°, and 0.716% at a=60°.
The deformation force in ISF is almost unaffected
by the type of plane curve.

Comparing measured axial forces with
analytical models from Refs.[37-39,42] reveals
that the models overestimate the forces. By contrast,
the new analytical model demonstrates consistency
with the measured values when forming truncated
cones, truncated pyramids, and truncated elliptic
cones, as shown in Fig. 11(a). The maximum
deviation decreases from 33.297% to 4.712% at
0=30°, from 42.893% to 1.407% at 0=40°, from
48.893% to 1.528% at o=50°, and from 48.195%
to 2.707% at a=60°. Thus, the new model exhibits
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Fig. 10 Friction coefficients under different forming
conditions: (a) Different plane curve features; (b) Different
process paths; (c) Different lubrication conditions

the increased accuracy for calculating deformation
forces for parts with different wall angles along
distinct plane curves.

The measured axial forces when forming
truncated cone parts with different wall angles by
different process paths are shown in the scatter
diagram in Fig. 11(b). The deviation between the
spiral path and the contour path is minimal, ranging
from 0.736% to 0.247% across wall angles from 30°
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Fig. 11 Axial forces under various forming conditions:
(a) Different plane curve features; (b) Different process
paths; (c) Different lubrication conditions

to 60°. Consequently, the type of process path has
negligible influence on the deformation force in
ISF.

Similarly, the measured values for the contour
process path are substantially smaller than
calculated values from existing analytical models
[37—39,42]. However, they closely align with the
new analytical model, as depicted in Fig. 11(b). The
maximum deviation decreases from 33.668% to
3.910% at o=30°, from 43.826% to 2.090% at
0=40°, from 48.195% to 0.860% at a=50°, and
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from 48.195% to 2.180% at a=60°. This decrease
emphasizes the increased calculation accuracy of
the new model for deformation forces associated
with different process paths.

The axial forces under different lubrication
conditions are shown in the scatter diagram in
Fig. 11(c). When wall angles are consistent, the
experimental data under various lubrication
conditions exhibit good agreement, with a
maximum deviation of 1.387% at a=30°, 0.988%
at a=40°, 1.318% at 0=50°, and 0.177% at a=60°.

Thus, lubrication conditions show minimal
influence on deformation forces in ISF.
Comparing calculated axial forces from

analytical models [37-39,42] with the measured
values reveals substantial overestimation by the
former and poor consistency. However, the new
analytical model’s calculated values align well
with the measured axial forces under different
lubrication conditions, as illustrated in Fig. 11(c).
The maximum deviation decreases from 34.581%
to 4.449% at a=30°, from 44.192% to 2.349% at
0=40°, from 48.034% to 1.552% at a=50°, and
from 48.195% to 1.938% at a=60°. Consequently,
the new analytical model demonstrates the
increased calculation accuracy for deformation
forces in ISF under diverse lubrication conditions.

5.2 Evaluation of friction test method

According to Eq. (40), the determination of
horizontal forming force is a crucial factor in
assessing the accuracy of friction coefficients.
Therefore, analyzing the evaluation accuracy of
horizontal force becomes essential evidence to
validate the applicability of the testing method
proposed in this study for ISF.

The forming forces of truncated cone,
truncated pyramid and truncated elliptic cone,
shaped by circular arc, straight line and variable
curvature arc, respectively, are shown in the scatter
plot in Fig. 12(a). These forces exhibit an initial
increase and subsequent decrease with the growing
wall angle. However, at identical wall angles, the
measured values for different plane curve paths
show strong agreement, with minimal deviations of
0.402% at o=30°, 0.274% at a=40°, 0.981% at
a=50°, and 0.675% at a=60°. Remarkably, the type
of plane curve has minimal influence on the
forming force.

For various plane curve features, the forming
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Fig. 12 Forming forces under various forming conditions:
(a) Different plane curve features; (b) Different process
paths; (c) Different lubrication conditions

forces calculated by the new method, excluding
friction effects, and other analytical models in
Refs. [37-39] are considerably different from
experimental measurements, as shown in the line
plot in Fig. 12(a). The maximum deviation is
18.121% at o=30°, 10.880% at a=40°, 13.276% at
0=50°, and 15.349% at a=60°. Given the omission
of friction effects, the calculated values from
existing models, except for the one in Ref. [37],
are notably smaller than the measured values.
Conversely, the model in Ref. [37] overestimates
the forming force. Therefore, calculation accuracy
must be improved.
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Considering friction effects, the predicted
values of the new method align well with the
measured ones, as shown in the line + symbol plot
in Fig. 12(a). The maximum deviation decreases to
4.206% at a=30°, 1.292% at a=40°, 1.304% at
0=50°, and 2.110% at 0=60°, signifying enhanced
prediction accuracy after accounting for friction
effects.

The forming forces of truncated cone with
different wall angles formed by spiral and contour
process paths are presented in the scatter plot in
Fig. 12(b). Minimal deviation is observed, ranging
from 0.640% at a=30° to 0.116% at 0=60°,
suggesting that the type of process path has
minimal effect on the forming force.

For different process paths, the new method
demonstrates high prediction accuracy for spiral
and contour paths, as shown in Figs. 12(a) and (b).
The forming forces along the contour path,
calculated by the new method without considering
friction effects and other analytical models from
Refs. [37-39], exhibit clear deviations from
experimental measurements. However, the new
method, when considering friction effects, shows
remarkably improved accuracy, with deviations
reduced to 3.502% at o=30°, 1.879% at a=40°,
0.723% at a=50°, and 1.749% at 0=60°. This result
highlights the new method’s superior accuracy for
predicting forming forces along different process
paths after accounting for friction effects.

The scatter plot (Fig. 12(c)) shows the
influence of lubrication conditions on forming
forces, where forming force is minimal with
L-HM46 oil lubrication and increases progressively
with MoS, grease, graphite powder lubrication,
and peaks with dry friction, indicating a direct
correlation between higher friction coefficients and
increased forming forces. In addition, the smaller
the friction coefficient is, the closer the forming
force is to the predicted value of the new method
without considering the friction effect. Moreover,
the predicted values from Refs. [37—39] deviate
from the measured values: at o values of 30°, 40°,
50°, and 60°, the maximum deviations with
L-HM46 oil lubrication are 18.121%, 10.740%,
12.425%, and 15.349%, respectively; the maximum
deviations with MoS, grease lubrication are
17.928%, 10.968%, 13.773%, and 15.674%,
respectively. At o values of 30°, 40°, and 50°,
the maximum deviations with graphite powder

lubrication are 19.215%, 13.232%, and 17.262%,
respectively; the maximum deviations under dry
friction condition are 22.049%, 17.104%, and 21.806%,
respectively.

The predicted values reported in Ref. [37] are
overestimated, exhibiting significant discrepancies
from the measured values under low-friction
conditions (L-HM46 oil, MoS; grease, and graphite
powder lubrication) while aligning closely with the
measured values under dry friction. This is
paradoxical: since the model neglects frictional
effects, its predictions should theoretically be
substantially lower than those under dry friction
(where frictional effects are most pronounced,
leading to the highest measured forming forces). In
addition, the predicted values from Refs.[38,39]
are too small and do not consider the friction effect.
Therefore, the forming forces under varied
lubrication conditions cannot be predicted by the
above analytical models.

After considering the friction effect, the
evaluated forming forces by this study agree well
with the measured ones: the deviations at a values
of 30°, 40°, 50°, and 60° with L-HM46 oil
lubrication are 4.198%, 1.210%, 1.304%, and
1.551%, respectively; the deviations at a values of
30°, 40°, 50°, and 60° with MoS, grease lubrication
are 3.395%, 1.725%, 0.755%, and 1.657%,
respectively; the deviations at a values of 30°, 40°,
and 50° with graphite powder lubrication are
2.739%, 1.970%, and 0.705%; the deviations of
o values of 30°, 40°, and 50° under dry friction
condition are 3.166%, 1.005%, and 0.158%,
respectively. Thus, the actual forming forces under
different lubrication conditions can be better
predicted by the new method after considering the
friction effect.

Furthermore, evaluating the friction conditions’
accuracy is crucial to precise finite element analysis
(FEA). Horizontal forming forces, which vary with
friction conditions during ISF, serve as essential
criteria for determining friction coefficients.
Simulation models incorporating measured friction
coefficients demonstrate good agreement with
experimental data, confirming the high accuracy of
the measured friction conditions.

The simulation data (under the measured
friction coefficients as shown in Fig. 10 and
the measured friction coefficients increasing or
decreasing by 10%) FFF* and the measured value
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F, of the horizontal forming forces of the truncated
cone with different wall angles are shown in Fig. 13.
The forming process gradually reaches a stable state
with increasing forming layers. The average value of
the data in the stable stage is taken as the horizontal
forming force under the corresponding forming
condition.

The deviations between FF¥ under u=0.1157
(1.1 times of measured value), 0.1052 (measured
value) and 0.0947 (0.9 times of measured value),
and F, are 8.446%, 3.301%, and 4.584%,
respectively, at a=30°, with the minimum deviation
observed at x=0.1052, as shown in Fig. 13(a).
Deviations between FFE* under 4=0.126 (1.1 times
of measured value), 0.1147 (measured value) and
0.103 (0.9 times of measured value), and Fj are
8.238%, 3.137%, and 4.288%, respectively, at
0=40°, with the minimum deviation at 4=0.1147, as
shown in Fig. 13(b). Deviations between F{EA
under ©=0.2016 (1.1 times of measured value),
0.1833 (measured value), and 0.1650 (0.9 times of
measured value), and Fiy are 5.753%, 1.697%, and
2.505%, respectively, at a=50°, with the minimum
deviation at u=0.1833, as shown in Fig. 13(c).
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Deviations between FI®A under 1©=0.2357 (1.1
times of measured value), 0.2143 (measured value)
and 0.1929 (0.9 times of measured value), and Fy
are 9.746%, 4.502%, and 5.245%, respectively, at
0=60°, with the minimum deviation at 4=0.2143, as
shown in Fig. 13(d). The simulation results agree
well with the measured values when friction
coefficients match the experimentally determined
values. Additionally, deviations increase when
friction coefficients increase or decrease by 10%.
This result confirms the high accuracy of the
measured friction conditions.

5.3 Influence of forming parameters on friction

conditions

LU et al [33] and XU et al [36] evaluated the
friction condition in ISF with friction indicator u°,
which is the ratio of the measured horizontal force
(Fn) to vertical force F., as shown in Eq. (42).
However, friction force and deformation force are
included in the measured horizontal force. Although
this friction indicator does not directly represent
the true friction condition, its variation trend can
be utilized to verify the reliability of the friction
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Fig. 13 Simulated and measured horizontal forces with different wall angles: (a) a=30°; (b) a=40°; (¢) a=50°; (d) a=60°
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behavior trend obtained in the present study.

u =F,/F. (42)

The friction coefficient and fraction indicator
increase with the increase in wall angle, regardless
of the specific plane curve feature, as shown in
Fig. 14(a). Furthermore, the friction indicators of
different plane curves are basically identical at the
same wall angle. The measured friction coefficients
also have similar behavior. This trend remains
consistent when forming along the spiral and
contour process paths, as shown in Fig. 14(b).
Additionally, the friction indicators for both paths
align well when the wall angles are identical,
and so do the friction coefficients. Although the
values differ under various lubrication conditions
(L-HM46 oil, MoS, grease, graphite powder, and
dry friction), the changing trends remain constant,
as shown in Figs. 14(c) and (d). That is, the friction
coefficient is minimal with L-HM46 oil lubrication,
slightly increases with MoS, grease lubrication,
continues to grow with graphite powder lubrication,
and is the most pronounced under dry friction
condition without the lubrication. In addition, all
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increase with the increase of the wall angle.

According to the above analysis, the changing
trends of friction coefficients and friction indicators
with the wall angle are basically the same under
different plane curves, process paths, and
lubrication conditions.

The influence of plane curves on the friction
test results is analyzed based on !, s,
ol and g1l as shown in Fig. 15(a). The
change rate of friction coefficient (#) is calculated
by using Eq. (43). The friction coefficients of the
truncated pyramid and truncated -elliptic cone
change by 4.658% and 2.757% at a=30°, by
4.098% and 3.139% at o=40°, by 3.710% and
0.491% at a=50°, and by 2.774% and 2.945% at
0=60°, respectively. The variation of friction
coefficients is slight, and the maximum is only
4.658%. The friction conditions appear to be largely
independent of the features associated with the
plane curve. Therefore, the friction test results
obtained from parts with a single plane curve
feature can be employed to anticipate the friction
conditions of parts with more intricate plane curve
features.
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Fig. 14 Friction indicator and fraction coefficient under different friction conditions: (a) Different plane curves;
(b) Different paths; (c) L-HM46 oil and MoS, grease; (d) Graphite powder and dry friction
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base

where 17"

is the friction coefficient for the
basic parameters; 4’ = represents the friction
coefficient under other conditions compared
to the forming conditions represented by the
base coefficient. Here, i ranges from 1 to 4,
corresponding to a values of 30°, 40°, 50°, and 60°,
respectively; j ranges from 1 to 4, representing
L-HM46 oil, MoS; grease, graphite, and dry friction
conditions, respectively; k& ranges from 1 to 2,
corresponding to the special path and contour path
in the forming process, respectively; n ranges from
1 to 3, representing the truncated cone, truncated
pyramid, and truncated elliptic cone plane curves,
respectively.

The influence of wall angle on the friction test
results is discussed based on 4.l , 417 and
43 as shown in Fig. 15(b).

The friction coefficients of the truncated cone,
truncated pyramid and truncated elliptic cone
increase by 9.03%, 9.671% and 9.436% at a=40°,
by 74.24%, 89.531% and 70.398% at o=50°, and
by 103.707%, 120.14% and 101.11% at a=60°,

respectively. Therefore, compared with a=30°, the
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change rates at a=40° are less than 10%.

Considering that this change has no noticeable
effect on ISF, a smaller wall angle can be inferred to
have minimal effect on the friction test results.
However, the change rate increases remarkably
after o > 40°, which shows that a larger wall angle
considerably affects the friction test results. Thus,
the influence of wall angle is as follows: the friction
coefficient remains essentially stable with smaller
wall angles and gradually intensifies as the wall
angle increases. Therefore, the friction coefficient
can be assessed at any wall angle within the range
for parts with a <40°. For parts with a > 40°, the
friction coefficient can be evaluated on the basis of
the actual wall angle.

For a more detailed evaluation of the
differences in friction test results between the two
process paths, the deviation in friction coefficients
was calculated at wall angles of 30°, 40°, 50°, and
60°. The results are depicted in Fig. 16(a) based on
the data presented in Fig. 10(b). The deviations
between the spiral and contour paths at wall angles
of 30°, 40°, 50°, and 60° are 3.707%, 4.446%,
2.619%, and 1.213%, respectively. Notably, a close
agreement is observed between the friction test
results of the two process paths, suggesting that the
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Fig. 16 Influence of process paths and wall angles on friction test results: (a) Deviation between contour and spiral
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coefficient (1) with wall angles under different process paths

friction conditions in ISF are minimally affected by
the chosen process path.

The contact area during forming along the
contour and spiral paths is shown in Fig. 16(b).
Regardless of the process path, when the depth
increment of the adjacent forming layers is Z, other
forming parameters are identical. According to
Egs. (8)—(11), the contact areas of the two process
paths are equal. Therefore, with different process
paths but identical other forming parameters, the
friction test results are consistent due to the
identical contact area, surface stress state, and
lubrication conditions.

To evaluate quantitatively the influence of wall
angles on friction coefficients across distinct
process paths, the friction test results depicted
in Fig. 10(b) were proceeded using Eq. (43). The
results are illustrated in Fig. 16(c). For the spiral
path, the friction coefficient at a=30° (0.1052)
served as the baseline, denoted as ;). The rates
of change for a=40°, 50°, and 60° were found to be
9.030%, 74.240%, and 103.707%, respectively.
Similarly, for the contour path, by utilizing the
friction coefficient at ¢=30° (0.1091) as the baseline,
designated as )2}, the rates of change for 0=40°,
50°, and 60° were computed as 9.808%, 72.411%,

and 94.042%, respectively. The results clearly
indicate that the friction test results in both paths
remain stable when a<40°. By contrast, the
friction test results increase remarkably when
0.> 40°. The influence of wall angle on friction test
results exhibits a consistent trend irrespective of the
process path.

Equation (43) is used to analyze results from
Fig. 10(c) and quantitatively evaluate the influence
of lubrication conditions and wall angle on friction
coefficients. Change rates in friction coefficients at
wall angles of 30°, 40°, 50°, and 60° under various
lubrications are depicted in Fig. 17(a), using
L-HM46 oil lubrication as a baseline (z.!, 2!,
! and 2111, The results show a remarkable
increase in friction coefficients under MoS, grease,
graphite, and dry friction conditions. At a=30°, the
increase relative to L-HM46 oil is 26.331% for
MoS; grease, 113.688% for graphite, and 216.160%
for dry friction. At a=40°, the increase relative to
L-HM46 oil is 23.191% for MoS; grease, 110.026%
for graphite, and 205.405% for dry friction.
Similarly, at o=50°, the increase relative to
L-HM46 oil is 17.676% for MoS, grease, 82.160%
for graphite, and 153.519% for dry friction, and at
0=60°, MoS, grease lubrication led to a 14.512%
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Fig. 17 Influence of lubricants and wall angles on friction test results: (a) Change rate of friction coefficient () with
lubrication conditions at different wall angles; (b) Change rate of friction coefficient (77) with wall angles under different

lubrication conditions

increase compared with L-HM46 oil lubrication.
Overall, regardless of the wall angle, lubrication
conditions considerably influenced the friction
coefficient.

Friction coefficient is the lowest with L-HM46
oil lubrication, and compared with this condition,
the change rates increased continuously for MoS,
grease, graphite, and dry friction, especially the
latter two. L-HM46 oil and MoS; grease played a
lubricating role, resulting in a relatively reduced
friction coefficient. Graphite powder is prone to
be expelled from the interface, leading to poor
lubrication effects, and under dry friction conditions,
severe friction effects occurred, causing a
remarkable increase in the friction coefficient.
Given the influence of friction on material
formability, parts with large wall angles cannot be
formed under poor friction conditions. Moreover,
poor friction conditions may induce a surface
orange peel effect and considerably reduce part
usability. Therefore, friction coefficient should be
appropriately reduced to improve the formability
and surface quality in actual forming.

In Fig. 17(b), friction coefficients at o=30°
under L-HM46 oil, MoS; grease, graphite, and dry
friction conditions are taken as baseline values

1111 1211 1311 and ,u*:”l)- The Changes in

(Iubase > Hpase s Hoase > ase
friction coefficients at high wall angles are then

calculated. With L-HM46 oil lubrication, friction
coefficients increase by 9.03%, 74.24%, and
103.707% at wall angles of 40°, 50°, and 60°,
respectively. For MoS, grease Ilubrication, the
fraction coefficients rise by 6.321%, 62.302%, and
84.650% at these angles. With graphite lubrication,
change rates are 7.162% and 48.532% at wall angle
of 40° and 50°, respectively, while dry friction
shows change rates of 5.322% and 39.717% at
these angles. These results indicate a consistent
trend where the friction coefficient change rate is
less than 10% up to a wall angle of 40°, indicating
insensitivity to small wall angle wvariations.
Therefore, for parts with wall angles below 40°,
friction coefficients can be considered stable in the
production. However, at wall angles above 40°,
the friction coefficient changes considerably,
suggesting a sensitivity to wall angle variations and
necessitating specific evaluations for parts with
wall angles above 40° in manufacturing process.

6 Conclusions

(1) A semi-analytical friction test method was
proposed for ISF. Firstly, the instantaneous contact
area model was constructed by considering the
loading history. Then, the analytical model of
contact stress was established in line with the
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Tresca yield criterion. The horizontal force
analytical model was developed in combination
with the analytical model of deformation force as
determined by the above two analytical models
with the direction of friction of ISF. The friction
coefficient was calculated by using an equilibrium
relationship established between the analytical
model and the measured value.

(2) The accuracy of the model was assessed by
comparing the predicted values of deformation
force and forming force with the experimental
values and the predicted values of other methods.
The accuracy of the evaluated friction coefficient
was verified through comparison between the
measured horizontal forces and the FEA ones of
different friction coefficients. The accuracy of the
evaluated trend of changes in friction coefficient
was confirmed by analyzing the trend of changes in
friction coefficients and friction indicators under
various forming conditions.

(3) Plane curve features minimally affect
friction conditions. Therefore, the friction condition
of a complex geometric part can be evaluated using
that of a part with simple plane curve features.
Friction is not sensitive to process path changes but
is considerably affected by lubrication condition,
with L-HM46 oil showing the least friction,
followed by MoS, grease, graphite powder, and dry
condition. Friction sensitivity to wall angle is
minimal below 40°, but becomes remarkable above
this angle, requiring specific evaluations based on
the actual wall angle.
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