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Abstract
Surface roughness affects the performance and service life of the formed components. To this end, efforts have been spent in the
innovative incremental sheet forming (ISF) process. However, the researchers yet have not reached any agreement regarding the process
effects on roughness. This demands further research to comprehend the knowledge in order to acquire a threshold level of understanding
on surface roughening in the process. The present study investigates the processing effects upon the roughness of interior surfaces and on
the friction indicator at the tool/sheet interface during forming of an aluminum sheet. Some of the sparsely studied parameters, namely
flow stress, sheet thickness, and forming angle, are undertaken besides commonly considered ones (i.e., tool diameter and step size). The
analysis of the results reveals that the friction indicator and roughness are analogous in respect of their response to parameter variations.
Further, the roughness in general linearly increases with an increase in the friction indicator because the sheet abrasion correspondingly
increases as revealed by the SEM-based surface morphology. A combination of parameters, among several attempted ones, namely
dsinθ/2pt (where d is the tool diameter, θ is the forming angle, p is the step size, and t is the sheet thickness), is identified to have
controlling influence on the roughness of interior surfaces. This combination is validated employing two materials namely Al1060 and
Cu/Steel composite. In this combination, the factord/2p followed by 1/t is found to have the greatest contribution towards the roughening
of surfaces. Moreover, the value of this combination is proposed to keep low in order to produce components with good finish, say ≤
50 mm−1 for Al10160 and 20 mm−1 for Cu/Steel composite. The present and past roughness studies in ISF are also compared, which
reveals that the parameters effects are associated to the type of material.

Keywords Incremental forming . Friction indicator . Surface roughness . Surfacemorphology . Parameter-combination

1 Introduction

Incremental sheet forming (ISF) is an innovative sheet forming
process with high economic pay off for small production runs.
The process performs forming without utilizing the shape-
dependent dies. Because of offering this flexibility, ISF is
gaining popularity in the biomedical and automotive sectors

[1, 2]. A great deal of efforts are being spent to realize the
process deployment on the industrial scale [3–6]. The latest
developments in the process have been comprehensively de-
tailed in a number of review papers [7–9].

Surface quality is paid substantial attention in metal forming,
because it does affect not only the esthetic look of a component
but also the performance and service life. To this end, a number of
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works have been performed to control the surface quality in ISF.
Some researchers attempted to enhance the surface quality
employing tools with the rolling end and appropriate lubricant
[10–13], some relied on the tool path strategy [14], while the
others opted for an optimum set of processing conditions. The last
approach has been the most adopted one to enhance the surface
quality of interior surfaces (i.e., surface in contactwith the forming
tool). A summary of these efforts is presented as follows.

While studying the influence of step size, Hagan and Jeswiet
[15] found that the roughness increased as the step size increased
from 0.05 to 1.5 mm. This finding was later endorsed by Echrif
et al. [16] and Durante et al. [17] with step size ranging from
0.25 to 1mm and from 0.2 to 0.6 mm, respectively.Mugendiran
et al. [18] and Cavaler et al. [19] reported an opposite trend for
the step size respectively ranging from 0.35 to 0.5mm and 0.4 to
0.8mm. Extending the investigation, Baruah et al. [20] observed
an increase in the roughness for the range of 0.2 to 0.5 mm,
while a decrease for the range of 0.5 to 0.9 mm. As those on the
effect of step size on roughness, diverse observations have been
reported regarding the effect of spindle rotation also. Hagan and
Jeswiet [15] found that the roughness decreased as the rotational
speed was increased from 0 to 1500 rpm and contrarily in-
creased when the speed was further increased from 1500 to
2600 rpm. Durante et al. [21] observed a decrease in the rough-
ness with increasing rotation up to 600 rpm. Echrif et al. [16]
reported an increase in the roughness for the rotation ranging
from 500 to 2000 rpm. Mugendiran et al. [18] recorded a reduc-
tion in the roughness at the rotation ranging from 1700 to
2000 rpm followed by an increase at greater rotations (i.e., from
2000 to 2300 rpm). A similar trend was witnessed by Baruah
et al. [20] but comparatively at lower speeds (i.e., from 150 to
400 rpm and from 400 to 800 rpm).

Like that of rotation, the influence of feed rate on the
roughness has also not been agreed upon. According to
Echrif et al. [16], the roughness increases as the feed increases
from 500 to 1500mm/min. Baruah et al. [20] andMugendiran
et al. [18], however, claim an opposite effect for the feed
respectively ranging from 200 to 800 mm/min and 500 to
650 mm/min. As regards the tool diameter, Echrif et al. [16]
and Durante et al. [17] have proposed to employ greater di-
ameters (say from 5 to 30 mm) to minimize roughness.
Cavaler et al. [19], however, propose the opposite specifically
when the diameter ranges from 8 to 10 mm.

The reported studies provide thoughtful insights into the
roughening behavior of interior surface in ISF. However, there
is a need to gather more information for having better control
on the process. In this regards, the contribution of flow stress
of material and forming angle on surface roughening is very
particular to be revealed because these parameters are likely to
affect the strain hardening and thus the sheet wear and surface
roughness. Moreover, as clear from the gap analysis presented
in Table 1, investigations regarding the sheet thickness effect
are also scarce. Besides these points, due to discrepancies in

the published reports as highlighted before, the nature of ef-
fects of parameters on roughness is yet a subject of debate.
Therefore, further studies by widening the type (and range) of
parameters and materials are required to adequately compre-
hend the roughening behavior of materials in ISF.

Recently, a number of researchers have identified that the
friction indicator is an important factor with significant effect
on the roughness in ISF [17, 21, 22]. However, this factor has
been mainly studied as the function of rotational speed. The
friction indicator as the function of remainder processing pa-
rameters along with the associated effect on the roughness also
requires thorough investigation in order to exhaustively un-
derstand the role of friction on roughening in ISF.

Hamilton and Jeswiet [23], while analyzing the roughness
of exterior surface (free surface) of formed Al3003 sheet, pro-
posed that an empirical combination of tool radius, forming
angle, and step size has controlling influence on the equivalent
roughness in ISF. However, its application to the interior sur-
face (surface in contact with tool) and extension to other ma-
terials yet need to be ascertained. Further, a more appropriate
and robust combination should be devised if the proposed one
does not describe the roughening behavior of interior surfaces.

From the above discussion, it follows that there is a need to
perform a systematic study in order to fill the indicated gaps.
The five forming parameters (i.e., flow stress, forming angle,
sheet thickness, tool diameter, and step size) are varied over
wide ranges and their effects on the friction indicator and
roughness of interior surface are quantified and analyzed. In
an attempt to identify the most appropriate parameter-
combination having controlling influence on the roughening
of interior surface, a number of trials are attempted and a new
robust combination is proposed. Moreover, the roughness
findings of the current study are compared with those of the
past studies and important inferences are drawn.

2 Methodology

The past works [9] have revealed that the performance of ISF
process largely relies on the complex inter-dependent effects of
technological conditions, and further, an ad hoc approach is
unable to furnish adequate information to control the process.
The statistical approaches, therefore, have been applied to real-
ize the solution. To analyze the friction indicator and rough-
ness, the response surface method (one of the statistical ap-
proaches) was adopted in this study. More in detail, the central
composite design (CCD) was opted among various response
surface designs as this evenly distributes the design points [24].

The following parameters were the predictors of CCD:

Flow stress of material (Yf in MPa)
Sheet thickness (t in mm)
Forming angle (θ in degrees)
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Tool diameter (d in mm)
Step size (p in mm)

The reader is referred to Fig. 1a for the illustration of these
parameters. As indicated in the list of parameters, the flow stress
of material and forming angle was also undertaken in line with
the objective of current study. The tool rotation and feed rate are
among the important parameters of ISF process. Their influence
on the roughness may depend on the type of material [16, 18].
These parameters in the present study, however, were kept fixed
to 0 rpm and 2600 mm/min, respectively. Because, a special-
built non-rotational post was utilized to hold the forming tool,
and further, there was a constraint on the available material. The
range(s) of other parameters selected for the investigation have
been presented in Table 1. These ranges were set according to
the machine specifications and available resources. To prepare
the test plan and for analyzing the roughness, a commercial
statistics package Design Expert Dx-10 was utilized.

Table 2 shows the complete test plan. The plan is
composed of 47 runs, whereby each of the parameters
has three levels. The plan also contains five replicates
to consider repeatability. This plan, consistent with the

objective of current study, was intended to investigate
the following friction and roughness variables:

Friction indicator (μ′)
Arithmetic mean roughness (Ra in μm)
10 points average roughness (Rz in μm)
Maximum peak-valley roughness (Rmax in μm)
Equivalent roughness (Reqv in μm)

Because of its extensive structural applications, the com-
mercial aluminum sheet AA1060 was employed as the exper-
imental material. The sheet material, which ranged from 0.7 to
2.6 mm in thickness, was received in the rolled condition.
Therefore, it was annealed over two different temperatures
(285 and 320 °C) in order to achieve two additional levels of
flow stress. The annealing was done by holding the sheet for
2 h in the carbolite furnace. To determine the flow stress, the
tensile specimens were prepared following the ASTM E8
standard [25] and stretched to fracture utilizing a universal
testing machine and employing the crosshead speed of
2 mm/min. To obtain precise results, each test was repeated
twice. In order to consider the anisotropy effects, the tests

Table 1 Gap analysis and comparison between the current and past studies. The values alongside the arrows represent the range of particular parameter
under study

Hagan

and 

Jeswiet 

[15]

Mugendiran 

et al. [18]

Echrif et 

al. [16] 

Durante 

et al. 

[17, 21] 

Cavaler

et al. [19]

Baruah

et al. 

[20]

Current  study

Material Al3003 Al5052 Al1050O Al7075O AISI304L Al5052 Al1060

Response Ra

(μm)

Ra (μm) Ra (μm) Ra (μm) Ra (μm) Ra

(μm)

Ra

(μm)

Reqv

(μm)

μ’

p- step 

size

(mm) 

0.05-

1.5

0.35-0.5

0.5-0.65

0.25-1 0.2-0.6 0.4-0.8 0.2-0.5

0.5-0.9

0.1-

0.8

(0.1-

0.8)

0.1-0.8

d-

diameter

(mm)

5-30 5-15 8-10 7-13.5

13.5-

20

7-20 7-13.5

13.5-20

t -

thickness 

(mm)

0.7-

2.6

0.7-2.6 (d  

≤17mm)

(θ ≤47
o
)

θ- angle

(deg)

28-55

20-28

t ≥1.2mm

d≤17mm

Yf- stress

(MPa)

101-

172

ω-

rotation

(rpm)

0-

1500                                                                                         

1500-

2600

1700-2000

2000-2300

500-

2000

0-600 150-

400 

400-

800

f- feed 

(mm/min) 

500-650

650-800

500-

1500

200-

800

Range 0.5-4.5 1.92-5.28 0.37-

17.5

0.4-9.2 0.9-1.44 0.33-1 0.095-

3.97

0.004-

4.37

0.196-1.25

Key: increase; decrease; no effect; not investigated
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were carried out in both of the rolling and transverse direc-
tions. Figure 1b shows the representative stress/strain curves
in the rolling direction. The mean flow stress (stress required
to flow the material) of material against each of the material
conditions was determined using the below formula:

Y f ¼ Kεn

nþ 1
ð1Þ

where Yf (MPa) is the mean flow stress over the entire strain
history, K (MPa) is the strength coefficient, n is the strain rate
exponent, and ɛ is the true strain at fracture. The values of n
andKwere determined by plotting the stress and strain data on
logarithmic scale. The average value of Yf was obtained by
summing up the flow stress in the rolling and transverse di-
rections. The maximum deviation in Yf was recorded to be ±
3 MPa.

To study the friction and roughness, the sheet was formed
into a simple pyramid shape as depicted in Fig. 1a. For this
purpose, the sheet blank (140 mm× 140 mm) was clamped
onto a fixture and the forming tool was programmed to follow
a pre-defined trajectory on a 3-axis CNC milling machine.

During forming, the mineral oil was used as a lubricant to
reduce friction at the tool/sheet interface. In order to charac-
terize friction at the tool/sheet interface, the forming forces
were measured in the X, Y, and Z directions. For this purpose,
a table type dynamometer (9625B) was installed under the
forming rig (Fig. 1a), and the forces were recorded through
the data acquisition system. The snapshot of representative
force curves is shown in Fig. 1c.

It is a difficult task to find the exact value of friction coef-
ficient during ISF. Therefore, an indicator of friction was cal-
culated to represent friction, as defined in Durante et al. [21]
and given below:

μ
0 ¼ Fhj j

FZj j ð2Þ

where μ′ is the friction indicator.

Fh

(N)
is the horizontal (or in-plane) force that resists the
motion of forming tool in the horizontal plane.

Fz

(N)
is the vertical force that acts normal to the horizontal
plane (x-y) and flattens the sheet.

Fig. 1 Experimental and material details: a test geometry and experimental set-up, b engineering stress-strain curves of material, and c a representative
case of force measurement
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The force Fh is the resultant of two horizontal force com-
ponents determined through vector sum as below:

Fh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F2
a þ F2

b

p

ð3Þ
where

Fa (N) is the force due to relative motion between the
forming tool and sheet

Fb

(N)
is the thrust on the faces of pyramid

a and
b

are the two contiguous faces of pyramid.

Durante et al. [21] found that the force(s) in ISF continues
to increase in the initial few contours due to dynamic equilib-
rium between sheet thinning and strain hardening. Therefore,
they calculated the friction indicator once the force achieved
steady state. The same approach was adopted in the present
study. Moreover, while performing analysis, the force compo-
nents in the central portion of wall were considered (as illus-
trated in Fig. 1c), and the spikes at the corners of pyramid were
ignored.

The roughness tests were performed on the interior side of
formed surfaces. The stylus travel was 6 mm, and the appara-
tus used for these tests was the M1 Maher Perthometer. The
roughness was measured across the sheet stretching direction
as indicated by an arrow in Fig. 1a. In view of their application
in metal forming and computational modeling, four roughness
quantities, namely Ra, Rz, Rmax, and Reqv were obtained. The
former three were recorded on the Perthometer, while the last
one was calculated using the below relation as detailed in [23]:

Reqv ¼ 2

d
ARz−BRa

sinθ=p

� �

ð4Þ

where

d (mm) is the tool diameter
θ (deg) is the forming angle
p (mm) is the step size
A (0.4) and B
(0.6)

are the two constants to weight Ra and
Rz.

In order to identify the roughening mechanism in ISF, the
surface morphology of unformed and formed surfaces was
analyzed. This task was accomplished utilizing HITACHI
SU3500 Scanning Electron Microscope (SEM).

3 Results and discussion

Because the dependence of roughness on various technologi-
cal parameters is yet a subject of debate, significance of the
considered parameters was identified for the current material.
In this regards, analysis of variance (ANOVA) has been

Table 2 The test plan composed of 47 tests

t (mm) θ (deg) Yf (MPa) d (mm) p (mm)

0.7 55 172 20 0.8

0.7 20 172 20 0.8

0.7 20 101 7 0.8

2.6 20 172 20 0.1

2.6 55 101 20 0.8

1.65 37.5 136.5 13.5 0.45

0.7 55 172 7 0.8

0.7 55 101 20 0.8

2.6 20 172 7 0.1

0.7 20 172 7 0.8

2.6 20 172 7 0.8

0.7 37.5 136.5 13.5 0.45

0.7 55 172 20 0.1

1.65 37.5 136.5 13.5 0.45

0.7 20 101 20 0.8

2.6 20 101 7 0.1

0.7 55 172 7 0.1

2.6 55 101 7 0.8

0.7 55 101 7 0.1

2.6 55 172 7 0.8

1.65 55 136.5 13.5 0.45

2.6 55 172 20 0.1

2.6 20 101 20 0.8

0.7 20 172 20 0.1

1.65 37.5 136.5 13.5 0.45

1.65 37.5 172 13.5 0.45

1.65 20 136.5 13.5 0.45

2.6 55 101 20 0.1

1.65 37.5 136.5 13.5 0.45

2.6 20 101 20 0.1

2.6 20 172 20 0.8

2.6 55 101 7 0.1

1.65 37.5 136.5 7 0.45

0.7 55 101 20 0.1

2.6 20 101 7 0.8

2.6 55 172 7 0.1

1.65 37.5 136.5 20 0.45

1.65 37.5 136.5 13.5 0.8

0.7 20 101 20 0.1

1.65 37.5 136.5 13.5 0.45

0.7 20 172 7 0.1

2.6 37.5 136.5 13.5 0.45

0.7 55 101 7 0.8

1.65 37.5 136.5 13.5 0.1

1.65 37.5 101 13.5 0.45

2.6 55 172 20 0.8

0.7 20 101 7 0.1
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practiced as a useful tool. As a step of ANOVA, power trans-
formation on a response is applied in order to minimize the
outlier’s effects and thus to improve the efficacy of analysis
[24]. However, this is done only when the lamada (λ) value in
the related Box-Cox plot (a plot between lambda and Ln-
residuals) does not meet the threshold value of 1. Therefore,
to know the λ value, the Box-Cox plot for each of the pres-
ently considered five responses (i.e., μ′, Ra, Rz, Rmax, Reqv)
was examined and accordingly an appropriate transformation
was applied as listed in Table 3.

Table 4 presents the results of ANOVA. A term with prob
value ≤ 0.05 (or 95% confidence level) was regarded as sig-
nificant. This is to observe from the table that the flow stress
Yf, wall angle θ, and sheet thickness t, whose study was em-
phasized in the introduction, are significant for the roughness.
These parameters, except the flow stress, are also influential
for the friction indicator. The step size p with prob value <
0.0001 is the most significant parameter for both of the friction
and roughness quantities. The rank of other parameters with
respect to the significance can be judged based on the prob
value: smaller the value, greater the significance will be. As
observable from Table 4, some of the combinations of param-
eters are also significant, which signifies that the friction indi-
cator and roughness in ISF is not simply determined by the
sole effects of parameters instead interactive effects need to be
taken into account in order to adequately understand their
evolution.

3.1 Friction indicator

Figure 2a–d presents the effects of significant parameters on
the friction indicator μ′. As can be noticed from Fig. 2a, b, the
value of μ′ increases as the thickness of sheet increases spe-
cifically when θ ≤ 47o and d ≤ 17 mm. The value of μ′, how-
ever, slightly decreases with increasing thickness followed by
a slight increase when θ > 47° and d > 17mm. This is to notice
that the degree of importance of increasing thickness on the
value of μ′ comparatively decreases as the value of either of
angle or diameter increases.

The effect of forming angle is observable from Fig. 2a, c.
The value of μ′ reduces with increasing the angle as long as
the following conditions prevail: d ≤ 17 mm and t ≤ 1.2 mm.
However, when d > 17 mm and t > 1.2 mm, the value of μ′
slightly increases as the angle increases.

Figure 2b, d depicts the influence of tool diameter.
Regardless of the interacting parameters (i.e., t and θ), the

value of μ′ decreases as the diameter increases from 7 to
13.5 mm; however, μ′ experiences an increase as the diameter
increases from 13.5 to 20mm. Figure 2d exhibits the influence
of step size. The value of μ′ steadily increases with an increase
in the step size. The importance of increasing step size on μ′,
however, decreases as the process is performed with the tools
of greater diameters (say with d > 7 mm).

These findings reveal that the response of friction indicator
to parameters variations is rather complex. In fact, the strain
hardening of sheet and the tool/sheet contact area both expe-
rience a change when the forming is performed with an altered
set of conditions [17]. These changes in turn affect the hori-
zontal and vertical force components [17, 26] and hence the
friction. Therefore, the reported behavior of friction indicator
may be reasoned to the said variations.

3.2 Surface roughness

Figure 3a–l depicts the relationships between the technologi-
cal parameters and the roughness quantities Ra, Rmax, and Rz,
respectively. As can be noticed from these figures, the set of
parameters effects represented by Fig. 3a–d is similar to those
depicted by Fig. 3e–l). This reveals that the effects of consid-
ered parameters on either of the mentioned roughness quanti-
ties are similar in nature. Therefore, only one of these rough-
ness quantities namely, Ra is detailed herein study.

Figure 3a and b presents the response of Ra to variation in
the thickness of sheet. The value of Ra consistently increases
as the thickness increases. The increase in Ra, however, is
relatively greater when ISF is performed at low angles (say
θ ≤ 37o) and with small diameters (say d ≤ 13.5 mm).

The influence of forming angle on Ra is shown in Fig. 3a.
The value of Ra decreases with increasing the forming angle
especially when ISF is performed on high angle parts (say
when θ ≥ 28°). Figure 3b, c exhibits the effects of tool diam-
eter on Ra. The value of Ra sharply decreases as the diameter
increases from 7 to 13.5 mm. However, further increase in the
diameter contrarily causes an increase in the value of Ra. The
influence of increasing diameter, in terms of Ra, is greater
when the thickness and step size are high (i.e., for t ≥
1.65 mm and p ≥ 0.45 mm).

The effect of step size on Ra can be noticed from Fig. 3c.
There is a consistent increase in the value of Ra as the step size
increases. This increase, however, is greater when processing
is done with low diameters (i.e., d ≤ 13.5 mm). Figure 3d
shows the role of flow stress of material on Ra. The value of
Ra slightly reduces with an increase in the flow stress.

This is pertinent to mention that three parameters,
which have been paid rare or limited attention in the lit-
erature as mentioned before, pose significant effects on
the roughness of interior surface. Therefore, these param-
eters namely Yf, θ, and t should be carefully considered to
control the roughness in ISF.

Table 3 Transformations applied to various responses

Response μ′ Ra Rz Rmax Reqv

λ 0 1 0.39 0.33 0

Transformation Ln None SQRT SQRT Ln
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Table 4 Analysis of variance

Source μ′ Rmax Ra Rz Reqv

Prob value S/NS Prob value S/NS Prob value S/NS Prob value S/NS Prob value S/NS

Model < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S

t 0.002 S < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S

θ 0.0082 S 0.0001 S 0.0005 S 0.0018 S < 0.0001 S

Yf 0.4574 NS 0.05 S 0.0083 S 0.0376 S 0.0756 NS

d 0.1765 NS < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S

p < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S < 0.0001 S

tθ 0.0004 S 0.0303 S 0.0407 S 0.0495 S 0.3343 NS

tYf 0.436 NS 0.3626 NS 0.834 NS 0.2492 NS 0.1233 NS

td 0.0423 S 0.0013 S 0.0084 S 0.032 S 0.1096 NS

top 0.0533 NS 0.991 NS 0.1216 NS 0.9996 NS 0.0294 S

θYf 0.9722 NS 0.5457 NS 0.2719 NS 0.5221 NS 0.7116 NS

θd 0.0001 S 0.1915 NS 0.3811 NS 0.9277 NS 0.6833 NS

θp 0.2899 NS 0.2558 NS 0.8976 NS 0.3577 NS 0.1144 NS

dYf 0.6781 NS 0.3275 NS 0.2855 NS 0.137 NS 0.1103 NS

pYf 0.4307 NS 0.4821 NS 0.425 NS 0.9488 NS 0.5936 NS

dp 0.001 S 0.0006 S < 0.0001 S 0.0026 S 0.079 NS

t2 0.3016 NS 0.0485 S 0.2915 NS 0.2213 NS 0.2168 NS

θ2 0.311 NS 0.0713 NS 0.0651 NS 0.108 NS 0.4421 NS

Yf
2 0.7772 NS 0.834 NS 0.7852 NS 0.9989 NS 0.7748 NS

d2 0.0333 NS 0.0032 S 0.0005 S 0.005 S 0.0051 S

p2 0.6228 NS 0.1733 NS 0.0636 NS 0.0747 NS < 0.0001 S

S: significant

NS: not significant

(a) (b)

(c) (d)

Fig. 2 Relationships between
friction indicator and parameters
in ISF of Al1060 sheet: a forming
angle and sheet thickness, b tool
diameter and sheet thickness, c
tool diameter and forming angle,
and d step size and tool diameter
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Figure 4a–c depicts the effects of parameters on Reqv, which
is an empirical relation of Ra and Rz. This is to notice from
Figs. 3 and 4 that Reqv agrees with Ra, Rz, and Rmax with respect
to the response to variation in the step size and sheet thickness.
However, its response to variation in the tool diameter and
forming angle slightly differs in a sense that the nature of Reqv
contrary to those of Ra, Rz, and Rmax is independent of the
magnitude of these parameters (i.e., the value of Reqv consistent-
ly decreases with an increase in either of these two parameters).

3.3 Analogy between the effects of parameters
on friction and roughness, friction-roughness
correlation, and morphology of formed surfaces

Table 1 (“current study” column) draws an analogy between
the friction indicator μ′ and roughness, especially Ra, with
respect to their response to various parameters. As can be
seen, most of the parameters have similar effects on the two.
For an instance, an increase in the step size causes a

Fig. 3 Relationships between various roughness quantities and parameters in ISF of Al1060 sheet: a–d relation between mean roughness and
parameters; e–h relation between maximum roughness parameters; and i–l relation between 10-point average roughness and parameters

Fig. 4 Relationships between equivalent roughness and parameters in ISF of Al1060 sheet: a tool diameter, b forming angle, and c step size and sheet
thickness
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corresponding increase in the roughness. The same trend is
observed for the friction. Similarly, analogous responses can
be seen as the tool diameter is varied. Regarding response to
thickness, analogy in the friction and roughness is realized as
long as θ ≤ 47o and d ≤ 17 mm. The analogy in respect of
response to the forming angle is also linked with certain con-
ditions, i.e., d ≤ 17 mm and t ≥ 1.2 mm. These conditions,
however, are very close to the high limits of parameters
employed herein work (e.g., high limit of θ is 55° and that
of d is 20 mm) and thus allow to claim that the friction and
roughness principally exhibit analogous responses to the tech-
nological variations.

Figure 5 plots the mean roughness as a function of friction
indicator. The roughness in general linearly increases as the
friction indicator increases. In fact, as can be observed from
the SEM-based morphology of representative formed surfaces
presented in Fig. 6a–f, the sheet abrasion (or wear) due to
sliding action of the forming tool increases as the friction
increases. This consequently results into increased roughness.
Based on this finding and the analogy drawn above in the
responses of friction and roughness, it is possible to say that
the friction has controlling influence on the roughening of
interior surface of the experimental sheet. The said influence
of friction in ISF is consistent with that in the stretch-bending
operation whereby an increase in the friction has been ob-
served to correspondingly roughen the surfaces [27]. This
consistency in the two processes might be attributed to their
alike mechanics, i.e., sheet in both of the processes is subject-
ed to stretching and bending. This is pertinent to point out that
the reader may not confuse the friction indicator μ′, used in the
present study, with the friction coefficient μ. The value of μ′
could be greater than 1, as found in the present study and
reported in the ISF literature [21, 22], whereas the value of μ
is usually smaller than 1. In fact, this indicator is only an
estimation of friction rather than an exact value of friction at
the tool/sheet interface.

FromTable 4, this is to notice that the flow stress appears to
be a significant parameter for the roughness while an insignif-
icant one for the friction indicator. Undoubtedly, the forming
force increases as the flow stress increases. However, this
increase is realized in both of the horizontal (Fh) and vertical
(Fv) components of force. As a result, the ratio of these two
force components (regarded as friction indicator) does not
experience any substantial change. This point is also support-
ed by Fig. 3d, whereby it can be observed that the flow stress
has only a subtle effect on the roughness.

3.4 Parameter-combination having controlling
influence on the roughness

Figure 7 presents the mean roughness as the function of var-
ious empirical combinations of parameters. The appropriate-
ness of a function is dictated by the R2 value: a higher value
shows better fit to the data points. The relation between Ra and
d/2p has an R2 value of 63%. The addition of θ (i.e., dsinθ/2p),
however, improves the R2 value from 63 to 67%. The addition
of 1/t to d/2p (i.e., d/2pt) enhances the R2 value from 63 to
77%. The unification of the latter two combinations (i.e.,
dsinθ/2pt) yields the highest R2 value of 82%. From the R2

values, it follows that the factor d/2p has the greatest contri-
bution on the roughening of interior surfaces, which is follow-
ed by the factors 1/t and sinθ. Interestingly, all of the men-
tioned combinations are related to the roughness through the
power law.

In order to examine if the other roughness quantities, name-
ly Rmax, Rz, and Reqv are sensitive to the combination dsinθ/
2pt, their correlations with the said combination were exam-
ined. As shown in Fig. 8, each of the considered quantities
forms a reasonable relation with dsinθ/2pt. However, that of
Reqv having the highest R2 value (i.e., 90%) is the most con-
sistent one. The behavior of Ra and Reqv as the function of
dsinθ/2pt can be defined by the following formulas:

Ra ¼ 3:21 dsinθ=2ptð Þ−0:65 ð5Þ
Reqv ¼ 1:75 dsinθ=2ptð Þ−1:29 ð6Þ

The R2 value for Ra and Reqv is 82 and 90%, respectively.
These values are reasonably high and indicate a good fit of
respective data to be reliably used for the prediction and opti-
mization of the surface roughness of Al1060 sheet.

The application of the above proposed combination to
other materials was examined by employing a composite
sheet having higher flow stress (i.e., Y f = 115 to
177 MPa). In fact, to evaluate the residual stresses in
another study, the authors had produced a series of pyra-
mids from the Cu/steel composite sheet. The roughness
was measured from these pyramids across the stretching
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direction. For the process conditions and other details, the
reader is referred to Fig. 9 and the related article [28]. As
presented in Fig. 9, the roughness of interior surface of

Cu/steel sheet is also sensitive to dsinθ/2pt. This follows
that the proposed parameter-combination is an appropriate
factor having controlling effect on the interior roughness
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µ' = 0.95 µ' = 0.65
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Unformed 
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lines
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Fig. 6 Surface morphology of
selected surfaces with various
values of friction indicator: a
unformed sheet, b μ′ = 1.25, c
μ′ = 0.95, d μ′ = 0.65, e μ′ = 0.47,
f μ′ = 0.2
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in ISF. The formulas of Ra and Reqv for the Cu/steel sheet
are as given below:

Ra ¼ 2:76 dsinθ=2ptð Þ−0:248 ð7Þ
Reqv ¼ 0:827 dsinθ=2ptð Þ−0:953 ð8Þ

The R2 value of these two formulas is 70 and 80%, respec-
tively. These values are low in comparison to those obtained for
Al1060 sheet. This discrepancy is due to a reason that the
roughness data of Cu/steel sheet include two additional effects
due to rotation (ω) and feed rate ( f ) besides that of dsinθ/2pt.
This dictates the need of incorporating these effects into dsinθ/
2pt to formulate a combination valid under generic conditions.
This task is left for future, however. From Figs. 7–9, it is worth
noticing that the value of dsinθ/2pt should be kept smaller for
minimizing the roughness. Moreover, the threshold value (the
value below which the roughness remains almost constant) is
dependent upon the material, i.e., around 50 mm−1 for the
Al10160 sheet (low flow stress) and about 20 for the Cu/steel
composite sheet (high flow stress). This means that a high-
strength material may have lesser threshold value; however, this
point needs to be ascertained employing additional materials.

The above idea to formulate an empirical combination of
parameters to control the roughness of interior surface stems
into the work by Hamilton and Jeswiet [23], whereby they
successfully correlated the roughness of exterior surface with
a parameter-combination dsinθ/2p. As an objective of the cur-
rent study, the suitability of dsinθ/2p for the interior surface was
tested considering Al1060 sheet. As shown in Fig. 7, the R2

value for the plot between dsinθ/2p and Ra is only 67% (i.e., a
lack of fit of 33%). The incorporation of the factor 1/t into this
combination, i.e., dsinθ/2pt, enhances the data fit from 67 to
82% (i.e., 15% improvement). Thus, this study introduces a
new factor 1/t and also reveals such a combination for the inte-
rior surface in addition to the exterior surface reported in [23].

3.5 Comparison between the present
and past roughness studies

Table 1 summarizes the present and past roughness find-
ings in ISF. The review of the previous findings was pre-
sented in Sect. 1. Therefore, this section only compares
the present and past findings. The present study reports
that the mean roughness Ra of Al1060 sheet increases as
the step size increases from 0.1 to 0.8 mm. This trend
completely agrees with that observed in Al1050 [16],
Al3003 [15], and Al7075O [17]. The same partially
agrees with Al5052 [18, 20] (i.e., disagrees for certain
range of step size). However, the present finding regard-
ing the step size completely disagrees with that reported
for AISI304L despite the fact the sheet of AISI304L was
formed with an equivalent step size (say 0.8 mm) and
relatively smaller diameter (say 8 mm) as opposed to
20 mm in the present study. The influence of tool diame-
ter found for the current Al1060 sheet is consistent with
that reported for Al7075O [21], partially consistent with
the result for Al1050, but completely inconsistent with the
finding reported for AISI304L [19]. This analysis allows
inferring that the nature of influence of a parameter is
closely associated to the type of material under study. In
fact, the interaction and the friction between the
contacting surfaces depend upon the type of material. As
a result, the friction coefficient changes with the type of
material thus leading to change in the roughening behav-
ior of sheet during forming.

Figure 10 depicts the correlations of Ra with the other
roughness quantities. As can be noticed, the roughness Ra

holds a direct relation with either of Rz or Rmax. This explains
why the nature of effects of technological parameters, present-
ed in Fig. 3, is similar for these three roughness quantities. The
relation between Ra and Reqv is defined by the exponential law.
The value of either of Rz, Rmax, or Reqv increases as the value
of Ra increases.
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4 Conclusions

The nature of influence of ISF processing on surface rough-
ening has not yet been agreed upon. More efforts need to be
spent to comprehend the threshold knowledge. In the present
study, the friction at the tool/sheet interface and the roughen-
ing behavior of interior surfaces were investigated. The fol-
lowing conclusions can be drawn from the study:

1. A parameters-combination, i.e., dsinθ/2pt, having control-
ling influence on the roughening of interior surfaces has
been proposed and validated employing two materials.
The roughness decreases as a power function of the said
combination. An optimum value of 50 mm−1 is proposed
to be maintained in order to produce the quality compo-
nents of Al1060 sheet and a value of 20 mm−1 for the
laminated Cu/steel composite.

2. The analogy between the roughness and friction indicator,
in respect of their response to parameters, dictates that the
roughening of interior surface mainly occurs due to fric-
tion at the tool/sheet interface. Further, according to the
correlation, the roughness linearly increases with increas-
ing the friction indicator because the surface abrasion cor-
respondingly increases as revealed by the SEM-based
morphology of the formed surfaces.

3. Some of the sparsely investigated parameters, namely
flow stress of material, sheet thickness, and forming an-
gle, have shown significant impact on the roughness of
interior surface. These effects are interactive in nature and
need to be carefully undertaken so as to realize the good
surface finish.

4. There is a discrepancy between the current and previous
roughness findings reported in the ISF literature. In this
regards, the type of material has appeared as the major
factor that affects the tool/sheet interaction (or friction
condition) and hence the roughness.
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