
Available online at www.sciencedirect.com

Manufacturing Letters

Manufacturing Letters 44 (2025) 453–465

53rd SME North American Manufacturing Research Conference (NAMRC 53, 2025)

Optimizing Formability of Incremental Sheet Forming using the

Straight Groove Test assessed with a Variable Wall Angle Conical

Frustum

Ravi Prakash Singha,∗, Santosh Kumarc, Edward James Brambleya,b, Sudarshan

Choudharyd, Pankaj Kumar Singhc, Sisir Dharab

aMathematics Institute, University of Warwick, Coventry CV4 7AL, UK
bWMG, University of Warwick, Coventry CV4 7AL, UK

cDepartment of Mechanical Engineering, IIT (BHU), Varanasi, U.P.-221005, India
dDepartment of Mechanical Engineering, SVNIT, Surat, Gujarat, India

Abstract

The current study is focused on Robot Assisted Incremental Sheet Forming (RAISF) of AA 6061 alloys. A simple and stream-

lined approach is presented to optimize the forming parameters to maximize formability during RAISF; the forming parameters

are the tool speed, the step depth, and the tool diameter. The optimized parameters are found using a Design of Experiments

(DOE) methodology applied to a straight groove test. Straight groove tests were conducted on 39 samples chosen according

to a Central Composite Response Surface Design (CCRSD) methodology. Formability is assessed by considering the groove

depth, spring back, and forming time; the combination of tool speed (84.65,mm/s), tool diameter (12.5 mm) and step depth

(0.4 mm) were found optimal. A Variable Wall Angle Conical Frustum (VWACF) was then fabricated to assess the effect of the

optimized parameters on the limiting conical wall angle. Finally, a conical frustum of constant wall angle 60◦ was fabricated,

and its forming limit compared with the conventional forming limit of AA 6061 obtained by a Nakajima test.
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1. Introduction and Literature Review

Incremental sheet forming (ISF) is a flexible sheet

forming process that offers several advantages over

conventional forming techniques, such as reduced tool-

ing costs, enhanced geometric flexibility, and the abil-

ity to produce complex shapes with minimal setup

time [1, 2]. In this procedure, plastic deformation of

sheet is performed gradually without the need for spe-

cialized dies; ISF is therefore termed a die-less forming
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technique [3, 4, 5]. Plastic deformation occurs through

a series of incremental steps, with a small area of sheet

under direct tool contact undergoing deformation at a

time. Consequently, the deformation in ISF is char-

acteristically gradual, localized, and of an incremen-

tal nature, contributing to improved formability limits

compared with conventional sheet metal forming oper-

ations such as stamping and stretching [6, 7]. In a typi-

cal ISF process, the forming tool is mounted on a CNC

machine [8, 9] or a robotic arm [10, 11] which grad-

ually deforms the clamped sheet in a stepwise man-

ner. The formability and quality of the final product

are influenced by various input variables, including the

tool diameter, step size, tool speed, and forming tem-

perature [12, 13]. Numerous studies have been car-

ried out to investigate the influence of input parame-
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ters in ISF and their optimization to achieve a com-

bination of superior formability and enhanced product

quality [14, 15]. Shim and Park [16] recommended a

standard test for plotting Forming Limit Curves (FLC)

in major–minor strain space to predict formability dur-

ing ISF, and this was utilized by Ham and Jeswiet [17]

to study the formability of AA 3003. Similarly, Kim

and Park [18] utilized a straight groove test to study

the impact of various parameters on formability in ISF

by conducting a series of experiments. Their findings

revealed that increasing the tool size has a negative im-

pact on the maximum forming angle of a fixed wall an-

gle conical frustum. In contrast, Kumar et al. [19] in-

vestigated the influence of different parameters on the

formability of AA 2024-O and reported that formabil-

ity improves with larger tool diameters and the side

radius of flat-end tools.

Although several studies have explored the im-

pact of step size on formability, the effect of step

size on sheet formability in ISF remains inconclusive.

Some researchers have reported that increasing the step

size has a negative effect on formability [20, 21, 22],

whereas others have reported a positive effect of in-

creasing step size on formability [23]. Furthermore,

Ham and Jeswiet [17] suggested that step size has little

effect on the maximum forming angle in ISF. Similarly,

peripheral tool speed is another key factor affecting

formability in ISF. Higher tool speeds lead to increased

frictional heating [24], which softens the sheet mate-

rial locally in contact with the tool and consequently

enhances formability [25, 26]. Ham and Jeswiet [17],

in their work on Aluminium alloy 3303 sheet, found

increased formability with increasing speed. Similar

results were obtained by Buffa et al. [27], who per-

formed ISF at higher speeds on AA1050-O, AA1050-

H24, and AA6082-T6. Xu et al. [28] explored the lo-

calized heating mechanism due to the relative motion

at the tool-workpiece interface, resulting from tool ro-

tation. Their experiments on AA5052-H32 sheets, with

tool rotational speeds ranging from 0 to 7000 RPM, re-

vealed that at lower speeds (0-1000 RPM), friction is

the dominant factor, while at higher speeds, dynamic

recrystallization effects take over. This explains why

improved formability is typically observed at higher

spindle speeds in ISF. In addition to this high speed ISF

can also impact the surface quality of the formed prod-

uct and several studies have been conducted to find

out this effect [29]. The discussion above illustrates

that several factors collectively influence formability

in ISF. To better understand these effects and optimize

the process for different material design of experiments

(DOE) can be a powerful tool. This can enable a sys-

tematic evaluation of various parameters, helping to

identify the optimal combination that can yield the best

formability results [24].

The literature review indicates that, despite exten-

sive research on the effects of various forming param-

eters on ISF process formability, the results remain in-

conclusive and subject to debate. Additionally, these

findings are often material- and process-dependent.

There is no documented test for selection of parameters

and formability evaluation in ISF. This article presents

a simplified but innovative approach for optimization

of parameters using simple Straight groove test and

formability evaluation using Variable Wall Angle Con-

ical Frustum (VWACF). A standard straight groove test

was employed to evaluate the impact of tool diame-

ter, Step size, and peripheral speed on the formability

and spring back in grooves formed during ISF on AA

6061. 39 different set of experiments were conducted,

and the results were analysed using central composite

response surface methodology. The effects of various

parameters were studied and combination of these in-

put parameters were chosen for optimum results. These

set of parameters were chosen to fabricate VWACF for

finding the limiting wall angle for fabrication of coni-

cal frustum which is a standard shape for testing in ISF.

The strain in the plane of the fabricated cone was anal-

ysed on Major strain - Minor strain space was com-

pared with the forming liming diagram of AA6061 for

different strain paths.

2. Straight Grove Tests

The experimental setup for ISF as shown in fig-

ure 1 was developed from scratch and patented [30]

at IIT BHU using a 6 axis industrial robot. This ver-

sion of ISF process has been named Robot Assisted

Incremental Sheet Forming (RAISF)[31]. Details of

the experimental setup can be found in the previous

studies by the authors [6, 32]. This setup was used

to perform various forming operations on AA 6061,

Chemical composition of which determined by opti-

cal emission spectrometer has given in Table 1. For

finding out the mechanical properties of the unde-

formed, annealed sheet,uniaxial tensile test was per-

formed on a 100 kN INSTRON (MODEL 8801) us-

ing samples as per the ASTM/E8 standard [33]. For

studying the formability of the AA6061 sheet after heat

treatment, Erichsen ductility test was conducted. The

specimens were prepared as per the ASTM/E643/15

standard [34]. The diameter of indenter was 20mm

with main scale division 1 mm, and the circular scale

division of 50/5MSD. Three domes were formed by

the indenter until the onset of fracture of the dome,

and the depth of the indentation was measured as (HD).

The tensile properties and the details of the depth of

indentation (HD) of all the domes on the samples of

AA6061 preform is presented in Table 2. As differ-

ent forming parameters affect the forming outcomes

in ISF, the optimization of these parameters is of sig-

nificant importance. Several tests have been reported

by different researchers to calculate the formability in

ISF like VWACF [26] VWAPF [35] and forming limit

for diffrent loading paths [36]. In the current study, a

straight groove test [12] has been carried out, to op-



R. Prakash Singh et al. / Manufacturing Letters 44 (2025) 453–465 455

1’.png

Figure 1: (a) RAISF setup at IIT, Varanasi (b) Laser Engraver for imprinting metallic sheets (c) Sheet Engraved with circular grid pattern (d)

Measurement of Ellipse transformed from circle. (e) domes fabricated for Erichsen ductility test (f) formed grooves on Al6061 sheet

Elements Al Ti Si Mg Fe Mn Zn Cr Cu

Composition (wt.%) 97.35 0.05 0.510 0.95 0.41 0.02 0.06 0.15 0.490

Table 1: Composition of the aluminium alloy AA6061

Tensile Properties Erichsen ductile properties

Properties Values Dome 1 Dome 2 Dome 3

Yield Strength(MPa) 112 ± 0.5 IE 9.34 9.12 8.92

UTS (MPa) 127 ± 0.5 Dome height (HD) 9.02 8.82 8.61

Elongation(%) 14.50 + 0.1 Average HD 9.13

Table 2: Tensile and Erichsen ductility property of AA6061

timize tool diameter(d), step size (∆Z) and tool speed

(V) due to its simplicity, cost-effectiveness, and effi-

ciency in delivering rapid results. In this procedure,

a sheet blank is clamped on the basic fixture, and a

straight groove is formed through the back-and-forth

passes of the tool followed by a downward increment

at the beginning of each pass of the forming tool equal

to the step size (∆Z). As the tool moves back and forth

as well as in downward direction a straight groove is

formed, the depth of which gives an idea of the forma-

bility achieved in the process. For optimization of input

parameters, the Central Composite Response Surface

Design (CCRSD) with α =
√

2, , was used on Minitab

software. For running the experiments, tool speed and

step size were chosen as the continuous variables and

Tool diameter was taken as a categorical variable. The

details of the input parameters are given in Table 3. As

can be seen from Table 3, three categorical levels of

tool diameter viz. 10 mm, 12.5 mm and 15 mm were

chosen along with continous variables of tool speed
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Input Type of
Units Levels

Parameters parameters

Tool speed Continuous mm/s
50

100

Step size Continuous mm
0.2

0.6

Tool diameter Categorical mm

10

12.5

15

Table 3: Input parameters for straight groove test

renging between 50 mm/s to 100 mm/s and step size

ranging from 0.2 mm to 0.6 mm [18, 37]. The design

of experiments based on CCRSD is detailed in Table 4.

In this experimental series, four experiments were con-

ducted at each tool diameter level, corresponding to

the corner points of the central composite design, as

indicated by experiment numbers (1-4), (14-17), and

(27-30). Similarly, experiment numbers (5-8), (18-21),

and (31-34) represent the axial or star points for differ-

ent tool diameter levels. The central points for differ-

ent tool diameter levels in the design are reflected by

experiment numbers (9-13), (22-26), and (35-39). The

selected output responses for the straight groove tests

were the theoretical depth of the groove (T D), spring

back (SB), and forming time (FT), as defined by Equa-

tions (1a–1c).

T D (mm) = N∆Z (1a)

FT (s) =
80N

V
(1b)

S B(%) = 100 ×
T D − AD

T D
(1c)

Where, N is the no of passes to fracture, V is the

peripheral speed of the tool ,TD is the theoretical depth

and AD is the actual depth of the groove.

2.1. Results of Straight Grove Tests

39 Different experiments were carried out to find

out the effect of different parameters on responses in

the experiments to find out the optimal combination

of tool speed, step size and tool diameter for further

experimentation and analysis.Based on the design of

experiments, a linear correlation was evaluated for the

preliminary behaviour of output responses on the fac-

tors. The Pearson’s correlation coefficient matrix is

given in Table 5.

As can be seen from Table 5, the theoretical depth

shows a weak negative correlation with tool speed (r =

-0.375) and step size (r = -0.197), and a negligible cor-

relation with tool diameter (r = -0.034). Forming time

is moderately negatively correlated with tool speed (r

= -0.409) and strongly negatively correlated with step

size (r = -0.805), but shows no correlation with tool di-

ameter (r = 0.006) which is very natural. Spring back

exhibits a weak negative correlation with tool speed (r

= -0.397) and negligible correlations with step size (r

= -0.049) and tool diameter (r = -0.074). These results

are limited by their reliance on Pearson linear correla-

tions, as indicated by the confidence intervals. Hence,

CCRSD was implemented using a higher-order model

to capture nonlinear interactions. The process involved

selecting parameters, defining experimental levels, and

constructing a design matrix with factorial, axial, and

center points. The collected data was then used to fit

a second-order response surface model given by equa-

tion 2

Y = β0 +
∑

βiXi +
∑

βiiX
2
i +

∑

βi jXiX j + ε (2)

The model significance was assessed using ANOVA,

and the accuracy was evaluated using the coefficient of

determination (R2) given by equation 3

R2 = 1 −
S S E

S S T
(3)

where SSE is sum of square of errors and SST is tol

sum of squares given by equations 4a and 4b respec-

tively.

S S E =
∑

(Yi − Ŷi)
2 (4a)

S S T =
∑

(Yi − Ȳi)
2 (4b)

To account for model complexity, the adjusted R2 is

computed as:

R2
adj = 1 −

(

S S E/(n − p − 1)

S S T/(n − 1)

)

(5)

where n is the number of observations and p is the

number of predictors. Additionally, the predicted R2,

which evaluates the model’s predictive performance, is

given by:

R2
pred = 1 −

∑

(Yi − Ŷpred,i)
2

S S T
(6)
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Ex No V (mm/s) ∆Z (mm) D (mm)
Theoretical Spring Forming

Depth (mm) Back (%) time (s)

1 50.00 0.20 10.00 19.20 8.91 153.60

2 100.00 0.20 10.00 20.80 7.28 83.20

3 50.00 0.60 10.00 18.60 9.52 49.60

4 100.00 0.60 10.00 18.00 5.92 24.00

5 39.64 0.40 10.00 18.80 4.63 94.84

6 110.36 0.40 10.00 18.40 5.60 33.35

7 75.00 0.12 10.00 19.45 9.63 177.07

8 75.00 0.68 10.00 19.12 10.09 29.87

9 75.00 0.40 10.00 20.80 6.92 55.47

10 75.00 0.40 10.00 21.20 7.08 56.53

11 75.00 0.40 10.00 20.40 6.13 54.40

12 75.00 0.40 10.00 20.00 7.15 53.33

13 75.00 0.40 10.00 21.20 7.29 56.53

14 50.00 0.20 12.50 20.40 7.70 163.20

15 100.00 0.20 12.50 19.20 6.28 76.80

16 50.00 0.60 12.50 18.60 8.53 49.60

17 100.00 0.60 12.50 17.40 5.29 b23.20

18 39.64 0.40 12.50 19.20 5.94 96.86

19 110.36 0.40 12.50 17.60 4.66 31.90

20 75.00 0.12 12.50 21.32 5.52 194.13

21 75.00 0.68 12.50 19.80 9.05 30.93

22 75.00 0.40 12.50 20.00 5.45 53.33

23 75.00 0.40 12.50 21.60 6.23 57.60

24 75.00 0.40 12.50 22.00 8.14 58.67

25 75.00 0.40 12.50 20.80 6.61 55.47

26 75.00 0.40 12.50 21.20 5.73 56.53

27 50.00 0.20 15.00 20.80 7.14 166.40

28 100.00 0.20 15.00 18.40 6.28 73.60

29 50.00 0.60 15.00 19.20 9.56 51.20

30 100.00 0.60 15.00 18.00 4.69 24.00

31 39.64 0.40 15.00 18.00 7.19 90.81

32 110.36 0.40 15.00 18.00 6.94 32.62

33 75.00 0.12 15.00 20.03 8.16 182.40

34 75.00 0.68 15.00 17.75 5.96 27.73

35 75.00 0.40 15.00 20.80 8.05 55.47

36 75.00 0.40 15.00 21.20 9.08 56.53

37 75.00 0.40 15.00 20.40 7.99 54.40

38 75.00 0.40 15.00 21.60 6.18 57.60

39 75.00 0.40 15.00 20.40 7.25 54.40

Table 4: Details of experiments for CCRSD

By implementing this algorithm, the best process con-

ditions were determined, ensuring maximum formabil-

ity while minimizing defects. A detailed description of

the same is given in forthcoming section.

2.1.1. Effect on theoretical depth

The theoretical depth (TD) of the groove can be cal-

culated by equation 1a which is a direct representation

of formability obtained in the experiment [18, 26]. The

results of CCRSD for theoretical depth are presented
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Interaction r- value (r) Confidence Interval (CI)

Theoretical depth – Tool Speed -0.375 (-0.617, -0.067)

Theoretical depth – Step Size -0.197 (-0.483, 0.126)

Theoretical depth – Tool Diameter -0.034 (-0.346, 0.285)

Forming Time – Tool Speed -0.409 (-0.641, -0.107)

Forming Time – Step Size -0.805 (-0.894, - 0.657)

Forming Time – Tool Diameter 0.006 (-0.310, 0.321)

Spring Back – Tool Speed -0.397 (-0.634, -0.094)

Spring Back – Step Size -0.049 (-0.359, 0.271)

Spring Back – Tool Diameter -0.074 (-0.248, 0.380)

Table 5: Details of various interactions between factors-responses in CCRSD

in Figure 2. The coefficient of determination, R2, was

found to be 84.87% whereas the adjusted and predicted

R2 value were found to be 78.71% and 64.41% respec-

tively which exhibit the effectiveness of the model in

predicting the behaviour of responses. Main Effects

Plot for Theoretical Depth shows that tool speed and

step size have a non-linear relationship with theoreti-

cal depth, with both exhibiting a peak at intermediate

levels as depicted in Figure 2a. The interaction plot in-

dicates significant interactions between tool speed and

step size, as well as between tool speed and tool diam-

eter . Similar findings have been reported by Kim and

Park [18], Shim and Park [16]. The surface plot shown

in figure 2c, further confirms the non-linearity, espe-

cially in the combined influence of tool speed and step

size on theoretical depth. It can be concluded that in the

small speed (38–55 mm/s) region with small step sizes

(0.12–0.3 mm), the theoretical depth is on the lower

side, due to limited local heating of the sheet. As the

speed increases coupled with intermediate step size,

formability becomes better and shows a peak some-

where in the central region (65–85 mm/s). In this speed

range, the sheet softening due to local friction heat-

ing is predicted to be maximum. Post this speed and

step size, the theoretical depth of the groove and thus

the formability obtained decreases. Larger step sizes

(> 0.5 mm) can lead to dynamic impact loading of the

sheet at the corner leading to premature failure of the

sheet [20, 22].The contour plot shown in figure 2d ex-

hibits that intermediate tool speeds (approximately 65–

85 mm/s) combined with step sizes around 0.3 to 0.4

units result in the greatest theoretical depth. The tool

diameter of 12.5 mm resulted the best results of theo-

retical depth out of the three tools available.

2.1.2. Effect on forming time

The forming time of a given experiment has been

calculated by equation 1b which is an essential param-

eter affecting the process capability. One of the limita-

tions of ISF is its speed of fabrication, and hence, form-

ing time was included as a parameter for optimization

of the output responses. The response of forming time

is straight forward. Forming time has a strong nega-

tive correlation with forming speed and step size as

reported in Table 5. The main effect, interaction and

surface plots of forming time are shown in Figure 3.

As can be seen from Figure 3, the relation of form-

ing time with tool speed and step size follows a neg-

ative trend (monotonically decreasing for tool speed).

This decrease in trend is also reflected in the surface

plot of forming time with tool speed and step size by

the absence of curvature. The R2, adjusted and pre-

dicted R2 values were found to be 97.79%, 96.89% and

93.36% respectively which shows the effectiveness of

the model in predicting the effect of forming time on

the behaviour of responses.

2.1.3. Effect on spring back

As the metal is deformed plastically, the total strain

has always some elastic component present in it, a part

of which is recovered as the material is unloaded. This

leads to spring back, which is a characteristic feature

of almost all metal forming processes [38, 39]. The

spring back occurring in the straight groove test has

been evaluated by equation 1c.The results of CCRSD

used for the spring back are shown in Figure 4. The R2

and adjusted R2 values were found to be 51.30% and

31.46% respectively which show that the model does

not have a strong capability to predict the outcome

of the experiments. However, it can be loosely said

that the spring back decreases with increasing speed

in a higher speed range (> 60 mm/s). The variation of

spring back with step size follows a near well curve

pattern whose minimum is observed in the region of

central points in CCRSD. It can be concluded that,

further study is needed to predict the spring back be-

haviour in ISF, and intelligent predictive [40]and com-

pensation models [41, 42] using neural networks and

machine learning [37] should be incorporated for im-
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(a)

Figure 2: Analysis of theoretical depth: (a) main effect plot using, (b) interaction effect plot using non linear interpolation,(c) surface plot at

hold tool diameter 12.5mm and (d) contour plot with step size and tool speed at hold tool diameter 12.5mm.

proving accuracy of prediction of the spring back be-

haviour.

2.2. Optimization of Parameters

Once the responses of different parameters were

evaluated for different factors, the parameters were op-

timized constraining theoretical depth to maximum,

and forming time and spring back to minimum. The

details of optimized parameters along with the plot are

presented in Table 6. As indicated in Table 6, the op-

timal combination of theoretical forming depth, form-

ing time, and spring back can be achieved with a tool

speed of 84.65 mm/s, a step size of 0.40 mm, and a tool

diameter of 12.5 mm. The optimization of the param-

eters using regression method is depicted in figure 5.

The composite desirability of fit for this combination

is 0.765162, which is considered acceptable. These pa-

rameters were selected for further experiments.The re-

gression equations for output responses are presented

in equations (7–9),

Depth (D) = 9.86 + 0.2865V + 10.47∆Z

− 0.002021V2 − 16.02(∆Z)2 − 0.0167V∆Z
(7)

Time (t) = 432.6 − 2.656V − 939.4∆Z

+ 0.00331V2 + 597.1(∆Z)2 + 2.840V∆Z
(8)

Spring Back (%) = 1.56 + 0.1440V + 0.72∆Z

− 0.000829V2 + 15.06(∆Z)2 − 0.1300V∆Z
(9)

It is important to emphasize that these specific val-

ues should not be applied indiscriminately in all ex-

periments, as they are contingent on the type of ISF

used, the materials being formed, and the parameters

optimized. Nevertheless, the approach detailed in this

work can be used as a template methodology for opti-

mizing forming parameters.



460 R. Prakash Singh et al. / Manufacturing Letters 44 (2025) 453–465

effects plot for forming time.png

(a)

effects plot for forming time.png

(b)

Plot of Forming time vs Step Size, Tool Speed.png

(c)

Plot of Forming time vs Step Size, Tool Speed.png

(d)

Figure 3: Analysis of forming time: (a) main effect plot using, (b) interaction effect plot using non linear interpolation,(c) surface plot at hold

tool diameter 12.5mm and (d) contour plot with step size and tool speed at hold tool diameter 12.5mm.

Response Goal Lower Target Upper Weight

Forming time Minimum 23.20 194.13 1

Spring Back Minimum 4.63 10.09 1

Theoretical Depth Maximum 17.4 22.00 1

Solutions

Forming time Spring back Theoretical Depth

Tool Speed Step size Tool Diameter Fit Fit Fit CD

84.65 0.39 12.50 48.04 6.10 20.70 0.76

Table 6: Details of optimized parameters

3. Forming Limits

3.1. Conical Frustrams

Once the optimal parameters were chosen using

CCRSD, they were selected to make various shapes

using RAISF [31]. A fixed angle conical frustum has

been widely used by researchers to examine the forma-

bility of the process. To find out the maximum limit of

the wall angle of conical frustum, a variable wall angle

conical frustum (VWACF) was used, as recommended

by Hussain et al. [26] and shown in Figure 6. The lim-

iting wall angle was found to be 60◦, and finally a con-

ical frustum of wall angle 600 was fabricated using the

optimized parameters. To accurately quantify strain in

the plane of the sheet during the formation of the cone,

a circular grid pattern with 10 mm diameter (D0) cir-

cles was imprinted onto the sheet metal using a 50 W

fibre laser [36, 43], as shown in Figure 6(d), and was

divided into seven regions. Region zero was the un-
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(a)
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(b)

Plot of Spring Back vs Step Size, Tool Speed.png

(c)

Plot of Spring Back vs Step Size, Tool Speed.png

(d)

Figure 4: Analysis of spring back: (a) main effect plot using, (b) interaction effect plot using non linear interpolation,(c) surface plot at hold

tool diameter 12.5mm and (d) contour plot with step size and tool speed at hold tool diameter 12.5mm.

Plot.png

Figure 5: Optimization plot for Tool diameter, Tool speed and step size

deformed region at the base of the cone and region

6 was the region of largest material accumulation at

the vertex of the cone. After deformation the circular

pattern became elliptical, and the major and the minor
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for ISF.png

Figure 6: (a) Genetrix of VWACF, (b) fabricated VWACF, (c) fractured samples during Nakazima test and (d) cone with circles distorted into

ellipses.

axes of which were measured using optical microscope

by taking a slice along the lenth of cone containing

distorted patterns, for strain analysis on major strain-

minor strain space. True major and minor strains were

calculated by equations 10a and 10b respectively.

3.2. Nakajima Tests

The major strains and minor strains obtained in the

ISF were compared with the formability of the material

evaluated in terms of the forming limit curve (FLC).

The standard FLC was measured according to the ISO

12004-2: 2008 standard [44] using the Nakajima test.

During the test, a hemispherical punch with a diameter

of 100 mm was used to perform out-of-plane stretching

on a series of sample geometries to generate different

strain paths, as shown in Figure 7, in an ITC Interlaken

1000 kN hydraulic press, equipped with a Nakajima

punch and smooth clamp ring set [45].

The sample in Figure 7(a) generates an equi-biaxial

strain path, while the sample in Figure 7(g) generates

a uniaxial strain path. The samples in between pro-

duce other strain paths, ranging between these two ex-

tremes, including biaxial and plane strain paths. Fig-

ure 7(h) shows the orientation of the specimen ge-

ometries during the tests.A minimum of three repeats

were carried out for each sample geometry. Friction

was minimized on the punch by applying a lubrication

stack (tallow/Teflon/tallow/PVC/tallow/Teflon/tallow

layers) between the specimen and the punch. The fail-

ure strain was measured with a GOM 5M digital image

correlation (DIC) system using a position-dependent

method. The DIC system consisted of two 5MP cam-

eras fitted with 50 mm lenses to capture images of the

sample surface at a frame rate of 20 frames per sec-

ond. A speckled paint pattern was applied to the sam-

ple surface before the test, and GOM ARAMIS ver-

sion 6.1 software was used to acquire and process the

captured images to calculate strain [46].The broken

samples with speckled paint pattern is shown in 6c.

The calculated failure strain values were plotted on the

Major-strain-minor strain space to represent the form-

ing limit curve (FLC) of the material, as shown in Fig-

ure 8.

3.3. Forming Limit Comparisons

Figure 8 also plots, in the same strain–strain space,

the scatter plot of major strain and minor strain from

the forming limit obtained from RAISF for the 60◦

fixed angle conical frustum, calculated by

Ma jor strain = log

(

D1

D0

)

(10a)

Minor strain =

(

D2

D0

)

(10b)

It can be seen from Figure 8 that in-plane strains ob-

tained in RAISF are well above the strains obtained

in various loading paths during the Nakajima test. The

attainment of higher strain is one of the key bene-

fits of ISF over traditional forming operations which

is attributed to localized nature of deformation and,

thereby, suppression/ delay of necking. Factors such as

the nature of stress triaxiality at contact, bending under

tension, shear, cyclic straining, and the geometrical in-

ability of the neck to grow result in the delay in the

necking [47, 48].
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samples.png

Figure 7: (a-g) Specimen geometries for the generation of FLC and (h) preferred orientation of the specimens used in FLC testing.

Figure 8: Strains obtained from the RAISF and forming limit curve

(FLC) of the material obtained from the Nakajima test.

4. Conclusions

In the current work, a simplified but innovative ap-

proach has been presented for process optimization for

formability evaluation in RAISF. Based on the studies

undertaken in the current article, a simplified approach

for formability optimization and evaluation in RAISF

is summarized in figure 9.

The methodology utilizes a simple straight groove

test and CCRSD for optimization of parameters and

VWACF test for finding out the limiting wall angle of

the shapes to be formed. The approach can be pivotal

in designing the process in terms of tool speed, step

size amd tool diameter used for fabricating various

shapes using RAISF. A straight groove test was

conducted on 39 samples for different combinations

of tool speed, tool diameter and step depth. it was

revealed from regression model using CCRSD, that

these parameters have am impact on various output

parameters such as forming depth of groove, spring

back and forming time. A combination of input

variables for maximum forming depth, minimal

spring depth and forming time was evaluated using

CCRSD and the optimal combination of tool speed

(84.65 mm/s), tool diameter (12.5 mm) and step depth

(0.4 mm) were obtained which was used for further

experimentations. Further, VWACF was used to find

out the limiting wall angle of the conical frustum.

A fixed angle conical frustum of the limiting wall

angle as obtained from VWACF was fabricated. The

forming limit obtained in RAISF was obtained using

the gridding methodology and was compared with

the conventional forming limit of AA6061 using the

Nakajima test on major strain-minor strain space.

It was revealed that, significantly high level of in

plane plain strain was obtained in case of RAISF than

conventional sheet metal forming operations.
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“Investigation of surface roughness in incremental sheet

forming of conical drawpieces from pure titanium sheets”.

Materials, 15(12) 4278.

[25] Mulay, Ben, Ismail, Kocanda, and Jasiński, (2018).
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