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Abstract:- New trends in sheet metal forming are 

emerging rapidly and different process have been 

developed and used to accomplish the required goals of 

flexibility and reduction of cost in production. One of the 

innovative process in sheet metal forming process is the 

Incremental Sheet metal Forming process for small 

batch production which eliminates the die, punch and 

errors. In this work, Single Point Incremental 

Forming(SPIF) technique was carried out on 

CuZn37(Brass) sheets. Straight groove and cupping test 

were carried using hemispherical ended tool in CNC 

vertical milling machine. Deformation for the various 

incremental step depths were measured on straight 

groove with different lengths. On cupping test different 

wall angle cups formed and their respective deformation 

for various incremental step depths were measured and 

tabulated. The Forming Limit Diagrams (FLD) for both 

the test were plotted. It is also found that the formability 

decreases as the step depth increases during the SPIF 

process. 

Keywords:- Formabilty, Single point incremental forming, 

Forming limit diagram, Deformation, Sheet metal forming. 

 

I. INTRODUCTION 

      Sheet metals are manufactured by the rolling 

processes. Sheet metals have various applications starting 

from a simple sheet metal tray to complicated parts used in 

aircraft, automotive, construction. The other applications are 

house hold appliances, food and beverage containers, 

boilers, kitchen equipment, office equipment etc. A flat 

sheet metal is formed into complicated shapes by using the 

die and punch. The sheet metals are ductile in nature. They 
can be formed only to a certain limit. Beyond this limit 

failures like necking and fracture occur. The strain at the 

failure is called forming limit strain it is a measure of 

formability of sheet metals. The conventional sheet metal 

forming uses the punch and die. It results in less limiting 

strain. It involves various problems like friction between die 

and sheet metal, difficulty in lubrication, high severity of 

forming. This is due to complicated shapes of the 

component produced. Moreover, the cost of the die and 

punch is also high. The press forming processes for sheet 

metal forming is limited due to the formation of necking, 

fracture, wrinkling or earing. The strain values are measured 
at the onset of these failures under tension-tension region, 

tension-compression region, and plane strain regions. These 

are used to construct the Forming Limit Diagram (FLD). 

The FLD is an effective tool to study the formability of 

sheet metals. It gives the limiting strain under all strain 

conditions. The FLD is also influenced by strain paths, 

blank holding pressure, and severity of forming process, 

friction and lubrication. 

 The conventional press forming process become 

costlier for small batch production. This is  due to the 

dedicated punch and die, hydraulic press and skilled tool 

designer. In conventional forming, the varying strain path 

and severe strains reduces the formability of complex shape. 

These problems can be rectified in incremental sheet 

forming. In Single Point Incremental Forming (SPIF), a ball 
ended forming tool is moved in user specified paths. It 

incrementally develops a desired shape. Since the total 

deformation is incrementally achieved, the limiting strain is 

increased. The Incremental Sheet Forming (ISF) eliminates 

the use of die and punch. The amount of friction between 

forming tool and sheet metal is very less in incremental 

forming. Of course, the deformation is incremental, local in 

nature and gradual. These enhance the limiting strain during 

ISF. It is an growing process. Therefore, a wide analysis is 

required to develop the theory of incremental forming. In 

the present stage, only less number of research works has 

been carried out in this area. Brasses are copper zinc alloys 
with the wide range of engineering uses. The addition of 

zinc to copper rises the strength and gives the range of 

properties and the process are a very versatile range of 

materials. They are used for their strength, corrosion, 

resistance, appearance and color and ease of working and 

joining. The single phase alpha process, containing up 

toabout 37% zinc, are very ductile and easy to cold work, 

weld and braze. The dual phase alpha beta process are 

usually hot worked. There are many brasses with properties 

tailored for specific applications by the level of addition of 

zinc. Minor amounts of other alloying elements may also be 

added. 

 

II. MATERIALS AND EXPERIMENTAL SETUP 

A.  Sheet Metal  

      The ISF is more suitable for the sheets having 

low thicknesses. Therefore, commercially available 

CuZn37(Brass) sheet with 2mm thickness was chosen for 

this study. The sheets were cut into 190*90 mm blanks by 

shearing operation. One side of the blanks were grid marked 

by using permanent ink. The grids were circles in 

rectangular array. They were having a diameter of 2.5mm. 

These gird circles were used to facilitate the strain 

measurement after forming 
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Fig 1:- Plate with grid marking 

 

B.  CNC Vertical milling machine setup 

 The SPIF can be carried out using a CNC Vertical 

milling machine or robots. A CNC vertical milling machine 

shown in figure was chosen for this work. 

Specification of CNC machine 

             Table size      :     810*400mm 

                Travel  :     x-axis:510mm,  

                   y-axis:400mm, 

                 z-axis:400mm 

     Feed rate        : 1-7000 mm/min 

Spindle speed             :     60-800 rpm 

 

 

Fig 2:- CNC Vertical milling machine setup 

C.  Forming tool 

 The forming tool used is shown in Figure.3. It is 
made up of Carbide. The length of the tool is 45mm and its 

one end is shaped into hemisphere with a diameter of 

12mm. 

 

Fig 3:- Forming Tool for SPIF 

 

III. TESTS 

A.  Tensile Test 

       Material strength testing, using the tensile or 

tension test method, involves applying an ever-increasing 

load to a test sample upto the point of failure. The process 

creates a stress/strain curve showing how the material reacts 

throughout the tensile test. Here ASTM E8 test method was 

chosen for  this work. The copper sheet was cut into 

required dimension according to test standard along rolling 
direction, transverse direction and 45o to rolling direction. 

The data generated during tensile testing is used to 

determine the mechanical properties of CuZn37(Brass) are 

as follow 

Tensile Test Result 

DIRECTION TENSILE STRENGTH(MPa) 

Rolling direction 317.334 

Transverse direction 319.361 

45o to Rolling 337.442 

Table 1. Tensile Test Result 

From the above table it is seen that tensile test is maximum 
on 45o to rolling direction. Therefore formability will be 

better in this direction. Hence this direction was selected for 

Straight Groove test. 

B.  Straight Groove Test 

 The straight groove test was conducted using the 

CNC vertical milling machine. To study the incremental 

formability of CuZn37(Brass) straight groove test was 

conducted. The sheet was clamped using a fixture on the 

machine table. A hemispherical ended tool as shown in 

Figure 3 was mounted on the spindle of  CNC vertical 

milling machine. The CNC Programme was prepared to 
form a straight groove in the sheet blank. The steps in 

making straight groove are as follows: 

 Step 1: SPIF tool was made to touch the surface of 

the sheet blank. 

 Step 2: SPIF tool was made to penetrate by a 

programmed depth into the sheet blank. 
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 Step 3: SPIF tool was made to move on a straight 

path to make a straight groove. 

 Step 4: SPIF tool was brought to the starting of 

groove and depth of penetration was increased  

  by programmed quantity. 

 Step 5: Steps 3 & 4 were repeated until fracture 

occurs in the sheet blanks. 

     In this work, the different incremental depths of 

penetration used are 2mm, 4mm, 6mm and so on until 

fracture occurs. The grid circle will become ellipses with 

change in major and minor diameter. The change in 

diameter of the grid circle printed were measured. Then the 

major strain and minor strain were calculated using the 

below equations respectively. The forming limit diagram 
was drawn by taking major strain in Y-axis and minor strain 

in X-axis. 

  Majorstrain = ln⁡(
Majoraxislength

orginalcirclediameter
) ⁡ 

 Minorstrain = ln (
Minoraxislength

Originalcirclediameter
) 

 

 

Fig 5:- Sample formed in cupping test 

 

IV. RESULT AND DISCUSSION 

A.  Straight Groove Test 

Table 2 shows the major strain and minor strain in Straight 

Groove test for 40mm groove length. These strain values are 

different depth increments and along 45 o to rolling 

direction. 
 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 4 2.80 

2.85 

2.90 

2.52 

2.50 

2.51 

0.1133 

0.1310 

0.1325 

0.0079 

0.0000 

0.0039 

2 8 3.10 

3.15 

3.20 

2.52 

2.51 

2.52 

0.2151 

0.2311 

0.2469 

0.0079 

0.0039 

0.0079 

3 12 3.58 

3.60 

3.62 

2.53 

2.51 

2.52 

0.3591 

0.3646 

0.3702 

0.0119 

0.0039 

0.0079 

4 16 3.98 

4.05 

4.01 

2.53 

2.53 

2.52 

0.4650 

0.4824 

0.4946 

0.0119 

0.0198 

0.0079 

Table 2. Straight Groove Test 

Fig 4:- Sample Formed in Straight Groove Test 

C.   Cupping Test 

 In cupping test, the CuZn37(Brass) sheet blank was 

formed into cup. The cup is a truncated cone in shape. The 
top diameter of the cup kept at constant and the wall angle 

was varied. The sample of the formed cup is shown in 

figure.5. Initially, the tool was made to touch the sheet 

blank. Then the tool was moved in a circular path. When it 

reaches the starting point, the tool was given with an 

increment in radial and depth direction. Then, the tool was 

moved in circular path again. This procedure was repeated 

until fracture occurs. The strains were measured from the 

diameter of deformed circles. Using these strain values, the 

FLD for SPIF was plotted. 

 
 

Graph 1. FLD for Straight groove length of 40mm 
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From the above FLD for SPIF of CuZn37(Brass), 2mm 

thick sheet along 45o to rolling direction,the relation 

between the major and minor strain is obtained as follows 

ɛmajor+ɛminor=  0.2756 Slope = 23.83 

Table 3 shows the major strain and minor strain in Straight 

Groove test for 50mm groove length. These strain values are 

different depth increments and along 45o to rolling direction. 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 4 2.88 

2.85 

2.90 

2.50 

2.51 

2.52 

0.1414 

0.1310 

0.1484 

0.0000 

0.0039 

0.0079 

2 8 3.18 

3.20 

3.22 

2.51 

2.52 

2.51 

0.2406 

0.2469 

0.2530 

0.0039 

0.0079 

0.0039 

3 12 3.50 
3.53 

3.60 

2.52 
2.54 

2.53 

0.3365 
0.3450 

0.3646 

0.0079 
0.0158 

0.0119 

4 16 4.30 

4.45 

4.50 

2.53 

2.51 

2.55 

0.5423 

0.5766 

0.5878 

0.0119 

0.0039 

0.0198 

Table 3.  

 

Graph 2. FLD for Straight groove length of 50mm 

From the above FLD for SPIF of CuZn37(Brass), 2mm thick 
sheet along 45o to rolling direction, the relation between the 

major and minor strain is obtained as follows 

ɛmajor+ɛminor= 0.2930 Slope = 17.03 

 

Table 4. shows the major strain and minor strain in Straight 
Groove test for 60mm groove length. These strain values are 

different depth increments and along 45o to rolling direction. 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 4 2.82 

2.85 

2.92 

2.50 

2.51 

5.51 

0.1204 

0.1310 

0.1553 

0.0000 

0.0039 

0.0039 

2 8 3.32 

3.40 

3.42 

2.51 

2.50 

2.51 

0.2836 

0.3075 

0.3133 

0.0039 

0.0000 

0.0039 

3 12 3.75 

3.80 

3.82 

2.52 

2.53 

2.52 

0.4055 

0.4187 

0.4240 

0.0079 

0.0119 

0.0079 

4 16 4.40 

4.65 
4.80 

2.55 

2.55 
2.60 

0.5633 

0.6206 
0.6523 

0.0198 

0.0198 
0.0392 

Table 4.  

 

 

Graph 3. FLD for Straight groove length of 60mm 

From the above FLD for SPIF of CuZn37(Brass), 2mm 

thick sheet along 45o to rolling direction,the relation 

between the major and minor strain is obtained as follows 

 ɛmajor+ɛminor= 0.3514 Slope = 10.33 

y = 17.03x + 0.186
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Graph 4.Combined FLD for Straight Groove Length of 40mm, 50mm and 60mm. 

 From the above FLD figure, it appears as that these three linear lines shows the formability limit for three different groove 

length. 

 It is clear from the chart the formability limit is maximum for straight groove length of 60mm followed by 50mm and 40mm. 

Therefore, we can say that the length is also a major factor influences the incremental formability. The region above the linear 

is unsafe region and below is safe region. 

 

Table 5. shows the result of Cupping test with wall angle of 

40o 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 5 2.85 

2.60 

2.75 

2.65 

2.60 

2.55 

0.1310 

0.0392 

0.0953 

0.0582 

0.0392 

0.0198 

2 10 3.05 

3.20 

3.15 

2.60 

2.80 

2.55 

0.1988 

0.2468 

0.2311 

0.0392 

0.1133 

0.0198 

3 15 4.00 

3.95 
3.80 

2.80 

2.78 
2.75 

0.4700 

0.4574 
0.4187 

0.1183 

0.1062 
0.0953 

4 20 4.01 

4.05 

4.01 

3.05 

2.92 

3.04 

0.4725 

0.4824 

0.4725 

0.1988 

0.1553 

0.1955 

Table 5. 

 

Graph 5. FLD for Cupping test with Wall angle of 40o 

 

From the above FLD for SPIF of CuZn37(Brass), 2mm 

thick sheet with Wall angle of 40o, the relation between the 

major and minor strain is obtained as follows 

 ɛmajor+ɛminor= 0.4164 Slope = 1.234 

Table 6. shows the result of Cupping test with Wall angle of 

45o 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 5 2.55 

2.60 
2.55 

2.54 

2.55 
2.50 

0.0198 

0.0392 
0.0198 

0.0158 

0.0198 
0.0000 

2 10 3.25 

3.20 

3.20 

2.60 

2.65 

2.60 

0.2624 

0.2469 

0.2469 

0.0392 

0.0582 

0.0392 

3 15 3.50 

3.60 

3.55 

2.75 

2.70 

2.75 

0.3365 

0.3646 

0.3506 

0.0953 

0.0769 

0.0953 

4 20 3.85 

3.95 

3.80 

3.00 

3.05 

2.95 

0.4318 

0.4574 

0.4187 

0.1823 

0.1988 

0.1655 

Table 6. 
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Graph 6. FLD for Cupping test with Wall anlge of 45o 

From the above FLD for SPIF of CuZn37(Brass), 2mm 

thick sheet with Wall angle of 45o, the relation between the 

major and minor strain is obtained as follows 

 ɛmajor+ɛminor= 0.3631 Slope = 2.095 

S.

N

o 

Step 

Depth

(mm) 

Major 

Dia(mm) 

Minor 

Dia(mm) 

Major 

Strain 

Minor 

Strain 

1 5 2.60 

2.65 

2.65 

2.55 

2.50 

2.57 

0.0198 

0.0582 

0.0582 

0.0198 

0.0000 

0.0039 

2 10 3.00 

2.95 

2.90 

2.55 

2.60 

2.57 

0.1823 

0.1655 

0.1484 

0.0198 

0.0392 

0.0276 

3 15 3.60 

3.50 

3.55 

2.70 

2.75 

2.70 

0.3646 

0.3365 

0.3506 

0.0769 

0.0953 

0.0769 

Table 7. shows the Cupping test with Wall anlge of 50o 

 

 

Graph 7. FLD for Cupping test with Wall angle of 50o 

From the above FLD for SPIF of CuZn37(Brass), 2mm 

thick sheet with Wall angle of 50o, the relation between the 

major and minor strain is obtained as follows 

 ɛmajor+ɛminor=  0.3039 Slope = 3.428 

 

 

Graph 8. Combines FLD for Cupping test with Wall angle of  40o, 45o and 50o. 
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 From the above FLD figure, it appears as that these three linear lines shows the formability limit for three different Wall 

 angles. 
 It is clear from the chart the incremental formability is maximum for Wall angle 50o.  

 The region above the linear is unsafe region and below is safe region. 

 

 

V. HARDNESS TEST 

Hardness test for Cupping 

Load = 1500kgf 

Sl.no Depth 

(mm) 

Mean Dia 

of 

Indention 

(mm) 

Brinell Hardness 

Number 

1 (Parent 

Area) 

0 

4.5 89.31 

2 4 4.5 89.31 

3 8 4.8 77.84 

4 12 4.8 77.84 

5 16 5.0 71.31 

6 20 5.2 65.51 

Table 8. 

 

 

Hardness test for  straight groove 

Load = 1500kgf 

Sl.no Depth (mm) Mean Dia 

of 

Indention 

(mm) 

Brinell 

Hardness 

Number 

1 (Parent Area) 

0 

4.5 89.31 

2 4 5.4 60.34 

3 8 5.6 55.70 

4 12 5.8 51.53 

5 16 5.8 51.53 

Table 9. 

 

Graph 10. Hardness 

The above graphs shows the hardness decreases when the 

step depth increases. The reason is sheet metals are ductile 

in nature, so it can only be formed to a certain limit, beyond 

this limit fractures will occur. 

 Graph 8. Hardness   

  

VI. CONCLUSION 

 The CuZn37(Brass) sheet with 2mm thickness was 

chosen for the formability analysis. The SPIF using 

hemispherical ended tool was carried out using a CNC 

vertical milling machine. The straight groove and cupping 

tests were conducted and their FLDs in a peculiar pattern 

were plotted. It shows  the unsafe and safe region of 

formability in SPIF on CuZn37(Brass) .The FLDs in this 

SPIF of CuZn37(Brass) is governed by the following 

equations 

 ɛmajor+ɛminor=  0.2756 (from Straight groove test of 

40mm length) 

ɛmajor+ɛminor= 0.2930 (from Straight groove test of 

50mm length) 
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ɛmajor+ɛminor= 0.3514 (from Straight groove test of 

60mm length) 

ɛmajor+ɛminor= 0.4164 (from Cupping test with Wall 

angle of 40o) 

ɛmajor+ɛminor= 0.3631 (from Cupping test with Wall 

angle of 45o) 

ɛmajor+ɛminor=  0.3039 (from Cupping test with Wall 

angle of 50o) 
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