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HIGHLIGHTS

ABSTRACT

e Aluminum 1100 and Brass CuZn37 were
formed using the SPIF process

e The formability was compared based on
fracture depth, wall angle, and minimum
thickness before fracture

o Aluminum 1100 showed higher formability
than Brass Cuzn37

o Process parameters had a greater effect on
the formability of Brass CuzZn37 compared
to Aluminum 1100

o Brass alloys can achieve formability similar
to aluminum alloys under optimal process
conditions

Most research on single-point incremental forming (SPIF) has focused on
aluminum sheets of various thicknesses and titanium and steel with moderate
mechanical resistance and low thicknesses. However, brass alloys, which exhibit
moderate resistance comparable to certain aluminum alloys, have yet to receive
much attention from researchers. Consequently, the formability of brass alloys
requires a more thorough investigation. This study examines two ductile
materials: Aluminum 1100 and Brass CuzZn37. Both materials were formed
under identical conditions into a hyperbolic truncated pyramid with varying wall
angles ranging from 20° to 80° using the SPIF process, with dimensions of 150
mm x 150 mm and a thickness of 0.8 mm. A comparison was made based on
fracture depth, maximum wall angle, and minimum thickness before fracture to
evaluate the formability of brass alloys in relation to aluminum alloys. The
results indicate that while Aluminum 1100 exhibits higher formability than Brass

Cuzn37, the differences in formability between the two materials are relatively
small. The fracture depth, maximum wall angle, and minimum thickness before
fracture were 37.1 mm, 80.21°, and 0.24 mm for Aluminum 1100, compared to
34.4 mm, 76.81°, and 0.33 mm for Brass CuZn37. Notably, the effect of process
parameters on the formability of Brass CuzZn37 was significantly greater than
their effect on Aluminum 1100.
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1. Introduction

Traditional sheet metal forming processes use dies and molds to form the product, and this technique needs more
flexibility, it is primarily used for high-volume production [1,2]. Today, industries increasingly adopt innovative sheet metal
forming methods to address current manufacturing challenges and create prototypes using flexible and advanced technologies
[3]. Among these methods is the Incremental Sheet Forming process (ISF), developed in the 1990s as a flexible forming
method suitable for various industries, including aerospace, automotive, and custom product fabrication. This process, called
dieless forming, can produce complex three-dimensional components from sheet metal using relatively simple and cost-
effective tools. One variant of this process is Single Point Incremental Forming (SPIF), where sheet metal is progressively and
locally deformed using a forming tool controlled by a CNC machine. In this process, while the outer edge of the sheet is
clamped and held in place using a blank holder to prevent the sheet from bending, a backing plate is used to support the sheet's
reverse side [4-7]. The geometry of the part that needed to be formed was initially designed as a surface model using CAD
software, and the tool path consists of multiple contours spaced evenly apart from each other [8-10]. Figure 1 shows the main
components of the single-point incremental forming and Figure 2 shows the working principle of the single point incremental
forming process. Brasses are copper-zinc alloys with a wide range of engineering applications due to their excellent cold
formability, good corrosion resistance, and attractive golden appearance. These qualities facilitate the easy production of
various items, including automotive radiator cores, heat exchangers, wind instruments, and decorative components.
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Figure 1: The main components of single point incremental forming are
the forming tool, blank holder, backing plate, and sheet metal [5]
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Figure 2: The working principle of SPIF [11]

These characteristics make brass an ideal candidate for ISF technology geared toward low-volume production and
customized designs [12]. Despite that, most SPIF research has been conducted on aluminum alloys. The following literature
review provides an overview of some main studies that addressed the formability of aluminum alloys in the incremental
forming process. Kim and Park [13], examined how different process parameters, such as feed rate, tool type, and size, affect
the formability of Al 1050 through experiments and FEM analyses. The results showed that the 10 mm tool diameter shows the
best formability, and the formability decreases as the step size increases. Bhattacharya et al. [14], performed an experimental
investigation on Al 5052 to evaluate the effects of process variables on the maximum formable angle. The findings reveal that
the formability decreases as the tool diameter increases, first increases, then decreases as the step size increases, and feed rate
is an insignificant factor in formability. Pandivelan et al. [15], conducted a comprehensive experimental study on SPIF of
AA5052 sheets.

A straight groove test was designed to assess the impact of various forming parameters using an L18 orthogonal array. The
sum of major and minor strains was measured as an indicator of formability. It is concluded that 900 mm/min is the optimum
feed rate value. Abdul Jabar and Younis [16], focused on how depth step, feed rate, and spindle speed affect the formability of
Al 1050 H14 in SPIF. The findings revealed that formability decreases as the feed rate and spindle speed increase. Kumar et al.
[17], studied the formability of AA2024-O aluminum alloy to examine the effects of various process variables. The results
showed that the formability increases directly with an increase in (tool diameter, spindle speed, and sheet thickness), and
decreases with an increase in wall angle and step size. Ghazi et al. [18], examined how four process factors, spindle speed, feed
rate, tool diameter, and pitch, affect the characteristics of aluminum alloy AA 5010 parts formed by SPIF. It was found that a
spindle speed of 1500 RPM, a feed rate of 200 mm/min, a tool diameter of 10 mm, and a step down of 0.4 mm resulted in the
lowest maximum thinning and formability.

The present research study focuses on conducting the SPIF process on one of the brass alloy types because these alloys
need more attention to form by this process. However, it is widely used in the industry and has excellent cold formability. So
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far, the number of research studies on forming brass materials by the SPIF process is limited. Therefore, this work aims to
expand the use of the SPIF process on a larger number of materials and not restrict it to specific materials such as aluminum
and titanium that were widely used in the previous studies, and to prove the possibility of forming the brass alloys and getting
high formability that can match with the formability of some aluminum alloys if they are formed under an optimum condition.
Therefore, Aluminum 1100 and Brass CuzZn37are used in this work to be formed by SPIF under the same conditions, and the
formability of these two materials is compared. This comparison is based on fracture depth, maximum wall angle, and
minimum thickness before fracture. Moreover, the degree of the parameter's effect on the formability of each material is also
compared.

2. Experimental procedure

The experimental work includes the manufacturing of the forming tools, the manufacturing of the rig, the preparation and
testing of the materials used in this work, the identification and creation of the CAD model of the product shape, tool path
generation, and finally, the implementation of a set of experiments on a set of specimens using the SPIF technique to
investigate the formability of the ductile materials in terms of fracture depth, maximum wall angle (¢max) and minimum
thickness before fracture.

2.1 Manufacturing of forming tool

Manufacturing the forming tool requires considering three factors: tool material, tool shape, and tool dimensions.
Accordingly, and by using a “CNC turning machine (FANUC Series oi Mate — TC)”, three rods of high-speed steel (H.S.S.),
each 120 mm in length and 14 mm in diameter were selected to create three hemispherical forming tools with different tool tip
diameters (8 mm, 10 mm, 12 mm). Figure 3a depicts the shape and dimensions followed to manufacture the forming tool in
this work. Figure 3b illustrates the hemispherical forming tools manufactured and used in this work.
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Figure 3: (a) The sketch and dimensions of the hemispherical forming tools, (b) The manufactured tools from the high-speed

steel rods

2.2 Manufacturing of rig

The rig needed for performing SPIF was designed and manufactured based on the dimensions provided in Table 1. This rig
comprises six main components: base plate, column rod, top plate, backing plate, blank holder, and fasteners. Figure 4 (a, b)
shows the rig manufactured in this work.

Table 1: Details of the manufactured rig components

Part Material Quantity Thickness (mm) Dimensions (mm)
Base plate Iron 1 8 315 x 215
Column rods Iron 4 (Dia.) 6 25 120

Top plate Iron 1 6.5 215 x 315
Backing plate Iron 1 3 150 x 150

Blank holder Iron 1 12 215 x 315
Fasteners Iron 12 — M 10
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(b)
Figure 4: (a) The five components of the rig (top plate, backing plate, blank holder, base plate, and column rods)

that have been manufactured from iron material; (b) The final manufactured and used rig of Single-point
incremental forming

2.3 Materials

Two types of ductile materials were used to investigate the formability in the SPIF: Aluminum 1100 and Brass CuZn37,
each with dimensions of 150 mm x 150 mm and 0.8 mm sheet thickness. Table 2 illustrates Aluminum 1100 and Brass
Cuzn37; the chemical composition has been carried out at “the Ministry of Planning / Central Organization for Standardization
and Quality Control (COSQC).” Tensile testing was conducted using a “universal testing machine (UTM) model WDW-200ge”.
Tensile specimens were cut from the Aluminum 1100 and Brass CuZn37 sheets at a 90° angle to the rolling direction,
according to the E8/E8M ASTM standard depicted in Figure 5. Figure 6 (a, b) displays the standard uniaxial tensile specimens
before and after testing, and Table 3 illustrates the mechanical properties of Aluminum and Brass materials.

In industrial applications requiring reduced costs and increased efficiency, Aluminum 1100 would be the ideal choice
compared to Brass CuZn37due to its lower cost, high production efficiency in the single-point incremental forming process,
and wide availability. While in industrial applications whose basic requirements are durable materials with an attractive
appearance and resistance to wear, Brass CuzZn37 is the optimal choice compared to Aluminum 1100 because of its superior
mechanical properties, high wear and resistance, and aesthetic attractiveness in many unique applications due to its golden
color and its ability to develop a pleasing patina over time.

Table 2: Chemical composition of Aluminum 1100 and Brass CuZn37

Al% Cu% Fe% Si% Mn% Zn% Residual
Al 1100 99.3 0.0469 0.371 0.130 0.0340 0.0097 0.0739 (max.)
Cu% Pb% Fe% Al% Sn% Ni% Zn%
CuZndl e 00078 00229 _<00001 00525 0006 36.4
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Figure 5: The E8/E8M ASTM tensile test specimen
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Figure 6: The standard uniaxial tensile specimens (a) before testing, (b) after testing

Table 3: Mechanical properties of Al 1100 and Brass CuzZn37

Yield stress (MPa)  Tensile strength (MPa)  Modulus of elasticity (GPa) Density (g/cm?®) Poisson’s ratio

Al 1100 152 187 70 271 0.33
CuzZn37 254 503 97 8.45 0.34

2.4 CAD model and tool path generation

A hyperbolic truncated pyramid with varying wall angles from 20° to 80° was selected and designed according to the
shape sketch, as shown in Figure 7a. The CAD model was designed using Solidworks software, as shown in Figure 7b, to be
used later to generate the tool path. The (z-level) tool path was generated using HSMWORKS software to form this product

shape, as shown in Figure 8.
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Figure 7: The hyperbolic truncated pyramid with varying wall angles (20°-80°) used in this work (a) The shape sketch with the
dimensions, (b) The CAD model created using SolidWorks software

Figure 8: Z-level tool path generated using HSMWORKS software

There are many applications for the hyperbolic truncated pyramid with varying wall angles in different manufacturing
industries, especially those requiring complicated and nonlinear geometries. One of these industries is the automotive industry,
which can be used in aesthetic components like body panels, engine covers, or trim parts that require a distinctive, stylish look.
This geometry can also be used in the aerospace industry due to the varying wall angles that made it reduce drag and improve
airflow around the airplane's components. Other applications for this geometry are in the energy field, which is helpful for fluid
flow components, like heat exchangers, where gradual transitions in cross-section help reduce turbulence and enhance heat
transfer. The flexibility of SPIF makes it feasible to create hyperbolic truncated pyramids with varying wall angles, which are
otherwise difficult to achieve through traditional methods that require significant energy costs and very high investment in
equipment and dedicated tools, which are complex in design and thus expensive. The design of tooling (die and punch) for
complicated shapes is difficult and costly [19].

2.5 Key process parameters

Four input process parameters with three levels each have been chosen for Aluminum 1100 and Brass CuZn37 materials.
These parameters include feed rate, tool rotation speed, diameter, and step size. PENNZOIL (SAE 5W-30) is used as a
lubricant. Table 4 lists the key process input parameters and their levels and values.

Table 4: Key process input parameters with their levels

Parameter Unit Level 1 Level 2 Level 3
Feed rate (f) mm/min 800 1200 1600
Tool rotation speed (®) rpm 700 1500 2300
Tool diameter (D) mm 8 10 12
Step Size (2) mm 0.3 0.7 1.1

The method that followed to conduct the experiments in this work is based on dividing the experiments of each material
into four groups (A, B, C, and D). Each group was divided into three experiments to test three levels (low, moderate, and high)
of a specific input parameter that affects the formability (where group A used to test the feed rate, group B to test the tool
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rotation speed, group C to test the tool diameter, and group D to test the step size) with keeping the other parameters constant
at their moderate level. This method is followed to reach the best level of the tested parameter in each group and use this best
level in the rest of the groups. This procedure optimizes the SPIF process and reaches the best parameters that lead to the high
formability of aluminum and brass materials. Table 5 illustrates the design of experiments to form the aluminum and brass
materials.

Table 5: Design of experiments to form the Al 1100 and Brass CuZn37 materials

Group A
Exp. No. Feed rate Tool rotation speed  Tool diameter Step size Sheet thickness
GA-1 800
GA-2 1200 1500 10 0.7 0.8
GA-3 1600
Group B
Exp. No. Feed rate Tool rotation speed  Tool diameter Step size Sheet thickness
GB-1 700
GB-2 Best 1500 10 0.7 0.8
Level
GB-3 2300
Group C
Exp. No. Feed rate Tool rotation speed  Tool diameter Step size Sheet thickness
cC-L Best Best 8
GC-2 Level Level 10 0.7 0.8
GC-3 12
Group D
Exp. No. Feed rate Tool rotation speed  Tool diameter Step size Sheet thickness
cD-1 Best Best Best 03
GD-2 Level Level Level 0.7 0.8
GD-3 1.1

2.6 Measurement of output responses

Three output responses were measured and considered indicators of the formability of ductile materials in SPIF. These
responses are fracture depth, maximum wall angle at which the fracture occurred, and thickness distribution along the wall of
the formed part (minimum thickness before fracture). Fracture depth is directly measured from the CNC screen controller
when the fracture occurs; the maximum wall angle was measured by returning to the CAD drawing using Solidworks software
and checking what the measuring of wall angle at this depth of fracture, while the thickness distribution was measured by using
a point micrometer with an accuracy of 0.01 mm in a cut-out section from the formed part by using any cutting device, as
shown in Figure 9 (a, b).

@) (b)

Figure 9: (a) cutting out a section from the formed part, (b) Measurement of the thickness distribution along the wall of the
formed part using point micrometer

3. Results and discussion

Single point incremental forming process formed twelve sheets of aluminum 1100 and twelve sheets of Brass CuZn37. As
previously mentioned, these twelve experiments are divided into four groups (A, B, C, and D), as shown in Table 5. Each
group studied the effect of a specific parameter on the formability as follows: Group A studied the impact of feed rate with
three levels (800, 1200, and 1600) mm/min, while the other parameters kept constant at their moderate level. Group B studied
the effect of tool rotation speed with three levels (700, 1500, and 2300) rpm while keeping the feed rate constant at its best
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level and the other parameters constant at their moderate level. Group C studied the effect of tool diameter with three levels (8,
10, and 12) mm while keeping the feed rate and tool rotation speed constant at their best level and the step size constant at their
moderate level. Group D studied the effect of step size with three levels (0.3, 0.7, and 1.1) mm while keeping the other
parameters constant at their best level. During this and after conducting the experiments of each group, the fracture depth,
maximum wall angle, and minimum thickness before fracture are measured to find the best level of this tested parameter.

3.1 Aluminum 1100 experiments

Regarding Al 1100, the results of these groups’ experiments were as follows: Experiments of Group A showed that the
best value of feed rate is 800 mm/min; Experiments of Group B showed that the best value of tool rotation speed is 2300 rpm;
Experiments of Group C showed that the best value of tool diameter is 10 mm; and Experiments of Group D showed that the
best value of step size is 0.7 mm. Figure 10 (a- d) shows the experimental specimens with their fracture zones of these groups;
the fracture zone is where the material breaks due to excessive strain, damage, or thinning. It marks the point where the
formability of the material is exceeded. The material can undergo more deformation when formability is higher before
reaching the fracture zone. On the other hand, lower formability leads to earlier failure, typically occurring in localized regions
where strain is concentrated, or thinning is most severe; generally, in the previously mentioned Figure, it is observed that the
fracture zones occur at a fracture depth ranging between (28 mm and 37.1 mm). For all these specimens of Al 1100, the
fracture depths were measured directly from the CNC machine, and according to these fracture depths, the maximum wall
angles were measured, as shown in Figure 11 (a-d), which is the steepest angle between the formed surface and the sheet's
initial plane. It directly impacts formability since the material is subjected to higher in-plane tensile stresses as the wall angle
increases, resulting in more significant strain. Larger wall angles bring the material closer to its formability limits, causing
more thinning and increasing the risk of fractures. Then, the thickness distribution along the cutting parts was measured; it
describes how the sheet metal's thickness changes during deformation.

As the material is incrementally formed, it typically thins out. This thinning is controlled by the sine law in sheet metal
forming, which links the decrease in thickness to the forming angle. As the wall angle increases, the thinning effect becomes
more noticeable. A more even thickness distribution across the part indicates better formability, showing that the material is
deforming without excessive localized thinning that could cause early failure. In contrast, uneven thickness distribution can
lead to early failure and diminish the material's formability. Figure 12 (a-d) shows the plot diagrams of the thickness
distribution of Al 1100 specimens. The final results of the measurements of fracture depth, maximum wall angle, and
minimum thickness before fractures for Al 1100 have been illustrated in Table 6. The relationship between the fracture zone,
wall angle, thickness distribution, and formability is that a larger wall angle leads to increased material thinning and pushes the
material closer to its fracture limit, making the thinning more severe and raising the chances of a fracture zone forming.
Therefore, formability improves when wall angles are optimized, and thickness distribution is more uniform, reducing strain
concentration and preventing early fracture initiation.

From all the previous results, the effect of the parameters (feed rate, tool rotation speed, tool diameter, and step size) on
the formability of Al 1100 is summarized as follows: Increasing the feed rate from 800 to 1200 mm/min leads to a constant
formability in terms of fracture depth and maximum wall angle, but at the same time, there is very little increase in the
minimum thickness before fracturing by 0.01 mm. while increasing the feed rate from 1200 to 1600 mm/min leads to a high
decrease in formability in terms of fracture depth and maximum wall angle by 9.1 mm and 11.68°, respectively, with
increasing the minimum thickness by 0.12 mm. This agreed with previous literature [15] that showed the optimum feed rate is
900 mm/min, which is located between (800 and 1200 mm/min) in the present work, but it does not agree with [14 and 16].
The previous result showed that the best value of the feed rate is (800 mm/min) which affected the subsequent experiments that
tested the effect of tool rotation speed, as increasing the tool rotation speed from 700 to 1500 rpm increases formability in
terms of fracture depth and maximum wall angle by 6.3 mm and 8.01°, respectively, and decreases the minimum thickness by
0.06 mm. While increasing the tool rotation speed from 1500 to 2300 rpm produces constant formability regarding fracture
depth and maximum wall angle but reduces the minimum thickness before fracturing by 0.04 mm. This agrees with previous
literature [17 and 20] but does not agree with [16].

The previous result clarified that the best value of the tool rotation speed is (2300 rpm) which affected the subsequent
experiments that tested the effect of tool diameter, as increasing the tool diameter from 8 to 10 mm leads to a little increase in
formability in terms of fracture depth and maximum wall angle by 0.7 mm and 0.88°, respectively, while decreasing the
minimum thickness by 0.04 mm. While increasing the tool diameter from 10 to 12 mm leads to a decrease in formability in
terms of fracture depth and maximum wall angle by 2.1 mm and 2.64°, respectively, with increasing the minimum thickness by
0.04 mm. This agrees with previous literature [13] that showed that the best formability is at a 10 mm tool diameter and with
[21] that showed that the formability increases then decreases as the tool diameter increases. Still, it does not agree with [14
and 17]. The previous result clarified that the best value of the tool diameter is (10 mm) which affected the subsequent
experiments that tested the effect of step size, as increasing the step size from 0.3 to 0.7 mm leads to a slight increase in
formability in terms of fracture depth and maximum wall angle by 0.2 mm and 0.25°, respectively, with a slight decreasing the
minimum thickness by 0.01 mm. while increasing the step size from 0.7 to 1.1 mm leads to a little decrease in formability in
terms of fracture depth and maximum wall angle by 0.8 mm and 1°, respectively, with increasing the minimum thickness by
0.06 mm. This agrees with the previous literature [14] that showed that the formability increases then decreases with the
increase of step size, but it does not agree with [13 and 17]; this previous result showed that the best value of the step size is
(0.7 mm).
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Group A (feed rate effect) Group B (tool rotation speed effect)

Group C (tool diameter effect) Group D (step size effect)

Figure 10: The Aluminum 1100 specimens and their fracture zones that resulted from using the Single-point incremental
forming (a) feed rate effect, (b) tool rotation speed effect (c) tool diameter effect, and (d) step size effect
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Figure 12: Plot diagram of thickness distribution of Al 1100 (a) feed rate effect, (b) tool rotation speed effect, (c) tool

diameter effect, and (d) step size effect

Table 6: Final results of the formability indicators of Al 1100

Level Parameter Fracture depth Maximum wall angle Minimum thickness
Feed rate

Low 800 37.1 mm 80.21° 0.28 mm

Moderate 1200 37.1 mm 80.21° 0.29 mm

High 1600 28 mm 68.53° 0.41 mm
Tool Speed

Low 700 30.8 mm 72.2° 0.34 mm

Moderate 1500 37.1 mm 80.21° 0.28 mm

High 2300 37.1 mm 80.21° 0.24 mm
Tool Diameter

Low 8 36.4 mm 79.33° 0.26 mm

Moderate 10 37.1 mm 80.21° 0.24 mm

High 12 35 mm 77.57° 0.28 mm
Step Size

Low 0.3 36.9 mm 79.96° 0.25 mm

Moderate 0.7 37.1 mm 80.21° 0.24 mm

High 1.1 36.3 mm 79.21° 0.30 mm
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3.2 Brass CuZn37 experiments

For Brass CuZn37, the results of the four groups’ experiments were as follows: Experiments of Group A showed that the
best value of feed rate is 1200 mm/min; Experiments of Group B showed that the best value of tool rotation speed is 1500 rpm;
Experiments of Group C showed that the best value of tool diameter is 10 mm; and Experiments of Group D showed that the
best value of step size is 0.7 mm. Figure 13 ( a-d) shows the experimental specimens and the fracture zones of these groups;
from this figure, it is observed that the fracture zones occur at a fracture depth ranging between (16.4 mm and 34.4 mm). For
all these specimens of Brass CuZn37, the fracture depths and then the maximum wall angles were measured, as shown in
Figure 14 (a-d). Figure 15 (a-d) shows the plot diagrams of the thickness distribution of Brass CuZn37, and the final results of
the measurements of fracture depth, maximum wall angle, and minimum thickness before fractures for Brass CuzZn37 have
been illustrated in Table 7.

Table 7: Final results of formability of Brass CuzZn37

Level Parameter Fracture depth Maximum wall angle Minimum thickness
Feed rate

Low 800 34.4 mm 76.81° 0.35 mm

Moderate 1200 34.4 mm 76.81° 0.33 mm

High 1600 33.7 mm 75.92° 0.37 mm
Tool Speed

Low 700 30.8 mm 72.2° 0.39 mm

Moderate 1500 34.4 mm 76.81° 0.33 mm

High 2300 16.4 mm 52.13° 0.61 mm
Tool Diameter

Low 8 21 mm 58.88° 0.52 mm

Moderate 10 34.4 mm 76.81° 0.33 mm

High 12 19.6 mm 56.84° 0.58 mm
Step Size

Low 0.3 25.2 mm 64.76° 0.45 mm

Moderate 0.7 34.4 mm 76.81° 0.33 mm

High 1.1 16.5 mm 52.13° 0.60 mm

The effect of these parameters on the formability of Brass CuZn37 is summarized as follows: Increasing the feed rate from
800 to 1200 mm/min leads to a constant formability in terms of fracture depth and maximum wall angle, but at the same time,
there is a slightly decreasing in the minimum thickness before fracture by 0.02 mm. while increasing the feed rate from 1200 to
1600 mm/min leads to a little decrease in formability in terms of fracture depth and maximum wall angle by 0.7 mm and 0.89°,
respectively and leads to increasing the minimum thickness before fracture by 0.04 mm. This result showed that the best value
of the feed rate is (1200 mm/min) which affected the subsequent experiments that tested the effect of tool rotation speed, as
increasing the tool rotation speed from 700 to 1500 rpm increases formability in terms of fracture depth and maximum wall
angle by 3.6 mm and 4.61°, respectively and decreases the minimum thickness by 0.06 mm. while increasing the tool rotation
speed from 1500 to 2300 rpm leads to a very high decrease in formability in terms of fracture depth and maximum wall angle
by 18 mm and 24.68°, respectively, with a high increasing in the minimum thickness before fracture by 0.28 mm. This result
clarified that the best value of the tool rotation speed is (1500 rpm) which affected the subsequent experiments that tested the
effect of tool diameter, as increasing the tool diameter from 8 to 10 mm leads to a very high increase in formability in terms of
fracture depth and maximum wall angle by 13.4 mm and 17.93°, respectively, and decreases the minimum thickness by 0.19
mm. Increasing the tool diameter from 10 to 12 mm leads to a very high decrease in formability in terms of fracture depth and
maximum wall angle by 14.8 mm and 19.97°, respectively, with increasing the minimum thickness before fracture by 0.25
mm. This result clarified that the best value of the tool diameter is (10 mm) which affected the subsequent experiments that
tested the effect of step size, as increasing the step size from 0.3 to 0.7 mm increases formability in terms of fracture depth and
maximum wall angle by 9.2 mm and 12.05°, respectively and decreases the minimum thickness by 0.12 mm. while increasing
the step size from 0.7 to 1.1 mm leads to a very high decrease in formability in terms of fracture depth and maximum wall
angle by 17.9 mm and 24.68°, respectively, and leads to a high increase in the minimum thickness before fracture by 0.27 mm,
this result showed that the best value of the step size is (0.7 mm).

However, the formability of Al 1100 remains higher than that of Brass CuzZn37 due to some of the properties of the
materials. The first one is that the Brass CuZn37 has less ductility than Al 1100, which makes it more susceptible to cracks and
premature fracture under high strain in SPIF. The second is that Al 1100 has higher fracture toughness compared to Brass
Cuzn37, which enables it to absorb more energy before failure. The third property is that the Brass CuzZn37 has a higher work
hardening rate than Al 1100, which makes it harden more quickly when strained, and this leads to a decrease in the ability of a
material to endure large deformation. In addition, the increase in material hardness makes it brittle as soon as possible and
hence increases the chance of fracture risk. The fourth property is related to the fact that the Brass CuZn37 has a lower
thermal conductivity compared to Al 1100. This means that the brass does not benefit much from the softening that resulted
from the heat generated during the process, and therefore this will lead to less formability. Because of that, the material, in this
case, becomes more brittle when it is exposed to high temperatures and localized heating.
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Group C (tool diameter effect) Group D (step size effect)

Figure 13: The Brass CuzZn37 specimens and their fracture zones that resulted using the single point incremental forming (a)
feed rate effect, (b) tool rotation speed effect, (c) tool diameter effect, and (d) step size effect
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Figure 15: Plot diagram of thickness distribution of Brass CuzZn37 (a) feed rate effect, (b) tool rotation speed effect, (c) tool
diameter effect, and (d) step size effect

When comparing the effect of parameters on the formability of Aluminum 1100 and Brass CuzZn37 from the previous results
of sections (3.1 and 3.2) it is can be summarized these effects as illustrated in Table 8.

Table 8: The summary of the input parameters effect on the formability of Aluminum 1100 and Brass CuZn37

Parameter Level Formability of Al 1100 Formability of Brass Degree of parameter effect on formability
CuzZn37
Feed rate Low - Medium Constant Constant —_
Medium - High Decreasing Decreasing Al 1100 >> Brass CuzZn37
Tool speed Low - Medium Increasing Increasing Al 1100 = Brass CuzZn37
Medium - High Constant Decreasing Its effect on brass is very much
Tool diameter ~ Low - Medium Increasing Increasing Brass Cuzn37 >> Al 1100
Medium - High Decreasing Decreasing Brass Cuzn37 >> Al 1100
Step size Low - Medium Increasing Increasing Brass Cuzn37 >> Al 1100
Medium - High Decreasing Decreasing Brass CuzZn37 >> Al 1100

3.3 The physical explanations of parameters effects

It is observed that the physical reasons for the effect of the input parameters on formability in the manner previously
described are almost similar in Aluminum 1100 and Brass CuZn37 materials. The impact of the feed rate observed on the
formability of both materials is due to the fact that when the value of this parameter is between 800 mm/min and 1200
mm/min, the material will have enough time to adapt to the deformation process, while when the value of this parameter
becomes larger than 1200 mm/min, the generated heat will not dissipate because of the high speed of the forming tool
movement that hence leads to excessively increasing the frictional heat between the formed sheet and the tool. In addition to
that, the larger feed rate values increase the surface roughness and produce the micro cracking that may cause early fracture
and decrease the material's ability to be deformed effectively. Moreover, the reasons behind the observed effect of tool rotation
speed on formability are that when this parameter is between 700 and 1500 rpm, it leads to improved friction between the sheet
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material and the forming tool that generates proper frictional heat, which tends to soften the sheet material to be more ductile
and thus enhancing the formability, in contrast when this parameter exceeds 1500 rpm in the brass material, this frictional heat
become excessive and leads to thermal degradation of the material properties leads to uneven deformation that results in
decreasing of formability.

The physical reason for the relationship that has been noted between the tool diameter and the formability of materials is
that when the tool diameter falls between 8 mm and 10 mm, this leads to an increase in the contact zone between the tool and
the sheet and hence, allows the strain to disperse across a larger surface. Due to this, the thinning will decrease, and the
formability will increase because the deformation becomes more uniform. When the tool diameter exceeds 10 mm, the material
flow becomes uneven, and the strain becomes localized, adversely affecting formability. All these behaviors are caused by the
extensive increase in the contact zones when the tool diameter is above 10 mm. The observed impact of the step size on the
formability is that when the step size falls between 0.3 mm and 0.7 mm, the tool will deform the sheet in more extensive and
gradual increments. The strain is distributed across a more extensive area, and this leads to more effective plastic deformation;
this is because the tool covers an expanded portion of the sheet with each step. in contrast, when the step size exceeds 0.7 mm,
the material displaced with each movement becomes excessive and leads to uneven material flow. The fast deformation also
increases the possibility of material thinning, which occurs when the material cannot distribute the strain uniformly, creating
weak spots that could cause the fracture to be initiated.

3.4 Statistical analysis

The statistical analysis of the measured outputs (fracture depth and maximum wall angle) for both case of aluminum 1100
and Brass Cuzn37 has been performed to enhance the reliability of the results. The confidence interval is a range of values
calculated from sample data likely to include the true population parameter (like a population mean or proportion). It helps
assess the uncertainty or variability of the sample statistic, this can be calculated using Equations 1 and 2.

Confidence Interval (Cl) = X + MOE €Y)
Margin of Error (MOE) = Z x (\/%) 2

where X: the mean of data, Z: the critical t-value, s: the standard deviation, n: the sample size. And by using excel these
parameters have been calculated from the following functions: Mean of data (X) =AVERAGE(range), Standard deviation (s)
=STDEV.S(range), Sample size (n) =COUNT (range), Margin of Error (MOE) =CONFIDENCE.T(1-0.95,standard_dev,size).

The results of the lower and upper confidence interval of the fracture depth and maximum wall angle for Aluminum 1100
and Brass Cuzn37 have been illustrated in Table 9.

Table 9: The statistical analysis results of the measured outputs

Statistical Analysis Aluminum 1100 Brass CuZn37
Fracture Depth Wall Angle Fracture Depth Wall Angle
Mean 34.96667 77.49222 25.77778 65.16444
Stdev. 3.3 4.226585 7.681272 10.51883
Count 9 9 9 9
MOE 2.53660455 3.248841 5.90434858 8.08549
Minimum 28 68.53 16.4 52.13
Maximum 37.1 80.21 34.4 76.81
Lower Cl (95%) 32.4300621 74.24338 19.8734292 57.07895
Upper CI (95%) 37.5032712 80.74106 31.6821264 73.24993

4. Conclusion
According to the results obtained from this work, the main conclusions can be summarized as the following:

1} Under the same conditions, both ductile materials (Aluminum alloy 1100 and Brass Cuzn37 alloy) exhibit good
formability in the SPIF technique. Aluminum 1100 has higher formability than Brass CuZn37, but the formability
results of both materials are almost similar under the optimum process conditions.

2)  The maximum and minimum fracture depths for Al 1100 are 37.1 mm and 28 mm, respectively, from the total
product depth of 45 mm, while for Brass CuzZn37, they are 34.4 mm and 16.4 mm, respectively.

3) The maximum and minimum wall angles obtained experimentally for Al 1100 are 80.21° and 68.53°,
respectively, from the maximum wall angle value of 90°, while for Brass CuZn37; they are 76.81° and 52.13°.

4)  The minimum thickness before fracture for Al 1100 specimens ranges between 0.24 mm and 0.41 mm for a
thickness of 0.8 mm, while for Brass CuZn37 specimens, it ranges between 0.33 mm and 0.61 mm.

5)  The best level of parameters in the case of Aluminum 1100 is as follows: feed rate (800 mm/min), tool rotation speed
(2300 rpm), tool diameter (10 mm), and step size (0.7 mm). While the best level of parameters in the case of Brass
Cuzn37 is as follows: feed rate (1200 mm/min), tool rotation speed (1500 rpm), tool diameter (10 mm), and step size
(0.7 mm).

6)  According to the results in Table (8), it was concluded that the effect of the parameters on the formability of Al
1100 and Brass CuzZn37 is similar regarding their impact on increasing or decreasing the formability of both
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materials, but the amount of these effects, especially of (tool rotation speed, tool diameter, and step size) on Brass
CuZn37 is much greater than its amount on Al 1100.

7 In summary, it can be concluded that brass alloys can exhibit high formability that can match the formability of
aluminum alloys if the process is conducted using optimum parameters, which can be obtained by optimizing the
SPIF process.
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