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Abstract Incremental sheet forming is a flexible manufacturing process which uses the indenter
point-to-point force to shape the sheet metal workpiece into manufactured parts in batch production
series. However, the problem sometimes arising from this process is the low plastic point in the
stress-strain diagram of the material which leads the low stretching amount before ultra-tensile
strain point. Hence, a set of experiments is designed to find the optimum forming parameters in this
process for optimum sheet thickness distribution while both sides of the sheet are considered for
the surface quality improvement. A five-axis high-speed CNC milling machine is employed to
deliver the proper motion based on the programming system while the clamping system for holding
the sheet metal was a blank mould. Finally, an electron microscope and roughness machine are
utilized to evaluate the surface structure of final parts, illustrate any defect may cause during the
forming process and examine the roughness of the final part surface accordingly. The best
interaction between parameters is obtained with the optimum values which lead the maximum
sheet thickness distribution of 4.211e-01 logarithmic elongation when the depth was 24mm with
respect to the design. This study demonstrates that this rapid forming method offers an alternative
solution for surface quality improvement of 65% avoiding the low probability of cracks and low
probability of crystal structure changes.

1. Introduction

There have been significant developments over the past decades regarding the availability of proper
metals and metal alloys for sheet metal parts in low and batch production series. Different forming
methods are often used by sheet metal industry which is mostly founded on the application of dies and
punches with the correct dimensions of the final part to be planned. Generally, these manufacturing
processes are employed for mass production series because the cost of the dies will be shared among the
products. Nevertheless, the formal approaches based on dies, such as drawing or stamping are not useable
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if a small amount of product is needed and, consequently, due to the meeting of demands levied by the
short and batch series production industries, new manufacturing techniques have to be established. The
incremental sheet forming (ISF) process has encountered to be a trustworthy solution among the different
possibilities. This technique is built on the shaping of a metal sheet via a computer numerical controlling
(CNC) tool or indenter which deforms the blank sheet plastically with respect to the preferred design [1-
3]. The major factors affecting localised deformation were found to contact stress and shear mechanisms
[4].

The current forming process of sheet metal parts suffers from the mechanical defects such as cracks
and non-homogenize sheet distribution which cause fatigue, sheet failure and inaccuracy [5, 6]. Moreover,
based on the Micari et al. (2007) explanation, some basic issues related to ISF exist. Their study
demonstrated that geometric accuracy can be thought as one of the major limitations of ISF, which can be
recompensed through toolpath optimisation [7]. Hence, this study aims to find the minimum defect and
maximum surface quality (SQ) of the sheet metal parts using optimum forming parameters in ISF process.

One of the important parameters is spindle speed, which affects friction and consequently surface
quality [1]. Some other parameters, which are mentioned in Hussain et al. (2011), include sheet thickness,
tool radius, width step, and wall angle. The effective combination of these parameters will produce a
highly significant and efficient result. Their study showed that the small radius of the tool combined with
a lower width step caused a reduction in profile error, especially when a large wall angle was considered
[8]. However, Attanasio et al. (2008) believed that step down (that is a changed form of depth of cut in
milling process) also is influential in this process [8, 9]. Both works were used a longstanding version of
the design of experiment method which had not a respond method for the parameters interaction. In
another study, Ambrogio et al. (2012) found that the quality of the bottom surface in a hot ISF (Ra 0.234
um) is almost 20% higher when compared with the one in contact with the punch but more than Hussain
et al. (2011) study. This is because of both the lower temperatures (around 200°C) reached on the bottom
side, which decreased the oxidation phenomenon and caused the absence of mechanical actions on the
sheet [10].

It should be mentioned that based on Duflou et al. (2007), in some cases, sheet strain is directly due to
the influence of wall angle [11]. An increase in wall angle would result in a strong part being produced
and would also prevent any failures and defects; however, it also limits the design variability in sheet
metal parts. Fritzen et al. (2013) explained a different case study, which showed that it is difficult to
produce a product with a long 90° wall angle, according to the sine law, as per equation (1) [12].

t= tysin@ (D)

Where t is the final thickness, t, is the initial thickness, and 0 is the wall angle. There are some other
processes such as thinning and ironing that make inaccuracy in the final results of experiments compare to
the prediction by the Sine low.

It is assumed that formability can be enhanced with forming speed because of heating effects. In Ham
and Jeswiet (2006), an investigation related to the formability of aluminium AA3003 sheets in ISF was
carried out through several experiments. The friction heat at the contact zone was high, as the rotational
speeds for tool setups were high and thus, it was concluded that formability can be improved with a higher
rotational speed. Additionally, the reduction in feed rate also improved blank formability [13]. Another
study produced a dome geometry to describe the effect of spindle speed on the formability of St 37-2 steel.
The results demonstrated that the tool rotational speed has an impact on formability and that when tool
rotational speed is raised, formability will be reduced [14]. Besides that, the tool feed rate has a low
impact on formability, as the results demonstrate reduced formability with an increase in feed rate.
However, a year before this study, Hussain et al. (2008) conducted a cold incremental forming process to
investigate the impacts of various features related to the formability (maximum wall angle) of a
commercially pure titanium sheet. It was observed that, against the result of Rattanachan (2009), a raise in
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the feed rate reduced formability, and hence, the connection between feed rate and maximum wall angle
followed a quadratic curve [15].

It should be mentioned that based on Nimbalkar et al. (2013), the forming process achieved higher feed
rates compared to typical machining feeds. Due to the fact that the tool is hemispherical, no concern
exists, related to the amount of material cut per tooth (flute) for each revolution; a critical factor in
determining feed rates in conventional milling [16]. In addition, they noted that step-down regulates the z-
axis increments. For some of the cases, an adjusted step-down for various wall angles was utilised for
maintaining a constant traverse distance over the metal surface during the manufacture of a range of
pyramids and cones with various wall angles. The case became very complex when complicated geometry
was involved with various wall angles at diverse locations. Normally, in this case, a constant diameter
forming tool with a standardised step-down would be used. The step-down also regulates the surface
quality. Consequently, the optimum parameters can have a significant influence on the surface quality, and
sheet thickness distribution value of the final part.

2. Methodology

In order to determine the optimum value for each of the forming parameters, an experimental study was
designed. This set of experiments was combined with the numerical simulation to reduce the time, tool
and sheet material waste. For this purpose, the Design-Expert® (State-Ease Corporation) software was
employed to design the experiments for a better interaction between the parameters as the input data and
the sheet thickness distribution (STD) value as the output factor. Hence, the parameters were inserted in
the software environment and the Response Surface Method (RSM) with central composite design (CCD)
technique was applied. There were some possibilities of using the DOE method for this study but CCD
that finds the optimal levels of the design variables by adding a few more experiments to the Full Factorial
design let to it being selected. Table 1 presents the range of input data for the software for creating the set
of experiments in this study. Based on the Hussain et al. (2011) and Attanasio et al. (2008), the minimum
and maximum values for each parameter were selected and inserted into the software.

Table 1. The range of forming parameters inserted to the DOE.

Parameter Range of Variables
Feed Rate 10-200 mm/min
Spindle Speed 50-200 rpm

Step down 0.1-0.7 mm
Width Step 1-4 mm

The width step was based on a percentage of the tool diameter and was selected from 1 to 4 millimetres
since the tool diameter is considered to be 10 mm for this study. In regard to some inapplicable values
suggested by the software, for example, -0.1 mm for depth step (or DOC), the Alpha function was
activated to bring in real values and reduce the negative values since all the applied variables should be
more than zero in these experiments. Finally, the output data was created and then transferred to Microsoft
Excel®.

The experiment for applying ISF on AISI 316L is adopted from previous work [17] which was
clamping the metal sheet alloy from the edges and fix on the table of CNC milling machine using
complete clamping system. This clamping includes a main part which is a cylindrical shape and a lid with
6 screws to fix the metal sheet. Toolpath also generated from computer-aided manufacturing (CAM)
system and then modified with optimized parameters for ISF process. Tool trajectory applied in
combination of manual and software programming as the “combined programming system” to increase the
time efficiency and also reduce the amount of scratch [17, 18]. The frustum of a pyramid design include
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surfaces, edges and fillets used with a 24mm depth and the lubricant also flow on the surface of sheet
reducing friction which causes the high temperature on the contact area, between the tool and sheet metal.
Since the temperature is the main cause of the shear failure in this process, it will control sequent. After
some cycles of the process, one sink will be created where the lubricant liquid flow inside it, hence, the
heat will rise up to 80 °C when the tool is inside the pool of oil and stay steady until the end of the
experiment as it is shown in Moayedfar (2014) work.

The pressure direction defined as Zhu et al. (2012) study, which explained that an optimized tool
approach angle on the surface of sheet metal can effect on the depth of drawing [19]. In this case, 5 axes
CNC milling machine is employed to make the motion similar to a robot actuator and then, shape the
metal sheet alloy incrementally. Figure 1 shows the installed set of tool and clamp on the CNC machine.
Toolpath also is directly taken from the CAM systems for the part to be formed.

¥

9 il
Figure 1. Setup of ISF process on the CNC milling machine table [17].

In order to find the morphology of the sheet metal surface, the Field Emission Scanning Electron
Microscope (FESEM) is employed to capture the surface structure of sheet material before and after the
process and also the behind side of sheet metal after the process since that side will be the outer side of the
implant (The inner side will contact directly with bone surface). Finally, roughness test machine was
employed to magnifier the surface roughness of the sheet metal to detect a number of scratches introduced
by the indenter during the process in all three mentioned surfaces.

3. Results and discussion

There were only 22 samples out of 30 samples suggested by DOE that provide the complete sheet
stretching to the final depth design. In the other 8 samples, UTS were appeared before shaping the
complete pyramid. Therefore, those samples considered as the failed tests and did not use in the
characterization. However, 22 samples are examined in roughness test and surface morphology
determination even those with low surface quality which could be detected visually.

The roughness test is employed to determine the surface quality of samples in three different sides of
the raw material, the contact surface and backside surface. The results of tests illustrated the optimum set
of parameters for the forming process. Then, respond for all 22 samples sent to the DOE for analysing and
defining the parameters interaction. Figure 2 shows the best sample regarding the SQ of the contact
surface in roughness test compare with the other surfaces and STD of 4.211e-01 (LE). As can be seen in
figure 2 (a), the raw material SQ is Ra 0.359 um while the contact surface as shown in figure 2 (b) has Ra
3.073 um. Figure 2 (¢) also illuminate the roughness of Ra 1.590 pum for the sheet backside of the part.
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Figure 2. Roughness test of the best sample. (a) Raw material, (b) contact surface, (c) back-side
surface.
As it shown, the surface quality of the contact surface 10 times is lower than the raw material but the
back-side surface is around four times lower than the base material. Consequently, the amount of scratch
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in ISF is the big challenge in SQ of final parts that can be minimize via proper forming parameters.
However, the back-side surface can be applied in this method as the final part. For instance, the outer side
of the pyramid can be considered as the final part which is carrying a better SQ.

Parts are collected to characterise with FESEM resolution of 4 nm at 0.1 kV. The surface of parts is
considered and presented in figure 3. As can be seen in figure 3 (a), the surface area of AISI 316L is for
blank metal sheet alloy which is presented from steel company after tension reduction process. The final
mechanical work on these sort of sheet alloys is cold rolling so the surface quality will be improved.
Figure 3 (b) illustrates that there was some forming process on sheet metal that changes the surface
morphology. There are some scratches on the surface of sheet metal made by the tool that reduce the
surface quality of the final part. Hoverer, this amount is not considerable in sheet metal forming processes
using stretching such deep drawing.

AT ARNT R
h N 1

i;igurae 3. (aj Row material. (b) Sheet part after ISF process.

The back side of the sheet part after forming has more appropriate surface quality regarding the lower
amount of scratches. Furthermore, the defects of ironing process and tool scratch that may effect on
surface quality has few influences on the back-side surface. Figure 4 shows the similarity of the back side
of sheet part with the surface of raw material. The amount of disorganization is lower, and also due to
some work hardening on the sheet surface, the quality is increased. In general, the strength of part will be
increased while the surface quality will Esmain almost the same
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The roughness test machine is employed to determine the roughness of the surfaces in this study.
Among the all the samples. It should be mentioned that the temperature did not have a significant effect on
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the process since the cooling liquid is flowing on the surface of the metal sheet. Therefore, the effect of
temperature is not considered in this study.

In this study, the influence of four parameters feed rate, spindle speed, step down, and width step
versus the sheet stretching that is the representative of the sheet thickness distribution was examined via
DOE. The Design of Experiment used in this respond method illustrates that some of the parameters such
as feed rate and width step have a significant influence on STD compared to the other parameters. Figure
5 shows the behaviour of these four parameters versus STD during the experiment, where the (a) is the
diagram of variation for feed rate, (b) spindle speed, (c) step down, and (d) width step.
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Figure 5. The interaction between effective parameters versus STD. (a) feed rate, (b) spindle speed, (c)
step down, and (d) width step

As can be observed from the results, the feed rate is the most influential parameter in this study.
Moreover, step width also showed a considerable effect on the amount of STD in this analysis, while the
spindle speed and step down played a less important role in the forming process. The influence of step
down just appeared once in a cycle, and the spindle speed effect could be minimised using a proper
lubricant to reduce friction. However, high values of feed rate increased the friction and vibration of the
process, which are the two major defects of ISF. In addition, a width step of more than 20% of the tool
diameter increased the risk of sheet failure due to the huge pressure on the surface of the sheet metal,
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which changes the process from stretching to chipping. This defect was accrued throughout the
experimental investigation, as shown in figure 6.

=

Figure 6. Sheet failure appearing due to large step size

The interaction of the two parameters on the STD was evaluated and shown in 3D diagrams to
illustrate the influence of the combined parameters in a particular time. Figure 7 illustrates the influence of
these significant parameters including feed rate and spindle speed, on the ISF process.

i
ﬂP-BﬂRTST

0600837 4

Shael dis.
=
B
5]
= i

- s o —
s i S S < oy
S s -, \\ .
Y f,/ & S \\ e 18250
143 Fb\q‘ \ \/ =
\_\ \ e
125,00 ™. "
“‘x,\‘ J’J 10600
B: spindla o
spindle speed 108 25 o s
e g A Feed rals
750”5700

Figure 7. The effect of feed rate and spindle speed on sheet thickness distribution

Both feed rate and spindle speed have a linear effect on the response of the sheet thickness distribution
while the combination of the two parameters also yielded a linear response. However, the combination of
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the parameters increased the amount of sheet stretch up to 0.668875 um where every single parameter (~
0532799 pm for spindle speed and 0.600837 pm for feed rate) was not able to increase the sheet stretch up
to that point. Figure 7 shows that the combination of both effective parameters when the values are at
maximum would cause sheet failure since the high amount of STD in this study is one reason for sheet
fracture.

A high feed rate has a significant effect on sheet failure and a large width step increases the risk of
sheet fracture. Figure 8 presents the considerable interaction between these parameters versus STD, where
the thickness distribution shows a dramatic increase up to the highest point.
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Figure 8. The effect of feed rate and wide step on sheet thickness distribution

As can be seen from figure 8, both factors sharply increased the STD up to ~ 0.697982 pum, whereas in
figure 9, the combination of the two parameters of spindle speed and depth of cut increased the STD to ~
0.585355 pum. Increasing the depth of cut to more than 0.47 together with an increase in spindle speed up
to 143.75 would be the optimum condition for this response since the sheet distribution values increased
sharply upward as a result.
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Figure 9. The effect of depth of cut and spindle speed on sheet distribution

However, using low parameters increased the time of production, hence, an optimum amount was
obtained from equation (2). This equation was driven based on the parameter response in these
experiments where the affected parameters are sheet thickness distribution (STD), feed rate (A), spindle
speed (B), depth of cut (C), and (D) width step.

STD =0.42+0.081 *4+0.032* B+0.020 * C+0.072 * D + 0.091 * 4>+ 0.056 * B>+ 0.044 * C* +
0.066 * D*-0.012* A * B+4.919E-003 * 4 * C-0.033* A4 * D +0.013 * B * C+ 4.069E-003 * B * D
—4244E-003* C* D 2

As stated in equation (2), the effect of feed rate and spindle speed on the STD is higher since the
impact factors for these parameters are 0.081 and 0.072, respectively. Based on the analysis by the DOE
software (DE®), the R-Squared (R?) value was 0.9521 and the Adjusting R* value was calculated as
0.9073. Also, the Prediction R-Squared value of 0.7239 was found to be in reasonable agreement with the
Adjusting R-Squared value.

4. Conclusions

A new prototyping method of production is in need to employ for batch and low production series in rapid
forming techniques. Hence, incremental sheet forming as a potential process is presented to increase the
variety of sheet metal parts. However, this process suffers from some drawback such as low surface
quality and the high possibility of sheet failure. Hence, in this study, a set of experiment is designed and
applied to determine the significant effective parameters in this sheet forming process and also find the
optimum values of the parameters with respect to the maximum sheet thickness distribution and higher
surface quality than current studies. For this purpose, the result of experiments is characterized via
utilising of roughness test and the FESEM test. Then, the respond of the each set of parameters is applied
in DOE to obtain the optimum forming parameters and their interaction. Consequently, the data presented
in this study shows a range of optimized parameters in 24 mm pyramid design shape for ISF method with
adequate surface quality (Ra 3.073 pum for contact surface) Ra 1.590 um for back-side surface up to 35%
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higher than the current research based on the graphs generated by surface roughness machine.
Furthermore, the results illuminate that the ISF will not be the cause of crack and crystal structure defects
on the final parts, and also presented as a low defect process for sheet metal accessories and parts
production.
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