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Abstract

With the widespread use of numerically controlled machine tools, single-point incremental forming (SPIF)
process has enjoyed growing interest in the industry. This article presents the results of research on the influ-
ence of forming process parameters (step size, tool rotational speed, feed rate and forming strategy) on the
roughness of the outer surface of conical drawpieces with a slope angle of 45° from commercially pure titani-
um sheets. The following variable process parameters were used: tool rotational speed varied from —600 to
600 rpm, feed rate varied from 500 to 2000 mm/min and step size varied from 0.1 to 0.5 mm. The SAE
75W85 synthetic gear oil was used as lubricant. Two basic roughness parameters were analyzed: the mean
roughness Sa and the maximum height Sz. The influence of SPIF parameters on surface roughness was ana-
lysed using multi-layer artificial neural networks. It was found that reducing the feed rate with the climb
strategy causes a decrease in the average roughness Sa. The opposite relationship was observed when forming
according to the conventional strategy. At low tool feed rate (500 mm/min), reducing the step size caused an
increase in the Sz parameter. At high tool feed rate (2000 mm/min), the effect of the step size is negligible.

Keywords: artificial neural networks, incremental sheet forming, sheet metal forming, SPIF, surface rough-
ness

1. Introduction

Single-point incremental forming (SPIF) is a method of machining components made of sheet
metal. The SPIF process involves the gradual forming of sheet metal using a pin tool moving along
a programmed trajectory adapted to the shape of the drawpiece. The incremental forming processes
are highly flexible, allowing different parts to be manufactured using the same tooling system, leading
to significant material and energy savings. Additionally, the process offers lower costs and shorter lead
times compared to conventional forming methods (Petek et al., 2007). Despite the many advantages of
incremental forming, SPIFed components are sensitive to reduced surface roughness, geometric devia-
tions and high springback (Najm & Paniti, 2023; Rosca et al., 2019). The deterioration of surface
roughness is the result of frictional interaction between the tool surface and the sheet metal surface
(Najm & Paniti, 2021a; Paniti et al., 2020). Additionally, on the opposite (outer) side of the drawpiece
wall, an intensive change in surface topography occurs due to deformations of the sheet material. The
effect is commonly called ‘orange peel patterns’ (Liao et al., 2020). The deterioration of the internal
surface of the drawpieces is related to the small area of real contact of the forming tool with the sheet
metal and severe friction conditions. Too much friction can lead to premature sheet metal fracture.
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A common way to reduce friction is to use lubricants with properties adapted to the processing param-
eters (Milutinovi¢, 2021).

The SPIF technique can be used to form practically all types of metallic materials that are formed
using conventional sheet metal forming methods. Titanium sheets, due to their high mechanical
strength and low weight, are used in the aviation industry and in luxury cars. The very good biocom-
patibility of titanium and its alloys makes these materials widely used as medical prostheses (Oleksik
et al., 2010). Titanium exhibits good corrosion resistance due to its natural passivation in an atmos-
phere containing oxygen. The passive TiO- layer makes these materials resistant to seawater, weather
conditions and chemicals. In the literature, SPIF applications can be found for forming hip prostheses
(Shayti et al., 2016), denture plates (Sbayti et al., 2018) and cranial implants (Cotiga et al., 2014).

The significant factors influencing the obtained surface roughness of the drawpieces include the
step size (the smaller the step size, the lower the surface roughness), the tool diameter (the smaller the
diameter, the lower the surface roughness) and the forming angle of the drawpiece (the larger the an-
gle, the lower the surface roughness). The tool rotational speed value also has a significant effect on
the resulted surface quality, but this is a more complex effect, which also depends on other process
parameters. In terms of tool rotation, forming with a rotary tool is more advantageous than with sta-
tionary (non-rotating) tool (Hagan & Jeswiet, 2004). Friction in SPIF methods is difficult to analyse
qualitatively and quantitatively due to the occurrence of severe mechanical interactions of the cooper-
ating surfaces of tool and blank. This intensifies the adhesive wear phenomena, directly affecting the
formability and surface quality of the components (Oleksik et al., 2008). Providing appropriate contact
conditions is particularly important when forming titanium, aluminium and their alloy sheets (Najm &
Paniti, 2020; 2021a). The improvement of sheet formability can be achieved by implementing the
SPIF process at elevated temperature (Popp et al., 2024). Mainly, heating of the workpiece using
a stream of hot air, resistance heating, a laser beam or ultrasound is used. Recent research also focuses
on improving the geometric quality of parts manufactured by the SPIF techniques by optimising the
forming process conditions, lubrication (Sen et al., 2022), numerical techniques such as the finite ele-
ment method (Pepelnjak et al., 2022) and metamodeling (Sbayti et al., 2022).

The proper selection of SPIF parameters is a key issue for obtaining the required quality of draw-
pieces. There are many sources in the literature devoted to the influence of SPIF process parameters
on the value of forming force, coefficient of friction, springback of the material, temperature in the
contact zone and the maximum forming angle (Blaga et al., 2012). Due to many factors that simulta-
neously synergistically affect the course of SPIF and effects of the forming process, researchers often
focus on the optimisation of a selected parameter, such as the surface roughness of the inner or outer
surface of the drawpiece, the tool path and the geometric accuracy of the component shape (Najm &
Paniti, 2021b). Methods for optimising forming parameters using machine learning and artificial neu-
ral networks are also used (Racz et al., 2019). Najm and Paniti (2023) used multilayer neural network
for studying the effect of SPIF parameters on prediction of the wall diameter and pillow effect. The
best performance of ANN was achieved by way of the Levenberg—Marquardt training algorithm. In
another paper by Najm and Paniti (2021a) the ANNSs were used to predict surface roughness parame-
ters Sa and Rz, measured on the inner surface of the SPIFed frustum cones. The results showed that
ANN gives a better result than support vector regression. Racz et al. (2019) used an adaptive network-
based fuzzy inference system to extract the value of thrust force, which appears during incremental
forming of DCO04 steel drawpieces. The proposed method offering effective method for estimating the
forces in SPIF. Oraon and Sharma (2021) applied ANN for predicting the average surface roughness
Ra of SPIFed drawpieces from celamine brass Cu67Zn33. The overall efficiency of proposed ANN
model was 94.7%. Choundary et al. (2025) predicted formability of material in SPIF of EN AW-7075-
T6 aluminium alloy varying wall angle conical frustums by using single-output and double-output
ANN:Ss. It was concluded that the developed model allows to reduce the cost and time to select accurate
SPIF parameters without performing expensive experiments. The application of artificial intelligence
techniques in incremental sheet forming methods was presented by Nagargoje et al. (2023).

Most of the experimental studies of SPIF focus on the analysis of changes in the topography of
the inner surface of the drawpieces. This surface is important from the technological point of view.
However, the outer surface is often painted and further processed, which also requires meeting certain
quality requirements. This article focuses on the analysis of the influence of SPIF process parameters
(step size, tool rotational speed, feed rate and forming strategy) on the quality of the outer surface of
conical drawpieces from commercially pure (CP) titanium sheets. The effect of tool rotation direction
in relation to feed direction on surface roughness has not been the subject of many studies. This aspect
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was also taken into account in our research. Due to the difficult to interpret relationship between input
parameters and surface roughness, multilayer artificial neural networks were used.

2. Materials and methods

2.1. Workpiece

Incremental forming tests were conducted using 0.4-mm-thick CP titanium sheets grade 2 in an-
nealed state. Chemical composition of the CP titanium sheet according to the requirements of the
ASTM B348 (American Society for Testing and Materials, 2019) standard are presented in Table 1.
The mechanical properties of the sheets were determined using a static uniaxial tensile test. The test
specimens were cut along the rolling direction (RD). Three specimens were tested and on this basis the
average values of selected mechanical parameters were determined. The average values of the basic
mechanical parameters are presented in Table 2. The surface roughness parameters of the blanks were
measured using a Bruker Contour GT 3D optical profilometer, in accordance with the 1SO 25178
standard (International Organization for Standardization, 2019). The values of the basic surface
roughness parameters were: Sa = 0.458 pm, Sz=4.63 pm, Sp =2.17 pum and Sv = 2.46 pm.

Table 1. Chemical composition (max., wt.%) of CP titanium sheet

Fe C O N H Ti
0.3 0.1 0.25 0.03 0.015 balance

Table 2. Results of uniaxial tensile tests for CP titanium sheets

Yiels stress Rpo.2 MPa | Ultimate tensile strengths Rm, MPa | Elongation at fracture A, %
463.0 616.2 21.6

2.2. Experimental procedure

Experiment was carried out on 3-axis milling CNC machine Makino PS95. Inside machine work-
ing space, specially created device (Fig. 1) for incremental sheet forming was mounted. The device
allows to fix up to @100 mm sheet blanks and such a titanium sheets were used in experiment. @8 mm
hemispherical tool, made of sintered tungsten carbide was applied to punch. Conical drawpiece with
a constant wall angle of 45° (Fig. 2) was selected as a specimen. Such a geometry allowed to achieve
specimen height up to 28.3 mm while starting from cone diameter @60 mm. Siemens NX CAM mod-
ule was used to generate spiral tool paths with constant step size. The tool path was generated based
on the desired drawpiece geometry (Fig. 2). The conventional SPIF and climb SPIF (Fig. 3) were con-
sidered. To improve friction conditions between tool and sheet, SAE 75W85 synthetic gear oil was
used. The SAE 75W-85 gear oil used in the tests provided adequate lubrication at the tool-sheet inter-
face. This lubricant was selected based on preliminary tests and work by Krasowski (2021) on incre-
mental forming of aluminium alloy sheets that are subject to galling.

N -

Fig. 1. Test stand configured for the experiment.
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Fig. 2. Geometry and dimensions (in mm) of the tool and the drawpiece.
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Fig. 3. The concept of conventional and climb SPIF.

Central composite design (CCD) was established to evaluate effect of forming parameters such as
tool rotational speed, feed rate and step size on inner and outer drawpiece surface quality. The follow-
ing variable process parameters were used: tool rotational speed varied from —600 to 600 rpm, feed
rate varied from 500 to 2000 mm/min and step size varied from 0,1 to 0.5 mm. Placing some experi-
mental runs outside the minimum and maximum factor ranges in CCD is a conscious strategy to obtain
more accurate and useful results, which translates into a better understanding of the process being
studied. Rotational speed values below zero means that the direction of the rotation has been switched
to opposite (from left to right). Such a combination of input parameters with CCD plan results in 20
runs, where only drawpieces formed completely (without crack) were taken into account. Details of
experiments are presented in paper (Szpunar et al., 2021). Only for some settings of SPIF parameters it
was possible to form the drawpieces with the desired height h = 28.3 mm. This article focuses on
modeling the surface roughness changes for successfully formed drawpieces with parameters shown in
Table 3.

Surface topographies were measured in an area of 3.0 x 2.5 mm at a location at half the height of
the drawpieces (Fig. 4) using a Talysurf CCI Lite profilometer. The average roughness Sa and the
maximum height of profile Sz were selected as roughness parameters for the analysis of topography
changes of the outer surface of the drawpieces. Due to the cyclic character of topography changes
resulting from the movement of the tool along the spiral trajectory, these parameters are most often
used and recommended for the analysis of topography of SPIFed components (Kurra et al., 2015).

Table 3. Experiment design according to central composite design.

Test no. Step size ap, mm Feed rate f, mm/min | Tool rotational speed n, rpm| Drawpiece height h, mm
1 0.3 1250 —200 28.3
2 0.1 2000 —600 28.3
3 0.3 1250 —790 28.3
4 0.5 500 600 28.3
5 0.3 1250 —400 28.3
6 0.1 500 600 28.3
7 0.1 500 —600 28.3
8 0.3 1250 790 28.3
9 0.5 2000 —600 28.3
10 0.5 2000 600 28.3
11 0.5 500 —600 28.3
12 0.3 1250 400 28.3
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Fig. 4. Place of measurement of the surface topography of the drawpieces.

2.3. Artificial neural networks

To analyse the influence of SPIF parameters on the roughness of the outer surface of the draw-
pieces, multilayer artificial neural networks (ANNs) were used, which are a module in the Statistica
program. The input parameters were step size, tool rotational speed, feed rate and forming strategy. In
the case of conventional strategy, the velocity value was negative (Szpunar et al., 2021). Neural net-
works with one output neuron were used. According to Garret et al. (1997), such an architecture is
sufficient to model any complex task. Separate networks were built taking into account the average
roughness Sa and maximum height of profile Sz at the output (Fig. 5).

hidden layer

Fig. 5. Architecture of ANN used.

After entering the input data into Statistica and normalizing them to the interval <0, 1>, the pro-
gram automatically performs the analysis for many ANN architectures with different numbers of neu-
rons in the output layer and determines the ANN with the best quality. A validation set was separated
from the training set and 20% of the data sets were randomly assigned to this set. The back propaga-
tion algorithm with momentum 0.3 and learning rate 0.1. was used to train the networks. This is the
most commonly used and considered the most effective algorithm for training multilayer ANNs. The
coefficient of determination R? between the experimental and predicted data was adopted as the net-
work quality indicator (Najm & Paniti, 2021b):

_ 2
Ly -9 =YL (vE—-yP) 1)

R? = 2
=07 =)

where n is number of measurement, yip is the prediction value of specific surface roughness parameter,
yi is the actual value of specific surface roughness parameter and ¥ is the average value of specific
surface roughness parameter.
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3. Results and discussion

The surface of the components formed with different machining parameters (Table 2) was charac-
terised by a rough structure resulting from the formation of the ‘orange peel’ effect. This mechanism is
created by the change in the orientation of the material grains caused by high subsurface stresses. The
outer surface of the drawpiece, during the interaction of the tool with its inner surface, is subjected to
local bending and tensile loads (Fang et al., 2014). The occurrence of such loads favours the occur-
rence of sheet metal surface defects in the form of voids and microcracks. The orange peel effect, pre-
sented in the photographs of the surfaces of selected incrementally formed drawpieces (Fig. 6), was
first described by Hosford and Caddell (1983). During SPIF processing, the grains of the internal
structure of the sheet material tend to thin out or change orientation. The outer surface of the draw-
pieces takes on a rough appearance due to the different orientations of the neighbouring grains on the
surface (Hamilton & Jeswiet, 2010). Due to the character of the orange peel, the outer surfaces of the
drawpieces can be divided into three groups: surfaces with a uniform surface of low roughness (Fig.
6a), surfaces with horizontal marks corresponding to the tool engagement on the inner surface of the
drawpiece (Fig. 6b), and surfaces with high roughness with uneven valleys (Fig. 6¢).

a)

Fig. 6. Outer surface of the drawpieces formed at: a) n = 400 rpm, f = 1250 mm/min, a, = 0.3 mm, climb strategy; b) n = 600
rpm, f = 2000 mm/min, ap = 0.5 mm, conventional strategy; c) n = 600 rpm, f = 500 mm/min, a, = 0.1 mm, conventional
strategy.

Average roughness values and maximum height of profile are shown in Table 4. The average
roughness values varied between 2.77 and 3.98 um. The maximum height of profile varied in a much
larger range between 74 and 239 pum. It should be mentioned that average roughness Sa and maximum
height of profile Sz of as-received sheet metal were 0.458 pm and 4.63 pm, respectively. The outer
surface topographies of the selected drawpieces are shown in Fig. 7. The outer surface of the draw-
pieces consists of evenly distributed dimples (Fig. 8). At high magnification (Fig. 8d) one can see
dimples of various sizes, the character of which is similar to the surface of a ductile fracture.

Table 4. Selected surface roughness parameters measured on the outer surface of the cones.

Test no. Sa, pm Sz, pm
1 2.77 74.3
2 3.98 136
3 34 108
4 3.7 168
5 3.21 239
6 3.42 100
7 3.45 142
8 3.55 195
9 3.38 149
10 2.83 74
11 3.38 103
12 2.95 74.8
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Fig. 7. Topography of the outside surface of the drawpieces formed at a) ap = 0.5 mm, f = 1250 mm/min, n = —200 rpm; b)
ap = 0.1 mm, f =500 mm/min, n = 600 rpm and c) ap = 0.1 mm, f=2000 mm/min, n = -600 rpm.

Fig. 8. SEM micrographs of the outer surface of the drawpiece formed with n = 790 rpm, f = 1250 mm/min ap = 0.3 mm,
conventional strategy, at magnifications: a) 540x, b) 790x%, ¢) 1700x and d) 3400x.

After data analysis, the Statistica program proposed the best network architecture, separately for
the Sa parameter and separately for the Sz parameter. In both cases, it was a network with 7 neurons in
the hidden layer: ANN 3:3-7-1:1. The regression statistics of the obtained networks are presented in
Table 5. The coefficients of determination R? for both networks exceed 0.92 (0.98 for analysed Sa
parameter), so it can be assumed that the neural networks satisfactorily reproduce the experimental
data. It should be noted that the amount of training data was not large, and yet the ANNs adapted to
the training data in an acceptable way.

Table 5. Regression statistics of ANNSs.

Output variable Sa Sz

data mean 3.307 131.41

standard deviation of data 0.3806442 55.98477
error mean 0.0001329 0.001395
standard deviation of errors 0.07404 28.94689
absolute terror mean 0.03912 20.51552
standard deviation ratio 0.1945242 0.5170494
Coefficient oif determination R? 0.9809132 0.922311

Advances in Mechanical and Materials Engineering, Volume 41, 2024, Pages 221-231 ISSN 2956-4794



228 M. Szpunar, R. Ostrowski, A. Dzierwa

Analyzing the response surfaces for average roughness as output variable (Fig. 9), it can be seen
that the average roughness of the outer surface of drawpieces is sensitive to the change of tool rota-
tional speed (Figs. 9a and 9b) in relation to the direction of feed rate (forming strategy). In conven-
tional strategy, the values of the Sa parameter are definitely higher than during forming with the climb
strategy. Increasing the feed rate with the climb strategy causes an increase in the Sa parameter (Fig.
9a). The opposite relationship occurs when forming according to the conventional strategy (Fig. 9a). It
can be stated that the step size, when we consider this parameter together with the tool rotational speed
(Fig. 9b), has a small effect on the average roughness. The effect of the step size in interaction with the
feed rate is more significant (Fig. 9c). At low feed rate (500 mm/min), increasing the step size causes
an increase in the Sa parameter. At high feed rate (2000 mm/min), increasing the step size reduces the
average roughness. The rotational speed determines the frictional interaction of the tools with the sheet
metal surface. A small feed rate causes faster local heating of the surface asperities, which on the one
hand facilitates the forming of the sheet metal, but at the same time at an elevated temperature the tool
has a more intensive impact on the deterioration of the surface quality (Fig. 9c).
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Fig. 9. Response surfaces of ANN showing the effect of a) tool rotational speed and feed rate, b) step size and tool rotational
speed, and (c) step size and feed rate on the value of Sa parameter.

Figure 10 shows the response surfaces for maximum height of profile Sz. At a small tool feed rate
(500 rpm), increasing the step size causes a decrease in the Sz parameter. At a large tool feed rate
(2000 rpm), the effect of the step size is negligible. The effect of feed rate in combination with step
size (Fig. 10c) is rather clear, increasing the feed rate increases the maximum height of profile of outer
surface. The effect of tool rotational speed and step size (Fig. 10a), and feed rate and tool rotational
speed (Fig. 10b) is more complex. Regardless of the rotational speed, decreasing the step size causes
an increase in the Sz parameter (Fig. 10a).
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789.64 0.1

Fig. 10. Response surfaces of ANN showing the effect of a) tool rotational speed and step size, b) feed rate and tool rotation-
al speed, and (c) step size and feed rate on the value of Sz parameter.

4. Conclusions

The article presents the results of experimental studies of changes in basic surface roughness pa-
rameters during the forming of conical drawpieces from commercially pure thin titanium sheets and
their analysis using multilayer artificial neural network models. The conducted analyses allow for the
following main conclusions to be drawn:

e The change in the topography of the outer surface of the drawpieces, depending on the form-
ing parameters, can have a different character: uniform topography with low roughness, to-
pography with horizontal marks corresponding to the tool engagement on the inner surface of
the drawpiece and topography with high roughness with uneven valleys.

o Orange peel effect leads to plastic deformation of surface asperities, causing the formation of
a grid with small dimples on the sheet metal surface, which roughly correspond to the view of
ductile fracture.

e Based on the response surfaces of ANN, it can be stated that in the conventional strategy the
average roughness Sa values are higher than during machining with the climb strategy. Reduc-
ing the feed rate with the climb strategy causes a decrease in the Sa parameter. The opposite
relationship occurs when forming according to the conventional strategy.

e At asmall tool feed rate (500 mm/min), reducing the step size causes an increase in the Sz pa-
rameter. At a large tool feed rate (2000 mm/min), the effect of the step size on the Sz parame-
ter is negligible.

In future studies, it is planned to analyse the type of lubricant on the surface roughness of the in-
ner and outer surfaces of the drawpieces. In addition, a problem that does not find wide research inter-
est in the literature is the effect of the tool surface roughness on the resulting surface roughness of the
drawpiece formed by the SPIF technique. Increasing the amount of training data will affect the better
quality of the neural network models.
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Wplyw Parametréw Procesu Ksztaltowania Punktowego na Chropowatos$é
Powierzchni Zewnetrznej Wytloczek Stozkowych Wykonanych z Blach Tytanowych

Streszczenie

Wraz z upowszechnieniem obrabiarek sterowanych numerycznie, proces punktowego formowania przyro-
stowego cieszy si¢ rosngcym zainteresowaniem w przemysle. W artykule przedstawiono wyniki badan
wptywu parametrow procesu formowania (krok narze¢dzia, predko$é obrotowa narzgdzia, predkos$¢ posuwu
i strategia formowania) na chropowato$¢ powierzchni zewngtrznej wytloczek stozkowych ksztaltowanych
z blach tytanowych o czystosci technicznej. Przeanalizowano dwa podstawowe parametry chropowato$ci,
$rednig arytmetyczng wysoko$¢ powierzchni Sa i maksymalng wysokosé powierzchni Sz. Wptyw parame-
trow procesu ksztaltowania przyrostowego na chropowato$¢ powierzchni analizowano przy uzyciu wielowar-
stwowych sztucznych sieci neuronowych. Stwierdzono, ze zmniejszenie predkosci posuwu przy przeciwbiez-
nej strategii obrobki powoduje zmniejszenie $redniej chropowatosci Sa. Odwrotna zalezno$¢ zaobserwowano
podczas formowania wedlug strategii wspotbieznej. Przy matej predkosci posuwu narzedzia (500 mm/min)
zmniejszenie wartosci kroku narzedzia spowodowato wzrost parametru Sz. Przy duzej predkosci posuwu na-
rzedzia (2000 mm/min) wptyw warto$ci kroku narze¢dzia jest pomijalny.

Stowa kluczowe: sztuczne sieci neuronowe, przyrostowe ksztattowanie blach, ksztaltowanie blach, SPIF,
chropowato$¢ powierzchni
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