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Abstract

Single point incremental forming (SPIF) process lmeven benefitsin terms of formability,
flexibility, and low costis compared toconventionalsheet forming although it has some issues
such asdimensional accuracy anidw quality of surface finistior some materialsThe SPIF is
considered as a potential method of producing customised medical parts such as craniofacial
implants usingtitanium sheet.This investigation aims to anag/he overallsurface roughnessf
grade 1pure titanium along the wall othe hyperbolic truncated conéormed bythe SPIFprocess

with different forming parameterdi.e., forming tool diameter, step size, and feed ratédcus
variation microscopyvas used to measure the surface roughness experimentally atengall of

the truncated coneAbaqus/Explicit was used to predict the equivalent stress and equivalent plastic
strain along the wall of the truncated cone part from the top to frecturedregion toevaluatethe
relationship between the stress, straiand roughness distributiarit was found that the surface
roughness changewith the deformed part height and rough surface could be produced in the
region of highequivalentstressand low equivalent plastic strainSuch a surface roughness and
equivalentstress and plastic strain gelation has a clear implication to the design and the surface

guality of sheet parts made by SPIF.
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1. Introduction

In the single point incremental forming (SPIF) process, the blank sheet is converted to the
appropriate shape by applying load in incremental mode using a hemispheric tool that follows
certaintool path operatedby usinga computer numerical contrglCNC)nachine.The SPIF process

is an attractive concept for small scale and cussaaliproduction.The accurate evaluation and
analysis of the surface roughness of the SPIF components is considered to be one of the key

challengesn order to move the SPIprocess tothe nextstage oftechnical maturity.

Several articles on the surface roughness of the SPIF components have been pudllistiedhich

aim at achievingeduced surface roughness of the deformed parts through the SPIF process. Several
parameterse.g. step size, feed rate, tool rotation speed and direction, tool material, tool path, and
wall angle have been taken into accoutd select a suitable valgeof parameterso enhance the
surface quality[1]. The SPIF part's surface roughness was measured in two directions, in the
advanangdirection of the tool and the perpendicular one. The rbaogss in the advancing direction

of the tool was observed to eughlythe half the roughnes the perpendicular directiof2]. The

tool path of the twapoint incremental sheet forming was evaluated and optimized to achieve the
best surface quality. It was found that the correct choice of the scallop height and stepasze
effectiveto help improve the surface quality of the final paf®. Experimentally, the effect diie

SPIF tool rotatio on the surface quality of AA707/® sheets has been emphsesd. It was pointed

out that the surface roughness decreased fronman-rotating tool by less than 10 percerds
compared to the same process using a rotating {ddl The effect of high tool rotational speeds
and feed rate on the surface roughness of Al36031 sheetsvasinvestigated and analgsl in the

SPIF process. The findings showed that the surface roughness is more sensitive to the step size and
the ratio of forming wall angle to tool diametgs]. The influence of the formingarameters on the
surface of medical implants produced through the SPIF process was investigaéed on
experimental testing The results showed that the friction condition between the forming tool and
the blank surface and the roughness of the formiogl affectedthe surface quality of the medical
parts althoughthe diameter of the toohad a less effect othe roughness of the surface of the
deformed part[6]. The effect of tool diameter, the forming angle, and the step size of the SPIF
process on the surface roughness of AI5052 sheatsimvestigated based on B&ehnken method.

It was found that the roughness of the deformed parts decreased thélincreaseof tool diameter

and forming angleOn the other hangthe increase in step sizesultedin an increased roughness
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until the reach ofa certain forming anglg7]. To assess the effect of hot SPIF parameters on surface
quality, the suface roughness of three lightweight alloy sheets (magnesium AZBIBuminium
AA2024T3, and titanium Ti6Al4\Wvas measuredby using a hot SPIF process with various
parameters. The surface roughness increases were found with an incréxasedngle ancenergy

input [8]. An algorithm based on the specific critical edges was used to generate the tool path of the
SPIF process. There was an evidence that the critical edges of the deformed components had a
better surface finish, particularly in the nédvorizontal edgdg9]. A SPIF tool was constructed from
acetal to investigatehe effect of forming tool material on the surface quality of the aluminium
sheet. The use of acetal tools in comparison to traditional &®IF made ofcarbidesteel shows

that isotropic surface roughness may be produdé®).

A mathematical relationship between the forming parameters and surface roughness was derived
using response surface methodology to opsenthe surface roughness of AA050 aluminium alloy
sheets deformed by the SPIF process. The results showed thatuitable selection of SPIF
parameters could beemployed toenhance the surface roughness of deformed p4dft$]. An
oblique roller SPIF tool was developed to reduce the effect of the friction on the surface finish of
AA6111, AA2024, AA1100, and AA5052 sheets. It was found that the friction can be reduced, and
good surface quality parts could be produced when replacingrduditional SPIF tool with a roller

based tool[12]. Different techniques (Genetic Programming, Artificial Neural Networks, and
Support Vector Regression) have been used to build predictive models for the surface roughness of
extra deep drawingsted parts through SPIFprocess The step size, tool diameter, feed rate,
lubricant, and forming angle were considered as variables in these models. The predicted surface
roughness values showed that such models could be used with a small percentage of the error to
potentially predict surface roughne$$3]. Nakajima test wasised to construct the forming limit
diagram of medicafrade titanium sheets at necking and fracture. The forming limit curve at
fracture was compared with the fracture date of the SPIF process. The results showed the capability
of the Nakajima test to deribe the fracture of medicajrade titanium sheets of SHIF]. Using an
artificial neural network, the average surface roughness of the AABE2ZSPIF components was
evaluated. The predicted surface ruggedness values were compéiteexperimentalresults The

neural network was found to be capable pfedicting the surface roughness of SRdFmed
components with reasonable precisi¢h5]. The finite element approach was used to investigate

the effect of ultrasonic vibratio on the incremental sheet forming process of-nietal



steel/titanium sheets Ultrasonic vibration has been shown to increake surface quality by
reducing the friction coefficient between the forming tool and thentetal steel/titanium sheet

[16]. A multistage SPIF process with different tool shapes (flat and hemispherical tools) was
employed to develop a fldbase aerospace component. The results showed that complex
geometers could be produced by multistage SPIF and flat forming toatevesdered suitable for
flat-base component$17]. Various tool pathdave been generated based on a compta@ted
manufacturing approach to improving the quality of SPIF components. It was found that this
approach could improve the surface quality of the produced p4dii8]. The effects of workpiece
geometry, tools size and sheet thickness on the formabilitpafcarbonate sheets have been
studied by means of experimental work and a finite element simulation. The findings have shown
that the geometry of the workpiece and the tool size have an important influence on formability,

while the thickness of the sheéts a minor effecf19].

To obtain the best correlation between the Spd#fameters and their effect on DC01, AA1050, and
CuBe2 sheed surface roughness, the response surface methodology was combined with Taguchi's
grey relational analysis. The variance analysis showed that the lubricant and the type of material
had a major dkect on the surface roughness of the deformed pd@8]. A parametric study was
conducted to evaluate the effect of resistance SPIF parameters on the surface finish of Ti6AI4V
titanium alloy sheets using the Taguchi method and analysis of varianeas lconcluded that the

step size, lubricant, and feed rate have a significant effect on the surface roughness of the deformed
parts and the best surface finish could be produced when a graplaised antiseize compound

was utilized as a lubricaf2l]. A multipoint tool was used to improve the surface finish of grade
202 austenitic stainlessteel parts produced by the SPIF process and the roughness results were
compared with the conventional SPIF tool using a thdeeensional surfaceoughness test. The
results of the study revealed that the mufibint tool works in order to improve SPIF parts' surface
finish compared to conventional toolR22]. Elastic deflection and plastic deformation were
considered to establish an analytical surface roughness model to predict the surface quality of the
ISF components. The results showed there is a relationship between the surface scallop and
thickness of theleformed part23]. A predictive toolpath control algorithm was proposed to reduce

the geometric errors of complex SPIF compdseifhe results showed that the closkmbp path

minimized geometric error§24]. The finite element simulation method has been developed to



simulate locabed convective heating in the SPIF process. It was found that the methodgeduel

could be used as part of the temperatudependent finite element model of the SPIF procg3s).

It is evident from literature thaéfforts havebeen made to determine the effect of SPIF parameters
on the surface quality of the deformeambmponentsn a specified areénot the entire surface aly

the wall of the productpased orthe experimental investigatiolr usingempirical and analytical
models From the above investigations, it can be concluded that there is a knowledge gap about the
impact of the SPIF parameters (i.e., tool size, siep, and feed rate) on the surface roughness of
the deformed parts; some studies indicate that the increase in the values of forming parameters
improves the surface quality, while others argue that the increase in the values of forming
parameters has a deamental influence on the surface qualitfzurthermore, thereis a lack of
specific knowledgeegardingthe distribution ofthe overallsurface roughnesalong theheight of

the deformed partsaand the relationship between surface quality and stress arairsdistribution.

In combinationof the experimental work and finite element analysthis investigation aim$o
provide a in-depth understanding of the influence of SPIF parameters on diserall surface
roughnessf gradel pure titanium sheetalongthe wall of the hyperbolic truncated corand to
establish a relationship between the distribution of the equivalsineéss equivalent plastictrain,

and the surface roughness
2. Experimental setup arfdEmodelling

This research was performed using a grddpure titanium sheet of 0.7 mm thicknesBensile
samples were designed and manufactured according to the BS EN1(Bf2sh specification for
evaluating the mechanical charactgiion of the titanium sheeaindtested at room temperature
The mechanical properties of grade 1 pure titaniuame givenin Table 1.To carry out the
experimental work othe SPIF test a clamping frame was designed and manufactured to hold the
sheetof the pure titanium with size 140 mm x 140 nduaring the forming pocess. This frame is
mounted on the tableof a HURCO (VM1@NQOmilling machine as shown in FiguteA tool path
was generatedo form the hyperbolic truncated cone with varying wall angles under different
conditions of SPIparameters Togain abetter understandng ofthe surface roughness distribution
of the titanium sheets along the deformed hyperbolic truncated cone wall under various SPIF
parametersthe SPIF test waserformedwith different values othe tool diameter (8, 10, and 15
mm), step siz€0.2, 0.4, and 0.6 mm), and feed rate (1000, 2000, and 3000 mm/Racpl RDT



greasecompound was used as a lubnmtdetween the Ti sheet and the forming tool to reduce the

friction effect and improve the surface finish.

Table 1 Mechanical properties ofedical grade 1 pure titanium.

,2dzy3Qa t2Aaazy Yield stress  Ultimate tensile stress  Density
108 GPa 0.34 223.49 MPa 363 MPa 4505kg/m”"3




Figure 1IExperimental setup adingle point incremental forming process CNC milling machine

anddeformed specimes

The surface roughness of the formed components is considem@dportant parameter in the SPIF
process for evaluating the quality of the product as well as having a major impact on the product's
aestheticappearancend functionality.The average roughness parametes) (R commonly used to
guantify the surface roughness of the produdis.the present investigation, thiocus variation
microscopy(Alicona G4 Infinite Focus (IF) sysjemas used to measure surface roughnesas
received sheet andlong thedeformedhyperbolic truncated cone wall of the pure Ti sheet as shown
in Figure2. The use of the infinite Focus system is according to the rmmtact optical 3D
measurement procedurelhe Infinite Focus system is a madbgical tool used to measure surface
roughness by focusing variatiohhroughout this studythe wall of the hyperbolic truncated cone
was scanned by the infinite Focus system from the transition zone betwednyltd the truncated
cone and inclined whto the transition zone between the inclined wall thie truncated cone and
the bottom surface as shown in Figu2eEach measurement of roughness was repeated three times

and the average dhe readings was taken to improve the precision of the measumein
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Figure ZExperimental setup of surface roughness test using Alicona G4 Infinite Focus (IF) system.

To evaluate and analgghe equivalentstress andequivalent plasticstrain along the wall of SPIF

parts, a 3D elastplastic finite element model was establisheding Abaqus/ExplicitHyperbolic



truncated cone shape with varying wall angfrom 22 to 80 ) was utilsed as a benchmark in this
investigation Figure3 showsthe geometric shape dhe hyperbolic truncated cone profile arttle
finite element model of the SPIF procesheforming tool, blankholder, and backinglate were all
modelled as analytical rigid bodies:n8de hexahedral solid elements with regkd integration
(C3D8R) ereemployed to mesh the pure titanium sheet. To consider the effect of friction between
the pure titanium sheet and the forming toahd between the titanium sheet and fixtures (blank
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Figure 3 (a)Geometric shape of hyperbolic truncated cone part doxfinite element model of single

point incremental forming.
3. Results and discussion

The surface roughness of the-agceived sheet was measured using the Alicona G4 Infinite Focus

(IF) systemalong the path equal to the fracture deptbf the deformed part (32 mm)This
measurement data was usex$ a reference in order to determine and &rse the effect of the SPIF
parametersj.e.,tool size stepsize, and feed rate on the surface quality of the grade 1 pure titanium
deformed part. The surface profile of the-eeceived Ti sheet is shown in Figdrevith an average
roughness Ravalueegd G2 ndmMuHdpp >Yd CNRY (GKS FAIdzNBI )

uniform along the measured path, and there is no clear change in the height of the maximum wave.
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Figure 4 The surface roughness profile of undeformed pure titanium sheet.

Under various SPIF procesg conditions the roughness was measured in the direction of
incremental depth on the inner surface of the hyperbolic truncated cone. Figah®ws the effect

of the tool diameter, step size, and feed rate on the average surface roughness of the produced
components. It is evident from the figure that the Ra decreases wwitteasedool size and step

size the same trend has been identified the previous studie§3, 26} while the averagealue of

the roughness is decreased then increased when the feedwatechanged from 1000 mm/min to
3000 mm/min these results are consistent with previous study of Silva et l7]. The Ra is
decreased by 21% and 16.5% when the step size increased from 0.2 mm to 0.6 mm, and the tool
diameter is changed from 10 mm to 15 mm, respectively. The effect of feed rate on the surface
roughness is inconsistenThere wasl4.5%surface roughness reductiomhen the feed ratewas
increased from 1000 mm/min to 2000 mm/min and 9% when the feed rate is 3000 mm/mifhe
decrease in surface roughness with an increase ingzelcan be attributed to an increase in the

overlap betwea the nearby paths.



10 10

Surface Roughness R, [um]
Surface Roughness R, [um]

072 Ol4 OTG ;3 1l0 115
Step Size [mm] Tool Diameter [mm]

(a) (b)

0

-

» (o] o2
1 1 I

Surface Roughness R, [um]

N
i

T T T
1000 2000 3000
Feed Rate [mm/min]

(c)

Figure 5 Effect of SPIF process parameters on the average surface roughness: (a) effect of step

size, (b) effect tool diameter, and (c) effect of feed rate.

The surface roughness distribution along the wall of the tried@one was measured from the top

to the bottom of the cone under different conditions as shown in Figuréigure 7 demonstrates
the distribution of surface profiles under different SPIF conditidhs noted that when the SPIF
parameters are alteredthe waviness height and the spacing between the waviness could be
changed. Frorthe figureshownthe waviness height is reduced when the step armool diameter
areincreasedand better surface finish is produced. The distribution of the roughnedsmwarious
feed rates is illustrated in Figuié(c). It is evident from thefigure that better surface roughness
distribution can be achieved with the feed rate of 2000 mm/miincan be concluded that a

satisfactory surface quality may be obtained when the optimum SPIF parameters are used.
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AZ0.2 T10 V1000, Fracture Depth = 32.2 mm AZ0.4 T10 V1000, Fracture Depth =32 mm

AZ0.2 T8 V1000, Fracture Depth = 35.1 mm

-

AZ0.2 T15 V1000, Fracture Depth = 29.86 mm

y wmﬂ
. &

AZ0.2 T10 V3000, Fracture Depth =29.7 mm

Figure 6rhe scanned surface and fracture deptthgperbolic truncated cones resulting from the SPIF

under various process conditionse(,kZ=step size, T=tool diameter, and V=feed rate)
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Figure8 shows the inner surface of the truncated cone (scanned surface) from the top (right hand)

to the bottom (left hand) of the cone. It is observed that there is a burnishing area, andictp

ridges start from the transition area between the top of the e@nd the inclined wall and disappear

gradually with increasing the depth of the cone. With a small step size (0.2 mm) and tool diameter

(8 mm), and a low feed rate of 2000 mm/min, the ridges eearer, and they are reduced when

the step size, tool dianter, and feed rate are increasetdhe stepdown ridges and burnishing are

generated at the beginning of the SPIF prodéss wall angle)ecausethe truncated cone with a

low wall angle is subjected to a low amount of stretching fowh increasecamount of stretching

force due to the long tool traveling (high wall angle) the stiepvn ridges and burnishing are

disappeared.
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Figure7 Effect of SPIF parameters surface roughness distribution along the hyperbolic truncated

cone: (a) effect of step sizéb) effect tool diameter, and (c) effect of feed rate.
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Figure8 Topography of deformed pure titanium sheet under different SPIF parameters.

Abaqus/Explicit was used wimulate the SPIF process andpedict the equivalentstress and
equivalent plast strain along the wall of the truncated cone part from the top to frectured

region to determine the relationship between the stress, strain, and roughness distribution. The
average value of stress from each element along the wall was drawn relatilie forming depth.

Three step size values of 0.2, 0.4, and 0.6 mm with a constant tool diameter (10 mm) and feed rate
(1000 mm/min) were used to investigate the effect of step sizehanstress distribution. Figur@

(a) demonstrates the distribution athe stress along the truncated cone wall under different step
sizes. It is clear from the figure that high values of stress at the transition region between the top
and inclined wall of the cone and this stress is reduced gradually until a certain vatubgbomes

almost constant. High stress could be produced with the large value of step size and it is reduced
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