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ABSTRACT 
Hard to form Ti6Al4V alloy sheet materials are widely used for different industrial 

products because of their superior mechanical properties in corrosion resistance, high 

strength-to-weight ratio, and biocompatibility. However, since Ti6Al4V is difficult to 

deform at room temperature due to poor formability, and deformed at elevated 

temperature. On other hand, the recent market needs have changed from mass production 

to small batch production such as rapid prototyping as well as customization in sheet metal 

industry. In conventional sheet metal forming, the cost of specialized tooling and larger 

lead time are major issues.  

In order to solve these problems, Single Point Incremental Forming (SPIF) sheet metal 

process technology can be used to form a variety of sheet metal parts in small batches and 

prototypes, without use of dedicated tooling at a lower cost. The main attractive features of 

this process are, reduced forming forces, simple tooling, enhanced formability and greater 

process flexibility as compared to conventional forming process. SPIF finds application in 

forming of complex 3D shapes, headlight casing of automobiles, aerospace industry, 

fuselage parts of the aero-plane, automotive service panels, and customized biomedical 

components such as ankle support, plate prosthesis, implants for arthroplasty and cranial 

implants etc. 

A large number of input parameters and outcomes requires to characterize SPIF process. It 

is important to categories the various input parameters that affect the process, such as the 

material parameters, geometrical parameters, and process parameters. Due to several 

process limitations, material properties such as Young modulus, work hardening exponent, 

material anisotropy, and geometrical parameters such as part shape, wall angle, and sheet 

thickness are scarcely changed. However, the process designer has the options to change 

the process parameters like, step size, spindle speed, feed rate, tool diameter, lubrication, 

tool shape etc. Moreover, the SPIF process is difficult to implement for industrial 

applications due to the lack of information regarding the process parameters. On an 

industrial scale, SPIF compatibility can only be improved by emphasizing important 

guidelines regarding the relationship between input parameters and process responses. For 

a process engineer to implement a process on an industrial scale, the effects of each 

process parameter on the precision of formed components should be taken into 

consideration. Further, the effects of some parameters are still under debate, whereas some 
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results are contradictory. Hence, limited data related to parametric influence and 

optimization of the process has motivated to undertake a systematic investigation of the 

process parameters. Ti6Al4V (Ti Gr-5) sheets, which are widely utilized in automotive, 

aerospace, and biomedical applications, need to be formed with the best possible results in 

terms of forming force, surface roughness, and formability. 

The present work, realizing the potential advantages of the SPIF process, focuses on 

determining suitable process parameters that are to be optimized from literature and with 

available knowledge of the process for the Ti6Al4V sheet in the SPIF process. The 

experimental study is conducted in various phases: preliminary investigation, secondary 

investigation and final investigation. Preliminary experiments are carried out to study the 

feasibility of Ti6Al4V sheet forming at room temperature and evaluated the maximum safe 

forming angle of formed part with the critical input parameters in SPIF process. Later, 

Taguchi-based experimental study is planned and optimization of the process is carried 

out. The effect of process parameters with varying speed, feed, step size and tool diameter 

on responses such as forming force, surface roughness, and formability has been studied in 

this process. Taguchi based, L16 orthogonal array is finalized with four parameters, out of 

which three parameters with four levels and one parameter with two levels are considered.  

Experimentation is carried out considering the L16 orthogonal array and forming force, 

surface roughness and formability are optimized. Predicted optimal solutions are validated 

with experimentally result using the suggested set of process parameters. The work is 

further extended to study the effect of lubricants and process variables on surface 

roughness, wall thickness distribution, and orange peel effect of formed part. Experiments 

are conducted on Ti6Al4V alloy sheets using a CNC milling machine (Jyoti Px- 10). The 

tool dynamometer (Kistler-9272) was placed between SPIF fixture and machine tool table 

in order to record online forming force. The Mitutoyo SJ-400A model of roughness tester 

was used to measure the surface roughness value of formed components. Forming depth 

was reported directly from the display control unit of CNC measured with Vernier height 

gauge. The maximum temperature is measured through infrared non-contact gun during 

forming of sheet. 

Experimentation results of different process variables on response characteristics are 

analyzed using the Taguchi Method (TM). The results from confirmatory trials at the 

optimum values of input parameters are used to validate the expected outcomes derived 
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from study of responding characteristics including forming force, surface roughness, and 

formability.  

Based on the experimental investigation results, the forming force was found to increase 

with the increase in step size, feed rate and tool diameter, whereas it is found to decrease 

with increase in spindle speed. The average roughness of formed parts is found increases 

with step size, feed and speed whereas decreases with tool diameter. The formability of the 

material (i.e. fracture depth) is found to decrease with, the increase in step size wherein 

increases with increasing in feed and tool diameter. For the purpose of producing industrial 

components, safe and essential levels of each output variable are specified. These levels 

can be used as a variable to change process parameters by continuously comparing crucial 

value and instant value. Consequently, with the provided guidelines regarding a 

relationship between input parameters and output variables, SPIF suitability can be 

improved on an industrial scale. Prediction regression models are also computed for 

forming force, surface roughness, and formability using MINITAB-17 software. Models 

are validated with experimental results with optimum set of parameters for each response 

under consideration. Further, model of forming force is also validated with the published 

result. Moreover, multi optimization studies are carried out using Taguchi-based Grey 

Relational Analysis (GRA).  

Attempt is made to explores the forming of hard-to-form material (Ti6Al4V) by varying 

input parameters through SPIF process. Work also focuses on optimization of process and 

its validation. This work provides an insight into the further development of SPIF 

technology for hard-to-form material. 

 

Keywords: Single point incremental forming, Optimization, Ti6Al4V, Process parameters, 

Forming force, Surface quality, Formability, ANOVA, Taguchi. Grey Relation Analysis 

(GRA). 
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INTRODUCTION 

The research presented in this research work focuses on the experimental parametric 

investigation and optimization of the Single Point Incremental Forming (SPIF) technique 

for hard to form sheet material. The benefit of further research and work optimization will 

speed up the production of complicated sheet parts made of difficult-to-form alloy 

material such as Ti6Al4V sheet used in the automotive, aerospace-aviation, and bio-

medical industries. This chapter highlights a brief background and motivation for present 

research work, a general introduction of SPIF process with its benefit, limitations and 

applications of the process, followed by the organization of thesis.  

1.1 Background and Motivation 

Sheet Metal forming process is one of the most common metal manufacturing process of 

bulk manufacturing processes. Metal with a high surface area to volume ratio is referred 

to as sheet metal. It is a prominent manufacturing method used in the well-developed 

automotive, aerospace, home appliance, and electrical industries. Over the years, 

researchers have developed variety of strategies to shape the sheet into the desired shape 

for various applications. The manufacturing sector in 20th century focused mainly on mass 

production methods to reduce the manufacturing costs. Conventional sheet metal forming 

processes such as, deep drawing and stamping have been very popular for mass 

production of sheet metal products till today. The process is furnished by punches, 

complex dies and heavy press machines for manufacturing of different sheet metal part. 

Sheet metal formed product are ready to use, as they are geometrically accurate and 

having good surface finish.  
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In the 21st century, today’s industrial markets are a highly competitive & dynamic in 

design of parts for customization and quality production. There is a drastic reduction in 

product life cycle, many new products entered the market and every new product requires 

prototype testing. Moreover, small batch production and custom specific production 

became a necessity in many industrial sectors. The industry demands intelligent, flexible 

and affordable technology to manufacture large complex parts in small batches with high 

accuracy and reproducibility.  In this context conventional mass production techniques 

are not economical due to their complex tooling, long processing times as well as big 

problem in tooling (punch and dies) storage for automobile industry, because the part size 

is large. Present manufacturing technologies are focusing for the development of 

sophisticated and swift technologies compatible enough to handle the new age market 

requirements of newer products. 

Many new processes have been developed in the last decade such as super-plastic 

forming, electromagnetic forming, explosive forming, electro forming etc., to meet the 

demands from manufacturing sector for shorter lead time with lower tooling cost. 

Incremental sheet forming (ISF) process seems to be promising technology and an 

innovative flexible forming process using common tooling, which reduces considerably 

time for product development. It opts for customized, prototyping, and low volume 

production of complex sheet metal parts (Hagan and Jeswiet, 2003; Hussain et al., 2009). 

The part development process, which is based on the CAD/CAM part models, uses a 

layer-by-layer formation trajectory. A numerically controlled tool moves along a tool path 

on the surface of a clamped sheet to achieve the actual shaping by causing local plastic 

deformation. Every time a small part of the product will deform, and the complete product 

is influenced by local deformation (Jeswiet et al., 2005). Hard to form material such as 

Ti-alloy sheet is formed with higher formability by ISF process as compared to 

conventional forming process at room temperature. Due to it is improved formability, 

greater process flexibility and reduced forming force, SPIF process became a zone of 

interest for both industry and academia since last two decades. However, the process is 

also hamper for surface roughness, geometry accuracy and longer forming time for 

industrialization. In this context, present research work has been carried out based on the 

investigation and optimization of SPIF process for hard to form material. 
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1.2 Incremental Sheet Forming  

In accordance with its objectives, the ISF process can be divided into a number of 

categories. Classification of this process is determined by a number of ISF variables and 

variants. ISF is classified as Single Point Incremental Forming (SPIF), Double Sided 

Incremental Forming (DSIF) or Two Point Incremental Forming (TPIF), and Hybrid 

Forming based on forming techniques. As depicted in Fig. 1.1a, SPIF is also referred as 

negative incremental forming. It is really die-less forming technology, as Leszak had 

intended (1967). In the SPIF process, the lower surface of sheet does not come in contact 

with any kind of support, and various stress-strain patterns can be seen during the 

deformation 

 

Figure 1.1 Types of incremental forming processes: (a) SPIF, (b) TPIF with a partial 

die, (c) TPIF with a full die, (d) DSIF/TPIF with counter tool: 1—frame, 2—forming 

tool, 3—fixture, 4—workpiece (starting position), 5—partial die, 6—full die, 7—

counter tool 

 

in the sheet (Verbert et al., 2008). To improve the dimensional accuracy of the formed 

components, a counter tool or slave tool is used in DSIF to support the forming tool (Fig. 

1.1d). TPIF process can be accomplished with partial die (Fig. 1.1b) or full die (Fig. 1.1c). 



  
 INTRODUCTION 

 
4 | P a g e  

 

In a TPIF process, there are two contacts: one between the sheet metal and the forming 

tool, and the other between the sheet metal and a support item such as a die or an auxiliary 

tool. Araghi et al., (2009) presented a hybrid approach that combines stretch forming with 

incremental forming to generate a spherical cap with circumferential grooves. Using this 

method, the forming time can be cut in half or even more. 

Additionally, two other approaches—single stage and multiple stages—can be used to 

carry out the ISF procedure. In single-stage forming, the forming sheet is secured in the 

fixture and then deformed one contour at a time in the horizontal plane using a rigid tool. 

After each contour, a vertical step down is carried out. Due to the constraint of the sine 

law, which states that “thickness would become zero and strain would become infinite at 

a 90° wall angle”, SPIF is not practical for manufacturing components with 90° wall angle 

(Petek et al., 2009). In general, employing SPIF with a single stage method, aluminium 

and steel alloys can be produced up to a 70° wall angle (Duflou et al., 2005). By adopting 

multistage forming techniques, the challenge of constructing a 90° wall angle in a single 

stage strategy can be eliminated, and various attempts have been noted in the literature 

for the same (Centeno et al., 2014). Further, ISF process is also carried out with assistance 

of laser heat, Electric heat, Induction heat, Water jet, Ultrasonic and, Friction heat for 

hard to form material.  

1.3 Single Point Incremental Forming (SPIF) Process 

The TPIF process requires partial or full dies in order to form the required shape. 

Similarly, DSIF requires a counter or slave tool at the back side of the sheet, which makes 

the process complex. SPIF is enhanced with process flexibility and can do away with 

storing expensive dies of components to be made, it can be preferable to TPIF and DSIF 

processes. For instance, replacing the fuselage components of old and outdated aero 

planes is a challenge for the aerospace industry. These kinds of unique parts typically do 

not have forming dies that are readily available in the required form. A technique like 

SPIF can solve those problems since it uses the least amount of energy to build the 

components. Although a large amount of work has been performed in SPIF, still it could 

not have been employed in manufacturing sectors (Y. Li et al., 2017). 

The SPIF method is a wholly die-less process, in which a simple spherical tool moves 

over the blank sheet along a tool path managed by a Computer Numerical Control (CNC) 
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machine to form a part. It is based on locally deforming the sheet layer by layer at a time. 

A three-axis CNC milling machine is capable of carrying out this process. The sheet is 

initially fastened in the hollow fixture that is directly installed on the machine table. The 

forming tool is mounted to a tool holder that is typically installed on the spindle of a CNC 

milling machine. 

 The sheet is pushed downward by the shaping tool with a distinct step depth. Next, it 

advances horizontally along the planned tool path. The SPIF procedure for producing a 

truncated cone shape is illustrated in Figure 1.2. 

 

Figure 1.2 Schematic diagram of single point incremental forming process. [Jeswiet 

et al., (2005)] 

 

The basic elements of SPIF system are CAD system (Computer Aided Design), CAM 

system (Computer Aided Manufacturing), CNC machine (Computer Numerical Control) 

and CAQC system (Computer Aided Quality Control). The parts to be produced are 

designed, and solid model is created (CAD system) and this part-model is transferred to 

CAM platform to generate Cutter Location data [CL data]. NC part programming is a 

vital task carried out on a CAD/CAM system. The NC part program transferred to CNC 

machine through Direct Numeric Control (DNC). Specifying the tool path and defining 

the part geometry are the two primary jobs in computer-assisted programming. The Solid 

model used to define the part geometry includes all of the geometric, dimensional, and 
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material characteristics for the component. The choice of the cutting tool step size is initial 

step in determining the tool path. In order to calculate tool-offset, this enables the tool 

diameter and other dimensions to be entered automatically. The next step is to define the 

tool route. The various CAD/CAM systems have varying capabilities, which leads to 

varied methods to generate the tool path. Part program transferred to the CNC machine, 

the CNC controllers moves the tool relative to the machine table in the definite tool path 

as prescribed by the program. So that the part geometry is formed which is replicated on 

the real part. The part is removed from the clamping system and send for inspection. By 

using Co-ordinate measuring machine and part geometry and dimensional values are 

verified. 

Step size, diameter of the tool, feed rate, rotational speed, thickness of the blank, tool 

shape and size, friction between the punch and sheet, lubrication and tool path are some 

of the important process parameters in SPIF process. These parameters can have a 

significant effect on formability, surface roughness and final quality of products. Thus, a 

systematic study is essential to understand the effect of process parameters on forming to 

produce the product with required quality. Several experimental studies have been 

performed to understand the effect of process parameters on various aspects of ISF 

process and are described in subsequent chapters. 

1.4 SPIF Process Parameters  

In this section, some of the important process parameters affecting SPIF process are 

described in relation to general forming and its various consequences are noticed. 

Sheet Material and Thickness: Metals and Polymer sheets are generally chosen for the 

SPIF process. Formability differs with different materials and initial sheet thickness. 

Thinner sheets are preferred in incremental shaping because less force is needed. 

Forming Speed and Feed: The influence of forming speed, both rotational spindle speed 

(RPM): speed at which tool rotate about its axis and feed rate: speed at which tool moves 

over the blank sheet are important regarding the SPIF process. The heat produced by 

friction is directly proportional to the relative motion of the tool and sheet. Although it is 

commonly accepted that heating effects cause increase in formability at higher speed, 

where there are a number of tradeoffs and unfavorable effects that may arise such as, 

higher tool wear rates and surface roughness. 
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Tool Diameter: Tool size significantly influences the surface quality and formability of 

the formed component through SPIF process. Greater contact zone and better sheet 

support while forming are characteristics of larger tools. The diameter of the 

hemispherical ends of the tool is vital as it plays a major role in the roughness of the 

formed surface.  

Step Size: This is an important parameter in the SPIF process. In this process the tool 

forms the part layer by layer. When the tool moves from one layer to the next, the tool 

has to move downwards. The amount of depth, the tool has to move downward is called 

the incremental depth or step size. 

Forming Tool Path: It is one of the important parameter to be selected in the CAM 

software; it decides the movement of the tool contour while forming. The important tool 

path methods are (a) Contour path (b) Spiral path (c) Raster path; (d) Zigzag path (e) 

Hybrid path. In addition to the step transition-based truncated cone, continuous spiral tool 

paths were also used to reduce surface roughness and prevent tool entry and exit marks. 

Wall angle (α):  Forming angle refers to the angle that a part's side walls make with the 

horizontal XY plane. The thickness of the sheet and the material's characteristics are the 

key determinants of wall angle. However, formability is also measured in term of the 

maximum forming angle, which a material can be formed without incurring catastrophic 

failure in a single forming pass controls SPIF parts.  

Lubrication: In SPIF, lubrication is used to improve surface quality, reduce tool wear, 

and trends toward friction reduction. Tool wear is not a major concern because the 

forming process is rather slow, but in warm forming, lubrication is crucial to controlling 

surface roughness. 

1.5 Advantages and Disadvantages of SPIF 

The major advantages of incremental forming process as compared to conventional 

forming techniques are: 
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 The parts required in SPIF process are simple such as tool, blank holder etc., and 

thereby the designs can be made easily from CAD data for making rapid - 

prototypes and small batch production. 

 The process is purely die-less (neither positive nor negative die is required) and 

simple backing plate is required for better dimensional accuracy. 

 The degree of flexibility is very high, as any changes in sizes of the design can be 

easily accommodated.  

 It provides smooth platform to make metal prototypes, otherwise which would be 

difficult normally. 

  The incremental nature of process along with small plastic zone tends to increase 

formability and hence makes it easier to deform sheet material with lower 

formability.  

 As the contact zone and step size are small, it does not impose any restriction on 

the size of the blank unless the size of the machine provides any constraint. 

 The forming force is required very less as compared to conventional forming 

process because incrementally localize small force has been applied over range of 

part size. 

 The operation is entirely noise-free. 

 

Process limitation with compare to conventional sheet metal forming process are: 

 A major drawback of incremental sheet metal forming process is its relatively long 

forming time. Consequently, it is feasible in prototype and small batch 

productions only.  

 The forming of the part at right angles cannot be achieved in this process.  

 Surface finish is poor due to large waviness created by the tool path and large 

surface strain. 

 Geometric accuracy is major problem of the formed parts due to spring back effect 

although it can be minimized using some correction algorithms.  

 Lower product accuracy, particularly in convex radii and bending edges areas. 
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1.6 Applications of SPIF 

The SPIF process finds potential applications in aerospace, automotive and non-

automotive, transportation, forming equipment, biomedical and decorative products 

(Behera et al., 2017). Fig 3. shows some of the parts produced in SPIF process.  

 

 

Figure 1.3 Applications of ISF process. [Allwood et al., (2006); Skjoedt, (2008); 

Behera, Lauwers and Duflou, (2014); Kalo, A. and Newsum, (2014); Bin Lu et al., 

(2015); Gulati, Kathuria and Katyal, (2015); Isabel Bagudanch et al.,( 2015); Scheffler 

et al., (2019)  Amino In Japan] 

 

 Automotive: Car body, Car fender, Car tail light, Vehicle headlight exhaust 

manifolds, Door inner/outer panel, engine cover, etc. 

 Non-Automotive:  Solar oven cavity, Motorbike seat, Gas tank. 

 Aerospace Industry: Aerofoils, instrument panel, body panel, passenger seat 

cover, etc. 

 Transportation: Bullet Train (Amino Japan) 
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 Forming equipment: Dies and moulds. 

 Biomedical (High customized) products: Facial implant, Backseat orthosis, 

Palate prosthesis, Knee implant, Cranial plate, Ankle support, Denture plate, hip 

prostheses etc. 

 Architecture: decorative panels, personalized products, Sandwich panel. 

1.7 Thesis Organization  

Chapter 1: The present chapter emphasizes the importance of ISF process in the current 

manufacturing scenario and motivation of present research work. It describes ISF 

introduction, input parameters, advantage, limitation and, application of process. The 

remaining chapters of this thesis are summarized as under:  

Chapter 2 reveals relevant systematic review on state-of-the-art in ISF. It includes process 

under various combinations of impact factors and optimization of input factors. From 

literature review, research gap is identified and objectives of the current research work 

are reported. 

Chapter 3 describes preparation of experiment set up to perform experiments during SPIF 

process. Selection of sheet material and lubricants are also explained. It also described 

the methodology to define helical-spiral tool-path for experiments of cone shape 

geometry.  

Chapter 4 elaborates the selection of suitable DOE technique for conducting preliminary 

and final experiments. Taguchi Method (TM) used for DOE and single response as well 

as multi responses Grey Relation Analysis (GRA) optimizing technique. Process 

parameters and their levels are finalized for finial experiments.  

Chapter 5 focuses on the application of TM for selecting the DOE and analysis of the 

forming force. Equipment used for measuring forming forces has been explained. 

Experimental work has been performed to study the impact of input factors on axial peak 

forming forces. Optimal levels of process parameters and confidence intervals for 

forming forces are determined. 
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Chapter 6 deals with the application of TM for selecting the DOE and analysis of the 

surface roughness of the components formed during SPIF. Equipment used for measuring 

surface roughness has been explained. The effect of process parameters on surface 

roughness has been studied. Optimal levels of process parameters and confidence 

intervals for surface roughness are determined. A predictive model has been proposed to 

estimate the surface roughness of the components using the optimal set of impact factors 

determined by TM. 

Chapter 7 deals with formability of the components formed during SPIF. Experimental 

work has been performed to study the impact of input factors on formability of the 

material. The effect of process parameters on formability has been discussed. Optimal 

levels of process parameters and confidence intervals for forming forces are determined. 

A predictive model has been generated to estimate the formability of the components 

formed using the optimal set of process parameters on Ti6AL4V sheets. Further, wall 

thickness of formed part has been also discussed. 

Chapter 8 focuses on computation of statistical regression models from results obtained 

from experiments of different response characteristics such as forming force, surface 

roughness and formability. The models are validated with experimental results. Further 

GRA has been carried out for multi responses optimization at the end of this chapter. 

Chapter summarizes the overall conclusion of the entire research work. The specific 

contribution of this work to the research community has been discussed. Some scope of 

future work related to this work also been enumerated at the end of this chapter.
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LITERATURE REVIEW 

In recent years, the single point incremental forming (SPIF) process has been regarded as 

a revolutionary forming technology for the production of sheet metal components. Due 

to the progressive nature of the process and localized deformation of the sheet, higher 

formability and less forming force are needed in the SPIF process. The precision and 

fracture mechanism of the sheet metal is significantly influenced by forming force, 

surface roughness, straining and formability because during the SPIF process there is a 

localized pressure at the tool-workpiece interface. A work-piece’s stress value and 

forming forces are correlated in a straightforward manner. The structural integrity of the 

produced part is calculated using the relationship between the stress and the plastic strain 

(Bagudanch et al., 2013). To take these advantages, it is important to estimate and 

optimize forming force, surface roughness, strain and formability produced by SPIF 

through the manipulation of the process parameters for the safe operation of hardware. 

Many academicians and industrials researchers have carried out investigations to 

understand different aspects; like forming force, surface finish, formability, wall thinning 

and different heating technique for hard-to-form material; to make this technology 

feasible for industrial applications. It is essential to study the published literature in this 

area for getting a better understanding and insight into governing parameters. 

In the present chapter, a literature survey has been executed quantitatively to study the 

influence of input factors on responses of the process like; forming force, surface 

roughness, and formability studies in the SPIF process. In order to maintain forming 

machinery, some variables have proven to be important for controlling responses. The 

purpose of doing this critical review is to identify areas where some significant forming 
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process parameters and methods, which would have been essential for the secure forming 

of the components in industrial sector which have not received enough attention. 

2.1 Forming Force 

The analysis of forming force in SPIF process enables the understanding of deformation 

mechanics, failure prediction, monitoring of the forming process and optimization 

approaches. Further, the force required to deform the sheet into the desired shape is one 

of the key output factor in the field of the SPIF process which is accountable for hardware 

design. It is common practice to estimate the maximum forming force that occurred 

during the SPIF process in order to develop and ensure the safe usage of the forming 

tools, fixtures, and machine selection. A critical step in process optimization for choosing 

parameters and the appropriate forming equipment to conduct the tests is the accurate 

forecasting of forming forces. Therefore, when forming forces are above permissible 

value, they will have an impact on the machines utilized, the product quality, the jig and 

fixtures, and stiffness of the tooling. The investigations on forming force, the effects of 

the process factors on forming force, force prediction, and its potential contribution to the 

advancement of ISF technology are reviewed in this section. 

On 3003-0 Aluminum alloy of 1.21 mm thick sheets,  Jeswiet, Duflou and Szekeres 

(2005) investigated the forces involved in the incremental formation of pyramid and cone 

shapes. The axial force was observed to be greater than the sum of the tangential forces, 

which meant that the majority of the energy was expended in pressing the tool into the 

sheet metal surface. 

Filice et al., (2006) divided tangential force trends into three categories: steady-state, 

polynomial, and monotonically decreasing trends in their work on force analysis in SPIF 

process. The force trend is greatly influenced by the wall angle, step depth, tool diameter, 

and sheet thickness as shown in Fig 2.1. Additionally, there is a high correlation between 

the material failure and the force peaks and force gradient following the peaks. 

Ambrogio et al., (2006) suggested a way to identify failure with forming force in SPIF 

on AA1050-O aluminium sheets. It was found that in the initial stage during which, force 

progressively develops up to a higher value, is caused by the bending mechanism. 



  
 LITERATURE REVIEW 

 
14 | P a g e  

 

Whereas, trend of force exhibits a more complicated behavior, with stretching appearing 

to be considerable after the peak and continuing until the sheet fails as a result of material 

thinning and strain hardening. It was concluded that the force gradient following, the peak 

can serve as a crucial indicator for spotting and preventing workpiece failure. In order to 

prevent failure of the produced parts, a strategy of force observing and control was created 

based on an understanding of the consequences of each process parameter. The same 

trend was monitored as shown in Fig. 2.2  by  Filice et al., (2006). 

a. 

 

b.

 

c.

 

  d.

 

Figure 2.1 Forming force trend varying with  (a) tool size, (b) wall angle, (c) step depth, 

and (d) initial thickness of blank sheet. [Filice et al., (2006)] 

 

Duflou et al., (2007) studied the influence of various parameters on force measurements 

with considered truncated cone geometry to be formed by incremental forming. The 

testing material was made of the 1.2 mm thick aluminium alloy AA3003-O. A Kistler 

9265B dynamometric table coupled to an amplifier was used to measure forces. The tool 

diameter between 10 and 30 mm and step-down size between 0.25 and 1.0 mm was shown 

to be linearly proportional with the observed forces. The dominant factor influencing 

forming force was the thickness of the sheet and wall angle of cone. By varying the 

thickness of the sheet from 0.85 to 2.0 mm, the necessary forming force was raised from 
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380 to 1460 N. Additionally, it was observed that the forming forces for all lubricants 

were the almost same. The forces were greater in dry conditions. 

 

Figure 2.2 Different trends of forming force in SPIF process. [Ambrogio et al, (2006)] 

To enhance the force prediction in ISF, Bouffioux et al., (2008) modified the material 

model parameters based on online tests in addition to the traditional tests. After that line 

tests were run in a simulation and noticed that changing the parameters of the material 

model improved force prediction. 

On AA7075-T0 sheets, Durante et al., (2009) presented the influence of   rotation speed 

of tool  at 0, 200, and 600 rpm in both the clockwise and counter clockwise directions on 

forming force. Due to a rise in the coefficient of friction, it was observed that the forming 

force decreased as spindle rotation speed increased. When the direction of rotation is 

changed, the axial component of force shows no discernible alteration, and the general 

trend remains the same. 

Petek et al., (2009) developed experimental apparatus for measuring forming forces using 

cone samples formed from DC05 draw steel with a 1mm thickness in SPIF. Kistler 9239, 

a dynamometer, was used to measure the forming forces, which were then amplified by 

Kistler 5001 for analysis. It was found that the forming force increased as the wall angle, 

step size and the tool diameter increased. With an increase in step size, the force almost 

continued to rise linearly. With a 16 mm tool diameter, the maximum force (Fz) in the 

axial direction was around 15% higher than with a 10 mm tool diameter. The quality of 
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the surface is significantly influenced by both tool rotation and lubrication, yet forming 

forces are not significantly affected by either. 

Aerens et al., (2010) presented with error less predicted model of the vertical forming 

force (axial) of truncated cones which is having uniform wall angle and it is formed with 

different materials namely AISI304, 65Cr2 and DC01 and two aluminium alloys AA3003 

and AA5754.  it is given by the function of tensile strength of test materials, initial sheet 

thickness in mm; tool diameter the scallop height (mm) and the initial wall angle (degree). 

Ziran et al., (2010) have studied the effect of tool diameters and its shape with 

hemispherical end  and flat end on forming force.  It was revealed that the forming force 

required lower with employed flat end tool than hemispherical end tools as shown in Fig 

2.3. 

 

Figure 2.3 Forming force trends at varying lower end tool radius   

[Ziran et al., (2010)] 

 
In order to examine force distribution and creation of accurate conical geometry with 

various wall angles, Bouffioux et al., (2011) conducted tests and numerical simulations. 

It was found that the measured, simulated, and analytical force distributions exhibited 

good correlation nearly four times as much axial force as tangential force existed. The 

tangential and radial forces were almost equal. The force components were not 

significantly impacted by the mesh settings. To estimate analytical peak forces, Aerens et 

al., (2010) 's equations were employed. 
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By utilizing both experimental and simulation trials with the ABAQUS software, Arfa et 

al, (2013) investigated the effects of helical tool and profile tool path in order to 

manufacture frustum cone shape made of AA3003-O sheets. The tool's load was more 

steady and there was no sudden force drop in the axial direction for helical tool paths. 

Liu et al., (2013) investigated the influence of different orientations (0° and 45°) of sheets 

by rotating their rolling direction, different wall angles (60°, 65° and 70°) and tool paths 

(profile and helical) on AA7075-O sheets. Results demonstrated the axial forces 

generated in the 0° sheet orientation were greater than those generated in the 45° sheet 

orientation due to different strain-hardening exponents. Hence, the higher forming force 

was required more for higher strain hardening. The resultant maximum value of force 

also increases in the initial stage with wall angle increases and both type tool paths. The 

overall trend of resultant force was similar. However, compared to the z-level tool path, 

the force curve for the spiral tool path is smoother than z-level tool path as shown in Fig 

2.4 and 2.5. 

 

Figure 2.4 Effect of different wall angles 

on forming forces with  z-level tool path 

[Liu, Li and Meehan, (2013)] 

 

 

Figure 2.5 Effect of different wall angles 

on forming forces with  spiral tool path  

[Liu, Li and Meehan, (2013)] 

A method to reduce the dimensional variation in the wall and base areas of single point 

incremental forming of formed parts was presented by Asghar et al., (2014). The two 

main causes of the geometric deviation in the wall and base regions were tool deflection 

owing to radial force and sheet deflection due to axial force. The deflection 

compensations and the force predictions are calculated from the force equilibrium 
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approach. It was also shown a reasonable degree of agreement with the force predictions 

from the finite element analysis and experimental data. 

An analytical model for tangential force prediction was proposed by Li et al., (2014), and 

the model was also experimentally validated on AA7075-O sheets of 1.6 mm thick. It was 

revealed that greater step size (0.7 to 1.0 mm) over initial depth of form part (0 to 20 mm) 

resulted in lower vertical forming forces. The vertical forming forces were raised after a 

depth of 40 mm until the part was effectively formed. The lateral forces were observed to 

gradually rise for the initial forming depth before becoming constant and reaching the 

steady-state for the remaining cycles. The results also indicated that tool diameter had a 

major impact on the forming force. 

Xu et al., (2014) looked into the effect of feed rate on the difficult-to-form AZ31B sheet 

during electric-hot assisted  and frictional-stir SPIF processes. When using both 

strategies, it was revealed that the resultant force rose as the feed rate rose. At the same 

feed rate, the resultant forces in the electric-hot assisted SPIF were greater than those in 

the frictional-stir assisted SPIF as shown in Fig 2.6. 

 

Figure 2.6 Resultant forming force Vs time in: (a) frictional stir-assisted ISF (b) 

electric hot-assisted ISF process [Xu et al. (2014)] 

 

Li et al., (2015) suggested force estimate model is verified through a thorough 

experimental using with two regular shapes (truncated cone and truncated pyramid) and 

a different process variables, including step size, tool diameter, thickness and wall angle 

on AA7075-O sheets. It is found that with increase in step-down, wall angle, and sheet 

thickness, tangential force is rising. However, as the tool diameter varies from 10 to 30 
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mm, the tangential force varies concavely, with a minimum value occurring between 20 

and 25 mm. 

Davarpanah et al., ( 2015) observed the impacts of different wall angles (55°, 65° and 

75°) and tool rotation on polymer sheets using SPIF. Results showed that there was an 

increase in the in-plane and vertical forces with the increase in wall angle. Additionally, 

it is noticed that forming forces decreased as tool rotation speed increased because the 

temperature at the tool-sheet interface rose.  

Shrivastava and Tandon, (2015) studied the effect of different sizes of grains (30, 31, 54 

and 71 µm) during SPIF theoretically, numerically, and experimentally. They also 

proposed a mathematical model to identify the influence of grain size on forming forces 

in relation to the forming depth. Experiments were performed on AA1050 heat-treated 

aluminium sheets at different temperatures (230, 330 and 500 °C for 60 minutes). Results 

revealed that the forming force trend was essentially identical for all specimens, with the 

exception that the peak force value increased as grain size decreased because coarse grain 

had a lower dislocation density. 

In order to form frustum pyramid with a circular generatrix, Bagudanch et al., (2015) 

studied the effect of spindle speed on forming forces during SPIF on PVC sheets. With 

rise in spindle speed, it was revealed that the forming forces decreased. 

Azevedo et al., (2015) examined the influences of different lubricants for steel (DP780) 

and aluminium (AA1050-T4) sheets in SPIF process. When used properly, lubrication 

considerably extends tool life, eliminates surplus material, and lowers forces by reducing 

friction and wear between contact surface of tool and workpiece. 

Honarpisheh et al., (2016) used the Electric Hot Incremental Forming (EHIF) technique 

to evaluate the effect of tool diameter on Ti6Al4V sheets at a temperature of 400–500 °C 

and verified their findings with numerical result. In EHIF, maximum forming forces were 

shown to decrease as tool diameter increased, in contrast to traditional SPIF. Forming 

forces were near 1300 and 800 N for tool diameters of 8 mm and 12 mm respectively. It 

was observed in EHIF that forming forces decreased as wall angle increased. Maximum 
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forming forces for walls with angles of 64°, 56°, and 45° were close to 700, 1300, and 

1450 N, respectively. 

Al-Obaidi et al., (2016) studied effects of feed rate (500, 1000 and 2500 mm/min) with 

heating by induction during SPIF on forming forces on DC04 sheets using a solid tool of 

tungsten carbide. It shown that the required forming force value was greater (1450 N) at 

a higher feed rate (2500 mm/min) than the force value (900 N) at a feed rate of 500 

mm/min. At lower feed rates, a higher heating temperature was obtained. 

Wang et al., (2017) suggested a force prediction technique, which was validated by 

forming a truncated pyramid, starting the numerical simulation at almost finished part 

shape. The results showed that forming forces were independent of the tool path and part 

geometry (pyramid versus cone). Regardless of the part's geometry, it was revealed that 

the resultant vector forces rise with the increase in step size. 

In order to deform varied wall angle conical frustum (VWACF) of AA6061-T6 

aluminium alloy sheet, Baharudin et al., (2017)  employed frictional stir-assisted SPIF. 

The forming forces for the relevant lightweight material were measured experimentally 

through testing. The influence of process variables, such as feed rate, tool rotation speed, 

step size, and tool diameter on the generated forming forces, was examined using Taguchi 

technique for the design of experiment (DOE). The results indicated that the spindle speed 

substantially impacted on the forming forces followed by the step size, feed rate, and tool 

diameter. 

Li et al., (2017) conducted practical experiments using a CNC milling machine and FE 

simulation using the ABAQUS software on Q235 steel sheets to evaluate the impact of 

various ultrasonic frequencies and amplitudes of ultrasonic variation on forming force. 

With an increase in vibration frequency, steady-state forces along the z-direction steadily 

decreased. Results from simulations and experiments indicated that when the amplitude 

was more than 10 µm, the average vertical force increased with the increase in amplitude. 

For amplitudes less than 10 µm, the forming force decreased as the amplitude increased. 

Experimental research has been done on AA6063-O aluminium sheets to determine the 

impact of input parameters on vertical peak forming forces to make conical pieces by 

Kumar and Gulati, (2018). Later, process variables were examined and optimized for 

producing forces on AA2024-O sheets using the Taguchi technique. While the forming 
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force was shown to decrease with an increase in spindle speed and side radius of the tool-

tip, it was found to increase with an increase in tool diameter, sheet thickness, and step 

size. The most significant input parameter, as determined by ANOVA statistical analysis, 

is sheet thickness, which contributes 50.17 % followed by step size (23.28 %), tool 

diameter (10.51 %), tool shape (6.04 %), spindle speed (5.84 %), feed rate (2.28 percent), 

wall angle (1.53 %), and viscosity of forming oil (0.04 %). 

Oraon and Sharma, (2018) employed an artificial neural network to estimate the minimal 

force necessary for SPIF for forming of thin sheets of the alloys Cu67Zn33 and AA3003-

O aluminium alloy. Multilayer perceptron neural network architecture and feed-forward 

backpropagation method were used to train the model. As a result, the processing 

parameters were chosen as input, and the output of the model was chosen to be the least 

vertical force component.  

  

Figure 2.7 The influence of speed and feed on axial forming force. [Grün et al., (2018)] 

 

Grün et al., (2018) investigated the influence of feed rates, rotational speeds, and step 

sizes on forming force during forming VWACF from 1 mm thick Ti6Al4V using 11 mm 

diameter of ball-ended tool. Fig 2.7 shows the effect of speed and feed on forming force. 

Rotational tool speed has a substantial impact on the value of the forming forces, whereas 

step size and tool feed rate have less impact. At higher the rotation rates reduce forming 

forces by raising the temperature at the point of contact, but they also quickly increase 

tool wear and remove material from the surface of the sheet. 
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Alsamhan et al., (2019) evaluated the effects of the tool diameter, feed rate, sheet 

thickness, and step size on the primary forming force on an AA1050-H14 sheet blank. 

The ANOVA for the forming force (Fz) revealed that the tool diameter, step size, and 

sheet thickness are the most important variables. In comparison to the ANN and 

regression models, the developed model using the Adaptive neuro-fuzzy inference system 

(ANFIS) technique can be utilized to estimate the forming force during ISF. 

In order to form sheet metal into a workpiece with a truncated pyramid shape using a 

spherical edge tool in SPIF process, Torsakul and Kuptasthien, (2019) explored the 

effects of three different parameter groups on the forming force. The results of the 

experiment indicated that different sheet metals produced varying amounts of force, with 

sheet brass producing the most force and sheet aluminium the least. It would take more 

force to form a metal with the higher forming angle of the part and a high tensile strength 

coefficient. According to the experimental results, a material with low tensile strength, a 

high forming angle, and a high tool revolution speed are the ideal combinations of 

parameters for the SPIF process. 

The production of a cranial part of  Ti- alloy Grade 5 employing incremental forming and 

cartridge heaters as the heat source was studied by Saidi et al., (2019). Authors claimed 

that, increasing the temperature from 30 °C to 130 °C caused at least a doubling of the 

reduction in the maximum vertical force as well as the average deviation from the ideal 

shape. 

Abdelkader et al., (2020) used a finite element analysis to evaluate the effects of several 

parameters, including the vertical step size, the drawing wall angle, the beginning sheet 

thickness, and layer location, on response of the forming force. Results showed that force 

increases with increasing of initial step size, sheet thickness and wall angle. The bilayer 

sheet contributes to the tool's protection and extends its life. In fact, the bimetallic sheet 

has a lower forming force than the monolithic sheet. 

Khalatbari and Lazoglu, (2021) designed a friction-induced heating technique at the tool-

sheet contact. Work investigated the impacts of increased temperature on the ISF of poly-

oxy methylene using a combination of experimental, analytical, and numerical methods. 

Force, friction-induced heat, and temperature at the tool-sheet interface were assessed 

using a finite difference technique that took into account the material model, contact area, 
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and stress state. Experiment results supported the simulation's findings. To prevent 

defects brought by heat while maintaining the formability of the sheet, a threshold barrier 

for the maximum permitted tooltip temperature was established. 

To compare ISF, ET-ISF and UVaISF on 1 mm thick AA1050 and Titanium Grade 2 

sheets, Mohit Sharma et al., (2022) carried out numerical simulations in ABAQUS /CAE. 

To assess the efficiency of the processes, response variables such as stress, strain, 

thickness distribution, the final geometry's shape, strain energy, energy expended during 

plastic deformation, and the forming forces were considered. When compared to the ISF 

at room temperature, it was observed that the UVaISF and ET-ISF methods significantly 

reduce the forming forces and spring-back.  

A literature reviews highlights the various approaches and their effect on forming forces 

investigation carried out in ISF process. The above investigations showed that forming 

forces are much associated with the impact factors like tool diameter, tool rotation, step 

size, and wall angle etc. Moreover, Effect of such parameter on hard to form material and 

optimization has not been explored in SPIF process. The technique is restricted for 

industrial applications involving difficult-to-form materials due to a lack of information 

regarding the process parameters. Some important process variables like rotational 

spindle speed, feed rate, step size and tool size have not been taken into account and that 

should be optimized in terms of forming forces. 

2.2 Surface Roughness 

One of the essential factors in the field of sheet metal forming processes is the 

component's surface roughness. There has been a lot of research in the last several years, 

there is still lack of clarity about the surface roughness of parts created by SPIF process. 

This knowledge is essential for understanding and optimizing the process for improved 

response characteristics. 

Al 3003 sheet was formed into a conical frustum with a 45° wall angle, in order to 

investigate the impact of tool rotational speed and step size on surface roughness (mean 

peak-to-valley height) in incremental forming process (Hagan and Jeswiet, 2004). The 

mean peak-to-valley height was observed to rise exponentially with step size, whereas 
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spindle speed had relatively little impact as shown in Fig 2.7. Authors presented an 

analytical model based on a shear forming equation to forecast the peak to valley height 

(Rt) in CNC incremental forming. 

  

Figure 2.8 Average and maximum peak-to-valley heights for tests involving a depth 

increment on a 45° wall angle and rotational speed [Hagan and Jeswiet, (2004)] 

 

The impact of tool path on surface quality and dimensional accuracy in two-point 

incremental forming was investigated by Attanasio et al., (2008). For this investigation, 

Authors have selected two alternative tool paths: (a) constant step depth and (b) variable 

step depth with imposed restrictions on scallop height. It was revealed that step depth and 

maximum scallop height have a significant impact on surface waviness. Lower step sizes 

with constant scallop height results in less surface waviness. 

 

Figure 2. 9 Surface roughness for different levels of tool rotation  

[Durante et al., (2009)] 
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The best lubricant and tool material for negative incremental forming of pure titanium 

sheet were examined by Hussain et al., (2008). From the studies of surface roughness, it 

was noticed that the surface-hardened, high speed steel (HSS) tool with molybdenum 

disulphide (MoS2) and petroleum jelly in a specified proportion has produced good 

surface quality. 

Durante et al., (2009) investigated the effect of  tool rotating speed and its direction, on 

force, friction, surface roughness and temperature on AA7075-T0 sheets. When spindle 

rotation varied from non-revolving to rotating conditions, the roughness of the surface 

was found to decrease, as shown in Fig 2.9. It was also revealed that the tool's rotational 

direction had no impact on surface roughness. 

Hamilton and Jeswiet, (2010) examined the impact of high feed rates and  rotational 

spindle speeds on the external non-contact sheet blank of  surface roughness (orange peel 

effect), thickness distribution, and microstructure. Authors have presented a mathematical 

model, that makes use of measured roughness values as well as forecast the orange peel 

effect in ISF process by considering forming parameters. 

By forming a pyramid frustums with AA7075-T0 aluminium alloy, Durante et al., (2010) 

compared maximum roughness (Rz)  and average roughness (Ra) estimated from the 

analytical model with experimental values models. There was a strong association 

between experimental result with analytical model observed with 10 percent maximum 

error. Ra and Rz surface roughness value were found to increase as step size increased, 

but to decrease as tool diameter increased. 

The influence of tool diameter, initial surface roughness Ra value of tool, and the friction 

coefficient (0.08, 0.15) between the sheet and punch on Ra and Rz of the inner surface of 

produced components were examined by Oleksik et al., (2010). Ra and Rz values were 

observed to rise with increase in tool diameter, initial surface roughness Ra value of tool, 

and friction coefficient. Additionally, Ra value of formed components was more than 

initial surface of blank (0.25 μm). 

Cavaler et al., (2010) studied the effect of surface coating of the tool, tool radius, and step 

size on forming of AISI304 steel sheets. It was observed that the forming tool slipped in 
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initial stages of forming as shown in Fig 2.10. After a certain depth, the punch started to 

rotate due to rise in the friction between tool and sheet interface which was the effect of 

the larger contact area. It was reported that surface roughness decreased as step size and 

tool diameter increased. Compared to uncoated tools, coated tools generated better 

surface finishes. 

 

Figure 2.10 Surface aspect of the blanks with and without rotation of the tool  [Cavaler 

et al., (2010)] 

 

In single point incremental forming of Al-5052, Bhattacharya et al., (2011) investigated 

the impact of process parameters on formability and surface finish. For all step depths, it  

 

Figure 2.11 Surface roughness for different lubricant at depth of  5 mm [Bruyn R. de. 

and Treurnicht N.F., (2012)] 
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was noticed that surface roughness decreased with increasing tool diameter and with 

increasing wall angle. When step depth was increased up to a given wall angle, surface 

roughness first increased and then reduced. 

The effects of the step down and two different lubricants (MoS2 and graphite) on Ti - 6Al 

-4V sheets were examined by Bruyn R. de. and Treurnicht N.F., (2012). The results 

showed that the work piece's surface was rougher in a dry run as compare to usage of 

MoS2 and graphite lubricant as shown in Fig 2.11. It was also shown that surface 

roughness decreased as step size increased. Additionally, it was observed that the work 

material adhered to the tool's tip during the dry run, which decreased tool life and surface 

quality. 

The effects of step size, feed rate and tool rotational  speed on surface quality of deep 

drawing IS513Cr3 steel sheets were examined by Chezhian Babu and Kumar, (2012). As 

a result, the sheet surface being rough due to an increase in temperature at the tool-sheet 

interface. It was observed that surface roughness increased with tool rotational speed and 

lower surface roughness was achieved by increasing the feed rate and step size. 

The effects of tool diameter, rotation speed of tool, feed rate, and step size on AA1050 

sheet forming were investigated in SPIF process by Radu and Cristea, (2013). In contrast 

to step size, the Ra was shown to decrease with an increase in punch diameter, rotational 

speed, and feed rate. Lower step sizes were used to provide better surface quality without 

affecting forming time by increasing feed rate. 

Liu et al., (2014) used the Response Surface Method (RSM) as a DOE strategy to optimise 

the effects of punch radius, sheet thickness, feed rate, and step size. It was observed that 

sheet thickness was the most significant factors influencing surface roughness followed 

by tool diameter and feed rate. The formed component’s outside surface roughness was 

shown to be larger than its inner surface roughness. 

The impact of feed rate,  step size, punch radius, and tool rotation on AA1050 - O sheets 

was optimized by Echrif and Hrairi, (2014), it was revealed that surface roughness 

decreased with an increase in punch radius but increased with an increase in speed of tool 
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rotation, step size, and feed rate. The fine surface finish was produced by reduced step 

size because the waviness was reduced. 

By analyzing the input parameters on AA6063 sheets, Gulati et al., (2016) optimized the 

SPIF process. The results indicated that as step size, sheet thickness, and feed rate 

increased, more roughness was observed. The lubrication is the most significant factor on 

surface roughness of formed part. 

Electrically assisted double-sided incremental forming was employed by Xu et al., (2016) 

to test the dimensional accuracy and surface roughness of AZ31B magnesium sheets (E-

DSIF). The results indicated that the E-DSIF technique improves dimensional accuracy 

and surface finish. 

In a two-point incremental forming process, Asghari et al., (2017) analysed the impact of 

incremental forming parameters on the surface roughness of the formed part made 

aluminium 1050. The results indicated that,  surface roughness of formed parts decreases 

with increased tool nose diameter and speed, while increases at larger  wall angle and step 

step size value. Additionally, it is found that 15 mm tool nose diameter, 63° wall angle, 

800 r/min spindle feed, and 0.2mm deep step are the best parameter settings, that result 

in 63 % improvement in the overall quality characteristic from the initial parameter 

setting. 

In order to evaluate the formability, surface quality, tensile strength, and micro-hardness, 

Liu, (2017) carried out experiments on truncated funnel and pyramid frustum made of 

7075-O aluminium alloy sheets using friction stir incremental forming. Experimental 

findings revealed that, surface roughness at  the tool-workpiece contact surface increases 

as rotation speed rises in both the horizontal and vertical directions. When the tool is 

rotated at higher speeds (0–2000 rpm), the roughness initially rises and subsequently falls 

as the rotation speed rises  (2000-7000 rpm) in the horizontal direction. As rotation speed 

increases in the vertical direction, roughness value decreases. 

Wei et al., (2019) investigated, how the forming of an aluminium sheet affected the 

friction indicator at the tool/sheet contact and the roughness of inner surfaces. As the 

friction indicator rises, the roughness generally rises linearly as a result of rising sheet 

abrasion. The roughness of interior surfaces is found to be controlled by a set of 

parameters, dsinα/2pt (where d is the tool diameter, α is the forming angle, p is the step 
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size, and t is the sheet thickness). The factor d/2p followed by 1/t is found to have the 

highest contribution to the roughening of surfaces in this combination. 

By utilizing the Taguchi approach and analysis of variance  (ANOVA), Kumar and 

Gulati, (2019) evaluated the impact of various input parameters on the surface roughness 

of formed components. In accordance with the findings, the ideal experimental conditions 

for average roughness have been identified as tool diameter (15.66 mm), tool shape 

(hemispherical), viscosity of the forming oil, sheet thickness (0.8 mm), wall angle (60°), 

feed rate (1500 mm/min), step size (0.2 mm), and spindle rotation (1000 rpm). Some 

studies, aside from actual investigations, concentrated on the accurate modelling and 

forecasting of surface topography. 

Suresh Kumar and Ethiraj, (2020) examined the impact of the tool radius and the forming 

angle on surface roughness, and concluded that, the average roughness rises with a larger 

forming angle and falls with a larger tool diameter. 

The influences of single-point incremental forming control factors on surface profile 

accuracies were studied by Dabwan et al., (2020). To understand and evaluate the 

findings, the analysis of variance was performed. In terms of minimizing waviness, 

circularity, and side angle errors, the results showed that larger tool diameter, thinner and 

softer materials produce enhanced profile accuracy and surface quality.  

Prior to the forming process, Xu et al., (2020) applied an atmospheric plasma spraying 

(APS) self-lubricating coating to pure titanium substrates to enhance the lubrication state. 

When employing the self-lubricating coating instead of conventional mineral oil as the 

lubricant, it was observed that friction is greatly reduced throughout the forming process. 

The enhanced lubrication between the forming tool and TA1 sheet led to a better exterior 

surface finish of formed parts after coating. 

A reliable high-frequency induction heating-assisted SPIF system was proposed by Li, et 

al., (2022). High geometric accuracy and surface quality were attained by integrating 

rapid localized heating (600 °C and 700 °C) with a synchronized Inconel 625 Nickel alloy 

ball-roller forming tool. The results showed that the lubricant was dispersing as the 

forming tool passed through the centre and lower area of the workpiece, which caused 
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the surface roughness parameter Ra to increase from the top to lower region of the 

workpiece. as shown in Fig 2.12. At 700 °C samples, this behavior was more noticeable. 

 

Figure 2.12  Surface roughness measurements at different locations (a) 600 ℃ (b) 

700 ℃. [Li et al., (2022)] 

 

The literature survey shows that, the various approaches and their effect on surface quality 

of formed part have been investigated in ISF process. The above investigations show that 

surface quality are much associated with the process parameter like punch diameter, tool 

rotation, step size, lubricant and wall angle etc. Moreover, Effect of such parameter on 

hard to form material and optimization has not been explored in SPIF process. The 

process is restricted for industrial applications due to a lack of knowledge regarding the 

process parameters and the optimum set of parameters. Some important process 

parameters like speed, feed, step size and tool size have not been taken into account for 

hard to form material, and that should be optimized in terms of surface roughness. 

2.3 Formability 

Investigation of formability of material is an important aspect to be studied in the field of 

SPIF process. It is known that the material behavior and formability in SPIF process can 

be described by the maximum forming angle, maximum forming depth and forming limit 

diagrams. It has been well understood that heavy strains are responsible for local fracture 

of the components. Moreover, parts geometry and process parameters decide the degree 

of thinning and fracture in the sheet material. Therefore, research into how process factors 

affect part formability would provide assurance of component formed safely during ISF. 
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Figure 2.13 Effects of different parameters; tool size, step size, material thickness on  

formability  [Ham and Jeswiet, (2006)] 

 

Ham and Jeswiet, (2006) attempted to optimize the SPIF process in order to produce 

conical frustums, by considerin  base - diameter of the cone, depth of cone, feed rate, tool 

rotation, wall angle, and step size as input parameters using two - level fractional factorial 

designs. Results shows that, the base diameter and forming depth of cone do not affect 

formability due to localized deformation in SPIF process. Maximum forming angle was 

found to decrease with the increase in step size, wall angle, and feed rate as shown in Fig 

2.13. Formability was found to increase with the increase in rotation speed of tool, 

because higher heat due to excessive friction leads to increase in ductility at the tool- sheet 

contact. 

Le V. S., Ghiotti A., (2008) attempted to optimize the SPIF process on polypropylene 

sheets. Formability measured in terms of maximum wall angle in order to produce varying 

wall angle conical frustums. Main effects plot and interaction plots revealed that 

formability was dependent on input factors and their interaction significantly. Results 

shows that, formability was found to increase with the rise in punch diameter and spindle 
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speed, whereas decreased with the increase in step size and feed rate. Moreover, the 

combination of larger step size and smaller tool diameter decreases the wall angle of 

frustums significantly. 

On 65Cr2 sheets material with a 0.5 mm thickness, Duflou, Callebaut, et al., (2008) 

investigated the effects of dynamic local heating during conventional and laser-assisted 

SPIF on the formability of the formed parts. The results indicated that employing laser-

assisted SPIF, the parts could be successfully formed up to a 64° wall angle, whereas 57° 

was the limiting angle for conventional SPIF. 

Smith et al., (2013) proposed an accumulative DSIF strategy in which both the tools 

(slave tool and master tool) were under displacement control. The conical frustums of 

different wall angles were formed on AA2024 sheets of thickness 0.5 mm. The result 

revealed that the accumulative DSIF process produced superior formability than the SPIF 

process. Moreover, conical frustums were found to be fractured at 50° wall angle during 

SPIF, whereas accumulative DSIF led to successfully forming of frustums. 

Liu et al.,  (2013) evaluated the formability of AA7075 sheets using SPIF process under 

the effect of tool path and step size in order to produce conical frustums. In order to 

present design limit, strain analysis was also performed using FLDs. Formability was 

found to be minimally impacted by profile and helical tool path. Additionally, 0.5 mm 

step size gives greater formability compared to 0.2 mm step depth. 

Li et al., (2014) investigated the effects of punch size and punch type on formability in 

terms of maximum forming depth on AA7075 - O alloy sheets. A groove test was 

performed until fracture. The findings indicated that formability rise as tool diameter 

increased. The excessive thinning of the sheet material caused the sheet to fracture at a 

deeper depth as a result of the smaller tool diameter. 

Golabi and Khazaali, (2014) studied the effects of cone diameter ranging from 78 to 100 

mm and sheet thickness ranging from 0.3 to 1.0 mm on forming depth and wall angle 

using ABAQUS software during SPIF on SS304 sheets. Results showed that the higher 

formability can be obtained with thicker sheets. FE simulation results were in good 

agreement with experimental results. Moreover, the increase in wall angle resulted in 

decreasing forming depth which was obviously due to development of more local strains 

on a specific region. Effects of cone diameters were negligible as deformation is local in 
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ISF. Experimental results also showed that forming depth was found to be decreased with 

the decrease in tool diameter and feed rate. 

Kurra and Regalla, (2014) studied the formability of variable wall angle conical frustum 

of different generatrix (circular, elliptical, parabolic, and exponential) on Extra Deep 

Drawing (EDD) steel sheets during SPIF process. Parts were formed with varying wall 

angle until fracture. The depth of the formed parts was measured by Vernier Depth Gauge 

up to fracture. Results showed that the maximum forming wall angle (77.65 ° at 63 mm 

fracture depth) was obtained for circular generatrix, whereas minimum limiting wall 

angle (73° at 50 mm fracture depth) was obtained for parabolic generatrix. 

Using a grey relational technique, Kurra and Regalla, (2015) optimized the maximum 

wall angle and arithmetic mean surface roughness (Ra) in SPIF (GRA). It was revealed 

that step size, followed by feed rate, geometry shape and, tool diameter, has the greatest 

impact on grey relational grade. Khalatbari et al., (2015) optimized the SPIF process to 

obtain maximum formability and minimum forming time for tool rotation, feed rate, tool 

diameter, and step size, on AA3003 - H12 sheets in order to produce varying wall angle 

conical frustum. Results showed that lower tool diameter and step size, higher spindle 

speed, sheet thickness, and feed rate produced better formability.  

Honarpisheh et al., (2016) investigated the influences of step size, wall angle, and tool 

diameter on  formability of  Ti6Al 4V sheet with the MoS2 powder as the lubricant at 

elevated temperature (400- 500 °C) during the EHIF process experimentally. Finite 

Element simulation results were used to confirm the experimental findings. Results 

showed that formability was found to decrease with the increase in wall angle, step size, 

and tool diameter. This is due to the fact that current density was decreased due to larger 

contact area leading to decrease in heat generation.  

Al-Obaidi et al., (2016)  studied the effects of step size on DP980 sheets of 1.6 mm 

thickness and wall angle on DC04 sheets of 1.25 mm thickness during SPIF at elevated 

temperature and room temperature to analyze formability. Results showed that the 

components were formed successfully for the selected wall angles (45°, 55°, 60°) and 

step sizes (0.2, 0.5, 1.0 mm) during hot forming, whereas crack occurred in the 
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components when formed at room temperature for higher wall angles (55° and 60°) and 

step sizes (0.5 and 1.0 mm).  

Mohammadi et al., (2016) investigated the effects of various material heat treatment 

conditions and warm forming on AA2024 sheets during SPIF. Results showed that 

forming angle increased to 44° and 47° in case of W and O temper of AA2024 sheets 

respectively. 

Raju and Sathiya Narayanan, (2016) optimized the MSSPIF process using a hybrid 

optimizing technique on pure copper sheets taking tool diameter, step depth, tool rotation, 

feed rate, and the number of sheets as input parameters. Formability was estimated in 

terms of major and minor strain produced at fracture point. Results reviled that the feed 

rate was most significant parameter followed by step size and punch radius. Results 

predicted by optimizing technique were in good agreement with the results obtained by 

confirmatory experiments.  

Mulay et al., (2017) investigated the impact of SPIF process parameters including step 

depth, feed rate, tool diameter, and sheet thickness on maximum forming angle while 

forming of high strength AA5052-H32 alloy sheet. In terms of the aforementioned 

parameters, a mathematical model is created using response surface methodology (RSM) 

and the Box-Behnken design. ANOVA tests showed that step depth and tool diameter 

significantly affect surface roughness and formability. Furthermore, the interaction 

between step depth and sheet thickness has a significant impact on the formability of 

AA5052 H32 sheet. 

Yoganjaneyulu et al., (2018) investigated the fracture behavior (void coalescence) and 

dependence on different process parameters of titanium grade 2 sheets employing the 

SPIF process. The largest tool diameter (12 mm) was revealed to have the highest 

deformation fracture strain. The Forming Limit Diagram (FLD) also shows that the major 

true strain values increase with increasing speed and vertical step depth, and decreases 

with decreasing speed and vertical step depth. 

Khazaali and Fereshteh-Saniee, (2018) studied the influence of some important process 

variables, namely the initial sheet temperature, tool diameter and vertical pitch, on 

forming limit, thickness reduction, drawing depth and the final sample temperature. 

Based on the Taguchi and analyses of variance, the vertical pitch is shown to be the most 
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effective parameter for different objective variables, except the final temperature where 

the tool diameter is the most influencing variable. 

The impacts of wall angle and step size on the formability of conical frustums cone were 

examined by Kumar et al., (2019). Result shows that lower step size and lower wall angle 

together produced a noticeable improvement in formability.  

Xiao et al., (2019) examined the mechanical characteristics of an incremental sheet-

forming process using 1.0 mm thick AA7075-T6 sheet at various temperatures (ISF). 

According to the results, when the temperature increased, formability increased 

significantly. But as the vertical step depth increases, the formability decreases. 

The effects of step size and wall angle on formability, geometrical accuracy, and thickness 

reduction while employing warm incremental forming were examined by Mohanraj and 

Elangovan, (2020). Based on the findings of the experiments, it was discovered that 

titanium grade 2 sheets formed at a temperature of 300 °C and an incremental depth of 

0.1 mm show higher formability. Experimental work is used to verify the predictions of 

the thermal model, and it has been shown that the experimental findings and the thermal 

model correspond quite well. 

The above studies reveal that the maximum forming depth of the formed components can 

be taken into account as an indicator of formability. Literature also reveals that very 

limited work has been performed towards the optimization of process parameters on hard 

to form material for achieving maximum formability using a suitable DOE technique. 

Hence, the proper relation should be established between input factors and formability of 

the components.  

2.4 Identified Research Gaps from Literature Review 

Based on the comprehensive review of literature, following gaps have been identified to 

study and investigate the single point incremental forming process: 

 Literature review reveals that the most of researchers worked on improving 

formability, surface finish, forming forces and geometric accuracy of formed parts 

in SPIF process, however quality (e.g, surface finish, thinning, and geometric 
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accuracy) of form parts are obtained unsatisfactory and hampers its wide usage 

for industrial applications. 

 Step size, rotational speed, feed, sheet thickness, forming angle, lubricants, tool 

diameters are key parameters of SPIF process for above stated responses and these 

parameters are still debatable on SPIF process, so there is scope for optimization 

using appropriate statistical tool. 

 The literature study also revealed that most of studies in incremental forming have 

been performed on aluminum and its alloys, it is necessary to study on hard to 

form materials. The influences of process parameters have not been investigated 

properly during the SPIF process on Ti6Al4V alloy as hard to form material. 

 Less studies are reported on forming of hard to form material with friction heating 

method. So there is enough scope to work on forming of Ti6Al4V alloy material 

by considering frictional heating. 

 There is need to carry out study of force arising due to forming of hard to form 

material in tool design aspect in SPIF process, as high forming force and tool wear 

are involved during the process.  

 Few studies devoted to the influence of lubrication on the surface quality of the 

final product, still there is scope to investigate effect of different lubricants on 

surface quality of different hard to form work material.  

 Optimization of the process parameters during the SPIF process is another thrust 

area which has not been explored properly. A clear guideline is required between 

the process variables and output variables for increasing suitability of the process 

at industrial scale. 

 Predicted optimal set of parameters should be validated with the experimentation 

in order to ensure the effectiveness of the optimization technique. 

2.5 Objectives of the Present Study 

Study of exhaustive literature draws attention towards the need of experimental and 

stastical analysis of SPIF process. It is planned for influence of tool diameter, feed, step 

size and rotational speed of tool on the forming force, average surface roughness and 
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formability in friction heat assisted SPIF process for hard to form material. Based on this 

study, the objectives of the present research work are listed below: 

1. To enhance an understanding of the SPIF process and identify input process 

parameters affecting the responses of process i.e. forming force, surface finish, 

and formability.  

2. To prepare experimental setup and carry out design of experiments for forming 

conical frustums on Ti6Al4V sheets in SPIF process investigation.  

3. To select and procure the work-piece material, tool material and appropriate 

lubricant. 

4. To perform an experimental work of SPIF process using selected material, process 

parameters and measure the output responses. 

5. To analyse the effects of input factors namely tool diameter, feed, step size and 

rotational speed of tool on the responses of the SPIF process like forming force, 

surface roughness, and formability of the material. 

6. To carry out modelling and optimization of input processes parameters for better 

responses in term of forming force, average surface roughness, and formability of 

the material using statistical tool; Taguchi technique, Gray Relation 

Analysis(GRA) and to conduct confirmation test for validation. 

2.6 Work Methodology 

The methodology of work was framed based on the identified objectives. The 

methodology adopted to achieve the objectives of research work in the present study as 

per the flow chart shown in Fig. 2.14. 

The following significant points can be concluded from this chapter. Incremental 

forming technique can be used successfully for sheet metal forming. This process is 

very much suitable for prototype and small batch production process. Thus, the present 

research work focuses mainly to understand the impact of various parameter on 

forming force, formability, surface roughness in single point incremental forming 

processes of Ti6Al4V steel blanks. Ti6Al4V possesses excellent mechanical 

properties and widely used in automotive, aerospace and biomedical applications 
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involving simple and complex parts requiring high formability. However, the process 

parameters of SPIF need to be optimized to use it in industries effectively. 

 

Figure 2.14 Methodology of present investigation work 

 

ANOVA tables can be satisfactorily used to identify, significant influence of process 

variable on the SPIF process. Taguchi is a good way to describe the process and to find 

the optimum value of the considered response. The need for the study of SPIF process on 

Ti6Al4V has been identified. The objectives of the work are defined. The methodology 

adopted to achieve the objectives in the course of investigation is shown using a flowchart 

Fig 2.13. The upcoming chapter provide detailed discussions on machine tool, selection 

work material, tool material, and lubricants used for experimentation in SPIF process. 
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EXPERIMENTAL SET-UP 

In this chapter, a description of hardware used to perform experimental work during the 

SPIF process has been explained. Selection of sheet material and lubricants are also 

discussed. CAD/CAM design and development as well as helical spiral tool path for 

forming the cone shape geometry for experimentation is further described. 

3.1 Machine Tool 

 
 

Figure 3.1 Pictorial view of  CNC vertical machining centre with Siemens controller 

 

The experimental work is carried out using a 3- axis CNC milling machine (JYOTI PX-

10 CNC Vertical Machining Centre- VMC) of Jyoti CNC Automation Ltd (India) 
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installed at the Department of Mechanical Engineering, Charutar University of Science 

& Technology CHARUSAT Campus, Changa, Anand, Gujarat, INDIA as shown in Fig. 

3.1. The specifications of the CNC machine tool equipped with a Siemens controller are 

shown in Table 3.1. 

Table 3.1 Specifications of the CNC milling machine tool 

Model JYOTI PX-10 CNC 

Table Size (mm) 660 x 360 mm 

Max. Load on Table (Kgf) 400 Kgf 

X-Axis Maximum Movement 510 mm 

Y-Axis Maximum Movement 410 mm 

Z-Axis Maximum Movement 510 mm 

Distance from spindle face to table 

top (Min.-Max.) 

100-610 mm 

Rapid Traverse (X,Y & Z Axis) 25 m/min 

Feed rate 10 m/min 

Rotation Speed Range of Spindle  0-8000 rpm 

Spindle Motor -Power (Siemens) 5.6/3.8 kW 

Spindle Nose BT-40 

Positioning Uncertainty 0.01 mm (As per VDI/DGQ 3441) 

Repeatability (Ps medium) 0.005 mm (As per VDI/DGQ 3441) 

Over all Dimension 2837 x  2125 x 2800 mm 

Weight (Approx.) 3600 Kg 

 

3.2 Fixture and Clamping System  

The sheet was clamped in a hollow fixture of steel in order to perform the SPIF process 

experimentation on CNC milling machine. Fig 3.2 represents basic set-up of forming 

fixture, which was mounted on the table of CNC milling machine. The base of the fixture  
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Figure 3.2 Experimental set-up with fixture and tool dynamometer for SPIF process 

 

remained static in this arrangement. Clamping plate is used to clamp the sheet at its 

peripheral with the help of allen bolts in order to constrain the sheet in all degree of  

 

Figure 3.3  Fixture of SPIF process (a) Assembly model  (b) Dimensional drawing 

(All the dimensions are in millimeter) 
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freedom (DOF). Fig 3.3 represents assembly model and dimensional drawing of the SPIF 

fixture used in present study. Outer and inner dimensions of clamping plate are 98 mm × 

98 mm and 64 mm × 64 mm respectively. 

3.3 Forming Tool Selection and Preparation  

The forming tool is an important hardware and process parameters in ISF process, that 

can affect process responses i.e. the forming force, surface roughness and formability of 

the formed parts. The material and geometry (shape and size) of the forming tool must be 

carefully chosen in order to produce various work-piece shapes. 

 

Figure 3.4 Hemispherical simple forming tool (a) Geometry (b) Pictorial view  

(All the dimensions are in millimeter). 

 

In present research work, forming tools of different diameters with hemispherical end 

shape are used to check their effects on the forming force, surface roughness and 

formability in the formed parts. Tools are made of tungsten carbide (WC) with diameters 

of 6 mm, 8 and 10 used to form parts. The geometry of the forming tools is shown in Fig 

3.4a. All the tools were hardened to 64-65 HRC and then tempered before the final surface 

finishing processes. Each forming tool was buffed using U8 wheels and polished using 

very fine inorganic abrasives (grit size 400) in order to remove feed marks lines, scratches 

and scar marks produced by the machining operation. In order to minimise friction 
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between tool - sheet contacts during the SPIF testing, a smooth, highly reflective, and 

mirrorlike surface of the tool-tip is obtained. Fig. 3.4 b shows the pictorial view of polished 

forming tools. 

3.4 Sheet Material Selection 

The SPIF technique demands much more attention when working with difficult-to-form 

materials, such as the 5000 and 7000-series aluminium alloys, titanium alloys, and 

magnesium alloys. In the crucial fields such as aerospace, automotive, defense, marine, 

chemical, and biomedical, the usage of  titanium (lightweight materials) alloy components 

has steadily increased due to their economic, environmental, and biomedical 

compatibility (Leyens, C., Peters, 2003; Cui et al., 2011). Compared to other materials 

like aluminium and steel alloys, titanium alloy materials have good mechanical properties 

such a high strength-to-weight ratio, toughness, wear resistance, fatigue behavior, and 

corrosion resistance (Ambrogio et al., 2012). The 80 % of all titanium alloys used in the 

USA are made of the Ti6Al4V alloy (Fan and Gao, 2014).  Additionally, titanium is 

essentially used in a specific application because of it impervious properties even it being 

more expensive than alternative materials. However, due to their low uniform elongation, 

resistance to deformation, high springback, and yield to tensile ratio, Ti6Al4V titanium 

sheets are challenging to form at room temperature (high hardness and poor formability). 

As a result, research are carried out to form the hard to form sheet metal at a high 

temperature of 750–950 °C using low-speed forming (Lee et al., 2007). Hence, Ti6Al4V 

alloy sheet material has been selected in the present research work for SPFI process 

investigation due to the limited number of comprehensive works on SPIF of hard-to-form 

lightweight materials. Table 3.2 and Table 3.3 shows the chemical composition and 

mechanical properties of Ti6Al4V alloy respectively. 

Table 3.2 Chemical compositions (in weight %) of the titanium alloy Ti6Al4V 

N C H O Fe Al V Ti 

0.05 0.08-0.1 0.0125 0.2 0.3 5.5-6.75 3.5-4.5 Bal. 
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Heat assisted Incremental Sheet Forming (ISF) methods like laser heat assisted, electrical 

heat assisted, induction heat assisted friction stir heat assisted processes are more 

appropriate for the forming of these alloys (Xu et al., 2013). The forming process often 

takes place heating with the use of special lubricants and processing conditions. 

Additionally, friction heat SPIF are better suited for forming Ti6Al4V sheet metal 

because process requires less tooling and have shorter lead times at higher temperatures 

as compare to other heat assisted SPIF process. The influence of the process conditions 

on the forming force, surface finish, and formability of the material formed as well as the 

optimization of the SPIF process are of particular interest. Two different thicknesses of 

Ti6Al4V sheets is condered in present study. 

Table 3.3 Mechanical propeties of the titanium alloy Ti6Al4V 

Density, 
gram/c

m3 

Young's 
Modulus, 

GPa 

Shear 
Modu

lus, 
GPa 

Bulk 
Modulus, 

GPa 

Poisson
's Ratio 

Yield 
Stress, 
MPa 

(Tensile) 

Ultimate 
Stress, 
MPa 

(Tensile) 

Uniform 
Elongati

on, % 

4.43-
4.50 

104-113 40-45 96.8-153 
0.31-

0.37 
880-920 900-950 5-18 

 

3.5 Specimen Preparation 

 

Figure 3.5 Specimen sheets preparation for SPIF process 

 
The sheets of 0.6 and 1.0 mm thickness were cut into the size of 98 mm × 98 mm in order 

to perform the experimentation during SPIF process. Alloy blank sheets were cut using 

abrasive waterjet machine in order to prevent thermal distortion sheet. Figure.3.5 
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represent the preparation of blank work pieces for SPIF process. Circular holes of 

diameter 8 mm on its four side of peripheral edges are cut in order to facilitate the 

clamping of the sheet-specimen on SPIF fixture. 

In order to study the formability of Ti6Al4V sheet, circular grid of circle with 4 mm 

diameter were printed using ultra- violet (UV) printing method on the blank sheet of work 

piece as shown in Fig 3.6. 

 
 

Figure 3.6 Pattern of UV-grid printing on sample sheet (Circle with of  

size-4 mm diameter) 

 

3.6 Lubricant Selection 

The coefficient of friction greatly affects work- piece quality, tool wear, deformation 

mechanics, and required forming forces which in turn affects production cost. In SPIF 

process, lubrication can be provided in form of the paste or spray applied on the sheet or 

by coating the blank to produce self - lubricating effects. Hussain et al., (2008) revealed 

that method of coating is not suitable for the larger value of the ratio of tool diameter and 

step down. In order to ensure the presence of lubricant during SPIF process between the 

tool and blank, it must be able to withstand forming temperature, deformation and should 
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not be squeezed out (Zhang et al., 2010). The forming tool is generally submerged in 

lubricant when it is provided in liquid form. 

Earlier, Kim and Park, (2002) revealed that mineral oils having low viscosity cannot 

withstand higher forming temperature. Low viscosity mineral oils squeeze out from 

mating surfaces. Lubrication also stands for its vital effects on surface quality, defects 

and formability of the formed component. A right choice of lubricant will reduce friction 

between tool and sheet interface leading to less forming forces during ISF process, 

increasing heat dissipation, and low tool wear implying high tool life (Azevedo et al., 

2015). Reduction in the forming forces recommends smaller and economical machine 

tool which results in optimization of metal flow by reducing the number of stages 

necessary for forming final parts. Moreover, homogenous deformation and reduced 

internal residual stresses of formed parts may be achieved implying effective lubrication 

which reduces metal to metal contact. Most of the lubricants behave as thermal insulators 

at contact zone which increase tool life (Wilson, 1979). Lubricants should be able to 

restrict adhesion and abrasion at the tool - sheet interface. Moreover, the viscosity of 

lubricant plays a crucial role to prevent rubbing of the matching surface (Singer and 

Liewald, 2014). Sometimes, it becomes very difficult to form a non - defective surface of 

components due to adhesion between tool and work -piece because binding forces 

between the molecules of the surfaces in contact predominate the physical properties of 

the material. In order to serve high load carrying applications, a highly viscous lubricant 

can serve in the applications where heavy loads are carried out at the tool - sheet interface. 

Highly viscous oil does not squeeze out from contact zone which helps in maintaining 

separation between tool and sheet (Wilson, 1979).  

Different brands of lubricants are available in the market. In present research work, engine 

oil (20W-40), MoS2 + grease, Molykote (TP-42 Paste), OKS-200 and OKS-250 white 

all-around paste (Fig. 3.8) are used as a lubricant to investigate their impact on surface 

roughness during the experimentation. Excellent thermal stability, oxidation resistance, 

good water resistance, de-emulsification characteristics, rust and copper corrosion 

protective nature of selected lubricants results in less maintenance, longer life of lubricant 

and forming tool. OKS 250-lubricant is found ideal to meet the specific requirements for 

forming of the material of Ti6Al4V alloy sheet. OKS-250 has excellent properties in 

corrosion protection, metal-free high-temperature paste for lubricating the heavily loaded 
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sliding surfaces, along with Moₓ-Active for increased performance. The operating 

temperature range of OKS pest is from -40 °C to 1,400 °C. Table shows the properties of 

OKS-250 white paste lubricants. 

 

Figure 3.7 Different types of lubricants used during experimentation 

 

Table 3.4  Properties of OKS-250 lubricant 

viscosity at (40°C) 360 mm²/s 

density 1.25 g/cm³ 

lower operating temperature -40 °C 

upper operating temperature (lubrication) 200 °C 

upper operating temperature (separation) 1400 °C 

drop point Without (°C) 

base oil synthetic oil mixture 
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3.7 CAD/CAM Design Development  

In present research work, truncated cone - shaped components are selected to be formed 

during SPIF process. The truncated cone of 54 mm upper diameter (d), and depth (h) of 

27 mm with different wall angles as well as constant wall angle (α = 45°) are designed by 

CAD software. CAD model and geometry of truncated cone shape are shown in Fig 3.8. 

Lower diameters of the conical frustums are controlled by wall angles. Fig 3.8b represents 

the design of conical frustum where d is the upper diameter, h is the depth and α is the 

wall angle of the conical frustum. In the SPIF process, the tool trajectory design is crucial 

and directly affects the responses and processing time. Tool-path is the important factor 

for the successful forming of the components. 

 

 

 

Figure 3.8 Design of the conical frustum (a) 3D CAD model (b) Geometry 

 

 

 

Figure 3.9  Forming tool path (a) Circular profile (b) Helical spiral 
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In literature, tool paths with circular profiles and helical spirals have typically been 

employed, as represented in fig 3.9(a) and 3.9 (b) respectively. Different tool paths are 

available for the forming and machining application in commercial Computer Aided 

Manufacturing (CAM) program. The tool moves in a single plane in the circular profile 

tool path, arrives at its starting position, and then descends vertically. This procedure is 

repeated until the final shape is achieved. In the helical spiral tool path, the tool moves 

both in the vertical direction (z) to push the sheet towards the depth of the cone and in the 

inward radial direction (x) to take step-overs (Fig. 3.9b). Use of a spiral tool path results 

in a better smoothing quality, homogeneous thinning and stability of force generated 

during process than discontinuous or circular profile tool path. In circular profile path, 

stretch marks are generated, which is not permitted on components which are aesthetically 

important (Liu, Li and Meehan, 2013). Hence, helical spiral tool path is used in present 

research work. In accordance to it, macro part programing is prepared (Appendix-I), 

which is fed to CNC controller to obtain the required shape. 

3.8 Experimentation 

SPIF tests are conducted on Ti6Al4V alloy sheets using CNC milling machine (Jyoti Px-

10). SPIF fixture is fixed on the table of CNC milling machine. The sheet is clamped in 

SPIF fixture in order to constrain the movement of the sheet in all DOF as shown in Fig 

3.10. Forming tool is fixed in the collet chuck which is mounted on the spindle of CNC  

milling machine tool. The dynamometer is placed between SPIF fixture and table of the 

machine tool in order to record online forming force. Helical tool path is given to the 

forming tool in order to form the designed truncated cone shape objects. The formed 

component is removed from the test rig, after completion the forming process. 

Further, work piece and tool interface temperature, surface roughness, wall thickness  are  

measured using the non contact infrared tharmal gun, surface roughness tester and pin 

type micrometer screw respectively.  
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Figure 3.10 Experimental set – up for SPIF Process 

 

In this chapter, the machine tools used for this research work and their specifications; 

various tooling used in this research work; the details of the sheet metals selection; 

lubricant; experimental procedure used in this work have been briefed. With the objective 

to establish the optimal process parameters and its effect, the detailed design of 

experiment (DOE) for preliminary, secondary and final experimentation; the result of the 

preliminary and secondary experimentation; regression model; and the multi objective 

optimization of SPIF process technique are presented and explained in the next chapter. 
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EXPERIMENTATION METHODOLOGY  

The defined objectives for the present investigation demanded appropriate methodologies 

for experimental investigation. In this context, this chapter presents various experimental 

methods and analyze the raw data-set. Present study attempts to determine the effects of 

various input parameters on the SPIF process' response characteristics. It also requires 

necessary optimization and modeling techniques to understand behaviour of SPIF process 

operational sustainability and hardware safety. Design of experiments (DOE) has been 

employed for proper planning for the experimental investigations. The collected 

experimental results are used for process optimization. The optimization of SPIF process 

has been carried out by single response optimization as well as multi responses 

optimization using statistical tools. 

4.1  Introduction to Design of Experiment (DOE) 

For proper planning of experimental trials, it is necessary to collect the raw data, analyze 

the results and deduct the conclusions to achieve objectives. The design of experiments 

(DOE) is an effective method for organizing experiments such that the data collected can 

be analyzed to generate objective results. The design of experiments can be used to 

accelerate the design process, the need for less raw materials and labour complexity, 

providing the most leverage to lower design costs, minimizing process variation and 

minimizing scrap, rework, and inspection to save manufacturing costs. These are 

accomplished using the design of experiment tools. The DOE can be used to: 

 Reduce the number of experimental tests for analyzing the effects of parameters. 

 Identify the process factors which regulate the performance of the process to be 

studied. 
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 Evaluate the optimal combination of the input factors. 

 Qualitative prediction of the input factors  

 Predict the error produced during experimentation. 

 State the trend of effects of input factors on the responses of the process.  

R. A. Fischer invented the concept of design of experiments (DOE) in the early 20th 

century. Design of experiments can have primary benefit, such as screening, optimization, 

and robustness of process parameters. Full factorial method, fractional factorial method, 

Response Surface Method (RSM), and Taguchi method are few DOE techniques. 

Methodology of DOE includes: 

1. Planning the experiment 

2. Conducting the experiment 

3. Analyzing the data 

4. Reaching conclusions and implementing recommendations 

In conventional experimental design, a large number of runs of experiments have to be 

done, when the more number of input parameters are involved. Hence, Taguchi Method 

(TM) can be handled to solve this complex problem satisfactorily by using orthogonal 

array. 

The Taguchi method suggests a small number of experiments using a special design of 

“orthogonal arrays” for the complete parameter space. It gives the effective combination 

of process parameters with their levels to optimize the process. It also shows, which 

parameter combination is having maximum influence on specific response. 

4.2 Taguchi Approach to Design of Experiments (DOE) 

Genichi Taguchi developed the fraction factorial design concept to optimize the process 

of engineering experimentation. Taguchi gave an excellent philosophy for quality control 

in the manufacturing industries. It is based on three basic, straightforward ideas (Roy, 

1990; Ross, 1996) . 

 Quality ought to be planned for the product. 
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 Losses should be calculated systemically and the cost of quality should be 

calculated as a function of deviation from the standard. 

 Best quality is achieved by minimizing the deviations from the target. 

 

Instead of attempting to check the quality of a product as it moves down the 

manufacturing line, Taguchi developed an "offline technique for generating quality 

improvement. As per Taguchi observation, the processes of inspection, screening, and 

recovery cannot enhance bad quality. The number of parameters can influence the quality 

characteristic or the responses of the process/product. The parameters can be classified in 

the following two classes (Phadke, 1995). 

Control factors: Parameters, which can be specified freely by the designer/operators 

known as control factors. Multiple values of each control factor can be set/ adjusted 

during experimentation based on machine specification and termed as level. 

Noise factors: Parameters, which cannot be controlled by the designer/operator known 

as noise factors. It is difficult to control and set their level. 

Taguchi also defines the loss function which is proportional to the deviation from the 

target quality characteristic. The magnitude of loss increases rapidly as the quality 

characteristics deviate from target values. Two important tools used in Taguchi design 

are signal-to-noise (S/N) ratios and Orthogonal Arrays (OA)  (Ross, 1996). 

A transform function created to transform the loss-function is known Signal-to-Noise 

(S/N) ratio (Barker, 1990; Phadke, 1995). The S/N ratio can examine additional properties 

of a distribution and combine them into a single number. It incorporates the variation of 

the mean and the mean level of the quality feature into a single statistic (Barker, 1990). 

Thus several replications are required to calculate S/N ratio (at least two data point are 

required). S/N ratios with high values show that the signal is substantially stronger than 

the impacts of noise factors. 

In Taguchi's design of experiment methodology, experiments are planned either on the 

basis of full factorial design or fractional factorial design. In full factorial design, all 

possible combinations of the levels of input parameters are investigated. However, only 
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a fraction of all the possible combinations are investigated in fractional factorial design 

to simplify the experiments.  This approach of fractional factorial saves considerable time 

and money without affecting the end results obtained. Consequently, fractional factorial 

Design is simplified and standardized by Taguchi in such a manner that two researchers 

conducting experiments thousands of miles apart, will always use similar design and 

obtain similar results (Montgomery, 1997). Such type of design is based on standard type 

of matric which is known as orthogonal array (OA). 

The Taguchi method is best suited when the number of variables vary from 3 to 50 

(usually) and then there exists few interactions between these variables, but only limited 

variables contribute significantly. Based on Taguchi method, the best level of conducted 

experiments is determined using orthogonal array. TM suggests Orthogonal Array (OA) 

with a definite combination of input factors for conducting experiments.  A unique matrix 

known as an orthogonal array contains entries at several levels of input parameters, with 

each row representing a different treatment condition. The DOE assigns most suitable OA 

according to number and levels of input factors using linear graphs and triangular tables. 

The selection of array facilitates to design identical DOE for all the experimenters (Roy, 

1990). TM can be analyzed experimental results in order to obtain following objectives 

(Ross, 1996): 

 To define the optimal situation for the process or the item to be studied. 

 To predict the contribution of an individual factor. 

 To predict the output characteristics under the optimal situation. 

The optimal situation can be noticed from the main effects plot of the input factors. The 

normal trend of the effect of each factor is identified from the main effects plot. 

Percentage contribution of every factor with a given confidence level, that can be easily 

calculated by performing the analysis of variance (ANOVA) to the experimental results. 

In addition, ANOVA tables permit to define the state of control of the factors. Therefore, 

a guideline of the contribution of individual factors decides the state of control of the 

process to be studied (Ross, 1996). 

According to TM, two approaches can be used to carry out full analysis. In the first 

approach, ANOVA and main effect analysis are performed on the results of single trial 

or average of repetitive trials. On the other hand, several trials are performed to use 
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Signal-to-Noise (S/N) ratio for ANOVA and main effect analysis. TM strongly suggests 

the second approach of analysis for better output. S/N ratio of the raw data is the 

concurrent characteristics and associated with the loss function (Barker, 1990). S/N ratio 

calculates the most robust combination of factors taking a variation of results into 

account. Higher the S/N ratio, lower the loss is. Additionally, TM recommends employing 

outer OA to incorporate the noise variance into the experiment (Ross, 1996). Normally, 

various noise factors are involved in the experimental tests which affect variation in the 

output characteristics of the process. It becomes very costly and time-consuming to 

identify and control the noise factors during high noisy experimental process. Hence, it is 

advised to repeat the experimental trial at the same set of controllable factors, and analyze 

the process using S/N ratio (Byrne, D.M. and Taguchi, 1987). 

Present research work focuses on the analysis of raw data and S/N ratio data. Main effect 

plots are drawn from raw data in order to investigate the influence of selected input factors 

on responses of the SPIF process. The optimum conditions are proposed for each response 

using raw data analysis aided by S/N data analysis.  The experiments are conducted using 

output of orthogonal array, derived from selection of process parameters for 

experimentation. 

The first step of DOE is to select input parameters and its level for investigation of their 

effects on output parameters. Material parameters, geometrical parameters, and process 

parameters should be used to group various input parameters that have an impact on the 

process. Due to several process constraints, little or no change is made to geometrical 

factors like component shape, wall angle, and sheet thickness as well as material 

properties like Young’s modulus, work hardening exponent, and anisotropy of material. 

On the other hand, process designer has the choice of altering the input parameter like, 

rotational speed, feed rate, step size, tool diameter, lubrication, and tool shape etc. Fish 

bone diagram (Fig. 4.1) is constructed to identify the process parameters that affect the 

various responses of component formed by SPIF. 

To check the feasibility of SPIF process and understand the effect of various parameters 

on selected quality characteristics, preliminary experiments are carried out. Based on the 

fish-bone diagram and reported literature, it is decided to primarily investigate the effect 
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of speed, feed, step size, type of lubricant, tool diameters and sheet thickness on forming 

depth and surface finish of the components. 

 

Figure 4.1 Fish bone diagram of SPIF process parameters and responses 

4.3 Preliminary Experimentation  

4.3.1 Experimentation Plan 

Table 4.1 Variable parameters for preliminary experimentation 

Parameters levels 

Speed (rpm) 600 1200 1800 2400 

Feed (mm/min) 500 750 1000 1250 

Step Size  (mm) 0.1 0.15 0.2 0.25 

Wall angle (°) 30 40 50 60 

Lubricant MoS2 Molykote ----- ----- 

 

The objective of preliminary experiment is to check the feasibility of Ti6Al4V-alloy sheet 

forming using friction heat method and evaluate the critical parameters. Variable 

parameter and its levels are selected as shown in Table 4.1. While constant parameters 

are considered as a workpiece material-Ti6Al4V, sheet thickness (t) = 0.6 mm, 

hemispherical end shape tool made of tungsten carbide, tool path- Z-level, geometry as a 

truncated cone with 46 mm maximum diameter and 15 mm design depth. 
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Further, L16 dash (OA) Taguchi-Mixed design is select for experimentation as shown in 

Table 4.2. Formability in term of maximum fracture depth of frustum cone is considered 

as a response parameter. The maximum fracture depth  is the depth of  sheet metal formed 

part before fracture during the forming process. It is reported directly as a Z- coordinate 

data in mm  from the computer screen display of CNC-machine and it is also measured 

by Vernier height gauge, which is stated in Table 4.2. Fig 4.2 shows formed specimens 

for preliminary experiments. 

Table 4.2 Preliminary experimentation L16 OA plan and corresponding MFD value  

Sr. 
No. 

Speed 

(rpm) 
Feed 

(mm/min) 
Step Size 

(mm) 
Wall Angle 

(°) 
Lubricant 

Type 

Maximum 
Facture 
Depth 

(MFD) - 
(mm) 

1 600 500 0.10 30 MoS2 12 

2 600 750 0.15 40 MoS2 6.25 

3 600 1000 0.20 50 Molykote 5.2 

4 600 1250 0.25 60 Molykote 4.25 

5 1200 500 0.15 50 Molykote 4.85 

6 1200 750 0.10 60 Molykote 5.9 

7 1200 1000 0.25 30 MoS2 13 

8 1200 1250 0.20 40 MoS2 5.8 

9 1800 500 0.20 60 MoS2 6.4 

10 1800 750 0.25 50 MoS2 8.5 

11 1800 1000 0.10 40 Molykote 6.4 

12 1800 1250 0.15 30 Molykote 13 

13 2400 500 0.25 40 Molykote 4.6 

14 2400 750 0.20 30 Molykote 13 

15 2400 1000 0.15 60 MoS2 5.2 

16 2400 1250 0.10 50 MoS2 4.5 
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Figure 4.2 Preliminary experimentation formed components 

. 

 

Figure 4.3 Preliminary formed components with different process conditions 
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4.3.2 Result Discussions  

At higher value of parameter (i.e. Wall angle > 32° and Speed >1800 rpm with sheet 

thickness of 0.6 mm), specimens failed due to more straining effect occur with higher 

value of wall angle and speed. Lubricant is squeezed out and no retention of lubricant at 

tool-sheet interface is observed because of higher friction heat at tool contact zone as well 

as centrifugal action of tool rotation. Further, peeling of sheet material with sparking is 

also observed as shown in Fig 4.3. At a lower value of speed, specimens are formed at 

certain depth with warpage of sheet, without sparking and peeling of material.  Specimens 

are successfully formed with good surface quality at lower value of wall angle (30°), but 

part is formed with warpage of sheet.  

The experimental result of fracture forming depth are converted in to S/N ratios using 

Minitab software with “larger the better” quality characteristic. Reponses Table 4.3 

indicates that wall angle has highest contribution followed by speed, feed, lubricants and 

step size. 

Table 4.3 Response table for signal to noise ratios of facture depth 

Level Speed Feed Step-
Size 

Wall 
Angle 

Lubricant 

1 16.10 16.17 16.55 22.11 17.14 

2 16.67 18.05 16.56 15.14 16.24 

3 18.28 16.76 17 14.92 - 

4 15.73 15.79 16.67 14.61 - 

Delta 2.55 2.26 0.45 7.50 0.90 

Rank 2 3 5 1 4 

 

Response table for S/N ratio is used to obtain the main effect plot as shown in Fig 4.4. it 

shows that fracture forming depth decreases as the wall angle increases. 
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Figure 4.4 Main effect plot for S/N ratio of fracture depth 

 

ANOVA Table 4.4 shows the percentage contribution of each factors on fracture forming 

depth. Wall angle is a significant parameter with contribution of 82 percentage of total 

variability followed by speed, feed, lubricant and step size. 

Table 4.4 Analysis of variance (ANOVA) of facture depth 

Factors DF Adj SS Adj MS F-Value P-Value 
Contribution 

(%) 

Speed 3 15.191 5.0637 13.52 0.07 8 

Feed 3 11.713 3.9043 10.43 0.089 6.3 

Step size 3 0.531 0.1771 0.47 0.733 0.3 

Wall angle 3 156.74 52.248 139.55 0.007 82 

Lubricant 1 3.230 3.229 8.63 0.099 1.5 

Error 2 0.749 0.3744   0.3 

Total 15 188.158    100.00 

Model-Summary R-Sq = 99.60 % and R-sq (adj) = 97.02 % 

 

Further, 1.0 mm thickness of sheet specimen is successfully formed with wall angle of 

32°, 35° and 40° as shown in Fig 4.5, which shows that formability is increasing with 

increase of sheet thickness from 0.6 mm to 1 mm. So further experiments are needed to 

find out maximum safe forming angle.  
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Figure 4.5 Successfully formed specimens with wall angle (a) 32° (b) 35° and (c) 40° 

Specimen with good surface quality is formed with Molykote lubricant as compared to 

engine oil and MoS2 Paste. Moreover, Durability of UV-printing of grid, had less 

retention on sheet metal surface (Fig 4.6) during forming process at higher value of speed 

due to high thermal effect. 

 

Figure 4.6 Formed component with circular grid printing  

 

4.3.3 Conclusions 

From preliminary experimentation, it is concluded that Ti 6Al4V sheet material can be 

feasible to form with selected appropriate input parameters at room temperature by single 



  
 EXPERIMENTATION METHODOLOGY 

 
62 | P a g e  

 

point incremental forming process. Wall-angle is a significant parameter on fracture 

forming depth of SPIF process. Formability of sheet material increases with increases of 

sheet thickness. Safe forming angle is required to investigate the other responses of SPIF 

process like as surface roughness, strains, geometry, forming force etc. Warpage of sheet 

is found to decrease with increase of thickness from 0.6 mm to 1 mm. Selected lubricant 

was not effectively retained between tool and work-piece interface at higher temperature. 

Other non-contact sophisticated instrument should be used to measure the strain of 

material due to non-retention of UV-grid printing on the surface during forming process. 

4.4 Secondary Experimentation 

4.4.1 Experimentation Plan 

In this section, Total 14 experiments are performed as per the plan of experimentation. 

The objective of experimentation is to evaluate the maximum safe forming angle with 1.0 

mm thick sheet of Ti6Al4V.  Secondary experimentation is carried out to investigate 

surface roughness, thinning and geometric accuracy of formed part and to finalize the 

range of process parameters for final experimentation. Table 4.5 shows the variable 

parameters and its levels along with result of responses, while other parameters are kept 

constant. Figure 4 shows all formed specimens of 14 runs of experiments in the secondary 

experimentation. 

Table 4.5 Secondary experimentation plan and corresponding value of  forming depth 

and maximum temperature value 

Sr. No. 
Speed 

(rpm) 

Feed 

(mm/min) 

Step Size 

(mm) 

Wall 
Angle 

(°) 

Formed 

Result 

Forming 
Depth 
(mm) 

Maximum 
Temp (°C) 

A 700 1000 0.25 55 Fail 6.0 148 

B 1400 1000 0.25 55 Fail 5.5 192 

C 1400 1000 0.1 55 Fail 6.25 224 

1 1200 1000 0.25 45 Fail 6 189 

2 1200 1000 0.1 45 Fail 6.5 120 

3 1200 1000 0.25 40 Success 18 164 

4 1200 1000 0.25 42 Fail 7.5 144 
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Sr. No. 
Speed 

(rpm) 

Feed 

(mm/min) 

Step Size 

(mm) 

Wall 
Angle 

(°) 

Formed 

Result 

Forming 
Depth 
(mm) 

Maximum 
Temp (°C) 

5 1400 800 0.25 42 Success 18 227 

6 1400 800 0.25 45 Success 18 266 

7 1400 1100 0.25 45 Fail 10.25 249 

8 1400 800 0.25 50 Fail 7.25 222 

9 1400 800 0.1 50 Fail 6.25 178 

10 1200 1000 0.1 40 Success 18 187 

11 1400 800 0.25 40 Success 18 187 

 

4.4.2 Result discussions  

All formed specimens with wall angle more than 45° (i.e. 50° and 55°) failed with 

independent varying speed (700 -1400 rpm), feed (800-1100 mm/min) and step size (0.1-

0.25 mm). Specimens failed at higher wall angle, this is because of more straining of sheet 

metal leading to cold cracking.  

Specimens with wall angle from 40° to 45° failed at higher feed rate of 1200 mm/min and 

lower speed due to cold cracking of sheet. While, specimens are successfully formed at 

higher speed of 1400 rpm with lower the feed rate of 800 mm/min by varying the step 

size from 0.1 to 0.25 mm. This is because of metal becomes ductile in nature at higher 

temperature due to frictional heat at higher speed. 

4.4.3 Conclusions  

It seems that part is successfully formed at 45° wall angle with increasing tool speed 

and decreasing the feed from 1100 mm/min to 800 mm/min. Specimens with wall angle 

of 40° are successfully formed with varying all selected speed, feed and step size. From 

secondary experimentation, it is concluded that Ti6Al4V sheet material can be feasible 

to form with selected appropriate input parameters by Single Point Incremental  
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Figure 4.7  Formed specimens during the secondary experimentation  

 

Forming (SPIF) process with friction heat. Wall-angle are most significant parameters 

followed by feed, speed and step size in SPIF process on forming depth. From 

experiments, it is observed that part with wall angle of 50°and 55° are not successfully 

formed with the range of speed 700 to 1400 rpm, feed 800 to 1100 mm/min and step size 
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0.1 to 0.25 mm. Maximum formable angle for 1 mm thick Ti6Al4V alloy sheet is up to 

45° with set of optimum parameters. 

4.5 Selection of Process Parameter for Final Experimentation 

Based on the literature survey, preliminary and secondary experiments, input factors and 

its levels are considered for the present research work as shown in Table 4.6. Selected 

input impact factors namely speed, feed, step size and tool diameter is varied to evaluate 

their effects on the forming force, surface roughness and formability of Ti6Al4V sheet 

material.  

Table 4.6 Variable parameter for final experimentation 

Sr. No. Input Parameters (Unit) 
Level- Value 

L-1 L-2 L-3 L-4 

1 A:Speed (rpm) 1000 1400 1600 2200 

2 B: Feed (mm/min) 600 800 1000 1200 

3 C: Step Size (mm)  0.2 0.3 0.4 0.5 

4 D:Tool Diameter (mm) 8 10 - - 

. 

Table 4.7  Constant input parameters for the final experimentation 

Work piece material and thickness 1.0 mm of Ti6Al4V 

Tool shape Hemispherical end shape 

Tool material Tungsten Carbide  

Formed geometry Truncated cone with Wall angle of  45°,  Base 
diameter d= 54 mm,  design depth h= 27 mm. 

Tool  path Spiral Tool path 

Lubricant type OKS-250 White paste (MoS2-Active) 

 

It is important to select the levels of the input factors to define the experimental design. 

In present study, levels of selected input parameters are selected based on the literature 

study and preliminary and secondary experimentations. Three selected input parameters 
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are varied at four levels except tool diameter which is varied at two levels. Apart from 

these selected input parameters, other parameters of the process are kept constant such as 

tool shape and tool material, formed geometry, sheet thickness, lubricant and spiral helical 

tool path as shown Table 4.7. 

4.6 Selection of Orthogonal Array for Final Experimentation 

The number of factors and their interactions, the number of levels for the factors, the 

necessary experimental resolution, and the cost ceiling, all have a significant role in the 

choice of orthogonal array (OA) for an experiment (Ross, 1996). The computation of the 

total degree of freedom (DOF) of the input parameters serves as the basis for the final 

choice of OA. The number of independent parameters associated with an entity like a 

matrix experiment, or a factor, or a sum of squares is call degrees of freedom. In general, 

the number of degree of freedom associated with a factor is equal to one less than the 

number of levels for that factor. Total DOF is calculated by following equation (4.1), 

(Phadke, 1995).  

DOF= [(Average No. of Level for each factor-1) x (No. of Factor)] +   

[(Degree of freedom for Interaction)] +1    (4.1) 

In present study, accordingly to full factorial design for one factor at two level and three 

factor at four levels number of run is required 21 x 43 (Totalling128), However, when cost 

and quality are concerned, "orthogonal array” (OA) has been suggested in Taguchi’s 

method with fractional factorial. It is required only 16 experiments for one factor at two 

level and three factor at four levels. Moreover, minimum degree of freedom (DOF) 

required for experiments for the one factor at two level and three factor at four level is 

[(2-1) *1+ (4-1) *3] =10 and 1 for overall mean. Thus total DOF to conduct experiments 

is 11. Therefore, minimum 11 experiments need to be performing in order to analyze the 

effect of each parameter. Because of this, the approach requires, the total DOF of the 

chosen OA to be larger than or equal to total DOF determined for the experiments 

(Phadke, 1995). Thus, L16 OA is selected for conducting the experiments as shown in 

Table 4.8, instead of performing more experiments. 
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Table 4.8  Experimental L16 orthogonal array (OA) plan for final experimentation 

Sr. No 

Process Parameters 

Sr. No 

Process Parameters 

A: 
Speed 

(rpm) 

B: Feed 
(mm/min) 

C: 
Step 
Size 

(mm) 

D: Tool 
Diameter 

(mm) 

A: Speed 

(rpm) 
B: Feed 

(mm/min) 

C: Step 
Size 

(mm) 

D: Tool 
Diameter 

(mm) 

1 1000 600 0.2 8 9 1800 600 0.4 8 

2 1000 800 0.3 8 10 1800 800 0.5 8 

3 1000 1000 0.4 10 11 1800 1000 0.2 10 

4 1000 1200 0.5 10 12 1800 1200 0.3 10 

5 1400 600 0.3 10 13 2200 600 0.5 10 

6 1400 800 0.2 10 14 2200 800 0.4 10 

7 1400 1000 0.5 8 15 2200 1000 0.3 8 

8 1400 1200 0.4 8 16 2200 1200 0.2 8 

4.7 Selection of Response Parameters for Final Experimentation 

From the literature survey, it is observed that the performance of single point incremental 

forming (SPIF) process is expressed in terms of Axial Peak Forming Force (APFF), 

Average Surface Roughness (ASR) and Maximum Forming Depth (MFD). Hence these 

are considered as responses for present research work. 

4.7.1 Axial Peak Forming Force (APFF) 

The three force components—tangential force (Fx), rotating force (Fy), and vertical force 

(Fz)—in the x, y, and z directions—are depicted as a function of time in Fig 4.8. It is 

observed that the vertical force (Fz) component has a highest value of forming force as 

compared to other components of forming force. In present research work, axial peak 

value of forming force (APFF) of vertical force (Fz) component of forming force is 

consider as a response parameter. Because of, the Peak value of force is the most 

important factor for tool designing and study of forming fracture in SPIF process. 
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Figure 4.8 Forming force component Fx, Fy and Fz  Vs time for SPIF process 

4.7.2 Average Surface Roughness (ASR) 

In SPIF process normally leaves a component surface with a scratch mark, which is due to 

continuous tool moving on sheet during forming with high pressure. It is quantified by the 

vertical deviation of a real surface from its ideal form. In present investigation, surface 

roughness has been measured with touch type stylus. A roughness value can be calculated on 

a profile (line contact). Literature shows that Ra is the most common parameter used for 

evaluating the surface roughness. Ra is the arithmetic average of the absolute values. It is 

expressed in units of height (μm). 

Figure 4.9 Surface roughness measurement set up 
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The average surface roughness is stated in terms of Ra in the current research work. Surface 

roughness is assessed using the Mitutoyo SJ-400, as shown in Fig. 4.9. The component has 

been attached with the detector through stylus. A stylus is moved across the component's 

surface in a horizontal direction to measure the roughness value. The machine unit's displayed 

screen shows the roughness measurement results.   

To increase the statistical accuracy of the data, the Ra value of each specimen is measured on 

each side of the wall, as shown in the Fig 4.10. Finally, average of surface roughness is taken 

of four side of wall surface roughness value of specimen as response parameter. The other 

parameters set of surface roughness Mitutoyo SJ-400 tester are summarized in Table 3.8. 

 

Figure 4.10 Surface roughness measurement at four locations on wall surface  

. 

Table 4.9 Surface roughness parameters of Mitutoyo SJ-400 Tester 

Sr. No. Parameters Value 

1 Measuring standard ISO97  

2 Stylus used Diamond tip stylus  

3 Stylus tip angle 90º  

4 Measuring length 4.00 mm 

5 Cut off length 0.8 mm 

6 Sampling length 5 mm 
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4.7.3 Maximum Forming Depth (MFD) 

In present research work, the maximum forming depth is used to assess the formability 

of sheet metal. Formability is greater in this circumstance when the formable depth is at 

its maximum and measured immediately before the component fails. The forming of the 

specimens is meticulously monitored throughout each test run, and the machine tool is 

manually halted as soon as the specimen cracked. A fracture made a sound that caused 

the machine tool to halt, and the maximum forming depth of Z-level tool movement is 

recorded from the CNC computer screen. 

4.8 Data Analysis  

TM suggests different methods to analyze the recorded data like average response plot, 

S/N response plot, observation method, interaction plot, ANOVA, ranking method, S/N 

ANOVA etc. (Ross, 1996). Following methods are involved for present research work: 

 Average response plot 

 S/N response plot 

 ANOVA for the average of raw data 

The average response plot or main effects diagram represents the trend of influence of 

each level of each parameter on the response graphically. Response curves of this plot are 

able to notice the change in output characteristics with the change in levels of factors. 

When noise factors are present in the experiment, S/N ratio can be considered a measure 

of variation in the output at the same combination of parameters. Analysis of variance 

(ANOVA) of measured values is used to assess the importance of the impact of certain 

process variables on output. ANOVA tables and main effects diagrams are used to 

determine the best values of all input factors in relation to the selected response. In order 

to establish the validity of the findings and the repeatability of the trials, confirmation 

experiments are lastly conducted. 

4.9  Response Characteristics Selection 

The experimental values are converted into a signal-to-noise (S/N) ratio using the Taguchi 

method. When referring to an output characteristic, "signal" denotes the desired value 

(mean) while "noise" denotes the unwanted value. In the analysis of the S/N ratio, there 
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are typically three types of performance characteristic: smaller-is-better, nominal-is-

better, and larger-is-better. Based on the S/N ratio analysis, the S/N ratio for each level 

of the process parameters is calculated. The higher S/N ratio corresponds to the better 

performance characteristic, regardless of the category of the performance characteristic. 

Consequently, the level with the largest S/N ratio is the optimum value for the process 

parameters. Maximum Forming Depth (MFD) is beneficial for SPIF process, therefore 

S/N ratio of MFD is calculated using Larger-the-better characteristics. Whereas the values 

of Axial peak forming force (APFF) and Average Surface Roughness (Ra) should be 

minimum therefore its quality characteristics is calculated using lower-the-better 

equation. 

4.10 Signal to Noise (S/N) ratio Calculation 

The robustness of the experimental design is measured by S/N ratio. Three type of quality 

characteristic are described in Taguchi methodology i.e., Smaller the Better (SB), 

Nominal the Better (NB) and Larger the Better (LB). It is obtained from measured quality 

characteristics. The S/N ration (eta) is calculated using the following equations (Genichi 

Taguchi et al., 2005) 
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Where yi is the response of the ith quality characteristic at jth experimental run, n is the 

total number of repetition of a run, 𝑦 = mean and s= variance. 
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4.11 Analysis of Variance (ANOVA) 

This is a statistical tool, which is used to analyze the results of the total run of orthogonal 

array experiments. For ANOVA, following terminology is required to calculate.  

1. Grand total sum of squares is determined by sum of the squared value of 

experimental data of response. 

𝐺𝑟𝑎𝑛𝑑 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 =  ∑ (𝑆 𝑁⁄ )      (4.5) 

Where n = total number of experiment runs. 

2.  Total Sum of Squares or Total Variation (ST)  

𝑆 =  ∑ (𝑆 𝑁⁄ ) −  𝐶𝐹        (4.6) 

Where; Correction Factor,  𝐶𝐹 =  
(∑ ⁄ )

               (4.7) 

3. Sum of square for a factor (SF) 

𝑆 =  + +  −  𝐶𝐹       (4.8) 

Where; F1, F2, F3 are sum of S/N ratio of level 1, 2, 3 respectively. N= number of 

repetition of the factor in orthogonal array. 

4. Mean Square of Factor (Variance) 

 𝑉  =  𝑆 𝐷𝑂𝐹⁄         (4.9) 

5. Mean Square Error (Se) 

𝑉  =  𝑆 𝐷𝑂𝐹⁄          (4.10) 

Where SE = sum of square due to error; DOFF = degree of freedom due to error. 

6. F-Ratio = VF / VE        (4.11) 

From the ANOVA process, it is to determine the most significant parameter to specific 

response of SPIF process. The statistical significance of each individual parameter is 

shown by the p-value. The p-value should be less than 0.05 for the 95 percent confidence 
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level, according to Genichi Taguchi et al., (2005). The trial version Minitab- 17 software 

are used to carry out ANOVA. 

4.12 Regression Model 

A mathematical equation to describe the relationship between two or more input variables 

and the response outputs is developed with the use of regression analysis, a statistical 

technique. In this study, mathematical multiple linear regression models are also 

developed using regression analysis to fit the measured data for the three selected 

responses. Regression models are developed using Minitab software from the 

experimental result for responses such as the forming force, surface roughness, and 

formability. 

4.13 Optimization Methodology 

Optimization of process parameter is one of the effective methods to achieve quality 

product and profit without increasing cost for any manufacturing firm. In today's most 

highly competitive market for any producer, it is vital to evaluate multiple associated 

qualities or responses at once. In such circumstances multi objective optimization has 

become an increasingly important tool to improve robustness of the process. A single 

quality characteristic is optimized without any difficulty with traditional Taguchi method. 

However, multiple quality characteristic optimization is too complicated than single 

quality characteristic. Deng proposed Grey Relation Analysis (GRA) theory in 1982 to 

effectively solved interrelated multi performance characteristics. In present research 

work, GRA is used for multi responses optimization for APFF, ASR, and MFD.   

4.14 Confirmation Tests 

It's crucial to conduct confirmation tests in order to validate both the findings and the 

reproducibility of the research. Taguchi based experimentation results of single response 

optimization as well as multi responses optimization are verified by conducting the 

confirmation tests at the optimum combination of parameters for each response with 

predicted result and 95% level of Confidence Interval (CI) range. Taguchi (Genichi 

Taguchi et al., 2005) recommends the prediction of responses at optimum setting of 
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parameters. The estimated mean of APFF, Ra and MFD are calculated using following 

equation 3.9 (Ross, 1996). 

ƞ  = 𝑇 + ∑ ƞ − 𝑇       (4.12) 

Where, 𝑇  is overall mean of response parameter, ƞ  is average value of optimum set of 

parameters for responses. 

The 95 percent Confidence Interval (CI) range should be reached by the experimental 

results when the parameters are optimally combined. Equation (4.13) is used to calculate 

(CI) 

CI (CE) = 𝑓 (1, 𝑓 ) 𝑣  [ 
ƞ

+
 
 ]      (4.13) 

where, 𝑓 (1, 𝑓 )  is the F-ratio at a confidence level of (1- α) against DOF, (1, 𝑓 ) is error 

degree of freedom,  𝑣   is error variance which is the ratio of the total variation of factors 

to the total degrees of freedom of its factors, R is the number of repetitions and ƞ is 

given by 

ƞ = [ 
 

 ]         (4.14) 

where, N is total experimental runs, 𝑇  is the summation of degree of freedom of 

optimum factors.  

Statically regression predicted model is also validated with experimental result of 

optimum combination of parameters for each response. In this chapter, methodology of 

experimentation includes, detailed design of experiment (DOE), regression model, and 

the multi-optimization of SPIF process technique and confirmation test for this study are 

presented. Further the result discussion of the preliminary and secondary experimentation 

has been carried out. With the objective to establish the optimal process parameters and 

effect of parameters, upcoming chapters are reported on an analysis and result discussed 

of forming force using said methodology.  
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ANALYSIS OF FORMING FORCE 

The present chapter focuses on the application of Taguchi Method (TM) for selecting 

design of experiment (DOE) and analyse the result of forming forces. Experimental work 

is performed to study the impacts of input factors on Axial Peak Forming Force (APFF) 

developed during SPIF process. Additionally, forming force measurement techniques and 

tools are discussed. 

5.1 Measurement of Forming Force 

 

Figure 5.1 Experimental set up with tool dynamometer 
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To measure the forming forces, which are necessary to generate the desired shape 

throughout the incremental forming process. A tool dynamometer model KISLER 9272 

is used and positioned beneath the SPIF fixture in which the sheet is clamped as shown 

in Fig. 5.1. The dynamometer is made up of four sensors that are connected to a base plate 

and a top plate under high preload. Throughout the forming process, three components of 

forces FX, FY, and Fz are measured practically without displacement. The variation of 

force is observed while the parts are formed. The dynamometer is shielded from rust and 

impervious to splash water and cooling agents. Building a complete measuring system 

also requires charge amplifier channels (e.g. Type 5080A) with the connecting cable type 

1677A5. These convert the measurement signal into an electrical voltage, which is further 

processed in the hardware of data acquisition system (5697A1 Type) and the PC-based 

Lab-View software as depicted in Fig 5.2. The measured value is exactly proportional to 

the force acting.  

 

Figure 5.2 Data acquisition system with PC based software for force measurement 

 

In order to present the real-time online observation of forming forces during the forming 

process, the analogue voltage signals of sensors received by the data logger system are 

transformed into digital signals. It stores the tool dynamometer's force values for a 

specified time period. 
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Table 5.1 Technical data for the tool- dynamometer of KISLER 9272 

Model KISTLER 9272 (Quartz 4-Components Dynamometer ) 

Natural frequency  3 KHz 

Threshold < 0.01N 

Measurement Range FX, FY = ±5 KN, FZ = -5  to 20 KN and MZ = ± 200 N-m 

. 

 

Figure 5.3 Measuring chain with DAQ system for force measurement 

5.2 Selection of the Input Factors to Orthogonal Array 

In the present study, four input factors have been investigated. Three parameters have 

been varied at four levels and one parameter, the tool diameter which has been varied at 

two levels as shown in Table 5.2. L1, L2, L3 and L4 represent the code for the first, 

second, third and fourth level of input factors respectively. The value of each levels are 

selected based on literature study, preliminary and secondary experimentations. 

According to Taguchi Method (TM), a four- level parameter has three Degree of Freedom 

(DOF) and two-level parameters has one DOF. The total DOF for all parameters can be 

calculated as [3 × (4- 1)] + [2-1] + 1 = 11. An Orthogonal Array has been developed to 

investigate the effects of the process' input parameters. According to TM, the total DOF 

of the chosen array should be more than the process's minimum needed DOF, which in 

this case is 16. The nearest mixed level OA satisfying this condition is L16, which has 15 
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DOF. As a result, columns with the levels of each input parameter have been provided 

for a mixed level L 16 (21× 43) OA and are displayed in Table 5.3. 

 

Table 5.2 Input factors and their coded values with the different levels 

Symbol Input factors 
Factor and its level value with coded symbol 

Level-1 Level 2 Level 3 Level 4 

A Speed (rpm) 1000 (A1) 1400 (A2) 1800 (A3) 2200 (A4) 

B Feed (mm/min) 600 (B1) 800 (B2) 1000 (B3) 1200 (B4) 

C Step size (mm) 0.2 (C1) 0.3 (C2) 0.4 (C3) 0.5 (C4) 

D Tool diameter (mm) 8 (D1) 10 (D2) - - 

. 

Table 5.3 Experimental L16 OA plan and corresponding APFF value with its S/N ratio  

Sr. 
No. 

Process Parameters Response Parameter 

A: Speed 

(rpm) 
B: Feed 

(mm/min) 

C: Step 
Size 

(mm) 

D: Tool 
Diameter 

(mm) 

Axial Peak 
Forming 

Force (N) 

Signal to Noise  
ratio (S/N) for 

Axial Peak 
Forming Force 

1 1000 600 0.2 8 1762 -64.9201 

2 1000 800 0.3 8 1824 -65.2205 

3 1000 1000 0.4 10 2296 -67.2194 

4 1000 1200 0.5 10 2647 -68.4551 

5 1400 600 0.3 10 2036 -66.1756 

6 1400 800 0.2 10 1746 -64.8409 

7 1400 1000 0.5 8 2189 -66.8049 

8 1400 1200 0.4 8 1975 -65.9113 

9 1800 600 0.4 8 1563 -63.8792 

10 1800 800 0.5 8 1777 -64.9937 

11 1800 1000 0.2 10 1578 -63.9621 

12 1800 1200 0.3 10 1884 -65.5016 

13 2200 600 0.5 10 1685 -64.532 

14 2200 800 0.4 10 1517 -63.6197 
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Sr. 
No. 

Process Parameters Response Parameter 

A: Speed 

(rpm) 
B: Feed 

(mm/min) 

C: Step 
Size 

(mm) 

D: Tool 
Diameter 

(mm) 

Axial Peak 
Forming 

Force (N) 

Signal to Noise  
ratio (S/N) for 

Axial Peak 
Forming Force 

15 2200 1000 0.3 8 1624 -64.2117 

16 2200 1200 0.2 8 1624 -64.2117 

 

5.3 Experimental Results for Axial Peak Forces 

Using a tool dynamometer, experimental test results of various process factors on axial 

peak forming forces (Fz-max) are obtained. These values are presented as indicated in 

Table 5.3. Analysis has been done on a total of 16 combinations of input factors. Minitab-

17 statistical software is used throughout the current study for all analyses and design of 

the experiment. Analysis has been done while accounting for axial peak forming forces. 

5.4 Analysis and Result discussions of Axial Peak Forming Force 

(APFF) 

 In this section, the impact and optimization of selected individual SPIF process input 

parameters have been investigated. From experimental raw data, the mean value and S/N 

ratio of axial peak formation forces for each input factor at various levels are calculated 

(Table 5.3). In order to explain the impact of specific process variables on axial peak 

formation forces, the major effects diagrams (response curves) are used for S/N data. To 

choose the order of the input components, response tables are used for S/N data. Analysis 

of variance (ANOVA) of measured values are also carried out in order to determine the 

importance of the influence of the chosen process variables on Fz-max. By using main 

effects diagrams and an analysis of variance (ANOVA) table, the optimal values of all 

input factors in terms of axial peak forming force is chosen. Additionally, S/N ratios are 

used to assess the variation in quality feature (Fz-max, in this case). The process is at its 

optimal outcome when the S/N ratio is highest because it results in the least amount of 

variation in the axial peak-forming forces. Moreover, forming force is considered as a 
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"Smaller the Better" type quality response; because it is generally accepted that a smaller 

value of force in during the forming process. Hence, the power consumption is the lower. 

5.4.1 Effects of Process Factors on Axial Peak Forming Forces 

APFF experimental data are transformed into S/N ratios using the statistical program 

Minitab® -17 software. (Version 17, Minitab, Ltd, Coventry, UK). The response table for 

the S/N ratio’s delta statistics is used to identify the dominant control factors. The 

difference between the highest and lowest average value for each factor is used to 

calculate the delta statistics. According to the delta value, ranks are allocated. The highest 

delta value, which stands for the main factor affecting APFF, is given the top rank. The 

rotational speed is the factor that has the greatest influence, according to the response 

Table 5.4, with a delta value of 2.31. Step size is the second-largest contributing factor, 

with a delta value of 1.71, followed by feed at 1.35 and tool diameter at 0.52. 

Table 5.4 Response table of axial peak forming force 

Level A: Speed 

(rpm) 

B: Feed 
(mm/min) 

C: Step 
size (mm) 

D:Tool diameter 
(mm) 

1 -66.45 -64.88 -64.48 -65.02 

2 -65.93 -64.67 -65.28 -65.54 

3 -64.58 -65.55 -65.16 - 

4 -64.14 -66.02 -66.20 - 

Delta 2.31 1.35 1.71 0.52 

Rank 1 3 2 4 

 

The major effects plot for S/N ratios is derived from the responses in Table 5.4 and is 

depicted in Fig. 5.4. According to the plot's trend, changes in rotational speed have a 

significant impact on APFF. From the findings of result, force response quality improves 

as speed increases as can be seen from Fig. 5.4 that, the S/N ratios for APFF have been 

on a sharp increasing trend from 1000 rpm N to 2200 rpm. With increased spindle speed 

during the SPIF process, an APFF is observed to reduce significantly. One possibility 

seems that the increased friction at the tool-sheet interface is caused by the higher 

rotational spindle speed. This higher friction raises the heat at the contact area, which 
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enhances the material's ductility. As a result, the value of the axial peak forming force 

tends to decrease as spindle speed increases. These results are consistent with the 

technical literature (Kumar et al., 2020). In Table 6.6 shows. different tool rotational 

speeds and corresponding measured temperatures value during the forming process. The 

results show that, higher tool revolution speeds led to higher temperatures, suggesting 

that a higher tool revolution speed would result in a lower force in the forming process. 

The feed plot demonstrates a rise in the S/N ratio from 600 mm/min to 800 mm/min value 

of feed, whereas the feed is increased from 800 to 1200 mm/min, the value of S/N ratio 

subsequently declines significantly. With an increase in feed rate, which takes into 

account the fact that more material must be pressed in a given amount of time due to the 

nature of the process' deformation, hence, a trend toward decreasing the S/N ratio of 

forming forces (raising the value of forming force) is observed. This is clearly a result of 

local material ductility declines brought on by a reduction in temperature at the tool sheet 

interface. Hence, APFF increases with increase of feed from level-2 to level-4. Further, 

contradiction of forming forces is found to decreases marginal when feed rate is increased 

from level-1 to level -2, these is due to interaction effect of other parameters with feed. 

 

 

Figure 5.4 Main effects plot for S/N ratios of axial peak forming force 
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The plot of step size shows a decrease of the S/N ratio from 0.2 to 0.3 mm and 0.4 to 0.5 

mm. The increase in the values of the step size causes an increase in the forming forces. 

To complete the part, the tool needs to travel continuously inside the profile and this 

required more pushing of the material for local sheet deformation during forming. The 

reaction of the material will be greater with high step size values, finally increasing the 

forces. But, the value marginally increases when the step size is increased from 0.3 to 0.4 

mm due to interaction effect of another parameter. 

Similar to step size, increasing tool diameter, increases the amount of force needed to 

form a specimen. In Fig. 5.4, the relationship between tool diameter and S/N ratio 

demonstrates a trend toward decreasing S/N ratio as tool diameter increases from 8 mm 

to 10 mm. It indicates that an increase in tool diameter is found to raise the amount of 

forming force. This is because a larger tool diameter results in a wider contact zone at the 

tool-sheet interface, which necessitates the forming of more material at that time compare 

to smaller tool diameter. 

5.4.2 Selection of the Optimal Levels of Factors for Axial Peak Forming Force 

The response table and main effect for the S/N ratio indicate the optimum set of 

parameters for attaining maximum S/N ratios and a lower value of the Axial Peak 

Forming Force. The A4-B2-C1-D1 factor with its levels is the optimum combination of 

parameters for the axial peak forming force to form the Ti6Al4V sheet in the SPIF 

process. 

5.4.3 Selection of the Significant Factors for Axial Peak Forces 

An analysis of variance (ANOVA) is carried out after factor levels are established to 

determine the percentage contribution of each factor's effect on the Axial Peak Forming 

Force.  The ANOVA for axial peak-forming force values is shown in Table 5.8, where a 

higher F-value indicates a greater significance for the corresponding factor. The APFF 

can be seen to be most affected by speed, which has a contribution of 49.78 % 

subsequently by the step size of 22.55 %, feed of 18.01 %, and tool diameter of 4.87 %. 

To further reduce process variability, it is essential to separate out non-significant 

characteristics from the significant ones. Using the P-test as a cut-off criterion, ANOVA 
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is particularly helpful in separating significant variables from non-significant variables. 

Factors with a p-value less than 0.05 are regarded as significant at a 95% confidence level 

Table 5.5 Analysis of variance (ANOVA) for axial peak forming force 

Factor DOF 
Sum of 

square 

Mean 

square 

F-

Value 

P- 

Value 

% of 

contribution 

A: Speed (rpm) 3 707207 235736 17.35 0.004 49.78 

B: Feed (mm/min) 3 255962 85321 6.28 0.038 18.01 

C:Step Size (mm) 3 320474 106825 7.86 0.024 22.55 

D: Tool Diameter 

(mm) 

1 69038 69038 5.08 0.074 4.87 

Error 5 67918 13584   4.78 

Total 15 1420599    100 

Model Summary:  R-sq= 95.22%, R-sq(Adj)=85.66% 

 

(Kumar and Gulati, 2018b). Table 5.5 depicts that speed, step size, and tool diameter all 

have p-values less than 0.05 and are therefore regarded as significant factors to the change 

in APFF. Furthermore, it is clear from Table 5.5 that R-sq and R-sq (Adj) have high and 

comparable values. This indicates the model's "goodness of fit." 

5.4.4 Generation of the Predictive Model for Axial Peak Forming Forces 

In present section, the optimal value and confidence interval of axial peak forces have 

been estimated. Response tables and response graphs revealed that when the chosen input 

factors are varied at the specific levels, the axial peak forming forces are observed to 

provide better outcomes. These variables and their levels are speed (A4), feed (B2), step 

size (C1) and tool diameter (D1). The optimal forming force value and its confidence 

intervals are predicted using the optimal input factors. Optimum values of response 

characteristics APFF has been predicted at 95% confidence level. The predicted range is 

used to validate the confirmation experiments. The predicted response is calculated using 

following equation  (Ross, 1996). 
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ƞ  = 𝑇 + ∑ ƞ − 𝑇       (5.1)

  

Where, Tm is overall mean of response parameter, η is average value of optimum set of 

factors for responses. A4B2C1D1 is the optimum set of input parameter for the axial peak 

forming force, which are identified from S/N ratio graph. 𝑇𝑚 is the overall mean of all the 

APFF values obtained from the all 16-experiments.  

𝑇 =
ƞ

= 1858 𝑁  for APFF 

Values of ƞ  (𝐴𝑃𝐹𝐹) is estimated as, 

ƞ  (𝐴𝑃𝐹𝐹) 

= 𝑇 + ƞ − 𝑇 + ƞ𝐵2 − 𝑇 + ƞ − 𝑇 + ƞ − 𝑇      (5.2) 

Where, ƞ , ƞ , ƞ  𝑎𝑛𝑑 ƞ  are the mean value of APFF at the optimal level of the 

corresponding input variables and are taken from Table 5.3. 

ƞ =Mean of axial peak forming force at the fourth level of speed  =1612 N 

ƞ =Mean of axial peak forming force at the second level of feed  =1716 N 

ƞ =Mean of axial peak forming force at the first level of step size =1677 N 

ƞ =Mean of axial peak forming force at the first level of tool diameter =1792 N 

By putting these values, the equation 5.2, 

ƞ  (𝐴𝑃𝐹𝐹) = 1612 + 1716 + 1677 + 1792 − 3 ∗ (1858)   𝑁   

ƞ  (𝐴𝑃𝐹𝐹) = 1229   𝑁   

The experimental findings at the optimum set of parameters need to fall within the 95 per-

cent Confidence Interval (CI) range. CI is computed using the following equation (5.3) 

 

CI (CE) = 𝑓 (1, 𝑓 ) 𝑣  [ 
ƞ

+
 
 ]      (5.3) 
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where, 𝑓 (1, 𝑓 ) is the F-ratio at a confidence level of (1- α) against DOF, (1, 𝑓 ) is error 

degree of freedom  𝑣   is error variance  is the ratio of the total variation of factors to the 

total degrees of freedom of its factors and R is the number of repetitions and ƞ  is 

calculated  by equation (5.4) 

ƞ = [ 
 

 ]         (5.4) 

where, N is total experimental runs, 𝑇  represents the total degree of freedom of the 

optimal factors.  

In present work, 

N = total number of experiments = 16 

𝑇  = 10 

ƞ  = [  ] = 1.455 

R = number of repetition = 1 

 𝑣   = error variance = 13584       (Table 4.2)  

𝑓  = error DOF = 5         (Table 4.2)  

𝑓 (1, 𝑓 ) = 𝑓 . (1, 5) = 6.608               (Appendix-II)  

So, CI(CE) for APFF = ± 389  

Consequently, the estimated confidence interval for the confirmation experiment is:  

ƞ  (𝐴𝑃𝐹𝐹)- CI(CE) < ƞ APFF <  ƞ  (𝐴𝑃𝐹𝐹) + CI(CE) 

840 < ƞ APFF < 1618  N 
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Figure 5.5 Conformation test formed part and plot of axial forming force Vs time at 

optimum levels of input factors for APFF 

 

It is crucial to conduct confirmatory experiments in order to validate the findings and 

ensure experiment reproducibility. Taguchi recommends (Genichi Taguchi et al., 2005) 

the prediction of responses at optimum setting of parameters. Confirmation test is 

conducted at optimum levels of input factors for APFF, Fig 5.5 shows a successfully 

formed part and result of axial forming force graph for conformation test. The actual value 

for axial peak force is 1403 N. Results from the Table 5.6 demonstrated that axial peak 

forces are near to and within a 12 percent error of the projected findings at a 95% 

confidence level and within the confidence interval. 

Table 5.6 Comparison of estimated value and conformation test value for APFF 

Reponses 

Optimum 

Set of 

Parameters 

Predicted 

Response Value 

(ƞ_𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ) 

The Estimated 

optimal value 

with 95% 

confidence 

interval 

Result of 

Conformati

on Test 

Error 

(%) 

APFF 

(N) 
A4B2C1D1 1229 (N) 

840 < ƞ APFF 

< 1618 N 
1403 (N) 12 

 

Therefore, the best APFF results are obtained for these variables: 

A4: Speed at fourth level :2200 rpm 
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C1: Step size at first level :0.2 mm 

D3: Tool diameter at first level :8mm 

5.5 Trends of Axial Forming Force in SPIF 

Results from experimental tests with various combinations of input parameters allow for 

investigation of trends in forming force after the peak values. It reveals that bending 

mechanics in the earlier portion of the formed component caused a progressive increase 

in force up to the peak value (Kumar and Gulati, 2018a). The process is believed to 

involve stretching mechanics after achieving peak values, and a very complex force trend 

is seen that is probably the result of two distinct effects induced in the material: work-

hardening (which causes the forces to increase) and sheet thinning (contradictory, tends 

to reduce forces). After peak forces, three distinct trajectories are seen: a steady state trend 

(Fig. 5.6), a polynomial trend (Fig. 5.7), and a monotonically decreasing trend (Fig 5.8). 

 

Figure 5.6  Axial peak forming forces with steady state trend 

 

Axial peak forming forces (Fz) in an axial downward direction vs time are depicted in 

Fig 5.6 to 5.8 for three observed trends. The axial forming forces for experiments 1, 2, 3, 

…., 16 are correspondingly Fz1, Fz2, Fz3, …., Fz16. It is clear from Fig. 5.6 that, trend 
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of axial forming forces Fz1, Fz2, Fz3 Fz6 and Fz7 for the experiment numbers of 1, 2,3, 6 

and 7 are steady state.  

In steady state trend of force (Fig. 5.6), a sort of dynamic equilibrium is reached as a 

result of the decline in forming force (caused by material thinning) and the increase in 

force after the forming force reached its highest value (due to strain hardening). This trend 

for axial forces are observed with lower range of spindle speed of 1000- 1400 rpm. The 

steady state trend for axial forces with lower the speed remained independent of other 

parameters used in present study. The parts are formed successfully without fracture in 

all aforementioned experiment tests. Further, the temperature for steady state trend is 

observed from the range of 200 °C to 350 °C cause of lower range of the rotational speed 

as shown in Table 5.7.  

The polynomial trend (Fig.5.7) of forming forces is observed for higher rotational speed 

and a negative gradient appeared right after peak value of forming force which may have 

influenced by high thinning during the former stage of stretching. As a result, the forming 

forces decreased after the highest value. This behaviour is validated by a precise study of 

the deformed sheet, and it is largely caused by sheet material wear because, during single 

point incremental forming, the tool is used repeatedly on the same area of the sheet (in 

particular when the fixed depth step is small). After this point, there is an equilibrium 

between work-hardening and blank-thinning, which caused the force trend to become 

constant. Experiments are observed with range of temperature from 300 °C to 450 °C for 

the polynomials trend of force cause of medium range of tool rotation speed as shown in 

Table 5.7. 

Table 5.7 Trend of forming force along the value of maximum temperature and APFF 

Exp. 
No. 

Speed 
(rpm) 

Feed 
(mm/min) 

Step Size 
(mm/min) 

Tool 
Diameter 

(mm) 
APFF(N) 

Temperature 

°C 

Trend of 
Forming 

Force 

1 1000 600 0.2 8 1762 224 

steady state 

trend 

2 1000 800 0.3 8 1824 221 

3 1000 1000 0.4 10 2296 335 

6 1400 800 0.2 10 1746 243 

7 1400 1000 0.5 8 2189 352 
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Exp. 
No. 

Speed 
(rpm) 

Feed 
(mm/min) 

Step Size 
(mm/min) 

Tool 
Diameter 

(mm) 
APFF(N) 

Temperature 

°C 

Trend of 
Forming 

Force 

4 1000 1200 0.5 10 2647 320 

polynomials 

trend 

5 1400 600 0.3 10 2036 376 
8 1400 1200 0.4 8 1975 414 
10 1800 800 0.5 8 1777 488 
11 1800 1000 0.2 10 1578 484 
12 1800 1200 0.3 10 1884 480 
16 2200 1200 0.2 8 1624 501 
9 1800 600 0.4 8 1563 467 

Monotonic 

decreases 

13 2200 600 0.5 10 1685 177 

14 2200 800 0.4 10 1517 340 

15 2200 1000 0.3 8 1624 544 

 

Figure 5.8 shows the graph of Forming force with Monotonic decreased trends. For a high 

value of rotational speed with higher step size which causes higher temperature due to  

 

Figure 5.7  Axial peak forming forces with polynomial trend 
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higher friction at tool sheet interface. At this point, the process yielded to fracture and 

material hardening is not able to compensate the influence of sheet thinning resulting in 

the instability of the process.  

 

Figure 5.8 Axial peak forming forces with monotonic decreases trend 

 

Hence, Monotonically - decreased trend of forming are found and trend is continued to 

decrease till the part fractured or up to design depth of part. Experiments no 9, 13, and 14  

Table 5. 8 Value of APFF experiments performed with  8 mm of tool diameter 

Sr. 
No. 

Process Parameters Response Parameter 

A: Speed 

(rpm) 
B: Feed 

(mm/min) 

C: Step 
Size 

(mm) 

D: Tool 
Diameter 

(mm) 

Axial Peak Forming 

Force (N) 

1 1000 600 0.2 8 1762 

2 1000 800 0.3 8 1824 

7 1400 1000 0.5 8 2189 

8 1400 1200 0.4 8 1975 

9 1800 600 0.4 8 1563 

10 1800 800 0.5 8 1777 

15 2200 1000 0.3 8 1624 

16 2200 1200 0.2 8 1624 

 

0

500

1000

1500

2000

0 100 200 300 400 500 600

A
xi

al
 F

or
m

in
g 

F
or

ce
 (

N
)

Time (Sec)

Fz9 Fz13

Fz14 Fz15



 
Trends of Axial Forming Force in SPIF 

 
91 | P a g e  

 
  

of parts are formed with fracture while part of experiment no 15 is successfully formed 

with monotonically - decreased trend of force as shown in Fig 5.8. 

As a result of the described conditions, a particular threshold between stable and unstable 

situations is identified, and force gradient after peak values can serve as a significant 

signal for the process under consideration for various sets of input factors. When a 

suitable set of parameters is used, it is obvious that the process is secure and reliable (at 

lower the speed ranges up to 1800). Otherwise, the process fails because of extreme 

thinning (at large step size and higher speed). Moreover, the trend of force with speed 

from 1800 to 2200 rpm with higher step size value shifted from polynomial to monotonic 

decreases trend. Hence, the failure of the sheet occurs. This monotonically-decreased 

trend of forming force is shown in Fig 5.8 for experiment number 9, 13 and 14, where Fz 

curves represent the combination of the higher speed and step size. 

 

 

Figure 5.9 Broken forming tool  (8 mm diameter) 

 



  
 ANALYSIS OF FORMING FORCE 

 
92 | P a g e  

 

Furthermore, tools are also broken during the performance of the experiment number 7 

and 8 as shown in Fig 5.9. Both experiments are performed with new fresh tool with the 

diameter of 8 mm. Table 5.8 shows result of Axial Peak Forming Force value of all 8 

experimentation performed out of total 16 exp. with tool diameter of 8 mm. Result shows 

that value of APFF are more than 1900 N in the experiment no.7 and 8. These are the 

more than other experiments performed by tool diameter of 8 mm. Tool may be broken 

due to fixing problem in the collect chuck of machine, hence lower rigidity of the forming 

tool. So it is to be recommended that, a tool diameter of 8 mm fix in collect chuck of 

machine properly. 

5.6 Concluding Remarks for Forming Forces 

The work focuses on investigating axial peak forces on Ti6Al4V sheets as a difficult-to-

form material under experimental SPIF conditions. To form part with a truncated cone 

shape, the effects of process variables such speed, feed, step size and tool diameter have 

been investigated and optimized using the Taguchi approach. The following findings are 

reached after optimizing input variables using TM: 

1. The forming force is found to rise with larger step sizes, faster feed rates, and 

larger tool diameters, while decreasing with larger spindle speeds. 

2. Experimental results show that, speed of 2200 rpm, step size of 0.2 mm, feed rate 

of 800 mm/min and a tool diameter of 8 mm is optimum parametric condition for 

minimize the APFF on Ti6Al4V alloy sheets using TM.  

3. ANOVA statistical analysis revealed that, the most important input parameter for 

the APFF is speed, which contributed 49.78 percent of the total variability 

followed by step size (22.55 %), feed rate (18.01 %) and tool diameter (4.87%). 

4. At the optimum levels of input factors, confirmation tests revealed that the axial 

peak forming forces are within the confidence interval at the 95 percent 

confidence level and quite near to the predicted values. The estimated optimal 

value for axial peak force is 1403 N. whereas, confidence interval are “ 840 < ƞ 

APFF < 1618”   N for CI (CE). The proposed model predicted the forming forces 

efficiently in order to form conical frustums. 

5. The trend of forces with different set up of input parameters indicates the stability 

of process. Process is stable with the steady and polynomial trend of force after 

peak value, while process is unstable in monotonically decreased trend of forces. 
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Axial peak forming forces are found to steadily grow up to peak values due to bending 

mechanics until a limited forming depth. Stretching mechanics, which varied the force 

trends as a result of strain hardening and sheet thinning, is believed to exist after a 

particular forming depth. In order to safely use the forming operation, the gradient of the 

force curve following peaks can be considered. It used as a hidden variable for changing 

process parameters by continuous comparison of important value and immediate value. 

Because of the relationship between input parameters and necessary forming forces, SPIF 

applicability can be improved on an industrial scale using the provided suggestions. In 

next chapter, it has been discussed regarding the effect of various parameters on surface 

roughness of formed component and optimization of SPIF process. 
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ANALYSIS OF SURFACE ROUGHNESS 

The present chapter focuses on analysis of the average surface roughness of the formed 

components using the application of the Taguchi Method (TM). Experimental work is 

performed to investigate the effects of input factors on the average roughness of 

components produced by the SPIF process. As a result of friction between the tool and 

the blank material, the formed part surface becomes rough. Methodology and instruments 

used for measuring surface roughness have been also described. 

6.1 Measurement of Surface Roughness 

The performance of a product can be well estimated by its surface roughness. The 

component can be subjected to corrosion or cracks due to the propagation of irregularities 

present on its surface. Roughness is the measurement of the vertical variation of the actual 

surface of the component from the ideal form. Large deviations from the ideal form of 

the surface formulate a rough surface. In this work, the average roughness (Ra) value an 

international roughness measurement parameter is investigated. Equation (6.1), which 

gives the integral of the height of surface irregularities, can be used to demonstrate Ra 

value for a measuring length (Fig 6.1). 

𝑅 =∫ / 𝑦 (𝑥)/𝑑𝑥        (6.1) 

Where  𝐿  =  length of measuring 

𝑦  = Roughness spread from reference line 

𝑥 = Direction of Profile 
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Figure 6.1 Surface roughness profile 

 

𝑅  is the average of the peaks and valleys to the mean line for all cut-off length. Cut off 

represents the distance travelled by the stylus over the surface in one go. A larger value 

of average, when the longer the cut-off length. In present study, the surface roughness  

Figure 6.2 Surface roughness measurement set -up 

 

tester Mitutoyo SJ-400 (Fig. 6.2) is used to measure the Ra value of the formed 

components. The formed component is connected to the detector unit of the SJ - 400. The 

detector unit traces the irregularities on the surface of the component and displays the 
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results on display unit. To increase the precision of the measurement component, each 

specimen's four sides of the component's wall surface are measured, and the average value 

is represented for analysis. 

The evaluating length is set at 4 mm, while the cut-off length is fixed at 0.8 mm. The 

specifications of the roughness tester Mitutoyo SJ – 400 used to measure the surface 

roughness of produced components are shown in Table 6.2. 

Table 6.1 Specification of the roughness tester Mitutoyo SJ - 400 

Minimum resolution 0.000125 μm 

Stylus - tip radius 5 μm 

Radius of skid 
curvature 

40 mm 

Measurement range For X - axis, 8 μm to 2400 μm For Z -axis, 25 mm 
to 50 mm 

Straightness 0.3 μm/ 25 mm 

Measuring speed 0.05 to 1.0 mm/s 

Return speed 0.5 to 2.0 mm/s 

Stylus tip material Diamond 

Cut - off lengths 0.08, 0.25, 0.8, 2.5, 8.0 mm 

6.2 Experimental Results for Average Surface Roughness 

The surface roughness value is measured at four different surface locations of formed 

component wall (Fig. 4.10). Finally, Average Surface Roughness (ASR-µm) is computed 

for purpose of analysis, which is shown in Table 6.2.   

Table 6.2 Average surface roughness (ASR) Ra-values of final experimentation 

Exp. No. 

Surface Roughness R
a
(µm) 

Location-
1 

Location-
2 

Location-
3 

Location-
4 

Average Surface 
Roughness ASR 

(µm) 

1 1.65 2.2 2.01 2.05 1.98 
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Exp. No. 

Surface Roughness R
a
(µm) 

Location-
1 

Location-
2 

Location-
3 

Location-
4 

Average Surface 
Roughness ASR 

(µm) 

2 3.87 3.35 3.78 3.56 3.64 

3 4.61 4.24 5.17 5.51 4.88 

4 5.7 5.71 4.8 5.35 5.39 

5 4.44 3.34 3.24 3.36 3.61 

6 1.95 2.3 2.05 1.95 2.06 

7 7.71 6.69 5.81 5.54 6.44 

8 5.55 5.44 4.74 4.12 4.96 

9 5.1 4.13 4.69 4.57 4.62 

10 6.04 5.07 6.61 5.33 5.76 

11 2.74 2.86 2.12 2.57 2.57 

12 3.74 3.95 3.83 3.71 3.81 

13 4.56 4.87 4.72 4.67 4.71 

14 4.13 4.83 4.57 4.87 4.60 

15 4.03 3.51 3.89 4.21 3.91 

16 4.24 4.11 3.62 3.77 3.94 

 

Total 16 combinations of input factors are analyzed. Design of experiment (DOE) and 

analysis are performed using Minitab statistical software. Surface roughness is taken into 

account for analysis of the results. Further, Fig 6.3 shows the Average Surface Roughness 

(ASR) value verses corresponding the experiment’s number for all specimens of SPIF 

process. 
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Figure 6.3 Average surface roughness Vs experiment number 

6.3 Analysis and Result discussion for Average Surface Roughness 

In this part, the effect and optimization of the chosen individual SPIF process input 

variables on the average roughness of the formed components are explored. From 

experimental raw data, the S/N ratio of Ra for each input factor at various levels is 

calculated (Table 6.3). In order to impact particular process variables on surface 

roughness, the main effects diagrams (response curves) is used for both raw data and S/N 

data. Response tables are also employed for raw data and S/N data to select the ranking 

of the input factors. Analysis of variance (ANOVA) of measured values is also carried 

out in order to assess the importance of the influence of particular input parameters on 

average surface roughness. The main effects diagrams and analysis of variance (ANOVA) 

table is used to select optimum values of all input factors in terms of average surface 

roughness. S/N ratios have additionally been used to evaluate the variation in the quality 

feature (Ra, in this case). The lowest Ra variation is produced by the highest S/N ratio, 

its leads to an optimum condition of the process. Furthermore, the smaller the average 

surface roughness, the “lower better” type quality response; thus, a lower value of Ra is 

generally considered to be ideal. 
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6.3.1 Effects of the Process Factors on Average Surface Roughness (ASR) 

The S/N ratios of the experimental Ra data are derived as indicated in Table 6.3 in order 

to identify the variables affecting the surface roughness. To explore factor effects, the 

smaller-the-better feature of the Taguchi technique is chosen for average surface 

roughness (ASR), which is similar to axial peak forming force (APFF) analysis. 

Table 6.3 Experimental L16 OA plan and corresponding ASR value with its S/N ratio 

Sr.  

No. 

Process Parameters Response Parameter 

A: 

Speed 

(rpm) 

B: Feed 

(mm/min) 

C: Step 

Size (mm) 

D: Tool 

Diameter 

(mm) 

Average 

Surface 

Roughness 

(µm) 

S/N of Average 

Surface  

Roughness (dB) 

1 1000 600 0.2 8 1.98 -5.922 

2 1000 800 0.3 8 3.70 -11.364 

3 1000 1000 0.4 10 4.88 -13.772 

4 1000 1200 0.5 10 5.40 -14.647 

5 1400 600 0.3 10 3.61 -11.144 

6 1400 800 0.2 10 2.10 -6.445 

7 1400 1000 0.5 8 6.44 -16.174 

8 1400 1200 0.4 8 4.96 -13.914 

9 1800 600 0.4 8 4.56 -13.179 

10 1800 800 0.5 8 5.76 -15.212 

11 1800 1000 0.2 10 2.52 -8.028 

12 1800 1200 0.3 10 3.89 -11.799 

13 2200 600 0.5 10 4.77 -13.570 

14 2200 800 0.4 10 4.58 -13.217 

15 2200 1000 0.3 8 3.92 -11.866 

16 2200 1200 0.2 8 3.87 -11.754 
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Using the Minitab-17 software, the response table for the S/N ratios of average surface 

roughness is computed and display in Table 6.4. According to statistics delta values as 

shown in Table 6.4, step size, with a delta of 6.86 has the greatest impact on surface 

roughness, followed by feed, speed, and tool diameter, with delta value of 2.06, 1.18, and 

0.85, respectively. 

Table 6.4 Response table of average surface roughness  

Level A: Speed 

(rpm) 

B: Feed 
(mm/min) 

C: Step 
size (mm) 

D:Tool 
diameter (mm) 

1 -11.43 -10.95 -8.04 -12.42 

2 -11.92 -11.56 -11.54 -11.58 

3 -12.06 -12.46 -13.52 - 

4 -12.62 -13.03 -14.90 - 

Delta 1.18 2.06 6.86 0.85 

Rank 3 2 1 4 

 

The main effects of plot of Ra is derived from the response Table 6.4 and is depicted in 

Fig 6.4. It is observed that the S/N ratio decreases with an increase in the speed, feed and 

step size. Wherein the ratio is increases with an increase in tool diameter from 8 to 10 

mm. 

The main effect of the variable plot demonstrates that surface roughness increases as step 

size increases. This might be a result of increase surface waviness due to increasing step 

sizes. The reason for increased waviness of surface is due to increase in scallop height at 

larger step size. Increased deep step size during the incremental forming process result in 

increased axial force and penetrating action. Because of this, a deeper valley forms in the 

sheet metal's micro-surface and more area is involved in tool sheet interface, resulting in 

a surface with a lower surface quality with lining pattern. This is also in-line with work 

of  Duranteet et al., (2010); Echrif and Hrairi, (2014); Gulati et al., (2016). A lower step 

size greatly reduces the friction resulting in a polishing impact on the sheet’s surface 

roughness, hence it will lower surface roughness. 



 
Analysis and Result discussion for Average Surface Roughness 

 
101 | P a g e  

 
  

 

Figure 6.4  Main effects plot for S/N ratios of average surface roughness  

 

The feed rate (mm/min) is the distance covered by the forming tool across the material's 

surface in a predetermined amount of time. Consequently, managing how quickly the tool 

goes over the surface also manages the heat produced by friction.  It is observed from Fig 

6.4, average surface roughness increases as feed rate increases. This is due to tool is more 

advance per unit time, results into large amount of frictional heat at tool/sheet interface. 

Lubricant loses its viscosity that may lead to direct metal to metal contact, hence no 

polishing effect on sheet surface during process. Further, the higher feed during forming 

may induce undesired vibrations which further lead to the poor surface finish. 

Response curves for S/N ratios (Fig. 6.4) shows that average roughness decreased with 

the rise in tool diameter. Better surface quality is achieved by reducing waviness at the 

tool-sheet interface when the tool diameter is larger (Radu and Cristea, 2013; Liu et al., 

2014; Kumar and Gulati, 2019). When the tool diameter rises, the tool's penetrating action 

causes the asperities to spread out across a broader region, widening the furrows on the 

surface of the sheet metal, which lowers the Ra (average surface roughness) value. In 

addition, when the tool nose diameter increases, the contact pressure drops, flattening the 

surface peaks and bringing down the surface roughness. When compared to the tool with 

the larger diameter, the smaller diameter forming tool may have produced a poor surface 

finish due to excessive sheet wear during the forming process. It is also differential in the 
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amount of wear at the two tools' contacting tips. When compared to bigger tools, the 

smaller tool causes more sheet wear because contact forces act on a smaller surface area, 

causing higher stresses. 

Further, surface roughness value increases marginally with increases in tool rotating 

speed from 1000 rpm to 2200 rpm. As the speed increases, friction and heat both are 

increases at tool- sheet interface cause of higher relative speed. At higher friction at tool-

interface, work material may be adhered with tool and tool to travel across the sheet 

surface cause tribological surface plastic deformation. Hence the surface roughness value 

of sample will be increased.  

6.3.2 Selection of the Optimal Levels of Factors for Average Surface Roughness 

From Fig. 6.4, highest value of S/N ratios for surface roughness (Ra) are attained at the 

first level of speed (A1), the first level of feed (B1), the first level of step size (C1), and 

the second level of tool diameter (D2). Hence, the optimum set of parameters and its level 

are A1B1C1D2 for average surface roughness. The S/N ratio findings in the response 

table also indicate the same levels for the variables. Further, it evident that the step depth 

is the most significant parameter, followed by feed, speed and tool diameter. 

6.3.3 Selection of the Significant Factors for Average Surface Roughness  

Table 6.5 shows the result of ANOVA test to examine the surface roughness. An ANOVA  

Table 6.5 Analysis of variance (ANOVA) for average surface roughness 

Factor DF Sum of 
square 

Mean 
square 

F-
Value 

P- 
Value 

% of 
contribution 

A: Speed (rpm) 3 0.2259 0.07528  0.29  0.829 1.5 

B: Feed (mm/min) 3 1.6598  0.55327  2.16 0.212 7.0 

C:Step Size (mm) 3 19.6784 6.55947  25.57 0.002 83.4 

D: Tool Diameter 
(mm) 

1  0.7396  0.73960  2.88  0.150 3.1 

Error 5 1.2824  0.25648   5.4 

Total 15 23.5861    100 

Model Summary: R-sq = 94.56%,  R-sq(Adj) = 83.69%. 
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is carried out to identify the important factors and the percentage contribution of each 

component to the response average surface roughness. At the 95 percent confidence level, 

it can be deduced from the table that step size has the biggest percentage contribution 

(83.4%), followed by feed (7.0%), tool diameter (3.1%), and speed (1.5%). Furthermore, 

the step size is the only significant factor because its p value is less than 0.05. The high 

R values support the validity of this model by showing that it can account for 94.56 

percent of the variability. 

6.3.4 Generation of the Predictive Model for Average Surface Roughness (ASR) 

In this section, the optimal value and confidence interval of Average Surface Roughness 

(ASR) is estimated. Response graphs and response table indicated that when the chosen 

input parameters are adjusted at specific levels, the results for Average Surface 

Roughness is improved. These parameters and their levels are an optimum set of 

parameters; speed (A1), feed (B1), step size (C1) and tool diameter (D2). The optimum 

value of average surface roughness and its confidence intervals is predicted using the 

optimal input parameters. Optimum values of response characteristics ASR is predicted 

at 95% confidence level. The predicted range has been used to validate the confirmation 

experiments. The predicted mean of response is calculated using equation 6.1 (Ross, 

1996). 

ƞ  (𝐴𝑆𝑅) 

= 𝑇 + ƞ − 𝑇 + ƞ𝐵1 − 𝑇 + ƞ − 𝑇 + ƞ − 𝑇   µm  (6.1) 

Where, ƞ , ƞ , ƞ  𝑎𝑛𝑑 ƞ  are the mean value of average ASR at the optimum level 

of the corresponding parameters and 𝑇 (overall mean of all the ASR values of the all 16-

experiments) are computed  from Table 6.3. 

𝑇 =
ƞ

= 4.18 µ𝑚  for ASR       (6.2) 

ƞ =Mean of ASR at first level of speed   =3.97 µm 

ƞ =Mean of ASR at the first level of feed   =3.73 µm 
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ƞ =Mean of ASR at the first level of step size  =2.6 µm 

 ƞ =Mean of ASR at the second level of tool diameter        =3.95 µm 

By putting these values in the equation, 

ƞ  (𝐴𝑆𝑅) = 1.71  µm 

The experimental findings at the optimum set of parameters need to fall within the 95 per-

cent Confidence Interval (CI) range. CI is computed using the following equation (6.3) 

 

CI (CE) = 𝑓 (1, 𝑓 ) 𝑣  [ 
ƞ

+
 
 ]      (6.3) 

Where,  𝑣   is error variance is the ratio of the total variation of factors to the total degrees 

of freedom of its factors, ,  𝑓 (1, 𝑓 ) is the F-ratio at a confidence level of (1- α) against 

DOF,  (1, 𝑓 ) is error degree of freedom.  R is the number of repetitions and ƞ  is given 

by 

ƞ = [ 
 

 ]         (6.4) 

where, N is total experimental runs, 𝑇  is the summation of degree of freedom of 

optimum factors.  

In present work,   

N = total number of experiments = 16 

𝑇  = 10 

ƞ  = [  ] = 1.455 

R = number of repetition = 1 

 𝑣   = error variance = 0.2565      (Table 6.3)  

𝑓  = error DOF = 5         (Table 6.3)  

𝑓 (1, 𝑓 ) = 𝑓 . (1, 5) = 6.608              (Appendix-II)  

So, CI(CE) for ASR = ± 1.3 µm 
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Consequently, the estimated confidence interval for the confirmation experiment is:  

ƞ  (𝐴𝑆𝑅)- CI(CE) < ƞ ASR <  ƞ  (𝐴𝑆𝑅) + CI(CE) 

0.41 < ƞ ASR < 4.01  µm 

Table 6.6 Comparison of estimated value and conformation test value for APFF  

Reponses Optimum 

Set of 

Parameters 

Predicted 

Response Value 

(ƞ_𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ) 

The Estimated 

optimal value 

with 95% 

confidence 

interval 

Result of 

Conformat

ion Test 

Error 

(%) 

ASR (µm) A1B1C1D2 1.71 (µm). 0.41 < ƞ ASR < 

4.01  µm 

1.87 (µm). 8.56 

. 

 

 

Figure 6.5  Conformation test formed part at optimal set parameters for ASR  

 

Confirmation experiment is performed at optimum combination of parameters 

(A1B1C1D2) for average surface roughness. The specimen formed for conformation test 

is shown in Fig 6.5 and, the result obtained is presented in Table 6.6. It has been observed 

that average surface roughness obtained for optimum combination of parameters has 

within the predicted range at 95% confidence level and closed to predicted value. 
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Therefore, the best average surface roughness (ASR) results are obtained with variables: 

A1: Speed at fourth level :1000 rpm 

B1: Feed at second level :600 mm/min 

C1: Step size at first level :0.2 mm 

D2: Tool diameter at first level :10 mm 

6.4 Orange Peel Effect of Formed Part 

In present research work, Orange peel effect is also observed on the external surface of 

sheet material formed parts during the SPIF process. The external noncontact surface 

develops a roughened look (orange peel) due to high temperature in the tool-sheet 

interface. This  

 

Figure 6.6 Orange peel effect and temperature Vs experiments number 

 

effect may be due to the orientation of grains, larger plastic strain, microstructural 

changes, etc. It is measured in term of linear dimension in axial direction by using Vernier 

height gauge. From the experimental result, it shows that the effect of orange peel depth 

is increasing, when sheet is deformed with higher friction heating at tool-interface due to 

higher relative speed. Fig 6.6 shows that depth of orange peel effect increases with 
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increase in temperature reported during experimentation. The temperature increases is 

cause of increasing rotational speed. 

6.5 Concluding Remarks for Average Surface Roughness 

Using the Taguchi approach, process parameters are examined and optimized for Average 

Surface Roughness on Ti6Al4V sheets during the SPIF process. The following findings 

are reached after optimizing input variables using TM: 

1. The average roughness of formed parts increased with step size, feed and speed 

whereas decreased with tool diameter. Better surface finish is obtained when 

lower the speed, feed and step size whereas higher tool diameter. 

2. Experimental results showed that a speed of 1000 rpm, feed rate of 600 mm/min, 

step size of 0.2 mm and tool diameter of 10 mm of hemispherical shape result in 

optimal parametric condition for average roughness of the components produced 

during the SPIF process using TM. 

3. According to ANOVA statistical analysis, step size is the most significant factor 

for average roughness with a contribution of 83.4 % followed by feed rate (7.0 

%), tool diameter (3.10 %), and speed (1.5 %). 

4. Confirmation tests which is conducted at optimum levels of input factors showed 

that average surface roughness was within the confidence interval at 95% 

confidence level and close to predicted results. The estimated optimal value for 

average surface roughness is 1.87 (µm), whereas, confidence interval are “ 0.41 < 

ƞ ASR < 4.01 ”  µm  for CI (CE). The proposed model predicted the forming forces 

efficiently in order to form conical frustums. 

5. Further, Depth of orange peel effect increases with increases in rotational speed 

during experimentation. 

In order to form conical frustums, the suggested model successfully predicted the surface 

quality of formed components. Consequently, using the provided instructions regarding 

a relationship between input parameters and required surface roughness, SPIF 

applicability can be improved on an industrial scale. Next chapter discuss regarding the 
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effect of various parameters on formability of Ti6Al4V sheet in term of maximum 

forming depth to form a conical shape and optimization of SPIF process. 
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ANALYSIS OF FORMABILITY 

The current chapter focuses on the application of TM for selecting DOE and analysis of 

formability in term of maximum forming depth (MFD) of the formed components. The 

impact of input parameters on formability of the components made during the SPIF 

process are investigated through experimental study. Methodology and instruments used 

for measuring formability is also described. 

7.1 Formability of the Formed Components 

7.1.1 Process Limitation and Criteria for Formability Measure 

It has been depicted in the literature that ISF technique has substantially more formability 

than other traditional sheet metal processes like deep drawing and stamping. (Emmens 

and van den Boogaard, 2009; Liu et al., 2013). In sheet metal forming operations, the 

formability of a material can be indicated by maximum wall angle achieved, maximum 

depth formed, and straining measured by Fracture Forming Limits Diagrams (FFLDs). 

Some Authors  Duflou, Verbert, et al., (2008); Kurra and Regalla, (2014); Suresh, Bagade 

and Regalla, (2015); Honarpisheh et al., (2016); Xiao et al., (2019)  analyzed the 

formability in terms of maximum wall angle. Generally, the formation of varying wall 

angle frustum is preferred with this method in order to decrease the number of 

experiments needed to identify the limiting angle of the parts. The components are formed 

until fracture before removing them from the fixture in order to measure the highest wall 

angle that can be achieved at the fracture depth. Suresh, et al.,, 2015; Gatea et al., 2018; 

Yoganjaneyulu, Sathiya Narayanan and Narayanasamy, (2018) depicted the formability 

in terms of FLDs which represent the intersection of major true strain axis and the limit 

line where fractures occur (FFL). In the region of positive major and minor strain in FLD, 
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the fracture producing limit line is a straight line with a negative slope of unity (Shim and 

Park, 2001; Jeswiet and Young, 2005; Pandivelan and Jeevanantham, 2015; Khazaali and 

Fereshteh-Saniee, 2018). Some Authors, Golabi and Khazaali, (2014); Lora and 

Schaeffer, (2014); Kumar et al., (2019); Marathe and Raval, (2019)  analyzed the 

formability of material during ISF process taking the forming depth of the formed 

components into account as an indicator of formability. The cosine law of thickness 

determines instantaneous wall thickness if shear deformation is assumed to prevail the 

straining conditions (Kim and Yang, 2000).  According to cosine law (equation 7.1), with 

increasing wall angle, sheet thickness reduces until it becomes zero for vertical walls. 

𝑇 = 𝑇  𝑐𝑜𝑠𝛼        (7.1) 

Where 𝑇  is the thickness of the sheet at any instant, 𝑇  is the initial thickness of the sheet, 

and α is the wall angle. Additionally, it is widely known that as component depth grows, 

the sheet material fails to maintain a constant wall angle frustum. Since forming happens 

locally in the ISF process, the sheet material is thinned continuously at the tool-sheet 

interface without much affecting the previously formed regions. In order to determine the 

formability of constant wall angle frustums, the maximum forming depth (MFD) without 

fracture of the formed component is a crucial criterion. Additionally, compared to objects 

with varied wall angles, sheet thinning is lower in frustums with constant wall angles 

(Suresh, Bagade and Regalla, 2015). Due to extreme sheet thinning in SPIF, the material 

fails. Consideration of the constant wall angle conical frustum can delay material failure, 

resulting in greater formability. Further, B. Lu et al., (2015) demonstrated that the 

formability of the conical frustum is higher than that of the pyramidal frustum. Conical 

frustums cone with constant wall angles are formed using a helical tool path in this work, 

where the maximum forming depth is used as a formability indicator. 

7.1.2 Measurement of the Forming Depth 

Maximum forming depth (MFD) is used as a formability indicator in the present research 

work. In order to measure fracture forming depth, it has been taken directly as z-axis 

coordinator of tool movement (axial movement displacement from initial position) from 

the display unit of CNC controller as well measured with Vernier height gauge (Fig. 7.1). 
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Figure 7.1 Measurement of forming depth for sample formed part 

7.2 Experimental Results for Maximum Forming Depth (MFD) 

Experimental test results of different process variables on the forming depth is given in 

Table 7.1. L16 OA has been employed in order to assign the suitable columns to the 

selected parameters as described in section 4.6. Total 16 combinations of input factors 

are analyzed by Taguchi method. In the present research work, all designs and analysis 

are performed using Minitab-17 statistical software. Maximum Forming Depth (MFD) 

has been taken into account for analysis of the results. 

7.3 Analysis and Result Discussions for Maximum Forming Depth 

In this part, the maximum forming depth (MFD) of the components is explored in relation 

to the influence of the selected individual input parameters and SPIF process 

optimization. From the experimental raw data, the S/N ratio of MFD for each input factor 

with various levels has been calculated (Table 7.1). Main effect S/N ratio diagrams and 

an analysis of variance (ANOVA) table are used to select the optimum values for each 

input factor in terms of MFD. Additionally, S/N ratios are used to determine the variation 

in MFD quality characteristics. To demonstrate the impact of particular process variables 

on MFD, the major effects diagrams (response curves) are used for raw data and S/N data. 

The ranking of the input factors is chosen using response tables for raw data and S/N data. 

Analysis of variance (ANOVA) of measured values is carried out in order to assess the 

significance of the impact of particular process variables on MFD. The higher MFD value 
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is showed by the highest S/N ratio, its leads to an optimum condition of the process. MFD 

is considered as “Larger the Better” type quality response; hence higher value of MFD is 

accepted to be optimal. 

Table 7.1 Experimental L16 OA plan and corresponding MFD values with its S/N ratio 

Sr. No. 

Process Parameters Response Parameter 

A: 

Speed 

(rpm) 

B: Feed 

(mm/min) 

C: Step 

Size 

(mm) 

D: Tool 

Diameter 

(mm) 

Maximum  

 Forming 

Depth (mm) 

 S/N of Maximum  

 Forming 

Depth (dB) 

1 1000 600 0.2 8 26.5 28.46 

2 1000 800 0.3 8 25.9 28.27 

3 1000 1000 0.4 10 26.4 28.43 

4 1000 1200 0.5 10 26.5 28.46 

5 1400 600 0.3 10 26.5 28.46 

6 1400 800 0.2 10 26.7 28.53 

7 1400 1000 0.5 8 25.7 28.20 

8 1400 1200 0.4 8 27 28.63 

9 1800 600 0.4 8 10 20.00 

10 1800 800 0.5 8 12 21.58 

11 1800 1000 0.2 10 26.7 28.53 

12 1800 1200 0.3 10 26.9 28.60 

13 2200 600 0.5 10 13 22.28 

14 2200 800 0.4 10 11 20.83 

15 2200 1000 0.3 8 26.4 28.43 

16 2200 1200 0.2 8 26.6 28.50 

 

7.3.1 Effect of the Process Factors on Maximum Forming Depth  

In order to analyze the factors influencing the MFD, the S/N ratios of the experimental 

data of Maximum Forming Depth (MFD) are determined from the raw data of result as 

presented in Table 7.1. Response Table 7.2 is computed from the S/N ratio of MFD from 

Table 7.1. According to the delta statistical of the response table, step size with a delta of 



 
Analysis and Result Discussions for Maximum Forming Depth 

 
113 | P a g e  

 
  

4.03, has the greatest impact on MFD, followed by speed, feed, and tool diameter, with 

deltas of 3.78, 3.74, and 0.26, respectively. 

Table 7.2 Response table of maximum forming depth  

Level A: Speed 

(rpm) 

B: Feed 
(mm/min) 

C: Step size 
(mm) 

D:Tool diameter 
(mm) 

1 28.41 24.80 28.51 26.51 

2 28.46 24.80 28.44 26.77 

3 24.68 28.40 24.47 - 

4 25.01 28.55 25.13 - 

Delta 3.78 3.74 4.03 0.26 

Rank 2 3 1 4 

 

The main effects plot for MFD is generated using the response table for S/N ratios, as 

illustrated in Fig. 7.2. The S/N ratio can be demonstrated to fall as step size and speed 

increases. wherein an increase in feed and tool diameter results in an increase in the S/N 

ratio. 

Effects of feed rate and rotational spindle speed are very significant on the formability of 

formed components. The spindle rotation and the tool feed rate, both influences sliding 

friction and frictional heating at the tool-sheet interface. 

Fracture forming depth is found to increase with the increase in tool rotation from 1000 

rpm to 1400 as shown in Fig 7.2. This is due to the fact that,  higher spindle speed 

increases the friction at tool-sheet contact which raises the local temperature of the sheet 

material. Increase in ductility of the material due to the rise in temperature results in the 

higher forming depth. While spindle speed with lower feed rate is increased beyond a 

certain limit, excessive heat generation leads to tearing of the sheet material, which 

reduces the formability.  
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Figure 7.2  Main effects plot for S/N ratios of maximum forming depth 

 

It has been found that, at a higher feed rate, increased formability seemed to occur as 

shown in Fig 7.2. The feed rate is the distance travelled by the forming tool over the 

surface of the material in a given time (mm/min). Hence, controlling the rate at which the 

tool moves over the surface also controls the heat generated by the friction. The further 

the tool moves over the surface in a given time (faster feed rate), the lower the opportunity 

for heat dissipation other than at the tool-work piece interface. The increase in feed rate 

results into large amount of frictional heat at tool/sheet interface. Since forming only 

occurs at the contact point between the forming tool and the material being formed, 

localized heating will increase formability. This is in accordance with the result found out 

by (Gulati et al., 2016). 

The effect of step size increased drastically resulting in the earlier fracture of components. 

step size has become limiting factors for forming the components without fracture. 

Increased step sizes require the forming tool to press through more material during a 

single pass, resulted in the higher stress formulation at the tool-sheet interface due to the 

higher requirement of forming forces to deform the material. It causes the sheet material 

to fracture more quickly. As a result, formability reduces. 

The maximum forming depth of the conical frustums cone is observed to increase with 

the higher tool diameter. Smaller tool diameter penetrates into the sheet and removes 
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materials in the form of chips. Area subjected to deformation decreases at the tool-sheet 

interface with the smaller tool diameters which results in the increment in stress and strain 

levels. Hence, the smaller radius of tool-tip leads to excessive thinning or cracking of 

sheet material at that instant of time which results in the decrement in the forming depth 

of the components. Larger tool diameter delays the fracture in the sheet material and leads 

to an increase in the formability of the material. 

7.3.2 Selection of the Optimal Levels of Factors for Maximum Forming Depth 

The maximum forming depth (MFD) of S/N ratios are attained at the first level of speed 

(A2), the first level of feed (B4), the first level of step size (C1), and the second level of 

tool diameter (D2), as shown in Fig. 7.2. Hence, the optimum set of parameters and its 

level are A2B4C1D2 for maximum forming depth. The S/N ratio findings in the response 

table also indicate the same levels for the variables. Further, it shows that the step size is 

the most significant parameter, followed by speed, feed and tool diameter. 

7.3.3 Selection of the Significant factors for Maximum Forming Depth 

To reduce process variability, it is crucial to separate non-significant parameters from 

significant ones and eliminate them. Using the P-test as a cutoff criterion, analysis of 

variance (ANOVA) is highly helpful in separating significant factors from non-significant  

Table 7.3 Analysis of variance (ANOVA) for maximum forming depth 

Factor DF Sum of 
square 

Mean 
square 

F -
Value 

P- 
Value 

% of 
contribution 

A: Speed (rpm) 3 214.912 71.6375 95.14 0.000 31.6 

B: Feed (mm/min) 3 229.948 76.6492 101.79 0.000 33.8 

C:Step Size (mm) 3 230.582 76.8608 102.07 0.000 33.9 

D: Tool Diameter 
(mm) 

1 0.810 0.81 1.08 0.347 0.1 

Error 5 3.765 0.7530   0.6 

Total 15 680.017    100 

Model Summary: R-sq = 99.45%, R-sq(Adj) = 98.34%. 
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variables. The factors with p value of 0.05 are dominant for MFD at a 95 percent 

confidence level. The analysis of variance (ANOVA) for MFD values is shown in Table 

7.3, where a larger value of F denotes a greater significance of the respective factor. Table 

7.3 also shows that for MFD, step size has been the most important element, accounting 

for 34% of the total, followed by feed (33.8%), speed (31.6%), and tool diameter (0.1%). 

Further, as the p-value of the step size, feed and speed are less than 0.05 at 95% 

confidence level, these are the significant factors. The high R values support the validity 

of this model by showing that it can account for 99.45% of the variability. 

7.3.4 Generation of the Predictive Model for Maximum Forming Depth 

In this section, the optimal value and confidence interval of Maximum Forming Depth 

(MFD) has been estimated. Response graphs and response table indicate that when the 

chosen input parameters are adjusted at specific levels, the results for maximum forming 

depth are improved. These variables and their levels are speed (A1), feed (B1), step size 

(C1) and tool diameter (D2). The optimum value of maximum forming depth and its 

confidence intervals is predicted using the optimal input parameters. Optimum values of 

response characteristics MFD is predicted at 95% confidence level. The predicted range 

is used to validate the confirmation experiments. The predicted mean of response has 

been calculated using equation 7.2  (Ross, 1996). 

ƞ  (𝑀𝐹𝐷) 

= 𝑇 + ƞ − 𝑇 + ƞ𝐵4 − 𝑇 + ƞ − 𝑇 + ƞ − 𝑇   mm  (7.2) 

Where, ƞ , ƞ , ƞ  𝑎𝑛𝑑 ƞ  are the mean value of average MFD at the optimum level 

of the respective parameters and 𝑇  (overall mean of all the MFD values of the all 16-

experiments) are computed  from Table 7.1 

𝑇 =
ƞ

= 22.73 𝑚𝑚  for MFD      (7.3) 

ƞ =Mean of maximum forming depth at the second level of speed = 26.48 mm 

ƞ =Mean of maximum forming depth at the fourth level of feed  = 26.75 mm 

ƞ =Mean of maximum forming depth at the first level of step size = 26.63 mm 
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 ƞ =Mean of maximum forming depth at the second level of tool diameter  

        = 22.96 mm 

By putting these values in the equation (7.2), 

ƞ  (𝑀𝐹𝐷) = 32.6 𝑚𝑚  

The experimental findings at the optimum set of parameters need to fall within the 95 per-

cent Confidence Interval (CI) range. CI was computed using the following equation (7.4) 

CI (CE) = 𝑓 (1, 𝑓 ) 𝑣  [ 
ƞ

+
 
 ]      (7.4) 

where,  𝑣   is error variance is the ratio of the total variation of factors to the total degrees 

of freedom of its factors, 𝑓 (1, 𝑓 ) is the F-ratio at a confidence level of (1- α) against 

DOF, (1, 𝑓 ) is error degree of freedom,  R is the number of repetitions and ƞ  is given 

by 

ƞ = [ 
 

 ]         (7.5) 

where, N is total experimental runs, 𝑇  is the summation of degree of freedom of 

optimum factors.  

In present work,   

N = total number of experiments = 16 

𝑇  = 10 

ƞ  = [  ] = 1.455 

R = number of repetition = 1 

 𝑣   = error variance = 0.7530      (Table 7.3)  



  
 ANALYSIS OF FORMABILITY 

 
118 | P a g e  

 

𝑓  = error DOF = 5         (Table 7.3)  

𝑓 (1, 𝑓 ) = 𝑓 . (1, 5) = 6.608              (Appendix-II)  

So, CI(CE) for MFD = ± 8.5  

Consequently, the estimated confidence interval for the confirmation experiment is: 

ƞ  (𝑀𝐹𝐷)- CI(CE) < ƞ MFD <  ƞ  (𝑀𝐹𝐷) + CI(CE) 

24.1< ƞ MFD < 41.1  µm 

 

Figure 7.3 Conformation test formed part at optimal set parameters for MFD 

 

Confirmation experiment is performed at optimum combination of parameters for 

maximum forming depth, results obtained are tabulated in Table 7.4. It has been observed 

Table 7. 4 Comparison of estimated value and conformation test value for MFD 

Reponses Optimum 
Set of 

Parameters 

Predicted 
Response Value 
(ƞ_𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ) 

The Estimated 
optimal value 

with 95% 
confidence 

interval 

Result 
of 

Confor
mation 

Test 

Error 

(%) 

MFD 
(mm) 

A2B4C1D2  32.6 mm 24.1< ƞ  MFD < 

41.1  mm 

27 mm 20 
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that maximum forming depth obtained for optimum combination of parameters has fall 

within the predicted range at 95% confidence level. Part is successfully formed up to 

design depth of 27 mm without fracture as shown in Fig 7.2 and it closed within 20 % 

error to predicted value due to limitation of fixture design size. 

Therefore, the best MFD results are obtained for these variables: 

A2: Speed at fourth level :1400 rpm 

B4: Feed at second level :1200 mm/min 

C1: Step size at first level :0.2 mm 

D2: Tool diameter at first level :10mm 

7.4 Wall Thickness of Formed Part 

 

Figure 7.4 Wall thickness of formed part at different depth of 7mm, 14 mm and 21 mm 

 

Figure 7.4 is shows, the wall thickness of formed part at different depth of the part at 7 

mm, 14 mm and 21 mm for 16 experiments. It is to be observed from the graph (Fig. 7.4) 

that, the wall thickness of parts decreases with increase in the speed observed while 

moving from experiments number 1 to 16. This is due to increase in the friction heating 

at tool sheet interface, which is reported as a form of maximum temperature during the 
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experimentation. Furthermore, very less variation in wall thickness is found in each 

formed part. 

7.5 Concluding Remarks for Formability Study 

The formability of the conical frustums cone on Ti6Al4V sheets, which is a difficult to 

form material, has been examined, and the input variables are adjusted using the Taguchi 

approach. Combination of higher speed, higher step size and lower tool diameter led to 

lower forming depth and resulted in the fracture of the components. Whereas, the 

components were successfully formed without fracture when a combination of a smaller 

step size, medium speed, and a larger tool diameter are used. The following findings are 

obtained after optimizing input variables in SPIF process using Taguchi Method:  

1. The formability (i.e. forming depth) of the material is found to decrease with the 

increase in step size wherein increases with increasing in feed and tool diameter. 

Further formability increase with increase in speed from 1000 rpm 1400 rpm, but 

with increases speed more than 1400 to 2200 rpm formability decreases. 

2. Experimental results showed that speed 1400 rpm, feed rate of 1200 and step size 

0.2 mm and tool diameter of 10 mm, resulted in the optimal parametric condition 

for maximum forming depth of the components produced during the SPIF process 

using TM. 

3. ANOVA statistical analysis revealed that, with the exception of tool diameter, all 

the selected parameters were significant parameter for the maximum forming 

depth of the components. For maximum forming depth, step size was the most 

important factor, contributing 33.94 percent, followed by feed (33.8 percent), 

speed (31.6 percent), and tool diameter (0.1 percent). 

4. At the optimum levels of input factors for formability, confirmation tests revealed 

that the maximum forming depth value was within the confidence interval at the 

95 percent confidence level and close to the predicted results.  

5. Thinning of formed part is increased with increases of rotational speed from 1000 

rpm to 2200 rpm. 

Moreover, forming depth decreased up to a certain lower value when lower speed and 

higher step size are employed with lower tool diameter due to excessive sheet – thinning 

in cold cracking. Further Sheet fracture is also noticed at a much lower value of forming 
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depth due to thermal cracking with very large speed with lower step size. Hence, by 

continuously comparing the important value and the instant value for the safe forming of 

industrial components, fracture forming depth may be viewed and used as a hidden 

variable for adjusting process parameters. The proposed model predicted the maximum 

forming depth of the components efficiently in order to form conical frustums. As a result, 

the guidelines provided regarding a relationship between input parameters and the 

required forming depth of the components can improve SPIF applicability on an industrial 

scale. Next chapter, discussed regarding the linear regression model of response 

parameters and multi-optimization of SPIF process. 
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REGRESSION MODELLING AND MULTI 

RESPONSE OPTIMIZATION 

The current chapter focuses on developing a multi-linear regression model, its validation 

and multi-response optimization for the formed components in the SPIF process. 

Experimental work has been carried out to investigate the effects of input factors on multi-

responses of the components produced during the SPIF process.  

8.1 Regression Modelling 

Regression analysis is a statistical technique that creates a mathematical equation to 

describe the relationship between two or more input variables and the response outputs. 

Regression analysis is used in this study to develop mathematical models that fit the 

measured data for the three chosen responses. Regression models are developed using 

Minitab-17 software from the available experimental results for responses such as an 

Axial Peak Forming Force, Average Surface Roughness and, Maximum Forming Depth 

(MFD). The following equations are used to predict the axial peak forming force as a 

function of process variables as mentioned below:  

Axial Peak Forming Force  

=1131- 0.4613 Speed (rpm)+ 0.509 Feed (mm/min) + 1187 Step Size (mm/min) 

+ 65.7 Tool Diameter (mm)        (8.1) 

Surface Roughness Ra (µm)  

= 1.07+ 0.000198 Speed (rpm) + 0.001405 Feed (mm/min) + 9.894 Step Size (mm/min) 

- 0.2150 Tool Diameter (mm)        (8.2)
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Fracture Forming Depth (mm)  

= 22.37 - 0.00720 Speed (rpm) + 0.01533 Feed (mm/min) - 29.80 Step Size (mm/min) 

+ 0.225 Tool Diameter (mm)        (8.3) 

All responses models of SPIF process are validated with experimental results of optimum 

set of parameters using Taguchi Method. As per the Taguchi-based single optimization, 

axial peak forming force (APFF) is optimized at A4: Speed at the fourth level:  2200 rpm, 

B2: Feed at second level: 800 mm/min, C1: Step size at first level: 0.2 mm and D3: Tool 

diameter at first level: 8mm. For validation of the regression model of APFF, these values 

are used in the equation (8.1). 

Axial Peak Forming Force (APFF)  

=1131-0.4613 * 2200 + 0.509 * 800 + 1187 * 0.2 + 65.7 * 8    

= 1287 N    (At optimal set of parameters for APFF) 

Average Surface Roughness has been optimized using Taguchi method at A1: Speed at 

the fourth level :1000 rpm, B1: Feed at second level: 600 mm/min C1: Step size at first 

level: 0.2 mm, and D2: Tool diameter at first level: 10 mm. For validation of regression 

model of ASR, these values are used in the equation (8.2). 

Average Surface Roughness (ASR)  

= 1.07 + 0.000198 * 1000 + 0.001405 * 600 + 9.894 * 0.2 - 0.2150 * 10  

= 1.94 µm      (At optimal set of parameters for ASR) 

Similarly, maximum forming depth is optimized at A2: Speed at fourth level: 1400 rpm, 

B4: Feed at second level: 1200 mm/min, C1: Step size at first level: 0.2 mm and D2: Tool 

diameter at first level: 10mm. For validation of regression model of MFD, optimized 

parameter values are used in the equation (8.3). 

Maximum Forming Depth (MFD)  

= 21.37 - 0.00720* 1400 + 0.01533* 1200-29.80* 0.2+ 0.225* 10 
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= 25.96 mm    (At optimal set of parameters for MFD) 

Table 8.1 Comparison of predicted regression model result with experimental result 

Sr. 
No. 

Responses 
Optimum 

level 

Responses 
% Error 

Predicted Experimented 

1 
Axial Peak Forming 

Force (APFF) A4B2C1D1 1287 N 1403 N 8.2 

2 
Average Surface 

Roughness (ASR) A4B1C1D1 1.93 µm 1.87 µm 3.2 

3 
Maximum Forming 

Depth (MFD) A2B4C1D2 25.96 mm 27.0 mm 3.8 

 

Table 8.1 shows the error between the predicted value and experimental result at 

optimal set of parameter of each response. Result of all models are in good agreement 

with experimental value within 8 % error. 

 

Figure 8.1 Published experimental result of  electrical heat assisted SPIF process 

(Honarpished et al. 2016) 

 

Moreover, Regression model is also validated with published result (Honarpished et al. 

2016). This authors formed part with the parameters taken as, feed of 1000 mm/min, step 

size (pitch) of 0.3 mm, tool size of 8 mm and current of 400 A, with obtained temperature 

range of 400–500 °C at the interface of tool and sheet in electric heat assisted SPIF. For 

the validation of regression model of APFF, the axial peak forming force is calculated by 
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substituting the value of said parameters in the equation (8.1). The value of speed is taken 

in to account as 2200 rpm, which cause of temperature range of 400–500 °C at tool-sheet 

interface in published work (analogous of 400 A). 

Axial Peak Forming Force (APFF)  

=1131- 0.4613 Speed (rpm)+ 0.509 Feed(mm/min)+ 1187 Step Size (mm/min) 

+ 65.7 Tool Diameter (mm)  

=1131-0.4613 * 2200 + 0.509 * 1000 + 1187 * 0.3 + 65.7 * 8   

= 1507 N 

The published result shown in graph (Fig. 8.1) is 1550 N and result of predicted regression 

model is 1507 N. It can be seen that result of prediction model is good fit to published 

result with error of 2.7 %. 

8.2 Multi Responses Optimization 

Single-response optimization can be successfully accomplished using the Taguchi 

method. This strategy cannot achieve simultaneous optimization of several performance 

variables. The current study has employed grey relational analysis for multi-response 

optimization to address this issue (Zhang et al., 2017). Grey relational analysis is a 

suitable approach for solving the problems with complicated inter relationships between 

multiple factor and variables. The multiple response optimization problems can be 

converted to a single response optimization. The results of grey relational analysis are 

calculated using the obtained data from Taguchi method. The highest overall grey 

relational represents the optimal parametric combination. This approach consists of three 

steps: normalization, computation of the grey relational coefficient, and calculation of the 

grey relational grade. These are described in the subsequent section in this chapter. 

8.2.1 Normalization (Grey-Relational Generation) 

In spite of their units and range, the normalization method scales down the response 

variables to a 0–1 scale. Depending on the type of performance characteristics, different 

normalization relations are applied (Manoharan et al., 2017). In the present study, the 
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axial peak forming force (APFF) and Average Surface roughness (ASR) have to be 

minimized and maximum forming depth (MFD) has to be maximized. The relations for 

normalizing the larger-the-better and smaller-the-better performance characteristics are 

given by the equations (8.4) and (8.5). 

𝑥∗ (𝑘) =
( ) ( )

( ) ( )
       (larger-the-better for MFD)  (8.4) 

𝑥∗ (𝑘) =
( ) ( )

( ) ( )
 (smaller-the-better for APFF and ASR) (8.5) 

where 𝑥∗ (𝑘)denotes the reference sequence after pre-processing for the 𝑖 experiment 

and 𝑦 (𝑘)represents the initial sequence of the mean of the responses. The normalized 

values are ranged between zero and one. The best performance is represented by the 

normalized value one, while the worst performance is represented by zero. Table 8.2 

represents the normalization of experimental result of APFF, ASR, and MFD, which are 

calculated using equations (8.4 and 8.5). 

Table 8.2 Normalization of experimental result of APFF, ASR, and MFD 

Sr. 
No. 

 

Responses Value 
Normalization 𝑥∗ (𝑘) 

Small the 
Better 

Small the 
Better 

Larger the 
Better 

Axial 
Peak 

Forming 
Force 
(N) 

Surface 
Roughness 

Maximum 
Forming 
Depth 
(mm) 

APFF ASR MFD 

1 1762 1.98 26.5 0.7832 1.0000 0.9706 

2 1824 3.64 25.9 0.7283 0.6278 0.9353 

3 2296 4.88 26.4 0.3106 0.3492 0.9647 

4 2647 5.39 26.5 0.0000 0.2354 0.9706 

5 2036 3.61 26.5 0.5407 0.6351 0.9706 

6 1746 2.06 26.7 0.7973 0.9815 0.9824 

7 2189 6.44 25.7 0.4053 0.0000 0.9235 

8 1975 4.96 27 0.5947 0.3313 1.0000 

9 1563 4.62 10 0.9593 0.4075 0.0000 

10 1777 5.76 12 0.7699 0.1519 0.1176 
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Sr. 
No. 

 

Responses Value 
Normalization 𝑥∗ (𝑘) 

Small the 
Better 

Small the 
Better 

Larger the 
Better 

Axial 
Peak 

Forming 
Force 
(N) 

Surface 
Roughness 

Maximum 
Forming 
Depth 
(mm) 

APFF ASR MFD 

11 1578 2.57 26.7 0.9460 0.8672 0.9824 

12 1884 3.81 26.9 0.6752 0.5902 0.9941 

13 1685 4.71 13 0.8513 0.3890 0.1765 

14 1517 4.60 11 1.0000 0.4126 0.0588 

15 1624 3.91 26.4 0.9053 0.5673 0.9647 

16 1624 3.94 26.6 0.9053 0.5617 0.9765 

 

8.2.2 Computation of Grey Relational Coefficient (GRC) 

Grey Relational Coefficient is calculated to express the relationship between the ideal and 

actual normalized experimental results. The following equation (8.5) is used to calculate 

the grey relational coefficient:  

Grey Relational Coefficient, 

 ξ (𝑘) =
  

  
        (8.5) 

𝛥 (𝑘) = │𝑥∗ (𝑘) − 𝑥∗ (𝑘)│         (8.6) 

𝛥 = max│𝑥∗ (𝑘) − 𝑥∗ (𝑘)│       (8.7) 

𝛥 = min│𝑥∗ (𝑘) − 𝑥∗ (𝑘)│       (8.8) 

Where 𝛥 (𝑘), 𝑥∗ (𝑘),  𝑎𝑛𝑑  𝑥∗ (𝑘) refer to the deviation, reference and comparability 

sequences respectively. ξ
𝑖
(𝑘) signifies the Grey Relation Coefficient (GRC) of individual 

response variables computed as a function of 𝛥  and 𝛥 , the minimum and 
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maximum deviations of each response variable. 𝜆 is the distinguishing coefficient (𝜆 ϵ [0, 

1]) and is used to adjust the difference of the relational coefficient (Kurra and Regalla, 

2015). The goal of 𝜆 is to enlarge or reduce the grey relational coefficient's range. Various 

results from solutions may be caused by different distinguishing coefficients. The impact 

of a different value of distinguishing coefficients on the outcomes should be studied by 

the decision-makers. The grey relationship coefficient for the current research 

investigation was determined using as 0.5. Table 8.3 shows the computed value of 

deviation sequence and grey relation Co-efficient using the equation (8.6) and (8.5) 

respectively. 

8.2.3 A composite Grey Relational Grade (GRG) 

The degree of correlation between the reference and the comparison sequence is 

represented by the grey relational grade (GRG). The following equation (8.9) is used to 

calculate the grey relational grade. 

Grey relation grade (GRG),  

𝛾 = ∑ 𝑤 𝜉 (𝑘)        (8.9) 

where 𝑛 is the number of response variables (in this study 𝑛 = 3 ), 𝑤  is the weight factor 

for each response variable (in this study 𝑤  is considered as 1).Standard techniques like 

principal component analysis  (Khan et al., 2012) and the entropy approach can also be 

used to calculate the weight factor. The experimental parameters are more closely related 

to the multi-response optimal grade of higher grey relations (Kasemsiri et al., 2017). In 

present research work, experiment run number 11 has height GRG, it is considered to be 

an optimal set of parameter within L16 OA set of experiment runs for multi responses; 

APFF, SR and FFD of SPIF process. 

The larger-the-better S/N quality feature is used for grey relational grade because higher 

multiple performance is required. The values of the estimated S/N ratio for the grey 

relational grade are shown in the Table 8.3. 
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Table 8.3 Value of grey relation co-efficient and Grey relation grade 

Exp 
Run 

 

Deviation Sequences 
𝛥 (𝑘) 

Grey relation Co-
efficient 𝜉 (𝑘) 

Grey 
Relati

on 
Grade 

 ( 𝛾 ) 

S/N 
Ratio 

of 
GRG 
(dB) 

GRG 
Order 

 

APFF ASR FFD APFF ASR FFD GRG 

1 0.2168 0.0000 0.0294 0.6975 1.0000 0.9444 0.8807 -1.104 2 

2 0.2717 0.3722 0.0647 0.6479 0.5733 0.8854 0.7022 -3.071 7 

3 0.6894 0.6508 0.0353 0.4204 0.4345 0.9341 0.5963 -4.491 11 

4 1.0000 0.7646 0.0294 0.3333 0.3954 0.9444 0.5577 -5.072 13 

5 0.4593 0.3649 0.0294 0.5212 0.5781 0.9444 0.6813 -3.334 8 

6 0.2027 0.0185 0.0176 0.7116 0.9643 0.9659 0.8806 -1.105 3 

7 0.5947 1.0000 0.0765 0.4568 0.3333 0.8673 0.5525 -5.154 14 

8 0.4053 0.6687 0.0000 0.5523 0.4278 1.0000 0.6600 -3.609 9 

9 0.0407 0.5925 1.0000 0.9247 0.4577 0.3333 0.5719 -4.854 12 

10 0.2301 0.8481 0.8824 0.6848 0.3709 0.3617 0.4725 -6.512 16 

11 0.0540 0.1328 0.0176 0.9026 0.7901 0.9659 0.8862 -1.050 1 

12 0.3248 0.4098 0.0059 0.6062 0.5496 0.9884 0.7147 -2.917 6 

13 0.1487 0.6110 0.8235 0.7708 0.4501 0.3778 0.5329 -5.467 15 

14 0.0000 0.5874 0.9412 1.0000 0.4598 0.3469 0.6022 -4.405 10 

15 0.0947 0.4327 0.0353 0.8408 0.5361 0.9341 0.7703 -2.267 5 

16 0.0947 0.4383 0.0235 0.8408 0.5329 0.9551 0.7762 -2.202 4 

 

8.3 Taguchi Based Analysis for Multi-Reponses 

Using the foregoing method, the mean of selected GRGs is computed, and the response 

table displayed in Table 8.4 is put together. The optimal settings are provided by 

parameter levels that have the highest S/N ratio. As a result, A2B3C1D2 is shown to be 

the optimal settings for simultaneously minimizing APFF and average surface roughness 

and maximizing FFD. Hence, to conclude, the optimal settings for beneficial SPIF process 

are the speed at 1400 rpm, feed at 1000 mm/min, step size at 0.2 mm and tool diameter 

at 10 mm. 
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The main effects plot for GRG is generated using the response table for S/N ratios, as 

shown in Fig 8.2. It can be shown that the S/N ratio decreases with an increase in the step 

size and decrease in tool diameter. Wherein there are no effect of speed and feed on S/N 

ratio of GRG. 

Table 8.4 Response table for means of GRG 

Level Speed (A) Feed (B) Step-Size (C) 
Tool- diameter 

(D) 

1 0.6842 0.6667 0.8559 0.6733 

2 0.6936 0.6644 0.7171 0.6815 

3 0.6613 0.7013 0.6076 --- 

4 0.6704 0.6772 0.5289 --- 

Delta 0.0323 0.0369 0.327 0.0082 

Rank 3 2 1 4 

Optimum set A2 B3 C1 D2 

. 

 

 

Figure 8.2 Main effect plot for S/N of GRG 

 

An ANOVA technique is carried out for the grey relational grade at a 95 % confidence 

level to examine the significance and the percentage influence of each element on the 

many performance aspects of the SPIF process. Table 8.5 depicts that step size has the 
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biggest effect on the GRG, with a 91.79 % effect, followed by feed and speed, with 

corresponding effects of 1.3 percent and 0.94 percent, and tool diameter, with the least  

Table 8.5 Analysis of variance (ANOVA) for grey relation grade  

Factor DOF 
Sum of 
square 

Mean 
square 

F-
Value 

P- 
Value 

% of 
contribution 

A: Speed (rpm) 3 0.002464 0.000821 0.27 0.848 0.94 

B: Feed (mm/min) 3 0.003426 0.001142 0.37 0.779 1.30 

C:Step Size (mm) 3 0.241483 0.080494 26.07 0.002 91.79 

D: Tool Diameter 
(mm) 

1 0.000269 0.000269 0.09 0.78 0.10 

Error 5 0.015436 0.003087 - - 5.87 

Total 15 0.263079    100.00 

Model Summary: R-Sq = 94.13 % and R-sq (adj) = 82.40 % 

 

impact. Additionally, it can be deduced that step size significantly affects the SPIF 

process responses because only one of the factor's p-values is less than 0.05. High R 

values indicate that the generated model fits the data well. 

Table 8.6 presents the comparison of Single response optimization values and multi 

responses optimization. It shows that Multi responses optimization values of each 

responses are very close to single optimization value. 

Table 8.6 Comparison of single response and multi responses optimization values 

Sr. 
No. 

Responses 
Optimum 

level 

Experimented 
Result of 

Responses 
Remark 

1 Axial Peak Forming Force (N) A4B2C1D1 1403 
Single 

objective 
optimization 

2 Surface Roughness Ra (µm) A4B1C1D1 1.87 

3 
Maximum Forming depth 

(mm) 
A2B4C1D2 27 

4 Multi-Responses A2B3C1D2 

APFF=1596 N 
Multi-

objective 
optimization 

SR=1.92 

MFD=26.6 
mm 
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8.4 Generation of the Predictive Model for Multi-Response 

Optimization 

After determining the levels of the optimum forming parameters, it would be necessary 

to compute the estimated predicted GRG and use the optimal combination to assess 

whether the response variables had improved. Equation (8.1) is used to obtain the 

estimated weighted-GRG using the best combination of formation parameter values;  

𝛾  = 𝛾 + ∑ 𝛾 − 𝛾       (8.10) 

where 𝛾  denotes the maximum of average GRG at the optimal level of factors and   𝛾  

represent the mean GRG. The quantity “n” indicates the number of factors affecting 

response values. 

Table 8.7 Comparisons between predicted and experimental GRG Value 

Initial Design Parameters 

(Second Height Grade) 

Optimum Design Parameters 

Prediction 

𝛾  
Experiment 

Setting Level A1B1C1D1 A2B3C1D2 A2B3C1D2 

Grey Relation Grade 0.8807 0.9007 0.9533 

Improvement in GRG 
(%) 

- 2.3 % 5.8 % 

 

To ensure the incremental forming process quality characteristics, a confirmation 

experiment is carried out under optimal conditions. APFF = 1596 N, Ra = 1.92 m, and 

MFD = 26.6 mm are the values of response variables at the optimal settings. According 

to calculations, the grey relational grade for the optimum settings is 0.9533. The grey 

relational grade of the confirmation experiment is enhanced from the second highest 

grade value of L16 OA to 2.3 percent by predicted GRG and 5.8 percent by experimental 

GRG. As a result, the Taguchi-based grey analysis is an extremely helpful technique for 

optimizing a variety of performance aspects in the incremental forming process. 
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8.5 Conclusions of Predicted Models and Multi-Response Optimization 

1. Regression Model is good statistical predicted model for response value for SPIF 

process. From the result, the axial peak forming force is in good agreement with 

the conducted experimental result of optimum set of parameter as well as 

published result. Further regression models of surface roughness and fracture 

forming depth are also in good agreement with conducted experiments of optimal 

parameters with the error of less than 5 %. 

2. In the Taguchi based multi response optimization of GRG, results showed that the 

S/N ratio of GRG decreases with an increase in the step size and decrease in tool 

diameter. Wherein there are no effect of speed and feed on S/N ratio of GRG. 

3. Experimental results showed that speed 1400 rpm, feed rate of 1000 and step size 

0.2 mm and tool diameter of 10 mm, resulted in the optimal parametric condition 

for maximum GRG of the components produced during the SPIF process using 

TM. 

4. According to ANOVA statistical analysis, step size is found significant factor for 

maximum GRG of the components in SPIF process. Step size is found to be the 

most dominating factor with a contribution of 97.79 % followed by feed (1.3 %), 

speed (0.94 %) and tool diameter (0.1 %) for forming depth. 

5. Confirmation tests are performed to verify the improvement of in GRG, it shows 

that GRG is improved from 0.8807 for the initial design parameters (A1B1C1D1) 

to 0.9533 (5.8%) for the optimal parameters (A2B3C1D2), which is closed to 

predicted result (2.3%).  

From this study, it can be concluded that the proposed methodology can be used for 

simultaneous optimization of other response variables and materials in incremental 

forming. 
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CONCLUSIONS AND FUTURE SCOPE OF 

WORK 

9.1 Introduction  

This chapter discusses the important conclusions drawn during the Parametric 

Investigation and Optimization of Single Point Incremental Forming for Hard to Form 

Material. In this research work, the effort has been made to investigate surface roughness, 

forming force and formability improvement of the Ti-6Al-4V sheets using SPIF with 

friction heat. The effect of process parameters, namely speed, feed, step size, and tool 

diameter, on the forming force, surface roughness and fracture forming depth as a 

formability indicator response characteristics are observed using Taguchi’s based 

experimental plan. A linear correlation has been established between the dependent 

parameter (input) and independent parameters (Axial Peak Forming Force, Surface 

Roughness and Formability of material) using the regression models. Further, Multi 

optimization has been carried out by Grey Relation Analysis (GRA). 

9.2 Conclusions of Work 

The important conclusions from the present research work on Parametric Investigation 

and Optimization of Single Point Incremental Forming for Hard to Form Material are: 

1. The forming force is found to increase with an increase in step size, feed rate and 

tool diameter, whereas found to decrease with the increase in spindle speed. 

2. Experimental results showed that speed of 2200 rpm, step size of 0.2 mm, feed 

rate of 800 mm/min and a tool diameter of 8 mm in optimum parametric condition 

for minimizing the APFF on Ti6Al4V alloy sheets using TM.  
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3. According to ANOVA statistical analysis, the most dominant input parameter is 

speed with the contribution of 49.78 % for APFF followed by step size (22.55 %), 

feed rate (18.01 %) and tool diameter (4.87%). 

4. The trend of forces with different set up of parameters indicates the stability of 

the process. The process is stable with the steady and polynomial trend of force 

after peak value, while process is unstable in monotonically decreased trend of 

forces. 

5. The average roughness of formed parts increased with step size, feed and speed 

whereas decreased with tool diameter. Better surface finish is obtained with lower 

speed, feed and step size where as higher tool diameter. 

6. Experimental results showed that at speed of 1000 rpm, feed rate of 600 mm/min, 

step size of 0.2 mm and tool diameter of 10 mm of hemispherical shape result in 

optimal parametric condition for average roughness of the components produced 

during the SPIF process using TM. 

7. According to ANOVA statistical analysis, step size is the most significant factor 

for average roughness with a contribution of 83.4 % followed by feed rate (7.0 

%), tool diameter (3.10 %), and speed (1.5 %).  

8. The formability (i.e. forming depth) of the material is found to decrease with the 

increase in step size wherein increases with increasing in feed and tool diameter. 

Further formability increase with increase in speed from 1000 rpm 1400 rpm, but 

with increases speed more than 1400 to 2200 rpm formability decreases. 

9. Experimental results showed that at speed of1400 rpm, feed rate of 1200 and step 

size of 0.2 mm and tool diameter of 10 mm, resulted in the optimal parametric 

condition for maximum forming depth of the components produced during the 

SPIF process using TM. 

10. According to ANOVA statistical analysis, all the selected factors have been found 

significant for maximum forming depth of the components except tool diameter.  

Step size was the most dominating factor with a contribution of 33.94 % followed 

by feed (33.8%), speed (31.6 %) and tool diameter (0.1%) for forming depth. 

11. Further, the depth of the orange peel effect increases with increases rotational 

speed during experimentation and wall thinning of the formed part is increased 

with increases of rotational speed from 1000 rpm to 2200 rpm.
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12. Confirmation tests, which are conducted at optimum levels of input factors, 

showed that axial peak force value, surface roughness value and maximum 

forming depth value are within the confidence interval at 95% confidence level 

and close to predicted results.  

13. Regression Model for Axial Forming is in good agreement with conducted 

experimental result of optimum set of parameter as well as published result. 

Further regression models of surface roughness and fracture forming depth also 

are in good agreement with conducted experiments of optimal parameters with the 

error of less than 5 %. 

14.  From multi-optimization using GRA, the response table of the grey relational 

grades, the optimal set of parameters for enhanced performance of the SPIF 

process responses, are identified to be speed of 1400 rpm, a feed of 1000 mm/min, 

step size of 0.2 mm and a tool diameter of 10 mm. The ANOVA for GRG 

indicated that step size is the most significant parameter. Finally, confirmation 

tests are performed to verify the improvement of 2.3% in GRG, from 0.8807 for 

the initial design parameters (A1B1C1D1), to 0.9007 for the optimal parameters 

(A2B3C1D2). From this study, it can be concluded that the proposed 

methodology can be used for simultaneous optimization of other response 

variables and materials in incremental forming. 

9.3 Scope of Future Work 

Although the Single Point Incremental Forming (SPIF) process has been thoroughly 

investigated for forming of Ti6Al4V work material truncated cone with tungsten carbide 

tool using friction heat, still there is scope for further investigation. The following 

suggestions may be helpful for future work: 

1. Future research can focus on investigating the SPIF process for hard to form alloy 

sheet material by using FEM software with displacement-thermal couple for cost-

effectiveness.  

2. Future research can focus on developing the fracture forming limit diagrams and 

stress-based forming limit diagrams for the formability analysis of different hard-

to-form materials in the ISF process using sophisticated and more precise 

measuring instruments.  
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3. There is also a need to understand the effects of process parameters of friction stir 

SPIF process on the temperature distribution using more precise measuring 

instruments.  

4. Microstructural evolutions during the heat-assisted SPIF process can be 

investigated under different process parameters to get more insight into the 

deformation mechanics for hard-to-form material.  

5. Future studies can be focused on studying the spring back, orange peel surface 

phenomena and form accuracy of hard-to-form parts produced in multi stage 

incremental forming. 

Scope of Future Work 
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Appendix-I  
Sample Macro CNC Part program for forming of Conical Shape part with spiral tool path 

in incremental forming 

G90 G40 G94 

M06 T01    ; (Tool Number) 

G00 X0 Y0 Z2 

R1=27    ;(STARTING RADII) 

R2=0 ;(END RADII) 

R3=0 ;(STARTING ANGLE) 

R30=0  ;(INITIAL DEPTH) 

R40=1     ;(RADIUS STEP SIZE PER REVOLUTION) 

R50=1    ;(DEPTH STEP SIZE PER REVOLUTION) 

R10=R1*COS(R3) 

R20=R1*SIN(R3) 

G00 X=R10 Y=R20 Z2 

M03 S2000     ;(SPEED) 

G01 Z=R30 F150  ;(FEED) 

AAA: 

R3=R3+1 

R1=R1-(R40/360) 

R30=R30-(R50/360) 

R10=R1*COS(R3) 

R20=R1*SIN(R3) 

G01 X=R10 Y=R20 Z=R30 

IF(R1>R2) GOTOB AAA 

G01 Z2 

M05 

M30 
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Appendix-II 
F-distribution Table 

 

 


