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1. Title of Thesis and Abstract 

1.1 Title of Thesis 

Parametric Investigation and Optimization of Single Point Incremental Forming (SPIF) Process 

for Hard to Form Material 

1.2 Abstract 

Recently, Ti6Al4V (hard to form) sheet materials are widely used for different industrial 

products because of a superior in mechanical properties in corrosion resistance, high strength-to-

weight ratio, and biocompatibility. However, since Ti6Al4V are difficult to deform at room 

temperature due to poor in formability, they are deformed at elevated temperature. On other hand, 

recent market needs change from mass production to small batch production such as rapid 

prototyping as well as customization. In conventional sheet metal forming, the cost of specialized 

tooling and larger lead time become major issues.  
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In order to solve these problems, Single Point Incremental Forming (SPIF) sheet metal 

process technology can be formed of 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 ankle support, plate 

prosthesis, implants for arthroplasty and cranial implants etc. 

SPIF is characterized by different input parameters and responses. Different input 

parameters affecting the process should be categorized such as material parameters, geometrical 

parameters, and process parameters. Material parameters (Young modulus, work hardening 

exponent, the anisotropy of material) and geometrical parameters (part shape, wall angle and sheet 

thickness) are hardly modified due to many constraints of the process. On the other hand, the 

process designer has the choice of altering process parameters (step size, spindle speed, feed rate, 

tool diameter, lubrication, tool shape etc.). Moreover, the lack of available knowledge regarding 

the process parameters makes the process limited for industrial applications. SPIF suitability can 

only be enhanced on the industrial scale when significant guidelines are highlighted regarding the 

relation between input parameters and responses of the process. Effects of each process parameters 

on the precision of formed components are required to know for a process engineer for 

implementation of the process on the industrial scale. In addition, the effects of some parameters 

are still under debate, whereas some results are contradictory. Hence, limited data related to 

parametric influence and optimization of the process has motivated the author to undertake a 

systematic investigation of the process parameters in order to optimize the process in terms of 

different output (forming force, surface roughness and formability) on Ti6Al4V (Ti Gr-5) sheets 

which is widely used in automotive, aerospace and biomedical applications. 

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

determining suitable process parameters to be optimized from literature and available knowledge 

of the process for the Ti6Al4V sheet in the SPIF process.  The experimental study is conducted 

into various phases: (I) First Preliminary (II) Second Preliminary (III) Final, Experimentations are 

carried out to study the feasibility of Ti6Al4V sheet forming and to evaluate the maximum safe 
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forming with the critical input parameters in SPIF process. Later, Taguchi based experimental 

study is planned and optimizing technique for investigation of the process. To study effect of 

process parameters with varying speed, feed, step size and tool diameter on responses such as 

forming force, surface roughness, and formability in SPIF. L16 orthogonal array considering four 

parameters, three parameters with four levels and one parameter with two levels.  Forming forces, 

surface roughness and formability of the process were optimized with defining a set of optimal 

process parameters. Predicted optimal solutions were verified experimentally using the suggested 

set of process parameters. The work is further extended to study the effect of lubricants and process 

variable on surface roughness, parts thickness distribution, and orange peel effect. SPIF tests were 

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. After completion of the experimentation, the surface roughness value 

of formed components was measured by a roughness tester Mitutoyo SJ -400. Forming depth was 

reported directly from the display control unit of CNC as well measured with Vernier height gauge. 

The maximum temperature is measured through infrared non-contact gun during forming of sheet. 

Experimental test results of different process variables on response characteristics were 

analyzed using the Taguchi Method (TM). The validation of predicted results obtained from 

analysis of other different responses characteristics (forming force, surface roughness, formability) 

was made with the results obtained from confirmatory experiments at the optimal levels of input 

factors. The confirmatory experiments were carried out for each of the output variables.  

Based on results obtained from the experimental investigation, the forming force was found 

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

with increase in spindle speed. The average roughness of formed parts increased with step size, 

feed and speed whereas decreased with tool diameter. A better surface finish was obtained when 

lower the speed, feed and step size where as higher tool diameter. The formability of the material 

(i.e. fracture depth) was found to decrease with the increase in step size wherein increases with 

increasing in feed and tool diameter. Safe and crucial levels of each output variables were stated 

which can be utilized as a hidden variable for modifying process parameters by continuous 

comparison of crucial value and instant value for safe forming of industrial components. Therefore, 
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SPIF suitability can be enhanced on the industrial scale with the given guidelines regarding a 

relation between input parameters and output variables. 

Prediction regression models were computed for forming force, surface roughness, and 

formability using MINITAB-17 software and models are validated with experimental results with 

optimum set of parameters for each response under study. Further model of forming force is also 

validated with the published result. Moreover, multi Optimization studies were carried out using 

Taguchi-based Grey Relational Analysis (GRA).  

The work in this study explores the forming of hard to form material (Ti6Al4V) by varying 

input parameters through SPIF. This work provides an insight into the further development of SPIF 

technology. 

2.  Brief Description on the State of the Art of the Research Topic 

Single Point Incremental Forming (SPIF) process is a novel sheet metal forming process. 

SPIF process is characterized by higher flexibility, lower tooling cost and reduces lead time due 

to die-less sheet metal forming process. It is more suitable for prototypes and small - medium scale 

production of sheet metal parts than the conventional stamping forming process [1]. The blank 

sheets of metals are localized and incrementally deformed using a simple hemispherical end 

forming tool, whose path is specified in a CNC machining center or robot. SPIF process has higher 

formability because of sheet deformation mode under stretching and shearing action [2]. Due to 

its excellent formability at room temperature, the SPIF method is extensively used for the 

aluminum and steel alloy sheet materials. However, process have limited to industrialize because 

of lower surface quality, uniform thickness, geometrical accuracy and higher forming time of 

formed parts. 

Due to economic, environmental, and biomedical compatibility, the use of lightweight 

materials such as titanium alloy components has risen constantly in essential fields such as 

aeronautical, automotive, and biomedical. These alloy materials have good mechanical properties 

such as high strength to weight ratio, toughness, wear resistance fatigue behaviour, and corrosion 

resistance compared to other materials such as aluminium and steel alloys [3]. Among the titanium 

alloys, the Ti6Al4V is used in 80 % of the total titanium alloy in the USA [4].  However, the 

Ti6Al4V titanium sheet is difficult to form at room temperature because they possess low uniform 
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elongation, resistance to deformation, high springback and yield to the tensile ratio (high hardness 

and poor formability). So they are commonly formed with low-speed forming at elevated 

temperatures of 750~950 °C [5]. Lightweight materials such as AA2024-T3, AZ31 B-O, AA6061-

T6, AA6063, and titanium alloys and high strength alloys such as MnB5, DP 980, and DC04 steel 

alloy have possessed poor formability at room temperature. In order to form these alloys, heat 

assisted Incremental Sheet Forming (ISF) techniques are more suitable with minimum tooling cost 

and lower lead time at higher temperature, such as laser heat-assisted, Electrical heat assisted, 

induction heat assisted friction stir heat-assisted processes [6]. 

In the past two decades, many researchers and academicians have carried out experiments 

to analyze the forming of lightweight sheet materials using different types of the heat-assisted ISF 

techniques. Duflou et al. [7] have been formed cone shape specimens of Ti6Al4V with laser heat-

assisted technique of ISF with local dynamic heating. The results showed that cone-shaped 

specimens were formed with lower forming force and higher dimension accuracy. Ambrogio et al. 

[8] studied the influence of process parameters such as tool diameter, step size, feed rate and 

lubrication on the formability of magnesium alloy AZ31B at the room temperature and in warm 

conditions. The formability of AZ31B was to be observed higher in warm conditions as compared 

to room temperature. Further, complex design of heating equipment creates difficulties while the 

forming of sheet. Fan et al. [9] developed a new technique to heat the sheet metal based on electric 

current. In this technique, the localized heat is generated at tool-sheet interference by DC power 

supply. They investigated maximum formable angle and part accuracy on the TiAl2Mn1.5 

titanium and the AZ31 magnesium alloys. In 2010, Fan et al. [10] formed sheet metal of the 

Ti6Al4V alloy by using the electric heat-assisted technique and observed that this technique is 

more suitable to form a desired shape in the range of temperature 500–600 °C with a minor 

oxidation. Later in 2012, Ambrogio et al. [11] used an electrical heat-assisted incremental forming 

technique to form difficult to form-alloy such as AZ31B-O, AA2024-T3, Ti-6Al-4V. They 

investigated the influence of different operating parameters on formability and surface quality of 

formed parts. Rahmaini et al. [12] were investigated the process of incremental forming on 

AA6063 material using warm heating. They were reported that, axial feed and temperature were 

the most significant parameter on formability and surface roughness. 
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The heat-assisted techniques of SPIF process has been classified for global heating and 

local heating of blank sheet by Xu et al. [13]. These heat-assisted techniques showed the substantial 

enhancements in the formability of hard to form materials but there is a significantly increase in 

both the process complexity and tooling cost. However, friction stir heat-assisted SPIF is most 

suitable as a direct heating method with higher flexibility and lower cost [14-15]. In friction stir 

heat assisted technique, sheet metal is formed with tool spinning at very high relative speed, which 

generates frictional heating of the sheet. The technique is mainly found in technical literature that 

focuses on steel and aluminum sheets. Ambrogio et al. [16] investigated the influence of the step 

size and the tool feed rate on temperature deviations at the tool interface, during the SPIF of 

aluminum alloy (AA5754) and titanium Ti6Al4V sheets.  They were reported that optimized feed 

of the tool and step size gives better formability along with process productivity and quality of 

formed part without any external heating equipment. Grun et al. [17] investigated the behaviour of 

Ti6Al4V sheet formability with the friction stir SPIF process technique. The result showed that 

medium tool rotation of 2000 rpm speed leads to lower the rate of tool wear, improved the 

formability and reduced the forming forces. 

In the present work, an experimental investigation is carried out to analyze the parametric 

effect on various responses; forming force, surface roughness, formability of 1.0 mm thick 

Ti6Al4V (hard to form) sheet using SPIF process. Process is also optimized in Taguchi-based 

single response optimized as well as in multi-responses optimized using Taguchi based Grey 

Relation Analysis (GRA). Moreover, the predict regression models for forming force, surface 

roughness and formability were computed using MINITAB-17 software and validated with 

experimental results as well as other published result in literatures. 

 

3. Definition of the Problem 

Most of the work reported in SPIF have been performed on aluminum-alloys and steel with 

and without heat-assisted, it is need to study of hard to form materials. Similarly, the research 

works are reported for hybrid SPIF also, mostly on light alloys such as aluminum alloys, 

magnesium alloys, and Ti-alloys. These alloy have been formed with different heat assisted such 

as laser heat assisted, electric heat assisted, and induction heat assisted in the aspect of 

development of hybrid SPIF process.  



8 
 

Hence, the research gaps are identified from the above observations which need more 

attention and investigation to explore the parametric investigate and optimize the forming of hard 

to form (Ti6Al4V) sheet metal using the friction heat assisted SPIF process. Less experimental 

work is reported to forming of hard to form (Ti-6Al-4V /Ti Gr-5) type material with friction 

heating method. The influences of process parameters were investigated properly during the SPIF 

process on Ti6Al4V which is used an aerospace, automotive and biomedical application. It seems 

to explore experimental investigation of SPIF process for hard to form material based on Taguchi 

based Design of Experiments (DOE), statistical ANOVA tool and Single as well as multi responses 

optimization techniques. Based upon exhaustive literature review, problem is formulated as 

systematic experimental and statically study to parametric investigate and optimize the single point 

incremental forming through hard to form material. 

4. Objectives and Scope of Work 

4.1 Objectives: 

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

statically investigation planned for influence of speed, feed, step size and tool diameter on the 

forming force, average surface roughness and formability in friction heat assisted SPIF process for 

hard to form material. Based on this, the objectives of the present work are listed below: 

 To enhance an understanding of the SPIF process and identify input process parameters 

affecting on the responses of process i.e. forming force, surface finish, and formability.  

 To prepare experimental setup and carry out design of experiments for SPIF process 

investigation. 

 To select and procure the work-piece material, tool material and lubricant. 

 To perform an experimental work of SPIF process using selected material, process 

parameters and measure responses. 

 To investigate the effects of input factors namely speed, feed, step size and tool diameter 

on the responses of the SPIF process like forming - force, surface roughness, and 

formability of the material. 
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 Modelling and optimizing input processes parameters for better responses in term of 

forming force, average surface roughness, and formability of the material using statistical 

tool and to conduct confirmation test for validation. 

 

4.2 Scope of Work: 

In many industrial sectors, including the aerospace, marine and biomedical industries, the 

use of hard to form Ti6Al4V sheet metal alloys are steadily increasing in many technological 

applications. This is due to their high strength-to-weight ratio, elevated corrosion resistance and 

excellent biocompatibility as compared to aluminum alloys and steel alloys. Ti6Al4V is the most 

widely used for the production of landing gear components, submarine components and load 

bearing surgical implants. Further Ti6Al4V alloy is very difficult to form at room temperature 

because of higher yield strength; hence it is less stretchable. 

Hence, in the present research, it is decided to explore the parametric investigation and 

optimization of friction heat-assisted SPIF process for forming of Ti6Al4V sheet metal.   The scope 

of the present work is to carry out the systematic experimental and statically analyze to form the 

frustum conical sample with the maximum formable wall angle of Ti6Al4V sheet metal using 

friction heat-assisted SPIF process. In work, process is successfully formed of 1 mm thickness 

sheet metal sample part with 45 degree of wall angle without extra heating equipment. It was 

planned to optimize and analyze the effect of process parameters on forming force, average surface 

roughness and fracture depth of formed part in SPIF process with Taguchi based single responses 

as well as multi responses. The regression model was computed using statistical tool to predict 

forming force, average surface roughness and fracture depth. and the model is validated with the 

experimental results as well as with the published results of the other researchers. The work can 

be beneficial to prototype and small batch production of parts made of hard to form material in 

different industries sector due to affordable technique. The research work will help in developing 

safe and economical technology for forming of hard to form material using SPIF process. 

5. Original Contribution to the Thesis 

The original contribution to the thesis is parametric investigation of effect of input 

parameters like speed, feed, step size and tool diameter on forming force, average surface 
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roughness and fracture depth while forming Ti-6Al-4V. Using the experimental data, statistical 

regression models were computed for forming force, average surface roughness, and fracture 

depth, which can be used to predict. In order to check the validity of the models Analysis of 

Variance (ANOVA) tests were carried out, which also provide significance of parameters on 

individual response. The regression models have been validated with experimental results as well 

as results of the other researchers. In order to minimize the forming force, average surface 

roughness and to maximize fracture depth of formed part, Taguchi based single objective as well 

as Grey Relation Analysis (GRA) multi responses optimization have been carried out. The 

optimization of the parameters will be helpful for selection of process parameters while forming 

Ti-6Al-4V. This research work would help the researchers and academicians to understand the 

friction heat assisted SPIF forming of hard to form material for further investigations in this 

domain. 

6. Methodology of Research and Results 

6.1 Methodology of Research 

Figure 1 shows the flow chart of methodology of research. Details of methodology are as follows: 

 Carry out exhaustive literature survey to identify and study the critical parameters and process 

variant of SPIF process.  

 Selection and procurement of tool, work-piece material and lubricant (Ti6Al4V, Tungsten 

carbide and OKS 250 white paste respectively) 

 To cut and prepare samples from sheet blank by cutting on Abrasive Water Jet (AWJ) machine. 

 Fabricate a fixture set-up for Single Point Incremental Forming process to conduct experiments 

on the sheet for Ti6Al4V alloy. 

 Design of experiments was carried out for preliminary as well as final experimentations. 

 To perform preliminary and final experimentations on a CNC milling centre equipped with 

tooling, Siemens controller and measuring device. 

 Measure and analyze the result of the forming force, average surface roughness and fracture 

depth responses of SPIF process.  

 To compute Regression models and to analysis for forming force, average surface roughness 

and fracture depth using Minitab-17 statistical tool. 
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 To optimize the forming force, average surface roughness and fracture responses by single 

response Taguchi based as well as multi-responses by Gray Relation Analysis (GRA). 

 Results of the optimization and regression models of responses were validated with experiment 

results as well as with other researcher’s published work.  

 To conclude the research work 

 

 

 

Fig.1 Flow chart of methodology of research work 
 

6.2 Result-Discussion 

Experimentation set up:  

An experimental set up with Kistler- 9272 model of tool dynamometer and fixture of 100 

mm x 100 mm are shown in Figure 2a. Fixture was fabricated to hold sheet of Ti6Al4V of 100 

mm x 100 mm x 1.0 mm. A truncated cone pyramid with a largest diameter (d) of 54 mm and 

constant wall angle of 45° was deformed up to 27 mm depth (h) shown in Figure 2b. Hemispherical 
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headed tools of Tungsten Carbide as shown in Figure 2b were employed to get deformation by 

spiral contour tool path in a single pass. The contour tool path was generated by Macro 

programming. OKS- 250 high performance white paste was used as a lubricant during SPIF in 

order to reduce the friction.  

 

 

 

Fig 2a. Experimental set-up for SPIF process Fig 2b. Forming tools and part geometry 

 

Forming force, average surface roughness, and formability assessment of Ti6Al4V were carried 

out for parametric investigation and optimization of SPIF process. The range of input parameters 

influencing aforementioned responses were decided based on preliminary experimentations and 

literature review. The results are discussed in the following three ways. 

6.2.1 Experimental Results of First Preliminary Experimentation:   

The experimental tests were carried out to check the feasibility of Ti6Al4V-alloy sheet 

forming using friction heat method and to find the critical parameters. 

Taguchi mixed design L16 orthogonal array was selected to get the optimum combination 

of speed (600, 1200, 1800, 2400 rpm), feed (500, 750, 1000, 1250 mm/min), step size (0.1, 0.15, 

0.2, 0.25 mm), wall angle (30°, 40°, 50°, 60°) each one with four levels and lubricants (MoS2 

paste, Molykote) with at two levels. Wherein, other parameters are constant such as Ti6Al4V sheet 

of thickness 0.6 mm and 1.0 mm, tool diameter of 10 mm, frustum cone as a form geometry etc. 
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L16 orthogonal array was selected by Taguchi based Design of Experiments (DOE) to investigate 

the effect of selected parameters on fracture depth as shown in Table 1. Figure 3 shows all formed 

specimens of 16 runs of experiments in the first preliminary experimentation. 

 

Table 1. Experiment runs with result of  fracture depth for first preliminary experiment 

Sr. No. 
Speed 

(rpm) 

Feed 

(mm/min) 

Step 

Size 

(mm) 

Wall Angle 

( ° ) 

Lubricants  

 Type 

Facture 

Depth (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 

 

Fracture depth of all parts is measured and reported in the Table 1. Further SPIF process are also 

observed by qualitative way in terms of peeling of sheet metal, sparking, warpage of formed 

specimen and retention of lubricant to tool-sheet interface during the experimentation. At higher 

value of parameters (i.e. Wall angle > 32° and Speed >1800 rpm with sheet thickness of 0.6 mm), 
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lubricant was squeezed out and no retention of lubricant at too-sheet interface because of higher 

friction heat at tool contact zone as well as centrifugal action, Hence, it does not serve its purpose 

well. Specimens failed due to more straining with a higher wall angle and speed value. Specimens 

are successfully formed of 0.6 mm thickness sheet at lower value of wall angle 30° with good 

surface quality and without peeling of material and sparking but part is formed with warpage of 

sheet.  

 

Fig 3. All formed specimens of L16 experimental runs 

Further, 1.0 mm thickness of sheet specimen is successfully formed with wall angle of 32°, 35° 

and 40° without warpage of sheet, which shows that formability is increased with increase of sheet 

thickness from 0.6 mm to 1 mm. So further experiments are need to carry out to find maximum 

safe formable angle. Specimen with good surface quality is formed with Molykote lubricant as 

compare to other two i.e. engine oil and MoS2 paste. 

 From first Preliminary experimentation, it is concluded that Titanium Gr 5 sheet material 

can be feasible to form with selected appropriate input parameters by Single Point Incremental 

Forming (SPIF)- Process. From Taguchi and ANOVA statistic, wall angle is a significant 

parameter with contribution of 82 % of total variability on fracture forming depth followed by 
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speed, feed, lubricant and step size. Formability of sheet material increases with increasing of sheet 

thickness, safe forming angle is to be determine for the investigation to other responses of SPIF 

process. Warpage of sheet is decreased with increase of thickness. Select suitable lubricant, which 

is 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 because of no 

more retention of UV- grid printing material on sheet metal surface during forming at higher value 

of speed cause of higher thermal effect. 

 

6.2.2 Experimental Results and Discussion of Second Preliminary Experimentation 

In this section, Total 14 experiments are performed as per the plan of experimentation as 

shown in Table 2. The objective of experimentation is to evaluate the maximum safe forming angle 

with 1.0 mm thick sheet of Ti6Al4V, in order to investigation of surface roughness, thinning of 

formed and geometric accuracy of form part.  

Table 2. Experiment runs with result of  fracture depth for second preliminary experimentation  

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 

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 
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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 

  

Figure 4 shows all formed specimens of 14 runs of experiments in the second preliminary 

experimentation. All Specimens with wall angle more than 45° (i.e. 50° and 55°) were failed with 

independent varying speed (from 700 to 1400 rpm), feed (from 800-1100 mm/min) and step size 

(from 0.1-0.25 mm), this because of at higher wall angle, more straining of sheet metal which lead 

to cold cracking. Specimens with wall angles from 40° to 45° were failed at higher feed rate of 

1200 mm/min and lower speed due to cold cracking of sheet while specimens were successfully 

formed at higher speed of 1400 rpm with a lower the feed rate of 800 mm/min with varying the 

step size from 0.1 to 0.25 mm because of metal became ductile in nature at higher temperature 

cause of friction heat. 

 

Fig 4. Specimens formed during the second preliminary experimentation of 14 runs 

It seems that part was successfully formed at 45° wall angle with increasing tool speed and 

decreased the feed from 1100 mm/min to 800 mm/min. Specimens with a wall angle of 40° are 

successfully formed with varying all speed, feed and step size. From second preliminary 

experimentation, it is concluded that Ti6Al4V sheet material can be feasible to form with selected 
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appropriate input parameters by Single Point Incremental 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 0.1 to 0.25 mm. the maximum formable angle for 1 mm thick Ti6Al4V alloy sheet is 

up to 45° with set of optimum parameters.  

6.2.3 Final experimentation 

In this section, experimentation was carried out to investigate and optimize friction heat 

SPIF process for Ti6Al4V alloy sheet metal. Results of the optimization of responses and 

regression models of responses were validated with experiment results as well as with other 

researcher’s work. In present experiment, Taguchi based design of experiment (DOE) L16 

Orthogonal Array (OA) was selected to conduct experimentation, in which three parameters i.e. 

speed (1000, 1400, 1800, 2200 rpm), feed (600, 800, 1000, 1200 mm/min), step size (0.2, 0.3, 0.4, 

0.5 mm) with four-level and one parameter i.e. tool diameter (8, 10 mm) with two-levels are 

selected as variable parameter based on literature survey and preliminary experimentations. 

Further, work piece material with its thickness, tool material and its shape, tool path, formed 

geometry and lubricant are considered as constant parameters. Figure 5 shows samples formed 

during the final experimentation. 
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Fig 5. Specimens formed during final 

experimentation of 16 runs 

Fig 6. Surface roughness and fracture depth 

measurement using surface roughness tester 

and Vernier height gauge 

 

Responses of SPIF process i.e. average surface roughness and fracture depth are measured 

using tool dynamometer, surface roughness tester and Vernier height gauge shown in Figure 6 and 

it is reported in the Table 3 along process variables. The Taguchi method employs orthogonal 

arrays to reduce variance and optimize process parameters. In the Taguchi method, the Signal to 

Noise (S/N) ratio is used as a performance characteristic to measure process robustness and to 

evaluate deviation from desired values [18]. High S/N ratios indicate improved quality of the 

product. There exist three types of S/N ratios, namely, larger-the-better, nominal-the-best and 

lower-the-better. Based on quality characteristic of responses, The S/N ratio of every input factor 

with different levels were determined from result of experiments. The Table 3 summarized result 

of responses, the S/N values of each response along process variable of L16 orthogonal array runs 

of experiments. The S/N value are calculated for axial peak forming force (APFF) and average 

surface roughness (SR) with lower-the-better quality characteristic, and fracture depth (FD) with 

larger-the-better quality characteristics. 
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Table 3 Plan of Experimentation, Response value and its Signal to Ratio (S/N) 

Sr. 

No. 

Process Parameters Responses Value Signal to Noise  ratio (S/N) 

A: 

Speed 

(rpm) 

B: Feed 

(mm/min) 

C: 

Step 

Size 

(mm) 

D: Tool 

Diameter 

(mm) 

Axial 

Peak 

Forming 

Force 

(N) 

Avg. 

Surface 

Roughness 

Ra (µm) 

Facture 

Forming 

Depth 

(mm) 

Axial 

Peak 

Forming 

Force 

(dB) 

Avg. 

Surface 

Roughness 

Ra (dB) 

Facture 

  Depth 

(dB) 

1 1000 600 0.2 8 1762 1.98 26.5 -64.9201 -5.92233 28.46 

2 1000 800 0.3 8 1824 3.70 25.9 -65.2205 -11.364 28.27 

3 1000 1000 0.4 10 2296 4.88 26.4 -67.2194 -13.7728 28.43 

4 1000 1200 0.5 10 2647 5.40 26.5 -68.4551 -14.6479 28.46 

5 1400 600 0.3 10 2036 3.61 26.5 -66.1756 -11.1441 28.46 

6 1400 800 0.2 10 1746 2.10 26.7 -64.8409 -6.44439 28.53 

7 1400 1000 0.5 8 2189 6.44 25.7 -66.8049 -16.1743 28.20 

8 1400 1200 0.4 8 1975 4.96 27 -65.9113 -13.914 28.63 

9 1800 600 0.4 8 1563 4.56 10 -63.8792 -13.1793 20.00 

10 1800 800 0.5 8 1777 5.76 12 -64.9937 -15.2122 21.58 

11 1800 1000 0.2 10 1578 2.52 26.7 -63.9621 -8.02801 28.53 

12 1800 1200 0.3 10 1884 3.89 26.9 -65.5016 -11.799 28.60 

13 2200 600 0.5 10 1685 4.77 13 -64.532 -13.5704 22.28 

14 2200 800 0.4 10 1517 4.58 11 -63.6197 -13.2173 20.83 

15 2200 1000 0.3 8 1624 3.92 26.4 -64.2117 -11.8657 28.43 

16 2200 1200 0.2 8 1624 3.87 26.6 -64.2117 -11.7542 28.50 

 

6.2.3.1 Analysis and Result Discussion of the Axial Peak Forming Force 

The experimental data of APFF are converted into S/N ratios using Minitab® 17 statistical 

software (Version 17, Minitab, Ltd, Coventry, UK). The dominant control factors are identified 

from the delta statistics in the response Table 5 for S/N ratios (Responses table). The delta statistics 

are computed based on the difference between the highest and the lowest average value of each 

factor. Ranks are assigned according to the delta value. The highest value of delta was assigned 

the first rank and represents the predominant factor affecting APFF. Response table indicates that 
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the rotational speed with a delta value of 2.31 is the most influential factor. The second most 

contributing factor is the step size with a delta value of 1.71, followed by the feed of 1.35 and tool 

diameter of 0.52. 

Table 5 Response table for 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 
 

 

Fig 7. Main effect for  Axial Peak Forming Force 

 

From the responses in Table 5, the main effects plot for S/N ratios is generated as shown 

in Figure 7. The trend of the plot indicates that APFF is greatly influenced by variations in the 

rotational speed. The steeply increasing trend of S/N ratios for APFF from 1000 to 2200 rpm. 

supplements the observation that the quality of response is improved when the speed increases. 

The APFF was found to decrease considerably with an increase in spindle speed employed 

during SPIF process. A possible reason is the larger spindle speed results in increasing the friction 

at tool-sheet interface. This increased friction rises temperature at contact zone which improves 

the ductility of the material so trend of axial forming decreases with increase in spindle speed. The 

plot of feed shows an increase of S/N ratio from 600 to 800 mm/min. Subsequently, the value 

considerably decreases when the feed is increased from 800 to 1200 mm/min. Trend of decreasing 

the forming forces is seen with the increase in feed rate employing the fact that, more material has 

to be pressed in a specific interval of time due to nature of deformation of the process. which is 

certainly an effect of the decreases in local ductility of material at tool sheet interface due to 

decrease in temperature. Hence, APFF increases with increase of feed from level-2 to level-4. 

Further, contradictory of forming forces are found to decreases marginal when feed rate is 
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increased from level-1 to level -2, these are due to interaction effect of other parameters with feed. 

The plot of step size shows a decrease of S/N ratio from 0.2 to 0.3 and 0.4 to 0.5. But, the value 

marginally increases when the step size is increased from 0.3 to 0.4 mm due to interaction effect 

of other parameter. At increased step size, material available for local deformation of sheet is 

increased by tool at any instant causing an increase in forming forces. The relationship between 

tool diameter and S/N ratio in Figure 7 shows a decreasing trend for tool diameter from 8 mm to 

10 mm. means Forming force is found to increase with increase in tool diameter. This is due to the 

fact that greater contact zone at tool-sheet interface occurs for larger tool diameter and more 

material has to be formed at that instant. The response table presented and main effects plot for 

S/N ratios suggest that A4-B2-C1-D1 are the desired factor levels in order to achieve high S/N 

ratios and lower values of APFF. 

Subsequent to determining factor levels, an ANOVA was performed to obtain the 

percentage contribution of each factor’s effect on the APFF. It can be observed that the speed, with 

a contribution of 49.78 %, has the highest influence on the APFF followed by step size with 22.55 

%, feed with 18.0.1 % and then tool diameter, with 4.87 %. At 95% confidence level, factors 

having a p-value less than 0.05 are considered significant. Since the p-values of speed, step size 

and tool diameter are less than 0.05, they are considered significant contributors to the change in 

APFF. 

Results obtained from experimental tests with the different combination of input 

parameters permit analysis of forming force trends after the peak values. It is very interesting to 

show that up to a peak value of force there was gradually increment which is due to bending 

mechanics in the former part of the formed component. After reaching peak values, it is believed 

that stretching mechanics exists during the process and a very complex force trend was observed 

which is certainly due to two different effects produced in the material which are work - hardening 

(results in the rise of forces) and sheet thinning (contrarily, tends to reduce forces). Three different 

trends are observed and studied after peak forces, which are namely, Steady, Polynomial and 

Monotonically-decreased in trends as shown in Figure 8. 
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Fig 8.  Different trends of force after the peak value of forming force 

 

6.2.3.2 Analysis and Result Discussion of the Average Surface Roughness   

Experimental work was performed to investigate the effects of input factors on the average 

roughness of components produced by SPIF process. Surface roughness on the sheets is the results 

of the friction between the tool and blank material. Similar to APFF analysis, smaller-the-better 

characteristic of the Taguchi method is selected to investigate factor effects. The response table 

for the S/N ratios of Ra is generated as shown in Table 5. The results indicate that step size, with 

a delta of 6.86, has the highest effect on Ra, followed by feed, speed and tool diameter with deltas 

of 2.06, 1.18 and 0.85, respectively. 

Table 5 Response table for 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 
 

 
Fig 9. Main effect for Surface Roughness 

 

The response table for S/N ratios was then used to obtain the plot of main effects for Ra, 

as shown in Figure 9. It can be shown that the 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.  
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Step size increases with increases of surface roughness. This may be, because of larger step size 

led to an increase in waviness of the formed surface. Hence lower step size produces a polishing 

effect on the sheets surface during forming process. It was found that average roughness increased 

with the increase in feed rate. 

Response curves for S/N ratios show that average roughness decreased with the rise in tool 

diameter higher tool diameter allows the reduction in waviness on the tool - sheet interface 

resulting in better surface quality. With increases in the tool rotational speed of from 1000 rpm to 

2200 rpm, there is an increase marginally in surface roughness. As increases the speed, friction 

and heat both are increases at tool- sheet interface cause of higher relative speed. At higher the 

friction at tool-interface, work material may be adhered with tool; hence the surface roughness 

value of sample will be increased. It was found that the step depth is the most significant parameter, 

followed by feed rate. It is obvious that the lower step depth greatly reduces the friction. Figure 9 

shows that desirable values of S/N ratios of Ra are achieved 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). 

To determine the significant factors and the percentage contribution of each factor to the response 

Ra, an ANOVA was performed. It can be inferred that, the step size has the highest percentage 

contribution of 83.4 %, followed by Feed of 7.0%., tool diameter of 3.1 % and speed of 1.5 %.  

6.2.3.3 Analysis and Result Discussion of the Fracture Depth   

In order to determine the factors influencing the formability in term of fracture forming 

depth (FD), the S/N ratios of the experimental data of FD are calculated: larger-the-better 

characteristic to investigate factor effects. The results indicate that step size, with a delta of 4.03, 

has the highest effect on FD, followed by speed, feed and tool diameter with deltas of 3.78, 3.74 

and 0.26, respectively as shown in Table 7. 

The response table for S/N ratios is used to obtain the plot of main effects for FD, as shown 

Figure 10. It can be shown that the ratio decreases with an increase in the speed and step size. 

Where in the ratio is increases with an increase feed tool and diameter. When step size is increased, 

more material has to be pressed in a single pass of the forming tool which leads to an earlier 

fracture of the sheet material. Hence, formability decreases with increasing the step size. 
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Table 7 Response Table for Fracture 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 
 

 
Fig 10. Main effect for Fracture Depth 

 

Formability of the material was found to initially increase with the increase in feed rate and 

spindle speed. This is due to the fact that higher feed rate and spindle speed increase the 

temperature at the contact zone of tool and sheet due to excessive friction which leads to increase 

in ductility of the material at the tool - sheet interface. When feed rate (600 mm/min in this case) 

and spindle speed (>1800 rpm) were increased beyond a certain limit, excessive heat generation 

leads to tearing of the sheet material. Hence the formability decreases. The maximum forming 

depth of the conical frustums was found to increase with the rise in tool diameter. Smaller tool 

diameter penetrates the sheet material and results in excessive thinning of sheet material at that 

instant of time. Larger tool diameter delays the fracture in the sheet material and leads to an 

increase in the formability of the material. 

To determine the significant factors and the percentage contribution of each factor to the 

response FD, an ANOVA was performed. It can be inferred that, the step size has the highest 

percentage contribution of 34 %, followed by Feed of 33.8 %, speed of 31.6 % and tool diameter 

of 0.1 %. 

6.2.3.4 Confirmation Test of Taguchi based on Single Optimization 

With Taguchi optimization technique, it is essential to conduct confirmation tests for 

optimal level of control parameters. Hence, the experiment for confirmation test are carried out at 

the optimum levels of process parameters with (A4-B2-C1-D1), (A1-B1-C1-D2.) and (A2-B4-C1-

D2) on 1.0 mm thick Ti6AL4V sheet for APFF, SR and FD respectively. With Taguchi 

optimization technique, the 95% confidence intervals CICE of expected optimal output are 

computed and it is presented as shown in table 8. Predicted results were compared to the result of 
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confirmatory experiment. It is clear from Table 8; value of confirmatory results is within 95% of 

the confidence interval. 

Table 8  Confirmation Test of Taguchi based Single optimization 

Sr. 

No. 

Reponses at 

Optimum 

level 

Optimum 

predicted 

Value* 

Confidence 

Interval 

Value 

(𝐶𝐼𝐶𝐸) 

The Estimated optimal value 

with 95% confidence interval 

Result of 

Confirmati

on Test 

1 APFF (N) 1229 (N) ± 389 (N) [840] < APFFexp <[1618] (N) 1403 (N) 

2 SR-Ra(µm). 1.71(µm) ± 1.3 (µm). [0.41] < Ra-exp < [4..01] (µm) 2.05 (µm) 

3 FD (mm) 32.6 ± 8.5 mm [24.10] < FD_exp <[41.1] mm 25.8 mm 

 

6.2.3.5 Regression Model and its Validation. 

Based on available results of experimentation data, Linear regression models of Forming 

Force, Surface Roughness and Fracture Forming Depth are computed using Minitab software as 

mentioned below:  

Axial Peak Forming Force (N) = 1131 - 0.4613 Speed (rpm) + 0.509 Feed (mm/min) 

+ 1187 Step Size (mm/min) + 65.7 Tool Diameter (mm) 

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). And,   

Fracture Depth (mm) = 22.37 - 0.00720 Speed (rpm) + 0.01533 Feed (mm/min) 

- 29.80 Step Size (mm/min) + 0.225 Tool Diameter (mm) 

All models are also validated with experimental result of optimum set of parameters using 

Taguchi Method. Table 9 shows the error between the predicted value and experiment result at 

optimal set of parameter of each response. All models are good fit to experimental result within 

the error of 8 %. 
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Table 9  Validation Regression Model with experimental result   

S.N. Responses Optimum 

level 

Responses %Error 

Predicted Experimented 

1 Axial Peak Forming Force (N) A4B2C1D1 1287 1403 8.2 

2 Surface Roughness Ra (µm) A4B1C1D1 1.9398 2.05 5.4 
3 Fracture depth (mm) A2B4C1D2 26.96 25.80 4.4 

 

The regression model is also validated with published result of researcher [19] as shown in 

Figure 11. The researcher formed part with the parameters i.e. feed of 1000 mm/min, step size 

(pitch) of 0.3 mm, tool size of 8 mm and 400 Ampere, which is 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 is calculated by putting value of said parameters 

in the regression model equation. The value of speed is taken account 2200 rpm, which cause of 

temperature range of 400–500 °C at tool-sheet interface (analog of 400 A). 

 

Fig 11. Published result of Force Vs Time for validation of regression model [19] 

The published result shown in the graph is 1550 N, and the result of the predicted regression model 

is 1507 N. It shows that the prediction model is a good fit to the published result with an error of 

2.7 %. 

6.2.3.6 Multi Responses Optimization and its Experimental Confirmation test. 

Taguchi method is an effective method for single-response optimization. However, this 

method can’t be used to optimize the multiple performance characteristics simultaneously. To 

overcome this problem, In the present study, grey relational analysis was used for multi-response 

optimization. [20]. This method involves three steps namely, normalization, calculation of grey 
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relational coefficient and calculation of grey relational grade. The experimental parameters 

correspond to higher grey relational grade are closer to the multi responses optimal [21]. In present 

work, grey relation grade was computed. It is observed that run no. 11 of L16 OA has height GRG, 

it is considered as an optimal set of parameter for APFF, SR and FD multi-responses within these 

16 experiment runs. 

Since higher multiple performance are required, larger-the-better S/N quality characteristic 

is adopted for grey relational grade. The calculated S/N ratio values for the grey relational grade 

are computed. Mean of selected GRGs was calculated using the procedure above and assembled 

to create the response table. The level of parameters corresponds to highest S/N ratio gives the 

optimum settings. Thus, the optimum settings for simultaneous minimization of APFF and Surface 

roughness and maximization of FD are found to be A2B3C1D2.  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. Furthermore, in order to investigate the significance and 

percentage contribution of each factor on the multiple performance characteristics of SPIF process, 

an ANOVA was performed for the grey relational grad. Considering the multiple responses of 

APFF, SR and FFD, it shows that step size has highest effect of 91.79 % on the GRG, followed by 

feed and speed, with 1.3 % and 0.94 % respectively and tool diameter, with minimal influence.  

The confirmation experiment is conducted at optimum settings to verify the quality 

characteristics of the incremental forming process. The values of response variables at optimum 

settings are APFF = 1596 N, Ra = 2.05 μm and FD= 25.6mm. The grey relational grade 

corresponding to optimum settings was calculated and is found to be 0.9032. The grey relational 

grade of the confirmation experiment was improved by 2.3 % and 2.55% by predicted GRG and 

experimental GRG respectively from the second highest grade value. Hence the Taguchi based 

grey analysis is a very useful tool for optimization of multiple performance characteristics in 

incremental forming process. 

7. Achievements with Respect to Objectives: 

In present work, the preliminaries and final experimentations were performed, it was to 

form conical frustum cone shape of 0.6 and 1 mm thick Ti6Al4V with friction heat assisted SPIF 

process. The Design of experiment was carried out to performed the experimentations with 

selected tools, suitable lubricants, and input parameters based on preliminary tests and exhaustive 
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literature survey. Result of responses were measured with appropriate measuring equipment and 

annualized based on statistical tool of Taguchi Method and ANOVA. Further, process is optimized 

and prediction statistically models are computed form the result data of SPIF process and 

confirmation tests were conducted for validation. 

8. Conclusions 

The main goal of the present work is to investigate surface roughness, forming force and 

formability improvement of the Ti-6Al-4V sheets using SPIF with friction heat. The influence of 

four process parameters, namely speed, feed, step-size, and tool diameter, on the forming force, 

surface roughness and fracture forming depth as a formability indicator were statistically 

investigated through the Taguchi DOE, ANOVA, Prediction Models and GRA method for multi 

responses optimization. It is concluded that: 

 The forming force was found to increase with the increase in step size, feed rate and tool 

diameter, whereas found to decrease with increased in spindle speed. 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 conditions for minimizing the APFF on Ti6Al4V 

alloy sheets using TM. According to ANOVA statistical analysis, the most dominant input 

parameter was speed with contribution of 49.78 % for APFF followed by step size (22.55 

%), feed rate (18.01 %) and tool diameter (4.87%). 

 The trend of force with different set up of parameters indicates about the stability of the 

process. Process is under stable with the steady and polynomial trend of force after peak 

value, while process is unstable in monotonically decreased trend of forces. 

 The average roughness of formed parts increased with step size, feed and speed whereas 

decreased with tool diameter. Better surface finish was obtained when lower the speed, 

feed and step size where as higher tool diameter. 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. According to ANOVA statistical 

analysis, step size was 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 %).  
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 The formability (i.e. fracture depth) of the material was found to decrease with an increase 

in step size wherein formability increases with increasing in feed and tool diameter. Further 

formability increase with an increase in speed from 1000 rpm 1400 rpm, but with increased 

speed more than 1400 to 2200 rpm, formability decreases. Experimental results showed 

that speed 1400 rpm, feed rate of 1200 mm/min 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. According to ANOVA statistical 

analysis, all the selected factors were 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 fracture depth. 

 Confirmation tests which were conducted at optimum levels of input factors, it shows that 

axial peak force value, surface roughness value and maximum forming depth value were 

within the confidence interval at 95% confidence level and close to predicted results.  

 Regression Model for Axial Forming is good agreement with conducted experimental 

result of optimum set of parameter as well as published result of researcher. Further 

regression models of surface roughness and fracture forming depth also good agreement 

with conducted experiments of optimal parameters with the error of less than 5 %. 

  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, were 

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 was the most significant 

parameter. Finally, confirmation tests were 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. 
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