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ABSTRACT 

 

Repair process of nickel-based superalloy compressor blade considered as huge challenge. 

For cost efficiency, industry required to turn from manual into reliable automatic repair 

process. Its reliability is reflected by zero discontinuity, less material and time. To do so, 

this work aims to study optimization of input variable such as current, welding speed, and 

electrode feed rate with the response Deposition rate, welding cost, and Bead height. 

Response Surface Central Composite design is used as the research methodology. 

Responses observed as welding cost and measurement of weld bead geometry. Empirical 

relations among responses and input variable are proved using analysis of variance and 

supported by response surface plot. Desirability function employed, and the optimized 

system is able to build 2.24 mm in average of height with cost of 10.44 Baht per blade. 

Verification run were then carried out from the determined optimum design. It is found 

0.99 confidence level in agreement between predicted and measured values. Non-

destructive Evaluation used on the optimum design. The discontinuity is found therefore 

the current process need to be developed. 

Keywords: HPC, Rotor Blade, TIG, DOE, Optimization, RSM, and Weld Geometry 
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 CHAPTER 1 

1INTRODUCTION 

This chapter describes background of study, objective of the study, scope and limitation 

and report outline. This chapter essentially discussed about reasoning of the study and the 

goal to be accomplished at the end of research.  

1.1 Background 

A gas turbine-compressor generator or turbofan engine of an airplane has module called 

core engine module. One of its components called high-pressure compressor (HPC) 

(Figure 1.1). It is an axial flow compressor with stages contains of blades in various sizes, 

which is working in a high-pressure gas situation. HPC blade assembled in stages. Batailly 

et al., (2016) apply numerical modeling to conduct vibration, wear, and stress analysis on 

an axial high-pressure compressor. Typically, most of the wear area was found on its tip 

especially on leading edge and trailing edge. In this experiment, they found deepest wear 

lobe on leading edge, while wear lobe and trailing edge is thinner and less deep. On the 

other hand, low number of wear was found on the middle chord.  

 

Figure 1.1 HPC on Turbofan Engine 

Poursaeidi, Tafrishi, & Amani, (2016) study the erosion defect of compressor components 

by finite element analysis (Figure 1.3). They found that particle velocity which passes the 

rotor blade defect the blade that in this case called erosion. The highest erosion rate in the 

first stage axial compressor is predicted to occur on the tip of the rotor blade. 

Sometimes not just erosion, the tip is twisted (Figure 1.2). This defect needs to be 

removed. In addition, due to its removal the size of blade has changed and need to be 

repaired. Today, repair the blade tip is done manually by tungsten inert gas (TIG) welding. 

It is favorable due to its ability to weld superalloy type of material. HPC blade is known 

for using inconel718 superalloy, a nickel chromium based material. 
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Figure 1.2 Blade profile and defect 

In order to get lower production cost, it is necessary to imply automated welding. ABB 

arm robot is used to execute the repairing process. It is a 6-degree arm manipulator with a 

TIG welding machine from Fronius. However, applying TIG welding on an arm robot to 

repair HPC blades is considered as huge challenge. It is considered as a complex process 

due to fact that HPC blade has small profile thickness and need of high precision. On 

addition to that, transforming the manual welder technique into arm robot is considered a 

big challenge. 

 

Figure 1.3 (A) Blade of Axial Compressor (B) Erosion Rate 

Traditionally, TIG welding process is a join process of two plates using non-consumable 

tungsten and welding filler (Figure 1.4). On the other hand, rotor blade tip repair means 

build up a weld bead on top of the tip profile. It is similar with fused deposition modeling 

(FDM) in rapid prototyping (RP) only to differ on the workpiece geometrical profile 

(Figure 1.2). 

The primary advantage that is expected by using arm robot compare to manual welding 

process is the repair time. Manual welding has a lack of instability due to the weld result is 

highly depended on experience of the welder. Experienced welder will have faster welding 

time and less material compare to the inexperience one. It is happened due to need of 

number of layer weld. An experience will build a less layer weld bead with faster speed 
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compare to the inexperience one. This instability can be press down by implying robotic 

process. Efficiency in time by using robotic process will affect cost of production.  

The idea of this research is welding time can be downsized by having bigger weld 

geometry and faster welding speed. The reason behind this is to have both, meaning it 

takes fewer layers to be built. This is why to start developing a robot system for TIG 

welding, parameter becomes urgent need. By having an optimized parameter, first step of 

research development will be covered. 

 

Figure 1.4 Comparison Between Butt Welding And Blade Tip Welding 

1.2 Objectives of Study 

Automatic robot TIG welding is classified as wide field, which incorporates several 

welding techniques, programming, and parameter testing. This is why there is an urgent 

need to focus on specific aspect as the cornerstone, in this case is the parameter 

optimization. The general objective of this thesis aims to propose the method of HPC blade 

TIG repair welding using six DOF articulated robot and study the benefit of the system. 

The beneficial idea behind repair using robot welding is proposed in the optimization of 

input variable such as material used and welding time in order to get desired responses, 

which are largest bead geometry, and lowest welding cost. 

To be precise, the best geometrical size means highest weld bead height, lowest bead 

penetration, and proper weld width related to the blade thickness. Therefore, the specific 

objective of this research is to study optimization of input variable such as current, welding 

speed, and electrode feed rate with the response Deposition rate, welding cost, and Bead 

height. 

1.3 Scope and Limitation 

Optimization is a breakthrough phase in development of TIG arm robot welding. 

Parameter that can be input on a welding process consists of much kind of combination 

such as current, speed, angle, and wire feeding. Even discover the initial parameter can 

take numbers of trial in such a long period. In order to get less number of experiments, it is 

necessary to apply design of experiment (DOE) techniques. Within this scope, all of the 

techniques should be limited:  
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 Response surface design CCD. It is useful to understand the relation between the input 

parameters with the responses with screening phase. In addition, it is used to convert 

multiple responses to obtain a single optimized parameter. 

 The screened parameters are current, travel speed and filler feed rate. 

 The responses are Deposition rate, welding cost, and bead height. 

 This research focus on optimize the factor of single layer TIG welding of compressor 

blade. The blade stage is seventh and its material is Inconel 718. 

 Whether or not, the proposed method achieves optimum bead height (highest) and cost 

(minimum). 

 Blade has to be free of discontinuities. It has to achieve zero indication on NDE test. If 

there is a discontinuity found, the reasoning should be suggested. 

 Automatic blade macrograph results should be similar with the manual welder results. 

 Uncontrollable parameters such as temperature dissipation and cooling rate effect of 

fixture will not be discussed. 

 Method of repair and its optimization was verified in quality by non-destructive 

evaluation: FPI and X-ray. Moreover, the macrograph of destructive evaluation used to 

compare the result with manual, 

 Cost Calculation will compare between manual welding and the proposed methods. 

Overhead cost, robot power cost will not be including in calculation. This cost 

calculation also not includes the fatigue factor of manual welder. 

1.4 Thesis Outline 

Table 1.1 Thesis Outline 

Chapter Discussion 

1 
It describes the reasoning of choosing the topic. The objectives, scopes and 

limitation and the thesis outline are presented. 

2 
It explains brief literature review of design of experiment for weld geometry in 

TIG welding. 

3 
It explains introduction to TIG welding, welding method of applications, brief 

programming, and system of arm robot for welding. 

4 

Explains research methodology in scope of TIG welding parameter 

optimization: This chapter starts with flowchart, and then it describes DOE: 

response surface design and grey relational analysis. 

5 
It explains the experiment that conducted. Specimen preparation, steps of 

experiment, and finished with analysis of data.  

6 It contains conclusion, discussion, and suggestion of the research. 
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 CHAPTER 2 

2LITERATURE REVIEW 

This chapter gives explanation of on techniques of design of experiment. The research 

paper is discussed on welding parameter optimization. Finally, it is end with table of 

comparison. 

Design of Experiment 

Resources and time is limited. Instead of doing trial and error all the way of experiment, it 

is best to do design experiment for gaining the optimum result as fast as possible with the 

lowest experimental cost. In experiment, it discuss on the way treatments are assigned to 

units, and the measured responses.(Oehlert, 2000) 

DOE process is a scientific approach to understanding how the input affects the output. 

DOE work as the quickest way to identify which input variables are important, explain the 

key input variables relate to output responses, and proposed optimize input variable to get 

desired output responses. 

2.1 Planning Phase 

Conscientious planning avoids problems to surface during the experiment. For example, 

personnel, equipment, and budget affect experimenter’s ability to do the experiment. 

Below is the consideration of what methods to be selected. This first phase of DOE 

consists of these steps:  

 Problem statement: This step identifies the questions that needed to answer. With the 

right statement, the direction of experiment is well defined, therefore the parameter 

need to be studied. 

 Goal statement: Well-defined goals ensure correct questions and answer. 

 Theoretical study: Basic principles and knowledge of other research help the 

development of project. For example, study of DOE method to be implied in this 

research. More details, study the responses and factors that has been commonly 

observed among the researcher of optimization on welding process.  

Benyounis & Olabi, (2008) classified the research of DOE in welding into two categories: 

Weld bead geometry and Weld mechanical properties (Table 2.1). 

Table 2.1 DOE response  (Benyounis & Olabi, 2008) 

No Weld geometry Weld properties 

1 Factorial design Factorial design 

2 Response surface design Artificial neural network 

3 Artificial neural network Taguchi 

4 Taguchi  ANN and Taguchi 

5 Linear regression Response surface method 

6 Combination of two technique Other technique 

7 Other technique  
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2.2 Screening Phase 

On process of research and development in manufacturing, there are tons of factors or 

input parameter to observed and studied. Screening phase helps researcher to identify 

important factor by reduce the number of factors. Unnecessary factors are screened by 

empirical study commonly by analysis of variance (ANOVA). At the end, screening phases 

is summarized in table of design matrix. Regarding the factor when it is necessary, there is 

a condition called block factor. Block is a categorical variable that categorize variation in 

the response that is not affected by specified factors. For example, experiment needs hours 

to finish so there can be only six times of experiment to be conducted in one day. Then, 

block factor is used because DOE requires at least twelve runs, the experiment needs at 

least two days to finish.  

Cavazzuti, (2013) mentioned that selection of DOE hugely depends on number of run (N), 

number of factor (k), and number of level for each factor (L). 

(1) The aim of the DOE 

Different goal of experiment makes different DOE (Table 2.2). If only rough estimation of 

the main effects needs to be observed, method of Plackett-Burman is sufficient. If the goals 

of experiment focus on describing the primary factors, the randomized complete block 

design or Latin squares is the best-cheapest method. If precise computation and 

interactions of factors are very important, full or fractional factorial method is necessary. 

Taguchi method probably the best one if the noise variables influence response 

significantly. Even with its disadvantage on not explaining the interactions of all factors.  

On response surface design, it is a fractional factorial design with traits such as axial or star 

points. On RSM, it is requires certain level of skill and experience from the experimenter. 

With RSM, there are several selections of method. Every method influences the overall 

result significantly. For example, the selection of box Wilson uniform design and 

orthogonal design has big difference of response. With uniform design, the response data 

will have flat curvature data while orthogonal has the opposite results. The RSM varies 

such as Box-Behnken, full factorial, central composite, space filling Sobol or Latin 

hypercube. 

Table 2.2 (Cont’l) Cavazzuti comparisons of DOE in number of experiment and aims  

Method Number of experiments Aim 

Randomized Complete 

block design 
𝑵(𝑳𝒊) =∏ 𝑳𝒊

𝒌

𝒊=𝟏
 

Focusing on a primary factor 

using blocking techniques 

Latin Squares 𝑵(𝑳) = 𝑳𝟐 
Focusing on a primary factor 

cheaply 

Full Factorial 𝑵(𝑳, 𝒌) = 𝑳𝒌 

Computing the main and the 

interaction effects, building 

RSM 

Fractional factorial 𝑵(𝑳, 𝒌, 𝒑) = 𝑳𝒌−𝒑 
Estimating main and the 

effect interactions 

Central composite 𝑵(𝒌) = 𝟐𝒌 + 𝟐𝒌 + 𝟏 Building response surface 

Box-Behnken 
𝑵(𝒌) from box behnken 

tables 

Building quadratic response 

surfaces 



7 

 

Table 2.2 Cavazzuti comparisons of DOE in number of experiment and aims  

Method Number of experiments Aim 

Plackett-Burman 
𝑵(𝒌)

= 𝒌 + 𝟒 −𝒎𝒐𝒅(𝒌 𝟒⁄ ) 
Estimating the main effects 

Taguchi 
𝑵𝒊𝒏(𝒌𝒊𝒏𝑳),𝑵𝒐𝒖𝒕(𝒌𝒐𝒖𝒕𝑳) 

from orthogonal array table 

Addressing the influence of 

noise variables 

Random Chosen by experimenter Building RSM 

Halton, Faure, Sobol Chosen by experimenter Building RSM 

Latin hypercube Chosen by experimenter Building RSM 

Optimal design Chosen by experimenter Building RSM 

(2) The number of run (N)  

Number of experiment is depending on which DOE to be selected. Number of experiment 

can be run exponentially when using replication. Replication will increase the precision of 

the model. However, it is also disadvantages to use when resources are limited and large 

set of factor parameter (k). 

(3) The number of factor (k) 

Number of experiment (N) grows exponentially as the number of parameter grows (Figure 

2.1). Cheaper cost is not always the best choice. On some case, cheaper cost creates false 

results and inadequate factor observation. Unless the number of run is high, the number of 

factor needs to be the smallest as possible. 

(4) The number of factor level (L) 

The number of levels for each factor also affects number of run exponentially. It is also 

affect the shape of design matrix and response. Number of levels must be limited when 

possible, and kept higher if special situation of response is expected to occur.  

 

Figure 2.1 Number of Experiments Required by DOE Techniques 
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Steinmeier, (2009) suggest how to select the fittest DOE model for laser and resistance 

weld. However due to similarity of process between plasma welding (laser weld) with TIG 

welding, these tips also be beneficial to used. Table 2.3 compares DOE method within its 

advantages and disadvantages. 

Table 2.3 Advantages and disadvantages of Full, Half factorial and Taguchi model 

DOE Advantages Disadvantages 

Full 

Factorial 

Identify significant input factors. 
Unable to include two levels factor 

with multiple level factor. 

Find multiple interactions between 

input factors. 
Require many parts. 

Best predication capability compared 

to Half Factorial and Taguchi models. 
 

Half 

Factorial 

Identify important input factors. 
Unable to include two levels factor 

with multiple level factor. 

Identify two-way interactions between 

input factors. 

More susceptive to background noise 

compare with Taguchi models. 

Use less part.  

Taguchi 

Identify important input factors. 
No interactions between input factors 

to described. 

Use less part. 
Poor prediction on optimization 

compared with other method 

Less susceptive to background noise 

compare with Taguchi models. 
 

 Can have one multiple level of input 

factors. 
 

2.3 Optimization Phase 

Benyounis & Olabi, (2008) observed that huge number of research found on using artificial 

neural network (ANN) and RSM for optimization in welding process. Base on the survey, 

RSM show the better performance on optimizing welding process compare to other DOE 

technique. As described on Table 2.4, it is explained that the most popular DOE in welding 

are RSM, especially the Box Wilson (CCD) and Box-Behnken. 

Table 2.4 Benyounis comparison of DOE 

 
GA Taguchi RSM ANN 

Design Matrix  No No Yes
 
 Yes  

Time of Computation Longest Moderate Shortest Longer 

Understanding Arduous Moderate Easy Moderate 

Accuracy Level High Moderate highest High 

Application Rare Rare Frequent Frequent 

Next phase is determining the optimal values of the input variables. Optimal factor values 

depend on the responses. As mentioned in objective of the research on first chapter, 

optimization is the vocal point in this research. 
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Patil, (2017) combines definitive screening design and central composite design for 

optimization in response of mechanical properties of TIG welding parameter. He applied 

definitive screening design with two blocks; low and high welding speed and Central 

composite design. The optimization phase is done through application of desirability 

function (Derringer, 1980).  

2.4 Verification Phase 

Verification is a phase of performing a subsequent experiment at the predicted optimal 

conditions. The function is to confirm the optimization results. Few verification runs at the 

optimal settings than compared them with the expected responses. Experimenter obtains 

confidence level for the standard error between mean response and expected response. 

Patil, (2017) use verification run after gain an optimized parameter in his research. The 

single optimized parameter gathered by desirability function verified by run the experiment 

with three replications and check the result. In his research, the highest deviation (std error) 

of the verification run (responses) is 4.2 % for ultimate tensile strength and 4.53 % for 

hardness.
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 CHAPTER 3 

3TIG AUTOMATIC WELDING 

This chapter gives a brief description of TIG welding and its equipment. Finally, this 

chapter investigates the robot system and its program that constraint the experiment to be 

conducted on arm robot welding. 

3.1 Schematic Process  

Tungsten inert gas (TIG) welding or often referred, as GTAW is an Arc Welding Process 

that uses an arc created by current flow between electrode and workpiece. The electrode is 

a non-consumable tungsten electrode. The weld bead is solidified or created by weld pool, 

which is fed by a filler rod. The process (Figure 3.1) is used with shielding gas and without 

the application of pressure (O'Brien, 2004). 

In 1940’s it was Russell Meredith whose invented the TIG welding using a non-

consumable electrode within a torch, magnesium wire filler and helium gas to weld 

magnesium plates (Meredith, 1942). 

 

Figure 3.1 Schematic View of TIG Welding 

3.2 Robotic Arc Welding 

There are varieties of welding technique, for example: Metal inert gas (MIG), submerged 

arc (SAW) welding, or the latest technique such as plasma arc welding (PAW). The skill to 

conduct those techniques is different especially in its challenge and difficulty. Manual TIG 

welding usually requires higher skill levels compare to other manual processes.  
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Robotic TIG welding requires less operator skill and provides greater control over the 

process, but equipment costs are higher, and the benefits must be justified by production 

and quality requirements. Robotic arc welding systems are characterized by repeatability, 

accuracy, high productivity, and reliability (American Welding Society, 2004).  

(1) Repeatability and accuracy 

Repeatability is described as the ability of a robot to return precisely to a programmed 

position. The typical repeatability of arc welding robots is rated better than ± 0.004 inch 

(in.)(± 0.1 millimeter [mm]).In other words, the welding torch returns to within 0.004 in. 

(0.1 mm) of the same point after each program is executed. ABB IRB 1520ID(ABB 

Robotics, 2015) (Figure 3.6) used in this research has position repeatability of 0.05 mm. 

For comparison, Liburdi LAW 500(Liburdi Engineering, 2013) (Figure 3.2) has 

repeatability of 0.025 mm. 

Accuracy is described as the ability of a robot to move a predetermined distance and 

direction, and the ability to follow a path precisely between programmed points. In off-line 

programming, the points are not oriented to the actual workpiece. Instead, they are entered 

as numeric locations in the robot’s workspace (Tool Frame). With greater robot accuracy, 

less adjustment before production is required of programs generated off-line.ABB IRB 

1520ID has accuracy of 0.35 mm, but they named it as path repeatability. For comparison, 

Liburdi LAW 500 has accuracy of 0.05 mm. 

(2) Productivity 

Productivity gains are achieved because robots produce quality welds with great 

consistency at high travel speeds. For analogy of why robotic welding has bigger 

productivity: In the case of Butt-Welding, manual welding typically operates at the rate 

of20 in. /min to 45 in. /min (0.08 mm/sec to 1.9 mm/sec). This operator joins two plates in 

length of 150 mm. Let say without fatigue the operator has good experience and able to 

weld in the speed of 1.5 mm/ sec. This means operator needs 100 second to finish. On the 

other hand, robotic welding operates at 40 in. /min to 100 in. /min (1.7 mm/sec to 4.2 

mm/sec). If robot has same quality with speed set on 3 mm/s. On the same plates, robot 

will finish the weld in 50 seconds (half of manual) without any fatigue issue. 

According to book American Welding Society, (2004) works under correct conditions, 

robots offer a tremendous return on investment. The break-even point (BEP) commonly 

occurs between the first and the third year, depending on labor wages, production volume 

per year, and the cost of the robotic cells. In USA, late 1990s, the cost of a conventional 

cell for an assembly-line arc welding station ranged between $60,000 and$100,000. 

(3) Reliability 

Industrial robots are highly reliable. They are relatively maintenance free, requiring only 

lubrication. Industry robot usually designed to last from eight to ten years, with a minimum 

mean time between failures (MTBF) of 20,000 hours. The intention is for quick 

replacement in the production environment. The welding equipment of robotic weld 

system is also very reliable, given proper preventive maintenance. Take examples: a choice 

to integrate ABB robot with Siemens Programmable Logic Controller System (PLC) 

system or like this research equipment, using Fronius interface, Torch Robacta TTW4500 

and welding machine TransTIG4000 machine and integrate with ABB IRB1520ID. 
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Figure 3.2 Liburdi 3+2 Axes LAWS 500 

Robotic arc welding systems are categorized according: 

(1) Motion capabilities and working reach,  

Motion in robotic arc welding commonly divided into two types: Articulated and 

rectilinear. An articulated robot typically has 6 degree of freedom (Figure 3.5). Articulated 

robot share similar manner with human arm and this is the reason why it has great 

versatility. Because of its versatility and cost to performance ratio, it gains popular in 

industry. Approximately more than 90% of robots sold are an articulated type. Rectilinear 

robot has less degree of freedom compare with articulated robot. Lots of them share similar 

look with CNC 3 axes machine (Figure 3.2). For example, Liburdi 500 LAW has three 

linear axes and a rotational axis consist of 2 directions. 

(2) Load capabilities 

Articulated robotic robot commonly has armload of 3 to 16 kg. ABB 1520ID use in this 

research has 10 kg armload while having robot weight of 170 kg. Nevertheless, 

remembering the fact that blade repair will be done on the fixture, which also has different 

load (using table), so load is not a big deal for this research. Rectilinear robot in other hand 

does not have armload. It depends on how strong the fixture/jig table. The total weight of 

rectilinear varies from light to heavy one. Liburdi 500 LAW for example has total weight 

of 818 kg. 

(3) Maximum working velocities 

Robot has limitation of the speed just like human. However, consider the fatigue; robot 

does not have this problem when human does. Velocity is big factor when design the robot 

because it will affect the accuracy, depends on the supply power and the axis.ABB 1520ID 

use in this research has different maximum speed for each of its axis. The fastest one is 

axis 6 (nearest to tool center point); it has 460 degree/second. The slowest one is axis 1 

(nearest to mounting base); it has 130 mm/s degree/second. For comparison, Liburdi 500 

LAW has 85 mm/s for each of its linear axis and 11.7 rotary per minute or 70.2 degree per 

second. The speed of Liburdi is even pretty much lower (almost 50%) compare to the 

slowest axis of IRB 1520ID. This is why Liburdi has better accuracy compare to ABB arm 

robot. 



13 

 

3.3 Method of Application in Welding 

To know a quality of TIG welding result, a welder will check on the weld bead. It is a solid 

phase (cold) molten weld created by application of heat into filler. Method of application 

described as set of control system in order to get desired quality of a weld bead. The 

system will emphasize on how to control primary equipment in TIG welding. The 

equipments are Torch, Gas source, and Power source. In order to do so, there are six 

different methods to apply welding (Table 3.1). For automatic method, the tool path 

control is prearrange, and the arc correction is having potential risk of defect. 

Table 3.1 Methods of applying welding processes(Jenney & O' Brien, 2001) 

Method Manual 
Semi-

Auto 

Mechaniz

e 
Automatic Robotic Adaptive  

Arc 

Welding 
      

Arc 

control 
P M M M MS MSR 

Feeder P M M M MS MSR 

Heat 

Control 
P P M M MS MSR 

Tool Path 

Control 
P P P 

M 

(prearrange 

path) 

MS MSR 

Torch 

Angle 
P P P M MS MSR 

Arc 

Correction 
P P P 

No correction 

(potential risk 

of defect) 

MS MSR 

Note  P: Person, M: Machine, MS: Machine with sensor, MSR: Machine (real time 

closed loop). 

There are four elements in welding process (Figure 3.3): manipulated input variables 

(controllable welding parameter), disturbing input variables (uncontrollable welding 

parameter/noise), process response variables (output welding result) and the welding 

process itself (O'Brien, 2004). 

 

Figure 3.3 Flow Diagram of Welding Process (American Welding Society, 2004) 
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Manipulated input variable described as parameter that directly affects the response for 

example energy input or arc efficiency. Disturbing input variables is the unavoidable affect 

the result that cannot be controlled for example the geometry variation of blade to be 

welded or the variation of coordinate of tungsten pointed for each blade. The process 

response (output) is the real time observation and stored. For example in observing 

temperature, thermocouple is used as sensor. Overall, there are two types of control 

systems: open and close loop (Figure 3.4).  

 

Figure 3.4 Open (A) and Closed Loop Control (B) (American Welding Society, 2004) 

According to Table 3.1 (automatic system), guide the arc along the joint (blade tip) by 

prearranged path (program). This means the present system is a closed loop control system. 

Base on this reason, the arc does not correct automatically in real time. Standard default of 

ABB robot for welding is using a parametric system called RobotWare Arc (Figure 

3.5).The system parameters for RobotWare Arc is divided in three groups (ABB Robotics, 

2013). Below explanation also including the welding equipment used in this research. 

(1) Arc System 

 Robot control   : IRC 5 Controller, TPU (FlexPendant)  

 Welding machine   : TransTIG 4000, TPU (FlexPendant) 

 Wire feeder controller  : TransTIG 4000, TPU (FlexPendant)  

(2) Arc Equipment 

 Torch    : Robacta TTW 4500 

 Wire feeder   : Robacta TTW 4500 

 Non-consumable Tungsten : Thoriated Tungsten 

(3) Optical Sensor 

ABB default system applied on this research does not have any optical sensor. Therefore, it 

is consider as automatic method of application. The equipments implied on this paper 

limited to automatic system, which simply means teach and run. This system is benefitting 

the initial research step of the arm robot welding. 
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Figure 3.5 Articulated Robotic TIG Welding 

3.4 Coordinate System of the Torch 

This paper is using ABB robot IRB1520ID six degree of freedom (DOF or axis) 

manipulator (Figure 3.6). Guiding arc welding means guiding the torch (tool path motion). 

In manual welding torch is simply controlled by hand, the filler rod dip in and out with the 

other hand. On arm robot, welding motion it is controlled by moving the torch center point 

frame (TCPF). The process is done by turning on/off each of its axes to reach the desired 

coordinate.  

 

Figure 3.6 IRB1520 
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3.4.1 Tool Center Point 

Coordinate of the tool to weld specify as PXX in the RAPID program. This symbol called 

as robtargets. Programming robtargets is simply instructing robot to move into positions, 

which are relative in distance with the Tool Center Point (TCP). There is only one TCP 

active at the time even when several TCP used because of several tools.  

To program robtargets, there are several coordinate needs to be understood. These 

coordinate are work object coordinate, world coordinate, base coordinate, and tool frame 

coordinate(Hallenberg, 2007). 

3.4.2 Tool Frame 

The tool coordinate system (TCPF) default set is coinciding with center of the tool 

coordinate (tool 0 or TCP) (See Figure 3.7). As mentioned above, TCP of robot moves to 

the programmed positions, when program is executed. This means using different tool, 

movement of robot also changed so that the new TCP will reach the target(ABB Robotics, 

2014). 

In TIG, welding TCP set as the tip of the tungsten. Therefore, when operator changes the 

tool (TIG torch) to a gripper for example, they need to set a new TCP. In other case, TCP 

set to default in center of the wrist frame. Instead of define the new TCP which is the tip of 

tungsten, robot operator use TCPF. This is why, robot moves its axes relative to TCP, but 

in order to grip or weld, robot need to move relative to TCPF. TCPF can also be the same 

as TCP when all values set to be zero. 

 

Figure 3.7 TCP (A) and TCPF (B) (ABB Robotics, 2014) 

3.5 Flex Pendant Programming 

Teach Pendant Unit (TPU) is a hand held control tool on an articulated robot system. ABB 

has its own TPU called Flex Pendant (Figure 3.9). With Flex Pendant, operators are able to 

running and modify programs, jogging the tool, and assigned position. Program in ABB 

robot is written in language called RAPID. If program is written directly on TPU, it is 

called “Teach and Run”. In addition, it is possible to write the program on a PC using 

software ABB RobotStudio. An arc welding instruction contains the same information as a 

positioning instruction (e.g. MoveL), plus all information about the welding process, 

which is given through the arguments seamdata, welddata, and weavedata.(ABB Robotics, 

2013). Figure 3.8 illustrate a welding program in RAPID language (ABB Robotics, 2014). 
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Figure 3.8 RAPID Programs 

Note: 

 Arc can be chose for two types: Linear or circular movement. ArcLStart or ArcCStart 

is command to start welding, and ArcLEnd or ArcCEnd is command to finish weld. 

 P1 is the coordinate of TCP 

 Sm1 is seamdata 

 Wd1 is welddata 

 Wv1 is weavedata 

In teach and run mode (Figure 3.9), the robot operator move the tool center point (TCP) to 

intended coordinate using the joystick of the flex pendant (jogging). TCP move to the start 

point of welding process and save the position as p1. Then next step is to determine the 

end of welding position (p2). With this sample program, TCP will linearly move fromp1to 

p2while striking arc heat from tungsten into the blade. Seam and weld data will carry the 

parameter inputted to the welding machine.  

 

Figure 3.9  Tungsten Movement Programmed in TPU 

3.5.1 Fronius Interface Mode 

The Fronius TransTIG 4000 welding machine is used to integrate with ABB robot. The 

Fronius TransTIG 4000 welder has three interface modes that can be used depending on 

the welding application. The welddata components will automatically be customized to the 

selected interface mode. The welding parameters are stored and set in the power supply 

(with the exception of pre-flow, post-flow, and purge time). There are three mode of 

interface: 
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(1) Program mode 

All of the welding parameters are set and stored in the robot controller. The program (also 

known as a synergic line or a waveform) is stored in the power supply. The program is 

selected in the seamdata and all of the welding parameters are set in the welddata. This 

interface allows the operator to make all weld settings from the FlexPendant rather than the 

power supply(ABB Robotics, 2013). 

(2) Job mode 

The welding parameters (with the exception of pre flow, post flow, and purge time) are 

stored and set in the power supply using jobs (0-99). Job number is set in the welddata. 

(3) Job mode with correction 

In this research Job mode (0-99) with correction is applied. The welding parameters are 

stored and set in the power supply (with the exception of pre-flow, post-flow, and purge 

time). Corrections can be made to the arc length, wire feed speed, and the pulse power or 

dynamic in welddata.  

3.5.2 Seamdata 

Seamdata describes data during single or several seams. Seam means a single strike from 

starting to end. It is used on the starting phase of a welding operation (ignition, heating 

after ignition) and the final phase of the weld (ABB Robotics, 2013). It usually called as 

single strike-layer welding. Figure 3.10 illustrate structure of seamdata: gas, schedule, arc 

ignition, wire feed, and time of robot movement. 

 

Figure 3.10 Structure of Seamdata 
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3.5.3 Welddata 

In seamdata, there are four phases, which one of them called as weld phase. While arc is 

striking (weld phase) welddata will perform its function. Different parameter can be 

assigned in a single seam by modify welddata. It contains instruction along a path until 

assigned position is reached. By applying different parameter with welddata, it is possible 

to achieve the expected results of welding process (ABB Robotics, 2013). It can be set into 

different names: weld1, weld2, etc. There are three modes of welddata divided by its 

functionality. Between the three, simplest one is job mode. Figure 3.11 shows welddata 

structure inside the weld phase of a seamdata from point to another. 

 

Figure 3.11 Structure of Welddata 

(1) Weld speed 

This component is the speed of the TCP of the tool during the weld instruction. This speed 

overrides the speed argument of the weld instruction during welding. Welding speed is the 

parameter optimized in the research. 

(2) Schedule 

The Fronius welding machine can store 100 jobs. Each job stores all of the necessary 

parameters to do a weld. The job parameters must be set in the Fronius welding machine.  
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 CHAPTER 4 

4METHODOLOGY 

This chapter gives description of each step of conducting the experiment. Begin with 

explanation of the experiment flowchart, this chapter describes each point of the flowchart 

and reasoning behind it. 

4.1 Research Flow Chart 

As mentioned in Background of research, specific objective of this research is to study 

optimization of input variable such as current, welding speed, and electrode feed rate with 

the response Deposition rate, welding cost, and Bead height. In order to achieve it, these 

are the steps in form of research flowchart. 

 

Figure 4.1 Flow Chart 

4.2 Planning 

After reviewing the theory in design and experiment (Chapter 2), trial run is conducted. 

The objective of Trial run is to reduce the list of variables presumably affect the response. 

It is also used so that subsequent number of experiments will be less therefore its 

efficiency. Simply said trial run is select parameter (factor) that will be optimized. In this 

START Screening: 

1. Empirical Study 

2. Significant factor 

3. Response Surface Plot 

 

 

 

END 

Design Matrix 

Optimization: 

1. D-optimization 

2. Optimum design 

 

  

  

  

Response: 

1. Bead height 

2. Welding cost 

  

  

  

Verification: 

1. NDE 

2. Bead height 

  

Discussion: 

1. Macrostructure 

2. Cost Comparison 

3. Issue and recommendation  

NDE 

Planning: 

1. Literature review 

2. DOE comparison 

3. Trial Run 

 

Welding 

YES 

NO 
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step, theory of arc and TIG welding, program, motion, and basic parameter of robot has to 

be studied first (Chapter 3).  

 

Figure 4.2 Blade Repair Process 

Trial run will results “box” of parameter. It means the limit value of parameter that weld 

on minimum result while considering the quality (defect) tested by non-destructive 

evaluation. Through trial run, selected controllable parameter is determined and set as the 

independent variable for design of experiment (Figure 4.2). 

The most important observed in trial run is the different input variable due to the 

differences of blade thickness. Most of design experiment on welding applied on plate 

metal, which is having same thickness from starting point of weld until ending point of 

weld. Figure 4.3 and Table 4.1show welddata in approximate current and position. This 

measurement is performed by scanning the blades in 3D. Then distance retrieved by using 

SolidWork software. Note that the tungsten position distance from p10 to p60 is related to 

leading edge of the blade. 

Table 4.1 Blade Welddata Current and Position 

Variable Value Unit 

 

Tungsten Pos. (X coordinate) Value Unit 

Chord length 37.07 
mm 

p10 0 

mm 

Maximum thickness 1.914 p20 2,862 

Weld1 
current Vary* Ampere p30 9,943 

thickness 0,638 mm p40 18,36 

Weld2 
current Vary* Ampere p50 23,21 

thickness 1,276 mm P60 33,6 

Weld3 
current Vary* Ampere P70 36,61 

thickness 1.915 mm Length p10-p60 36,7 

* : follows design matrix 

Repair Process: 

Automatic TIG 

Welding using 6 

DOF Articulated 

Robot 

Output responses 

1. Deposition Cost 

2. Layer height  

3. Discontinuity 

 

Selected 

Controllable 

parameter 

1. Current LE 

2. Current center 

3. Current TE 

4. Welding speed 

5. Feed rate 

 

Other 

Controllable 

Parameter 

Uncontrollable 

parameter 
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Figure 4.3 Program parameter and position 

This condition of different input variable need to be translated in programming. Rotor 

blade profile (Figure 4.3) has very thin thickness. Due to this problem, area of blade 

divided into three types with each of them has different welddata. Smaller thickness needs 

smaller heat input therefore current and weld pool.  

Respectively from small to big value of current are weld1, weld2, and weld3.Area of p10-

p20 and p50-p60 is weld1 (Blue). P20-p30 and p40-p50 is weld2 (Orange). Last, P30 to 

p40 current is weld3 (purple).In order to understand the currents applied on stage 7
th

; these 

welddata will be taken as current per thickness. The repair step, welddata and its thickness 

are determined as following table and figure.  

 

Figure 4.4 Current -Position 

10 10 10 
16 16 16 

31 31 

44 

31 31 31 

44 44 44 44 44 

31 

14 14 

Curren-Position 

WeldTE Weld1 Weld2 Weld3 WeldLE
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Figure 4.4 show the welding parameter (current on program point). Upslope means there is 

an increase of current on the same position while downslope means other way. 

RAPID Program: 

1. Program for drop welding: 

Leading edge (LE) and Trailing edge (TE) are the critical point because of its thickness. 

The idea for drop welding is similar with spot welding. The heat and wire feeding will still 

on going on the same position. On the program, it is represented by WaitTime. On 

Leading edge, WaitTime executed after Arc stroked. On the other hand, before arc stop 

on trailing edge, WaitTime is executed. The time for both trailing edge and leading edge 

are 2 seconds. 
MoveJ phome v100, z10,;  

MoveJ pReadyToWeld, v100,;  

ArcLStart p10, v50, seam1, weldTE, fine, TTW4500; 

ArcL Offset(p10,0,0.8,0), v50, seam1, weldTE, TTW4500; 

ArcL p10, v50, seam1, weld1, TTW4500; 

WaitTime 2; 

------------Single layer-welding program----------- 

WaitTime 2; 

ArcL p80, v50, seam1, weldLE, TTW4500; 

ArcLEnd Offset(p80,0,-0.8,0), v100, seam1, weldLE, fine, 

TTW4500;  

MoveJ pReadyToWeld, v100, z10,; 

2. Program for single layer welding  

After first drop welding, next single layer welding started from leading edge into trailing 

edge. This process called single layer welding (Error! Reference source not found.). As 

mentioned before, in this process, there are three welddata (weld1, weld2, and weld3). 

Each of them holds different variable (parameter). Detail of parameter used for each 

welddata showed in Appendix. 

------------Drop Welding program----------- 

ArcL p20, v50, seam1, weld1, TTW4500; 

ArcL p30, v50, seam1, weld2, TTW4500; 

ArcL p40, v50, seam1, weld3, TTW4500; 

ArcL p50, v50, seam1, weld3, TTW4500; 

ArcL p60, v50, seam1, weld3, TTW4500; 

ArcL p70, v50, seam1, weld2, TTW4500; 

ArcL p80, v50, seam1, weld2, TTW4500; 

------------Drop Welding program----------- 
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Figure 4.5 Welding illustration 

Chapter 2 literature review discussed in detail of the following the trend of DOE research 

in welding optimization. Therefore, it is important to decide on how many run (number of 

experiment/N) and replication of the experiment. Replication means multiple experimental 

run with the very same factor and its level. On how many replications to be conducted 

these are the Considerations: 

 Screening designs to reduce a large set of factors usually do not use multiple replicates.  

 Replication affects precision of model; the higher number of replication, the better on 

how responses really represent the model or simply say the confidence level. 

 Resources can dictate the number of replication. For example, if the experiment is 

extremely costly, it might be better to run it only one time. 

After considering the resources and the objective of the research, RSM is selected as DOE 

optimization technique on this paper. To be precise, CCD is selected. 

4.3 Design Matrix 

RSM 

Response surface design or methodology (RSM) is one of method to do design of 

experiment. First introduced by Box & Wilson, (1951) on 1951, RSM developed into 

several techniques as seen in research by Cavazzuti, (2013). The most popular of RSM are 

BOX Wilson (CCD) and Box Behnken as illustrated on figure below. 

 

Figure 4.6 (a) CCD and (b) Box Behnken 



25 

 

Input factor called as independent variable while results called as the response. The field of 

response surface methodology consists of the experimental strategy for exploring the space 

of the process or independent variables. Empirical study (statistical model) is applied to 

explain interactions between the response and its factor. Moreover, optimization applied on 

the response by specifies the goal, whether to maximize, minimize or targeted value. With 

optimization on response, the optimum value of each factor is resulted. The response 

function is then written as: 

Equation 4.1 RSM Response Function 

𝑦 = 𝑓(𝑥1, 𝑥2, … 𝑥𝑘) + 𝜀 [1] 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 +⋯+ 𝛽𝑘𝑥𝑘 + 𝜀 [2] 

𝑦 = 𝛽0 +∑ 𝛽i𝑥i
k
i=1 + ∑ βiixi

2k
i=1 +∑∑ 𝛽𝑖𝑗𝑥ixji<𝑗 + 𝜀 [3] 

Equation description:  

Equation [1] is RSM linear surface model, y is stand for the observed value of response 

variable or yield,  𝑥1, 𝑥2, 𝑥3, … 𝑥𝑘 are the factors with some k quantitative factors (number 

of input variables) and 𝜀 Stand for the error term of the response. 

Equation [2] is the first order model. The characteristic feature is a linear function between 

response and low order factor.  

Equation [3] is the second order model. The characteristic feature is a quadratic function 

between responses and higher degree factors. 

 

Figure 4.7 Central Composite Designs 

CCD 

Box and Wilson proposed this method back on 1951. Therefore, CCD often called as Box-

Wilson design. Perhaps the most popular response surface design, it is illustrated as above 

figure. According to Montgomery, (2001), CCD is consisting of a fractional factorial 

resolution (2
k
 factorial) with certain number of runs (nF), axial or star runs (2k), and center 

runs (nc). CCD is characterized by the choice of α:  

Equation 4.2 Alpha (α) of CCD 

𝜶 = √𝒏𝒇
𝟒  [1] 

𝜶 = √(√𝟐𝒌 + 𝒏𝒄 + 𝒏𝒇 −√𝒏𝒇)
𝟐
×
𝒏𝒇

𝟒

𝟒

 [2] 
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Equation definition: 

Equation [1] is rotatable design. It places the star points at distance that makes the variance 

of the predicted response is same. This means alpha has same distance from the center of 

the design. 

Equation [2] is orthogonal design. It places the star points at an axial distance that insures 

that all second order terms are orthogonal to one another. The proper axial distance 

depends on the nc added to the design. 

Hunter & Box, (1957) suggested that a second order RSM should be rotatable. As 

illustrated (Figure 4.7) and described (Equation 4.2), orthogonal and uniform precision can 

be divided as three forms: 

 If α is set to one, the design called central composite faced (CCF).  

 If α is greater than one, the design called central composite circumscribed (CCC).  

 If a central composite circumscribed is desired, but the factorial point is changed to1/
α, the design called central composite inscribed (CCI).  

In CCD there are points assigned in combination with the design: 

 Center points; all of the factor combination set as zero (midrange of the box),  

 Axial (or star) point; all factor is set at zero (midrange) with exception of one factor 

which is set at outer range of the box. 

Because of relation between center and axial point, there are two types of CCD: orthogonal 

and uniform precision(JMP, 2012). 

 Uniform precision: The expected response is flat shaped. This is happened because of 

selection of center points. 

 Orthogonal designs: The interaction between factors is not the goal of this design. 

Therefore selection of center points is creates minimum relation between each 

parameter estimates. 

According to Wu & Hamanda, (2000), when α is close to one, one or two runs at center 

points is suggested. However, if the primary purpose of taking replicate runs at the center 

point is to estimate the error variance, then more than four or five runs are suggested. Each 

of center points added means adding one more degree of freedom (DOF) to estimate the 

experimental error. Independent Variable in RSM has to be set as factors and levels. 

Factors are those Parameter that researcher think has big impact on the welding result. 

Levels are the “box” found on the previous step. The value to be put as level is dependent 

with the DOE method.  

4.4 Responses Collection 

4.4.1 Blade height Measurement 

Using Dial meter, the origin of its standard height (A) is measured. Then measure the blade 

height before welding (B). Weld the blade, and measure and collect the height (C). Last, 

Grin and blend the get the original shape of the blade, and measure the height (D). The last 

measurement will be used as response in optimization. 
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Figure 4.8 Height Measurements 

4.4.2 Non-destructive and Destructive Evaluation 

Discontinuity or defect found in cold (solid phase) weld bead or finished weld. It is an 

error process, which results rejected blade. It is classified as design, process, and 

metallurgy. Commonly, there are three discontinuities founded from the TIG welding 

process in rotor blade: 

 Undercut: It is an unfilled metal due to the melted base metal. 

 Tungsten inclusions: Weld bead mix with particles from tungsten electrodes. This is 

occurred because of improper TIG welding procedures. 

 Porosity: Air trapped inside the weld bead. 

It is necessary to determine whether or not the phase able to continue on next phase. This 

step is a quality inspection. Finished weld bead, checked by a non-destructive evaluation.  

1) Penetrant Testing 

Also called as FPI, Appliance of liquid penetrant will show whether discontinuity found on 

the weld bead surface or not, even if it is not seen by unaided vision. After certain period, 

the liquid will penetrates into the flaws. When catalyst applied on it, and exposure of UV 

lighting, the defect will show fluorescent color. Figure 4.9 show an example of FPI test 

applied on the blade. Image (A) is blade with applied fluorescent liquid. Image (B) is 

convex side of blade after remove the fluorescent liquid. In addition, image (C) is the 

concave side of blade. 

 

Figure 4.9 FPI 
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2) Radiography Testing 

If the goal is to detect discontinuities inside weld bead, non-destructive evaluation such as 

radiography or x-ray is applied. With this evaluation, porosity is the common 

discontinuity. Porosity appears as round image depend on how the air trapped inside. To 

observe the porosity, it is necessary to control the exposure of the x-ray light from high to 

low. Levels of foresight and exposure control are highly regarded in this process.   

3) Macrograph Testing 

Destructive testing has goal of determine the properties of the blade. By doing destructive 

testing, comparison between the blades that through manual welding and robot welding 

will identified. In metallography, there are types of test depends on the goals of destructive 

testing. For example, there are macroscopic examination, microscopic examination, shear 

bending test, tensile test, and other mechanical test. On the project, macroscopic 

examination of metallography (destructive testing) is selected. The primary reason of using 

macroscopic examination is the need to calculate the welding width of fusion zone and 

heat affecting zone.  

 

Figure 4.10 Destructive Evaluations 

4.4.3 Deposition rate and Total Cost 

Commonly, accounting department establishes general and administrative expenses, while 

management establishes the expected amount of profit. If the automatic system of robot 

TIG welding will be implemented on flow production, the procedures for costing these has 

to fit into the general accounting practices of the company. Welding cost includes common 

calculation just like another manufacturing process cost. In this sense, the manufacturing 

costs are the primary interest to the cost estimator. Welding cost calculated and described 

in Equation 4.3 and Table 4.2 (American Welding Society, 2004). 

Equation 4.3 (Cont’l) Arc Welding Cost 

No Cost Unit Equation 

(4.1) Deposited metal Kg/unit 𝐵 = 𝑚𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑢𝑚𝑒 

(4.2) Electrode deposition rate Kg/unit 𝐷 =
100 × 𝐵 × 𝐽

𝐸
 

(4.3) Cost of gas  THB/unit 𝐶𝑜𝑠𝑡𝑔𝑎𝑠 =
𝐺 × 𝐹

𝐷
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Equation 4.3 (Cont’l) Arc Welding Cost 

No Cost Unit Equation 

(4.4) Cost of power  THB/unit 𝐶𝑜𝑠𝑡𝑃𝑜𝑤𝑒𝑟 =
𝑃 × 𝑉 × 𝐴

1000 × 𝐷
 

(4.5) Cost of materials  THB/unit 𝐶𝑜𝑠𝑡𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑀

𝐸
 

(4.6) Labor rate  THB/unit 𝐶𝑜𝑠𝑡𝐿𝑎𝑏𝑜𝑟 =
𝐿 × 𝐾

𝐷 × 100
 

(4.7) Overhead cost  THB/unit 𝐶𝑜𝑠𝑡𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 =
𝑂

𝐷 × (
𝐾

100
)
 

(4.8) 
Total welding cost per unit 

weight of deposited metal 
THB/unit 

𝐶𝑜𝑠𝑡𝑢𝑛𝑖𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑

=∑𝐶𝑜𝑠𝑡 𝑓𝑟𝑜𝑚 (4.3) 𝑡𝑜 (4.7) 

(4.9) Total welding time, seconds 𝑇 =
𝑊

(𝐷 × 𝐾)
 

Table 4.2 Definition of Equation 4.3 

Code Variable Unit Definition 

A Current Ampere 
Vary according to specific welding procedure as 

well as electrode type and diameter 

B Deposited Metal Kg/unit Amount of electrode deposited per unit 

C 
Specific gravity of 

metal 
Kg/m

3
 Density ratio of material 

D 
Electrode 

deposition rate 
Kg/unit Rate of weld metal deposited per workpiece 

E 
Deposition 

efficiency 
% 

Ratio of weld metal deposited to total weight of 

electrode used. 

F Flow rate m
3
/s Shielding gas flow rate 

G 
Gas cost per 

volume 
THB/m

3
 Gas or flux price per volume 

H Electrode feed rate m/s 
Electrode feed speed. In Fronius Robacta 

TT4500, it is coded as Fd.1 

K Operator factors % 
Ratio of arc times to total work time required by 

welder. 

L Labor rate THB/unit Welder wages 

M Material cost THB/kg Electrode price per mass unit 

N 
Length of specified 

weld 
Meter Length from arc starting point to ending point 

O Overhead rate THB/s Cost of other business expenses 

P Power cost THB/kWs Electricity price in kilowatt per second 

W 
Total weight of 

weld 
Kg/m Total weight of the weld bead 

T Total welding time s Time needed for doing the welding process 

V Volts Volt 
Vary according to specific welding procedure as 

well as electrode type and diameter 
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4.5 Screening (Empirical Study) 

F-statistical test applied to gather the significance of the regression model. F-value 

obtained by ratio of sum of square while Prob-F is the null hypothesis of the model. Other 

thank F-statistical test, P-value can be used to determine the significance of factors against 

the response by utilization of ANOVA. The more P-value is obtained, it means the least 

important the factor is. For example, if the p-value shows 0.87 it means there is chance of 

87% probability of factor results random response. In ANOVA (lack of fit) p value must be 

greater the 0.05 or 5%. 

In RSM, response can be affected by uncontrollable factors. The assessment model is 

based on observed data from the process or system and it is an empirical model. R
2
 is a 

coefficient of determination that indicates whether model is considered as good model or 

not. However, high R
2
 does not always represent a good model. It can be increased or 

decreased depends on addition on reduction of factors. To make sure the additional factor 

is statistically significant or not. R
2
 need to be adjusted (R

2
adj).  

When R
2
 and R

2
adj differ drastically, it means that non-significant factor is found inside the 

model. Screening means testing each of factors to determine which factor is the important 

and unimportant against observed response.  

4.6 D-Optimization 

To get the best controllable input factors with the boundary of fix factors, the value is 

observed around optimum area of the multi-response model (all response). On multi-

response model, the shape is curvature. Therefore, it is a second-order, or even higher-

order polynomial model. To determine the optimal setting of the controllable factors (set as 

variable) that will maximize Bead height,  given by following Equation (Derringer, 1980): 

Equation 4.4 Derringer-Suich Desirability Function (DF) 

0 ≤ 𝑑𝑖 ≤ 1 

𝐷 = (𝑑1 × 𝑑2 ×…× 𝑑𝑚)
1
𝑚⁄  

Where di is the expected output target, Yi is target responses, and m is the number of 

responses. To find maximum response, di is calculated as Equation 4.1. For minimum, the 

equation is 4.2. Eventually, for targeted value (with lower and upper limit), the equation is 

4.3.  

𝑑 = {

0

(
𝑦−𝐿

𝑇−𝐿
)
𝑟

1,

      

𝑦 < 𝐿
𝐿 ≤ 𝑦 ≤ 𝑇
𝑦 > 𝑇

    ................................. [1] 

𝑑 = {

1

(
𝑈−y

𝑈−T
)
𝑟

0,

      

𝑦 < 𝑇
𝑇 ≤ 𝑦 ≤ 𝑈
𝑦 > 𝑈

    ................................. [2] 

𝑑 =

{
 
 

 
 

0

(
𝑦−𝐿

𝑇−𝐿
)
𝑟

(
𝑈−y

𝑈−T
)
𝑟

0

      

𝑦 < 𝐿
𝐿 ≤ 𝑦 ≤ 𝑇
𝑇 ≤ 𝑦 ≤ 𝑈
𝑦 > 𝑇

    ................................. [3] 
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4.7 Verification 

In verification, the optimized parameter is tested three times. Collect the responses and 

check the defect by NDE. Moreover, the predicted optimized parameter and the mean 

factual data (gathered by the three verification tests) are compared by the standard error, 

therefore the correlation. After that check the results of non-destructive evaluation by 

fluorescent penetrant inspection and radiograph inspection. Ultimately, last verification is 

check the macrograph and compare with the manual welder results. 

Results of verification phase divide as two objectives: 

1. Whether or not, the proposed method achieves optimum bead height (highest) and cost 

(minimum). 

2. Blade has to be free of discontinuities. It has to achieve zero indication on NDE test. If 

there is a discontinuity found, the reasoning should be suggested. 

3. Automatic blade macrograph results should be similar with the manual welder results. 
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 CHAPTER 5 

5EXPERIMENT AND DISCUSSION 

This chapter started with response surface methodology. It discusses phases and steps of 

ANOVA analysis, regression model and surface plot. Finally it end with integration of 

response from RSM with grey relational Taguchi method to result a single optimized 

parameter validate in significance by ANOVA analysis. 

5.1 Welding Preparation 

5.1.1 Workpiece 

High Pressure Compressor blade stage 7
th

 is used in this research. There are two variants of 

machine, which use this components; generator or mechanical drive with both has different 

output power. For example, gas turbine compressor set has capability of 36.2 % engine 

efficiency and 15.000 kWe output powers in each cycle (Solar Turbines, 2016). 

 

Figure 5.1 Blade Stage 7 Profile 

Material of the HPC blade used on the research is Inconel 718 superalloy. There are three 

types of superalloy: iron-nickel-base, nickel-base, and cobalt-base further subdivided into 

cast and wrought. Inconel 718 is part of nickel-base (nickel-niobium) superalloy. Nickel-

base superalloy has a very high creep resistance, making them attractive for critical high-

temperature applications such as gas turbines  

SAE international standard code for electrode material used in this research is AMS 

5832H. It was manufactured by Haynes International with code of Haynes® 718 RTW 

Filler metal. Density of the material is useful to conduct deposition rate, which affect 

welding cost. Haynes Inconel 718 has density of 8.23 g/cm
3
 or (8230 kg/m

3
). 

Table 5.1 Composition of Filler Inconel 718 (Haynes International, 2017) 

Ni Fe B Cr Mo NbTa C Mn 

50-55 Balance 
0.006 

max 
17-21 

2.80-

3.30 

4.75-

5.50 

0.08 

max 

0.35 

max 

P Si S Ti Al Cu Other 

0.015 max 0.35 max 
0.015 

max 

0.65-

1.15 

0.20-

0.80 

0.30 

max 
0.50 max 



33 

 

5.1.2 Equipment 

TIG welding machine used in this research is Fronius TransTIG 4000 (Fronius 

International, 2009). The Parameter that can be input on the machine shows in appendix. 

Torch used in this research is Fronius Robacta TTW 4500. It is water-cooled TIG robotic 

welding torch. Electrode used in this research is Fronius throated tungsten 2.4 mm 

diameter. Table 5.2 contains specification of robot used in this research.  

Table 5.2 IRB 1520ID Data Spec(ABB Robotics, 2015) 

Specification 

Payload Armload Reach 
Protect

ion 
Mounting Controller 

4 kg 10 kg 1.50 m IP40 
Floor, 

inverted 

IRC 5 Drive 

module 

Environment 

Operati

on 
Transport Humidity Safety Emission 

+5
o
C to 

+45
o
C 

-25
o
C to 

+55
o
 

Max. 95% 
Double 

circuit 

EMC/EMI 

shielded 

Movements 

Axis Working range Max. Speed 

Axis 1 +170
o 
to -170

o
 130

o
/s 

Axis 2 +150
o 
to -90

o
 140

 o
/s 

Axis 3 +80
o 
to -100

o
 140

 o
/s 

Axis 4 +155
o 
to -155

o
 320

 o
/s 

Axis 5 +135
o 
to -135

o
 380

 o
/s 

Axis 6 +200
o 
to -200

o
 460

 o
/s 

Physical 
Dimensions Weight 

300 x 300 mm 170 kg 

Performance(I

SO 9283) 

Position repeatability (RP) Path repeatability (RT) 

0.05 mm 0.35 mm 

Electrical 

Connections 

Supply Voltage Power 

380 V ISO cube 0.6 kW 

Main 

Application 
Arc Welding 

5.1.3 Welding Condition 

First, set the fixed condition for experiment. This means the entire input variable exclude 

the selected significant variable (parameter) tested by response surface and Taguchi 

method. This fixed condition of experiment illustrated on Figure 5.2. 
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Figure 5.2 Welding Conditions 

5.2 Welding Step 

The steps of repairs process show as below figure. First welding step is the drop weld. 

Mount the blade into welding fixture. Position A shows the drop weld on TE (trailing 

edge). The position is p10, and the welddata TE is applied. Without unloading the blade 

from fixture, next step is the single layer welding (C-G) with program coordinate p20 until 

p70 with welddata1, welddata2, and welddata3. Finally, drop weld at LE (leading 

edge).The welddata is welddata LE, position is G and program coordinate is p70. Welding 

started from leading edge and stop on trailing edge.  

 

Figure 5.3 Automatic Repair TIG Welding Flowchart 

 

Mount Blade Drop Weld TE 

Arc End 

Single Layer Weld 

Drop Weld LE Arc Start 

Start  

End Dismount 

Blade 

FPI 

& 

X-ray 

Response 
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Figure 5.4 Welding Process 

A B 

C D 

E F 

G 
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5.3 Goal of Measured Response 

In weld results, the observed responses are Deposition rate, cost, and Bead height for 

profile on top of trailing edge, weld1, weld2-leading edge, and weld3. For deposition rate 

and cost, the goal is to get the smallest value (minimize). For bead height, the goal is to get 

the largest value (maximize). Cost and deposition rate, the measurement is following the 

Equation 4.3 from page 28. Eventually for bead height, the measurement is taken after 

welding following 4.4.1 on page 26. 

Table 5.3 Goal of experimental measured responses 

Response Unit Code Goal 

Deposition Rate Kg/blade Y1 Minimize 

Cost Baht Y2 Minimize 

Bead height Weld TE mm Y3 Maximize 

Bead height Weld1 mm Y4 Maximize 

Bead height weld2/LE mm Y5 Maximize 

Bead Height Weld3 mm Y6 Maximize 

5.4 Design Matrix 

Trial run performed on the blade. Observations made by it given as below: 

 As mentioned in program, it is necessary to apply different heat (affected by current) 

and wire feeding for range of blade thickness. Therefore, response is measured for each 

thickness respectively (Table 4.1). 

 There are two ways of creating design matrix due to the factor of current: 

o Use five factors: current 1, 2, 3, welding speed and wire feed rate. This way will 

result on more run experiment and workpiece. On the other hand, the result seems  

o Use three factors for each welddata: current, welding speed and wire feed rate. 

Based on these observations, range for welding has been considered as experimental 

design with Box-Wilson (CCD) method. Using JMP statistic software from SAS Institute 

Inc, the design matrix is generated by using CCD uniform precision with six center points, 

rotatable. The result is Center composite circumscribed (CCC) thirty-two number of runs 

(α= 2) showed as table below.  

Table 5.4 Experimental design level 

Note: RunOrder shows order experiment conducted in random manner. It is necessary to 

randomize because it balance the uncontrollable conditions that can affect the result of 

experiment. 

Factor Notation Code Unit 
levels 

-2 -1 0 +1 +2 

Weld1 current I1 A Ampere 10,5 14 17,5 21 24,5 

Weld2 current I2 B Ampere 24,5 28 31,5 35 38,5 

Weld3 current I3 C Ampere 28 35 42 49 56 

Welding speed  Ws D m/s 0,0008 0,0009 0,001 0,0011 0,0012 

Wire feed rate Fd E m/s 27,6 30 33,6 36 39,6 
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Table 5.5 Design Matrix  

Run order 
Pattern 

Factors  

A B C D E Y1 Y2 Y3 Y4 Y5 Y6 

1 +−+−− 1 -1 1 -1 -1 0.000599 12.06 1.123 1.26 1.366 1.423 

2 ++++− 1 1 1 1 -1 0.000522 13.78 1.333 1.313 0.984 1.087 

3 0a000 0 -2 0 0 0 0.000627 11.48 1.635 1.76 1.496 1.745 

4 −−−−− -1 -1 -1 -1 -1 0.000642 11.23 1.457 1.615 1.895 1.842 

5 −−−++ -1 -1 -1 1 1 0.000606 11.81 1.412 1.556 1.697 1.193 

6 00a00 0 0 -2 0 0 0.000829 9.06 1.868 1.98 2.02 1.8171 

7 a0000 -2 0 0 0 0 0.000577 12.41 1.4 1.444 1.936 2.141 

8 −−++− -1 -1 1 1 -1 0.00052 13.72 1.324 1.344 1.594 1.316 

9 ++−++ 1 1 -1 1 1 0.000633 11.43 1.211 1.111 1.121 1.278 

10 +−−−+ 1 -1 -1 -1 1 0.000716 10.17 1.576 1.606 1.925 1.55 

11 −+−−+ -1 1 -1 -1 1 0.000709 10.26 1.431 1.577 2.011 2.168 

12 +−+++ 1 -1 1 1 1 0.000672 10.89 1.477 1.446 1.374 0.749 

13 00000 0 0 0 0 0 0.000628 11.5 2.137 2.219 2.094 1.823 

14 A0000 2 0 0 0 0 0.000627 11.57 1.593 1.693 1.947 1.93 

15 00000 0 0 0 0 0 0.000631 11.46 2.084 2.481 2.063 1.971 

16 00000 0 0 0 0 0 0.000632 11.43 2.024 2.504 2.402 2.069 

17 +−−+− 1 -1 -1 1 -1 0.000577 12.41 1.353 1.406 1.724 1.408 

18 0000a 0 0 0 0 -2 0.000486 14.63 1.649 1.786 1.656 1.514 

19 00000 0 0 0 0 0 0.000629 11.49 1.985 2.141 2.051 2.103 

20 0000A 0 0 0 0 2 0.000845 8.84 1.525 1.638 1.75 1.658 

21 −++−− -1 1 1 -1 -1 0.000602 12 1.4498 1.391 1.53 1.15 

22 0A000 0 2 0 0 0 0.000629 11.53 1.77 1.793 1.114 1.566 

23 00000 0 0 0 0 0 0.000633 11.43 2.1752 2.191 2.305 2.178 

24 00A00 0 0 2 0 0 0.000632 11.51 2.125 2.189 1.864 1.66 

25 000a0 0 0 0 -2 0 0.000726 10.08 2.109 2.196 2.072 2.131 

26 000A0 0 0 0 2 0 0.00052 13.73 1.5955 1.491 1.33 1.271 

27 −−+−+ -1 -1 1 -1 1 0.000713 10.25 2.174 2.336 1.909 1.908 

28 ++−−− 1 1 -1 -1 -1 0.000646 11.25 1.082 1.163 1.065 1.191 

29 00000 0 0 0 0 0 0.000628 11.5 2.092 2.611 2.413 2.151 

30 −+−+− -1 1 -1 1 -1 0.000524 13.58 1.45 1.424 0.919 1.202 

31 +++−+ 1 1 1 -1 1 0.000711 10.34 2.005 2.055 1.897 1.897 

32 −++++ -1 1 1 1 1 0.000631 11.5 1.487 1.582 1.228 1.212 

5.5 Screening 

Run with JMP software, Screening for every response shows below. The surface plot 

showed below only for the most significant interaction. The Pareto plot based is used as 

knowing the interaction and what factor affect each response in the highest rank. 
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In statistics, a lack-of-fit sum of squares is one of the components of a partition of the sum 

of squares in an analysis of variance, used in the numerator in an F-test of the null 

hypothesis that says that a proposed model fits well. After screening all the responses, all 

of them have significant level of more than 99%, except for response in weld 2 or leading 

edge. It has 88% level of significant.  

5.5.1 Response 1 (Deposition rate) 

 

Figure 5.5 Actual-Predicted for Y1 

Table 5.6 ANOVA for Y1 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 11 1.9341619e-7 1.758329e-8 57.8618 <.0001 

Error 20 6.0776817e-9 3.038841e-10 
  

C. Total 31 1.9949388e-7 
   

Table 5.7 Lack of Fit for Y1 

Source DF 
Sum of 

Squares 
Mean Square F Ratio Prob > F Max RSq 

Lack Of 

Fit 
13 

6.0458067e-

9 
4.650621e-10 102.1313 <.0001 0.9998 

Pure Error 7 3.1875e-11 4.553571e-12    

Total 

Error 
20 

6.0776817e-

9 
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Figure 5.6 Screening for Y1 

 

Figure 5.7 Pareto plot of transformed Estimates Y1 
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Figure 5.8 Surface plot C*C Y1 

5.5.2 Response Y2 (Cost) 

 

Figure 5.9 Actual-Predicted for Y2 

Table 5.8 ANOVA for Y2 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 10 51.282760 5.12828 57.2660 <.0001 

Error 21 1.880590 0.08955 
  

C. Total 31 53.163350 
   

Table 5.9 Lack of Fit for Y2 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 14 1.8703904 0.133599 91.6858 <.0001 0.9998 

Pure Error 7 0.0102000 0.001457 
   

Total Error 21 1.8805904 
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Figure 5.10 Screening for Y2 

 

Figure 5.11 Pareto plot of transformed Estimates Y2 
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Figure 5.12 Surface plot E*D Y2 

5.5.3 Response Y3 (Bead Height on TE) 

 

Figure 5.13 Actual-Predicted for Y3 

Table 5.10 ANOVA for Y3 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 10 2.8040663 0.280407 8.4474 <.0001 

Error 21 0.6970838 0.033194 
  

C. Total 31 3.5011501 
   

Table 5.11 Lack of Fit for Y3 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 16 0.67250008 0.042031 8.5486 0.0132 0.9930 

Pure Error 5 0.02458373 0.004917 
   

Total Error 21 0.69708381 
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Figure 5.14 Screening for Y3 

 

Figure 5.15 Pareto plot of transformed Estimates Y3 
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Figure 5.16 Surface plot D*E Y3 

5.5.4 Response Y4 (Bead Height on Weld1) 

 

Figure 5.17 Actual-Predicted for Y4 

Table 5.12 ANOVA for Y4 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 5 3.5146581 0.702932 9.6998 <.0001 

Error 26 1.8841798 0.072468 
  

C. Total 31 5.3988379 
   

Table 5.13 Lack of Fit for Y4 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 19 1.5555198 0.081869 1.7437 0.2314 0.9391 

Pure Error 7 0.3286600 0.046951 
   

Total Error 26 1.8841798 
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Figure 5.18 Screening for Y4 

 

Figure 5.19 Pareto plot of transformed Estimates Y4 
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Figure 5.20 Surface plot D*E Y4 

5.5.5 Response Y5 (Bead Height on weld2 and LE) 

 

Figure 5.21 Actual-Predicted for Y5 

Table 5.14 ANOVA for Y5 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 5 3.6417940 0.728359 11.4581 <.0001 

Error 26 1.6527520 0.063567 
  

C. Total 31 5.2945460 
   

Table 5.15 Lack of Fit for Y5 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 9 0.9831390 0.109238 2.7733 0.0335 0.8735 

Pure Error 17 0.6696130 0.039389 
   

Total Error 26 1.6527520 
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Figure 5.22 Screening for Y5 

 

Figure 5.23 Pareto plot of transformed Estimates Y5 
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Figure 5.24 Surface plot D*B Y5 

5.5.6 Response Y6 (Bead Height on weld3) 

 

Figure 5.25 Actual-Predicted for Y6 

Table 5.16 ANOVA for Y6 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 11 4.5226252 0.411148 31.1545 <.0001 

Error 20 0.2639412 0.013197 
  

C. Total 31 4.7865664 
   

Table 5.17 Lack of Fit for Y6 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 15 0.17642039 0.011761 0.6719 0.7483 0.9817 

Pure Error 5 0.08752083 0.017504 
   

Total Error 20 0.26394122 
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Figure 5.26 Screening for Y6 

 

Figure 5.27 Pareto plot of transformed Estimates Y6 
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Figure 5.28 Surface plot D*A Y6 

5.6 D-Optimization 

5.6.1 JMP desirability function 

This software is not using derringer-Suich desirability function. It is using Harrington 

desirability function. The Desirability function suggest by the Response showed below. It 

is retrieved by D-Optimization menu in JMP software.  

Equation 5.1 JMP Desirability Function 

𝐸𝑥𝑝[0.0476190476190477

∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦([0.00045, 0.00065, 0.00085], [0.9819, 0.5, 0.066], : 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒))
+  0.285714285714286 ∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦( [8, 11.5, 15], [0.9819, 0.5, 0.066], : 𝐶𝑜𝑠𝑡 ))  
+  0.285714285714286 ∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦( [1, 1.6, 2.2], [0.066, 0.5, 0.9819], : 𝐵𝐻 𝑇𝐸 ))  
+  0.04761904760477 
∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦( [0, 1.375, 2.75], [0.066, 0.5, 0.9819], : 𝐵𝐻 𝑊𝐷1 ))  +  0.2857142857186 
∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦( [0.75, 1.625, 2.5], [0.066, 0.5, 0.9819], : 𝐵𝐻 𝐿𝐸 ))  +  0.04761904761477 

∗  𝐿𝑜𝑔(𝐷𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦( [0, 1.125, 2.25], [0.066, 0.5, 0.9819], : 𝐵𝐻 𝑊𝐷3 ))] 

The Deposition rate and cost set as minimize, while Bead height of TE, WD1, LE, WD3 

set as maximize (See 5.3). With JMP software, the above function is the only solution 

given. The prediction profile showed in Figure 5.29. By above desirability-function, it is 

found that the optimized factor of current, welding speed and feed rate respectively as: 

Table 5.18 (Cont’l) JMP Optimized Factor of Automatic TIG Welding 

Factor/Responses Unit Coded 
Optimized 

Factor 

Predicted 

response 

Weld1 current Ampere A 16,23705  

Weld2 current Ampere B 31,2171  

Weld3 current Ampere C 43,90453  

Welding travel speed m/s D 0,000924  
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Table 5.18 (Cont’l) JMP Optimized Factor of Automatic TIG Welding 

Factor/Responses Unit Coded 
Optimized 

Factor 

Predicted 

response 

Wire feed rate m/s E 34,46259  

Deposition Rate Kg/blade Y1  0,00068 

Cost Baht/unit Y2  10,68745 

Bead height Weld TE mm Y3  2,209202 

Bead height Weld1 mm Y4  2,464285 

Bead height weld2/LE mm Y5  2,342288 

Bead Height Weld3 mm Y6  2,248707 

Desirability 
 

D  0,765241 

 

Figure 5.29 Prediction Profiler and Desirability function 
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5.6.2 Minitab desirability function 

Due to there is no information on the algorithm by JMP, the optimized result is checked 

with Minitab software. For Minitab desirability function, it is using the Derringer and 

Suichs function (See Equation 4.4). 

Table 5.19 Minitab Optimized Factor of Automatic TIG Welding 

Factor/Responses Unit Coded 
Optimized 

Factor 

Predicted 

response 

Weld1 current Ampere A 16,23  

Weld2 current Ampere B 31,21  

Weld3 current Ampere C 43,90  

Welding travel speed m/s D 0,00092  

Wire feed rate m/s E 34,46  

Deposition Rate Kg/blade Y1  0,0007 

Cost Baht/unit Y2  10,80 

Bead height Weld TE mm Y3  2,21 

Bead height Weld1 mm Y4  2,46 

Bead height weld2/LE mm Y5  2,33 

Bead Height Weld3 mm Y6  2,24 

Desirability 
 

D  0,819 

 

Figure 5.30 Minitab Response  
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5.7 Results of Experiments 

Below image is the result of optimized results. 

 

Figure 5.31 Result of Automatic TIG repairs 

5.7.1 Optimization verification 

Single layer welding Confirmation 

On verification, the optimized result is rerun again to check the standard error between the 

predicted (optimized design) and actual results. For this confirmation, the result has been 

rerun three times. From it, only the means of results is compared. To get the idea of every 

differences, below graph show every results. 

 

Figure 5.32 Matched Pairs analysis Plot 
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Table 5.20 Verification test 

Predicted Result1 Result2 Result3 Mean of results 

0,00068 0,000698 0,000703 0,000686 0,000695213 

10,68745 10,44 10,38 10,61 10,47666667 

2,209202 2,06 1,99 2,56 2,203333333 

2,464285 2,25 2,05 2,36 2,22 

2,342288 2,39 1,94 2,18 2,17 

2,248707 2,13 2,04 2,09 2,086666667 

0,00068 0,000698 0,000703 0,000686 0,000695213 

Table 5.21 Standard error of means and results 

Mean results 
2,7368652994 t-Ratio -2,787988319  

Predicted 2,8504699271 DF 6  

Mean Difference -0,113604628 Prob > |t| 0,0317  

Std Error 0,0407478851 Prob > t 0,9842  

Upper 95% -0,013898145 Prob < t 0,0158  

Lower 95% -0,213311111    

N 7    

Correlation 0,9996981996    

Two layer welding Results 

On two layer welding, the second layer current is using the highest current that is current 

weld3 (factor C). The means of bead height built among the surface is 3.43 mm. This 

results show a good results because usually, manual welder need more than two layers to 

built 3 mm bead height. 

Table 5.22 Two layer welding factor and response 

Layer A B C D E Y1 Y2 Y3 Y4 Y5 Y6 

1
st
 16,24 31,22 43,90 9,E-04 34,46 

0,00205 7,59 3,38 3,37 3,41 3,56 
2

nd
 43,90 9,E-04 34,46 

5.7.2 Nondestructive Evaluation 

Unfortunately, when check the results with nondestructive evaluation, there are defect 

founded. On this step of experiments, three blades are checked by FPI and X-ray. The 

results on single layer welding does not showing the expected results, due one of them only 

has surface crack, while other only has porosity. Below table are the results, followed by 

their image figures. 
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Figure 5.33 NDE 

Table 5.23 NDE results 

No Coded Weld Type FPI X-Ray 

1 O3 Single layer weld No Yes 

2 O5 Double layer weld Yes Yes 

3 O7 Single layer weld Yes No 

5.7.3 Macrostructure 

The Macrostructure evaluation is a destructive testing. There are three section of 

macrostructure observed; Trailing edge, middle, and leading edge. 

 

Figure 5.34 Single Layer Macrostructure 
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Figure 5.35 Two Layers Macrostructure 

 

Figure 5.36 Manual Welding Macrostructure 

The solidification of bead results from automatic and manual share similar phase, shape, 

and Heat Affecting Zone. The feasible observation is the HAZ of automatic seems wider 

due to bigger its reverse polarity (DCEP). While manual welding has smaller HAZ because 

of the straight polarity (DCEN). 

5.7.4 Cost Comparison 

Refer to Equation 4.3, below is the calculation of optimum design proposed in this paper. 

Next, table of comparison between the manual approach, and this paper approach for the 

cost is showed. For the operator factor, manual welding ranged from 5% to 30%. While for 

Automatic, operator factor ranged from 50% to 100 % (American Welding Society, 2004). 
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Table 5.24 Variable of Cost Calculation 

Variables Unit 
Manual 

Welding 

Optimum 

design 

Mass Density (kg/m3) 8230 8230 

Wire diameter m 1,14E-03 0,89E-03 

Wire length m/s 0,0521 0,0382 

Weld length m 0,0367 0,0367 

Amperage A 45 30,45 

Voltage V 14 14 

Electrode cost (THB/unit) 0,70601 0,513586 

Gas argon 

Gas Argon Price THB/m
3
 36 36 

Gas flow rate m
3
/s 4,E-04 2,E-04 

Deposition efficiency % 1 1 

Welder labor rate THB/Unit 11,7632 7,45 

Power cost (THB/kW(unit)) 8,E-04 8,E-04 

Operator factor % 30 75 

Table 5.25 Comparison HPC blade TIG Repair Cost 

 

Cost of welding per unit 
Weld 60 

unit 

Gas Power Material Labor Total THB 

Automatic Welding 9,462 0,475 0,504 0,002 10,444 626,62 

Manual Welding 13,964 0,582 0,684 0,001 15,230 913,82 

As calculated above, manual welder has more cost compare to automatic welding when the 

cost of maintenance robot is diminished. Welding 60 unit blades, an automatic welding 

cost around 620 baht while a manual welding cost around 910 baht. 

Table 5.26 Number of Blade Weld 

 
Labor time Time for 1 blade Weld for 1 hour Weld for 10 hour 

per blade (s) seconds Unit Unit 

Automatic 

Welding 
36,893 36,89 to 60 60 600 

Manual 

Welding 
93,803 ±93 38 387 

As calculated above, for manual welding it take around 90 seconds to weld one unit blade. 

While for robot, the speed can be upgraded into 36 seconds. Nevertheless, due to the less 

flexibility and position modification, the time is doubled into approximately 60 seconds. It 

means, in one hour there are 38 blade welded by the manual welder, while with automatic 

welding, there are 60 blades. 
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5.8 Issue and Recommendation 

5.8.1 Melting gap issue 

It is found that weld surface on starting point of the weld is not smooth (See Figure 5.37). 

This happened because of the angle and polarity of the welding.  

1. The angle of welding starts on trailing edge. If the angle keeps the same throughout 

position from p10 to p70, high chance there will be melting slope near trailing edge 

(commonly p20).  

2. Robot is using reverse polarity (DCEP). This will make current flow from blade to 

tungsten. Because of it, the moving electrode attracts the liquid weld pool towards the 

end.  

 

Figure 5.37 Trailing Edge Issue 

To counter this first issue, below image is one of way to improve the program. With 

putting bigger angle than previous position, the liquid weld on previous position able to 

solidified first thus, it will not follow the tungsten movement. After the slope is covered, 

the angle can be back into previous angle and continue to next position. 

 

Figure 5.38 Fixing Starting Point Position 

Second way to resolve this issue is by using spot welding technique. However, the current 

system has problem. When the spot welding is active, with different seamdata, the welding 

is stop. Perhaps this is occurred because of the polarity and the thin profile of the blade. If 

spot welding is assessable, this will be the best way to do drop welding process. 
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Third way to improve is by upgrading the present system into fully automated robotic 

welding system (with sensor and supported equipment). Finite element analysis (FEA) or 

Image processing algorithm will be very useful. Therefore, the welding will be observed in 

real time in both shape and heat input. For example, use FEA to simulate the shape of weld 

bead (Yang, Pan, Hu, & Wang, 2016). Other example, use infrared and image-processing 

algorithm to do seam tracking (Lee & Na, 2002). Thermal control and image processing 

can be used for real time observation (Doumanidis & Kwak, 2002). If the similar method is 

achievable with TIG welding, positioning will be easy and short to conduct. Application of 

image processing and arc tracking on TIG welding is very useful for improving to adaptive 

robotic system (Haichao, Zeshi, Guoqing, & Hongming, 2016). 

 

Figure 5.39 Unfinished Welds  

Due to the limitation of present system, the unfinished weld has to fix point by point where 

the melting error happened. For example, figure 65 and 66. 

5.8.2 Gas porosity 

Porosity found scattered on the top of layer. This is happened due to the gas covered while 

welding. On the present system, the fixture used is the fixture from plasma arc welding. 

This fixture performs well with rectilinear robot. As seen on below figure, when multiple 

layers welding applied, the distance between torch and fixture is being furthered. This 

results in risk of turbulence gas flow especially with the present fixture, which does not 

have gas-shielding function. 

 

Figure 5.40 Under Performed Gas Shielding 



60 

 

 

Figure 5.41 Scatter Porosity Issue 

To solve this scattered porosity problem, simplest way is design fixture that perform well 

on shielding the bead. The fixtures have to perform well with the articulated robot. A 

design with fix Tool object will help operator to weld in batch or to upgrade it into a 

complete welding cells. 

Another point to be considered, the gas flow from the torch cannot be set for more than 15 

liter/minute. This is due to the gas installation in the robot welding. Nevertheless, in the 

present system (using plasma arc fixture) putting high flow rate on torch will result in a 

turbulence gas flow. This will make the weld results even worse. The best condition for 

gas shielding is having a laminar flow gas with the combining flow from fixture and torch.   

5.8.3 Long Position Setup Time 

The present system spends time in modifying position. Each blade can have different 

thickness and chord length. Therefore, for each blade, the setup time for position 

programming take the most time. 

This problem can be solved by implying seam-tracking function (ABB Robotics, 2012). 

With seam tracking, robot will have real time measurement on welding path and position. 

Moreover, the design of fixture also shall be modified to provide good coordinate 

referencing. With good fixture point reference, the welding starting point will always start 

and end strikes on the same place. Therefore, the operators only need to mount the blade 

on the same position.  
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CHAPTER 6 

6CONCLUSIONS AND RECOMMENDATIONS 

This chapter gives conclusion of the literature study and recommends the methodology for 

the experiment to be conducted. 

6.1 Conclusions 

This Thesis has successful on propose a new method of inconel 718 compressor blade 

automatic repairs process using Tungsten Inert Gas Welding. The proposed method 

optimized by using response surface design. The response observed was height of the layer 

built up and the deposition rate. The method shows a high confidence results. With every 

response measured 99% confidence level with only bead height in leading edge or weld 2 

that score 88%. 

1. The optimized Factors are: 

 current for area of weld1 :  16 Ampere 

 current for area of weld2 :  31 Ampere 

 current for area of weld3 :  44 Ampere 

 Welding speed (weld1,2,3) :  0.9 2mm/s , or 0.00092 m/s 

 Filler/wire feeding rate : 0.56 m/minute, or 0.001 m/s 

2. The predicted responses are: 

 Deposition rate  : 0.00068 kg/blade 

 Cost    : 10.08 THB per unit blade 

 Bead height on TE  : 2.2 mm 

 Bead height on weld1  : 2.46 mm 

 Bead height on weld2 or LE : 2.34 mm 

 Bead height on weld3  : 2.24 mm 

The verification of optimized results shows 99% confidence level between predicted and 

actual measurements. (See 5.7.1)Two layers welding have been tested. The results shows 

the automatic process weld two layer to achieve 3,4 mm height while manual welder need 

more layer therefore for material to achieve 3,4 mm. (See 5.7.1) 

The zero defect results are not achieved. Two single layer welding results (5.7.2) show 

contrast results. One has no surface defect and other has no crack and porosity. With result 

of two layer welding, the defect is found on surface. Based on observations, the results 

occurred due to the underperformed welding fixture and shielding gas. 

Macroscopic image show similar results between manual and automatic welding. It means 

the properties of automatic welding are accepted. The observation of automatic results  

show larger and wider white area (HAZ) even with smaller heat input compare with 

manual welding. This is happened due to the polarity. Automatic TIG welding use reverse 

polarity (DCEP) while manual uses straight polarity (DCEN). (See 5.7.3) 

The welding cost calculation show significant profit. Even with highest operator factor of 

manual welding suggested (0.3) and moderate operator factor in automatic TIG welding 

(0.75) the automatic able to  weld until 60 blades per hour while manual welder able to 

weld 38 blades per hour. The cost for welding one blade in the proposed optimized 

automatic welding calculated as 10.44 THB while manual need 15.23 THB. (See 5.7.4) 
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6.2 Recommendations 

Recommendation of company is given as below: 

1. Regarding the optimized factor, to build 2.24 mm average of weld bead, the given 

value of all the parameter (list on each welddata) need to be implied. 

2. For repair smaller blade (higher stage), current of welddata1 can be implied throughout 

the blade profile). On the other hand, to repair bigger blade (smaller stage), current of 

welddata 2 and welddata 3 can be implied. 

3. The problem with trailing edge and leading edge drop welding able to be solved with 

implying the welddata TE and welddata LE. However, the potential of missing weld 

due to melting is uncontrollable. This could be fixed by doing short single layer weld 

with the same welddata on top of it. However, it may take times. Perhaps the 

combination with manual welder needs to be considered. 

4. Present system able to weld and validated by its macrograph image. However, in term 

of reliability to weld process, further development as mentioned below shall be 

considered. 

6.3 Further study development 

Issue on automatic repairs has been discussed on 5.8. To be simple and precise, these are 

the recommendation for further development of the project. 

1. Optimization on trailing edge and leading edge drop welding with spot welding. 

2. Design fixture and clamp that is able to fix the position for referencing and provide 

shielding gas for multiple layers welding.  

3. Area of automatic robot should be expanded. The present robot welding area is much 

narrowed. Operator spends too much time on fixing the wiring issue. Because of the 

limited space of robot, the wire (filler) seems twisted inside tube along the arm robot. 

4. Boundary condition for welding on both drop welding and single layer can be studied 

with finite element analysis. With this method, the importance of polarity in blade 

repairs can be determined. Parameter such as tungsten diameter, angle can be checked 

by finite element study. 

5. Develop fully automated robotic system. The present system is a “teach and run” type 

of robot (automatic). When development for closed loop system achieved, Image 

processing and seam guiding (arc tracking system) will significantly help operator to 

have real time observation. (See 3.3 and 5.8.1). 
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8APPENDICES 

This chapter gives timeline of research paper discussed which is supported this study. There are papers not discussed in this study but drafted 

inside the table. Parameter used for welddata of RAPID program described here. 

8.1 DOE Research on Weld Geometry 

Appendix 1 Research on Design of Experiment 

N

o 
IF 

Autho

r 
DOE 

Softwar

e 

Experiment 

Welding Polarity 
Materi

al 
Input variable N k L Response 

1 2.291 Patil
1
 DSD-CCD - 

 Butt 

welding 

ISO 

9692 

 TIG 

welding 

 Not 

mentioned 

 Seems 

like 

DCEN 

SS 304 

1. Root gap 

2. Filler diameter 

3. Welding current 

4. Purging Gas flow 

rate 

5. Plate thickness 

6. Electrode diameter 

7. Gas flow rate 

177 7 55 

Weld bead 

Mech. 

Properties 

Note: 

The number of experimental run, which can be afforded : N  

The number of parameters of the experiment  : k 

The number of levels for each parameter   : L 

Journal impact factor      : IF 

8.2 DOE Paper 

                                                 

1
(Patil, 2017) 



 

 

 

  

N

o Y
ea

r 

Author 
DOE method/ 

Purpose 

Experiment 

Gas 
Workpiece 

material 
Filler material 

Welding 

process 

1 

1
9
9
7

 Moon, hyeong-

soon; na, suck-joo 

 

Fractional factorial design 

Neural network/ 

Comparison two method of finding parameter that 

affect weld bead shape 

Argon (80%) 

+ co2 (20%) 
Mild steel 

Solid wire aws 

er70s-6  (1.2 mm) 
GMAW 

2 

2
0
0
2
 N. Murugan; V. 

Gunaraj 

 

Full factorial design/ 

predicting weld bead geometry 
N/A 

IS 2602 

Steel Plate 
N/A SAW 

3 

2
0
0
8

 Benyounis, K.Y; 

Olabi, A.G. 

 

Comparison of DOE method trend for calculating 

response: bead geometry, mechanical properties 
N/A N/A N/A N/A 

4 

2
0
1
3
 S.Akella; B. 

Ramesh Kumar 

 

 Taguchi Method/ 

 Distortion control 
Argon Mild Steel ER70S2 carbon 

TIG, 

DCEN 

5 

2
0
1
5
 Arulraj.M; Palani, 

P.K.; Venkatesh.L 

 

 Box behnken 

 Response surface methodology/ 

 Optimization parameter for weld bead Geometry 

 

Helium 

Composite

s: Mo-Cu 

with Al203 

Al-Si TIG 

6 

2
0
1
6
 Nandagopal, K.; 

Kailasanathan, C. 

 

Taguchi Method/ 

Tensile strength, Hardness and defect free 
Argon 

Aluminum 

7075 

Aluminum 

AA4047 
TIG 
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8.3 WeldTE 

Appendix 2 Parameter on weld1 (welddata) 

No Parameter Code Unit Value 

1 Electrode diameter ElD mm 2.4 

2 starting current I-s % 30 

3 Upslope time from starting to main current UPS s 0.1 

4 main current I-1 Ampere 10 

5 Reduced current (active only in 4 step mode, % of I-1) I-2 % 0 

6 Downslope time from main current to ending current dSL s 0.01 

7 End current ( % of I-1) I-E % 50 

8 Job slope (time that it takes for one to other job schedule) JSL s Off 

9 Gas pre flow time GPr s 5 

10 Gas low: post flow time at minimum welding current G-L s 5 

11 
Gas High: Increase gas Post flow time at maximum 

welding current 
G-H s Auto 

12 
Tacking function: Time of the pulsed welding at start of 

tacking 
tAC s Off 

13 Frequency pulsing (1 /time for 1 pulse) F-P Hz 2.5 

14 duty cycle dcY % 60 

15 Ground current ( when pulsing, % of I-1) I-G % 0 

16 two step/four step tri 2t/4t 2t 

17 spot welding time SPt s Off 

18 Starting time(for I-s) t-S s 0.2 

19 Ending time (for I-E) t-E s 0.4 

20 Wire feeding speed Fd.1 m/min 0.3 

21 Wire feeding speed (for pulsing, % of Fd.1) Fd.2 % 100 

22 wire feed delay after first pulse of main current started dt1 s Off 

23 wire feed delay after last pulse of main current stopped dt2 s Off 

24 Distance of wire draw back after wire feeding stopped Fdb mm 17 

25 Feeder inching Fdi m/min 11 

26 
Correction of job retrieval (the decreased or increased I-1 

in % tolerance) 
I-c % 10 
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8.4 Weld1 

Appendix 3 Parameter on weld1 (welddata) 

No Parameter Code Unit Value 

1 Electrode diameter ElD mm 2.4 

2 starting current I-s % 70 

3 Upslope time from starting to main current UPS s Off 

4 main current I-1 Ampere 16 

5 Reduced current (active only in 4 step mode, % of I-1) I-2 % Off 

6 Downslope time from main current to ending current dSL s Off 

7 End current ( % of I-1) I-E % Off 

8 Job slope (time that it takes for one to other job schedule) JSL s 0 

9 Gas pre flow time GPr s 3 

10 Gas low: post flow time at minimum welding current G-L s 5 

11 
Gas High: Increase gas Post flow time at maximum 

welding current 
G-H s Auto 

12 
Tacking function: Time of the pulsed welding at start of 

tacking 
tAC s Off 

13 Frequency pulsing (1 /time for 1 pulse) F-P Hz 3 

14 duty cycle dcY % 60 

15 Ground current ( when pulsing, % of I-1) I-G % 61 

16 two step/four step tri 2t/4t 2t 

17 spot welding time SPt s Off 

18 Starting time(for I-s) t-S s Off 

19 Ending time (for I-E) t-E s Off 

20 Wire feeding speed Fd.1 m/min 0.56 

21 Wire feeding speed (for pulsing, % of Fd.1) Fd.2 % 60 

22 wire feed delay after first pulse of main current started dt1 s Off 

23 wire feed delay after last pulse of main current stopped dt2 s Off 

24 Distance of wire draw back after wire feeding stopped Fdb mm off 

25 Feeder inching Fdi m/min 11 

26 
Correction of job retrieval (the decreased or increased I-1 

in % tolerance) 
I-c % 10 

     

  



 

70 

 

8.5 Weld2 

Appendix 4 Parameter on weld2 (welddata) 

No Parameter Code Unit Value 

1 Electrode diameter ElD mm 1.6 

2 starting current I-s % Off 

3 Upslope time from starting to main current UPS s Off 

4 main current I-1 
Amp

ere 
31 

5 Reduced current (active only in 4 step mode, % of I-1) I-2 % Off 

6 Downslope time from main current to ending current dSL s Off 

7 End current ( % of I-1) I-E % Off 

8 
Job slope (time that it takes for one to other job 

schedule) 
JSL s 0 

9 Gas pre flow time GPr s 3 

10 Gas low: post flow time at minimum welding current G-L s 5 

11 
Gas High: Increase gas Post flow time at maximum 

welding current 
G-H s Auto 

12 
Tacking function: Time of the pulsed welding at start of 

tacking 
tAC s Off 

13 Frequency pulsing (1 /time for 1 pulse) F-P Hz Off 

14 duty cycle dcY %  

15 Ground current ( when pulsing, % of I-1) I-G % 32 

16 two step/four step tri 2t/4t 2t 

17 spot welding time SPt s Off 

18 Starting time(for I-s) t-S s Off 

19 Ending time (for I-E) t-E s Off 

20 Wire feeding speed Fd.1 
m/m

in 
0.56 

21 Wire feeding speed (for pulsing, % of Fd.1) Fd.2 % 60 

22 wire feed delay after first pulse of main current started dt1 s Off 

23 wire feed delay after last pulse of main current stopped dt2 s Off 

24 Distance of wire draw back after wire feeding stopped Fdb mm Off 

25 Feeder inching Fdi 
m/m

in 
Off 

26 
Correction of job retrieval (the decreased or increased I-

1 in % tolerance) 
I-c % 10 
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8.6 Weld3 

Appendix 5 Parameter on weld3 (welddata) 

 

No Parameter Code Unit Value 

1 Electrode diameter ElD mm 2.4 

2 starting current I-s % Off 

3 Upslope time from starting to main current UPS s Off 

4 main current I-1 
Amp

ere 
43 

5 Reduced current (active only in 4 step mode, % of I-1) I-2 % Off 

6 Downslope time from main current to ending current dSL s Off 

7 End current ( % of I-1) I-E % Off 

8 
Job slope (time that it takes for one to other job 

schedule) 
JSL s 0 

9 Gas pre flow time GPr s 3 

10 Gas low: post flow time at minimum welding current G-L s 5 

11 
Gas High: Increase gas Post flow time at maximum 

welding current 
G-H s Auto 

12 
Tacking function: Time of the pulsed welding at start of 

tacking 
tAC s Off 

13 Frequency pulsing (1 /time for 1 pulse) F-P Hz Off 

14 duty cycle dcY % 60 

15 Ground current ( when pulsing, % of I-1) I-G % 22 

16 two step/four step tri 2t/4t 2t 

17 spot welding time SPt s Off 

18 Starting time(for I-s) t-S s Off 

19 Ending time (for I-E) t-E s Off 

20 Wire feeding speed Fd.1 
m/m

in 
0.56 

21 Wire feeding speed (for pulsing, % of Fd.1) Fd.2 % 60 

22 wire feed delay after first pulse of main current started dt1 s Off 

23 wire feed delay after last pulse of main current stopped dt2 s Off 

24 Distance of wire draw back after wire feeding stopped Fdb mm Off 

25 Feeder inching Fdi 
m/m

in 
Off 

26 
Correction of job retrieval (the decreased or increased I-

1 in % tolerance) 
I-c % 10 
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8.7 WeldLE 

Appendix 6 Parameter on weldLE (welddata) 

No Parameter Code Unit Value 

1 Electrode diameter ElD mm 2.4 

2 starting current I-s % 40 

3 Upslope time from starting to main current UPS s 0.1 

4 main current I-1 Ampere 14 

5 Reduced current (active only in 4 step mode, % of I-1) I-2 % 0 

6 Downslope time from main current to ending current dSL s 0.2 

7 End current ( % of I-1) I-E % 80 

8 Job slope (time that it takes for one to other job schedule) JSL s Off 

9 Gas pre flow time GPr s 5 

10 Gas low: post flow time at minimum welding current G-L s 5 

11 
Gas High: Increase gas Post flow time at maximum 

welding current 
G-H s Auto 

12 
Tacking function: Time of the pulsed welding at start of 

tacking 
tAC s Off 

13 Frequency pulsing (1 /time for 1 pulse) F-P Hz 3 

14 duty cycle dcY % 60 

15 Ground current ( when pulsing, % of I-1) I-G % 70 

16 two step/four step tri 2t/4t 2t 

17 spot welding time SPt s Off 

18 Starting time(for I-s) t-S s 0.2 

19 Ending time (for I-E) t-E s 0.4 

20 Wire feeding speed Fd.1 m/min 0.6 

21 Wire feeding speed (for pulsing, % of Fd.1) Fd.2 % 100 

22 wire feed delay after first pulse of main current started dt1 s Off 

23 wire feed delay after last pulse of main current stopped dt2 s Off 

24 Distance of wire draw back after wire feeding stopped Fdb mm 17 

25 Feeder inching Fdi m/min 11 

26 
Correction of job retrieval (the decreased or increased I-1 

in % tolerance) 
I-c % 10 
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8.8 Drawing of Solar Titan 130 compressor blade stage 7
th

 

 


