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Abstract The orbital tungsten inert gas welding is exten-
sively used in space application such as welding of pro-
pellant feed lines and components of the propulsion sub
system of satellite, space recovery module and crew
module etc. The feed lines are made up of 6 or 10 mm
diameter stainless steel tubes of 0.7 mm thickness which
are very critical for the successful operation of propulsion
system of the satellite. This paper focuses on the root cause
analysis and reliability improvement of the orbital TIG
welding process. Procedures such as failure modes effects
and criticality analysis, cause and effect diagram, fault tree
analysis (FTA) and Pareto analysis (PA) are applied to
analyze the basic problems encountered with orbital TIG
welding to find out critical process failure modes, their
causes and remedial actions that can be suggested for
process improvement. Cause effect diagram of the welding
process is drawn to understand the important parameters
such as current, Revolution per minute (RPM), shield gas
flow, gap between electrode and tube, gap between tubes,
cleanliness etc. causing weld failures. Root cause analysis
is carried out using FTA for identification of basic events
and their combination effect leading to the weld failure.
Further, PA helps to find out which are all the most
affecting factors of the process. By implementing these
reliability analysis techniques, it is possible to improve the
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reliability of orbital TIG welding process for propellant
feed systems for satellites.

Keywords OTIG - Weld parameters - Propulsion -
Satellite integration - Porosity - Optimal parameters -
Failure modes - Fault tree

1 Introduction

The propulsion system provides the reaction control
capability for active nutation, attitude control and orbit
positioning in polar and geosynchronous orbits. Devereaux
and Cheuret (2010) covered the details of MMH/NTO
bipropellant propulsion system involving propellant feed
system that helps for transfer orbit maneuvers and station
keeping operations.

The propulsion configuration feed system consists of
various 6 and 10 mm outer diameter plumb lines. During
final integration of satellites, to join the end connection of
the propellant feed line pipelines of thickness of 0.7 mm
requires orbital TIG welding.

The factors affecting the OTIG weld joints are the gap
between work pieces (plumb lines with propulsion com-
ponents), gap between electrode and work pieces, selection
of electrode geometry, voltage input, precise control of
weld current, bandwidth, electrode travel speed (RPM),
flow rate of shielding gas used etc. The variation of any of
these parameters will certainly affect quality of weld in
propulsion system resulting in weld defects such as
undercut, lack of penetration, lack of fusion, non-unifor-
mity, cracks, excessive weld bead width, excessive weld-
puddle overlap etc. Hence it becomes necessary to opti-
mize the parameters.
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The orbital weld for the propellant feed system in the
satellites needs to be exceptionally effective as the weld
failure during actual operation may mean mission failure
indicating wastage of immense effort and crores of money.
In order to provide enhanced reliability, powerful analysis
tools such as failure modes effects and criticality analysis
(FMECA), cause and effects diagram (CED) analysis,
failure tree analysis (FTA) and Pareto analysis (PA) and
pie charts are utilized for optimizing the orbital TIG
welding parameters and this paper will detail all these
processes adequately well.

The data has been collected for defective specimens for
18 satellites performed by different persons, machines,
methods and environments for OTIG welding and these
were analyzed by different tools. The remaining part of the
paper is organized as follows. Importance of weld joints in
propellant feed systems, different propulsion failures
encountered and their financial implications are described
in Sect. 2. Orbital TIG Process details with sequences and
the various parameters affecting the OTIG weldment in
propulsion systems are presented in Sect. 3. Reliability and
root cause analysis carried out on OTIG are presented in
Sect. 4.

2 Importance of weld joints in propellant feed
systems

The propulsion system is configured as gas module (gas
bottle, pyro valves, filter, pressure regulators, check valve,
latch valve, fill and drain valves etc.), liquid module
(propellant tanks, pyro valves, filters, fill and drain valves)
and Thrusters module as shown in the schematic Fig. 1.
There are about 350 numbers of orbital TIG weld joints to
interconnect propulsion components using 6 and 10 mm
plumb lines.

As the feed lines carry the propellants to the propulsive
device, any leak in the welds shall lead to catastrophic
mission failure and the losses in terms of effort and money
will be substantial. Even a minor leakage will lead to
disaster. Selding (2010) highlighted the importance of leak
proof propellant storage and feed systems and outlined the
failure of a communication satellite launched by Ariane 5
rocket due to leak in feed system. A small leak of pro-
pellant can lead to a failure of a big mission with huge cost
and enormous efforts. Lafleur (2012) enlisted spacecraft
failures since 1957 and the reasons there of.

Chang (1996) and Schultz (2012) clearly enumerated the
huge losses (in millions of dollars) due to launch failures
and analyzing the failures of satellites and launch vehicles
between the year 1957 and 2011, the total no of failure are
618 out of 6498 launches. The major causes were noticed
in the propulsion system failure due to fuel leakage among
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Fig. 2 Subsystem failures categorized in 27 years

other reasons. This points to the importance of defect free
strong welding.

Schultz (2012) clearly categorized failures due to
propulsion in 27 years as shown in Fig. 2. As propulsion
system has a major share in the failures it is important to
study this aspect in detail. However the trend has come
down due to improvement.
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In view of this, it is essential that all the joints in the
propellant feed lines need to be totally leak proof and this
demands the effective implementation of orbital TIG
welding. Serafin (2001) stressed the importance of high
quality, integral weldments for space applications and
outlined the merits of orbital welding towards this. In order
to ensure this, various reliability analysis tools such as
FMECA, CED, FTA and PA are applied for this process to
guarantee improvements and effectiveness. This paper will
discuss these in detail.

3 Orbital TIG process in propulsion systems

3.1 Advantages of orbital TIG welding
in propulsion system

The flow chart for the initial specimen qualification for
orbital TIG welding and actual hardware welding is shown
in Fig. 3. Yousaf and Butt (2014) implemented the five
phases of six sigma to improvement in welding processes.
The optimum process sets suitably for shielded metal arc
welding. The welding process is explained using flow
chart and results are analysed using technique like fish
bone diagram and Pareto analysis.

In this orbital TIG welding, even small gap (around
25 mm) is adequate to approach required part of plumb
lines of the propulsion system. Being automatic welding
process, it gives consistent welding of the plumb lines.
Since the welding is done as per standard procedure, time
and energy spent on edge preparation is minimized.
Thereby high production of the tube welding is possible
and high skilled professionals are not required during
process. The orbital TIG welding is well suited to conduct
in situ welding on space craft structure as the plumb line
orientation can be made in different planes. Requirement of
post weld cleaning is minimum in this type of welding.
Modern orbital welding equipment is designed for moni-
toring of the weld parameters; a complete weld protocol
can be generated and stored or output can be taken as
printed document. Automatic data transfer takes place
without any interruptions to the weld procedure. This can
ensure flawless leak proof propellant feed line joints for
satellites.

Deshmukh and Sorte (2013) have shown that the
welding input parameters play a very significant role in
determining the quality of a weld joint with better weld
bead geometry, good mechanical properties and with
minimum distortion. Li et al. (2013) studied on the various
process parameters that create penetration in gas tungsten
arc welding with respect to weld pool surface formation
phenomenon. Effect on arc voltage on weld pool surface
formation and subsequent control logics are discussed in
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his paper. Trivedi and Bhabhor (2014) reported that the
shape and dimension of the weld bead affects weld
strength, metallurgical aspects and weld cracking effects.
The effect of process parameters such as arc voltage,
welding speed, welding current, type of shielding gas,
shielding gas flow rate were also considered.

3.2 Process details

The orbital TIG welding process offers a large range of
benefits in welding of propulsion plumb lines. Wolf (2000)
illustrates that Orbital welding has been around for 25 years,
but its popularity in the last ten years in the semiconductor
industry has highlighted its benefits. The time has come to
apply orbital welding technology to a broad range of
industries for critical system. It is basically TIG welding
process (tungsten inert gas welding) where arc is created
between non consumable tungsten electrode and the space-
craft plumb line (tube). In orbital TIG welding, electrode
revolves around the stationary tube through a mechanical
assembly. Hence it is called orbital welding. Argon is widely
used as shielding gas in the TIG process. It provides good arc
striking characteristics and excellent arc stability even at low
amperages due to low electron volt causing less potential
energy. The quality of argon (shield gas) grade is 4.5 (purity
level of 99.995%) and is being widely used for welding of
stainless steel tubes.

Orbital welding is an automated gas tungsten arc
welding (GTAW) process; the welded material remains
stationary while the welding electrode is moved around the
weld joint. The process is typically autogenous, which
means that no filler is used. The autogenous welding limits
the wall thickness to approximately 0.16 in. or 4 mm. The
aim of the welding is to have efficient and strong weld
which can withstand propellant flow pressure, temperature,
vibration and environments for satellite for its full life
period. To meet this requirement, the orbital weld should
be free of defects. Figure 4 gives the orbital TIG welding
experiment set up.

3.3 Material

Propulsion system employs both stainless steel tubes and
titanium tubes and we consider here stainless steel 304L
tubes. The parent metal, its chemical composition and
mechanical properties are furnished in Table 1.

3.4 Process parameters

Readiness of orbital TIG welding begins with verification
of welding set up and setting parameters. The important
parameters are current, voltage, RPM, gap between elec-
trode and welding feed line tubes, shield gas and purge gas,
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Fig. 3 Flow chart for orbital
TIG for satellite components
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edge preparation and alignment of tubes to be welded etc.
Orlowski et al. (2010) researched on these welding pro-
grams for orbital TIG welding i.e. pulsed current and
increasing speed, constant current, pulsed current and
decreasing speed and suggested that constant current pro-
vided better results based on mathematical tests. In auto-
matic orbital TIG welding, welding head rotates during the
welding and pipes are motionless. This type of welding has
high efficiency, quality and is a mobile welding process.
Mannion (1999) studied orbital welding systems and cap-
tured the skills of the welder and enabled repetitive good
welds without defects. In the fully automatic production
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line as well as aerospace applications, the maximal
advantages and optimal application of this welding process
are achieved. This welding process is performed by multi
pass welding without filler material, due to smaller tube
wall thickness. Weld joint preparation is made by special
tool, directly before the welding. Karthikeyan et al. (2016)
selected current, RPM and stan off gap as the parameters
for OTIG welding to carry out DOE using L.27 Taguchi
method and arrived at the optimum parameters and the
significance of each one of them. Welding carried out using
the optimized parameters further improved the quality of
the weld.
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Fig. 4 Orbital TIG welding experimental setup

Table 1 Chemical and mechanical properties of SS 304L

Chemical composition
percent by weight

Mechanical properties

Properties of SS 304 L

C 0.03 Tensile strength ultimate 590 MPa

Cr 18-20 Yield strength 250 MPa

Ni 8-12 Comp. strength 250 MPa

Mn 2 Density 7890 kg/m®
0.045 Poisson ratio 0.29

S 0.03 Melting point 1399-1454 °C

Si 0.75 Percent elongation 35-50%

Al 0.1 Hardness 80 (Rc)

Fe Balance Young modulus 200 Gpa

3.5 General welds defects

The following are the problems encountered during weld-
ing; porosity, crack, lack of penetration, lack of fusion,
excess penetration, pin hole on the weld joint, inclusions,
mismatch of the tubes and the methodology adapted as
remedial measures are given in Table 2. Raied et al. (2000)
depicts the testing of welded joints shows many welding
defects and all these defects produced from different
parameters. These discontinuities removed by adopting
proper welding input. He also has given the remedy for the
defects. Wang and Liao (2002) suggested computer based
weld defect identification system utilizing image process-
ing techniques. This helps identifying the weld defects.
Hartman (2010) presented a survey of techniques used for
ascertaining depth of penetration in welding.

The common defects encountered in the orbital TIG
welding are: porosity is a collective name describing
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cavities or pores caused by gas and non-metallic material
entrapment in molten metal during solidification. There are
many causes which include contamination, inadequate
shielding, unstable arc, too short an arc gap and poor
welding technique in general. Cracks are the most dan-
gerous, especially if they are subjected to fatigue loading
conditions. There are several different types of cracks and
none are desired. They are removed by grinding back (if
superficial) and further welding carried out. Cracks can
occur in the weld itself, or the base metal, or the heat
affected zone (HAZ). Inclusions are generated by extra-
neous material such as slag, tungsten becoming part of the
weld. These defects are often associated with undercut,
incomplete penetration and lack of fusion in welds.
Insufficient cleaning between multi-pass welds and incor-
rect current and electrode manipulation can leave slag and
unfused sections along the weld joint. This defect can only
be repaired by grinding down or gouging out and re-
welding. Incomplete fusion or lack of fusion that is difficult
to detect and evaluate, is very dangerous. It occurs when
the weld metal does not form a cohesive bond with the base
metal or when the weld metal does not extend into the base
metal to the required depth, resulting in insufficient throat
thickness. Total thickness of the weld is less which reduces
the strength of orbital TIG welding. Excess penetration
occurs due to excess current and low rpm or low travel
speed of the electrode which makes more penetration in the
weldment causing reduction of internal diameter of the
feed lines. Pin hole is formation of a hole in the weldment
due to above said reason i.e. excess current, low rpm. In
addition, excess internal shield gas also can cause pin hole.
Since the portion of the weld pool is open, it leads to
leakage of propellant in the feed system. Mismatch or
misalignment of tubes is due to improper butting or dif-
ferent thickness of the joining feed lines tubes. This also
causes run out.

4 Reliability analysis for orbital TIG

The importance of the soundness of orbital TIG welds in
propellant feed system in satellites is well explained ear-
lier. In order to ensure that there are no defects in the weld
and the weld is not only defect free but strong and leak
proof, today there are modern reliability analysis tech-
niques such as FMECA, CED, FTA and PA which analyze
the OTIG and help to take adequate precautions and pre-
ventive measures to avoid any weld defects to creep in.
With judicious deployment of these techniques, in this
paper, it is illustrated that the effectiveness of OTIG for
propellant feed systems in satellites can be enhanced to
assure higher reliability levels.
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Table 2 Welding defects and its causes

Sl Welding Probable cause Remedial measures Remarks
no. defect
1. Porosity Improper joint cleaning, gas with moisture Use of IPA after edge preparation Quality surveillance by X-ray
and purging radiography
Use of 4.5 grade argon gas
2. Crack Non compatibility of weld joints to be welded,  Proper planning of upslope and Quality surveillance by X-ray
sudden heat input, abrupt stopping of heat input ~ down slope are recommended radiography
3. Lack of Insufficient current, different wall thickness Optimised current selection, same Quality surveillance by X-ray
penetration wall thickness radiography
4. Lack of Insufficient current, different wall thickness Optimised current selection with Quality surveillance by X-ray
fusion proper alignment, same wall radiography
thickness
5. Excess Excess current Optimised current selection Quality surveillance by X-ray
penetration radiography
6.  Pin hole Excess flow of purge gas inside the tubes, excess Known gas flow and optimised Visual inspection and quality

current

7.  Mismatch of
the tubes

Different diameter of the tube, offset in the weld
head

current

Same size of the tube selection,
proper weld head selection

surveillance by X-ray
radiography

Visual inspection and quality
surveillance by X-ray

radiography

4.1 Reliability analysis based on FMECA

Failure modes effects and criticality analysis (FMECA) is
bottom to top approach for analyzing potential problems at
an early stage in the development cycle where it is easier to
take actions to overcome these issues. It clearly describes
how a minor problem becomes catastrophic if it is not
taken care in the early stage. This methodology is a pre-
ventive measure thereby enhancing reliability through
design by which a crucial step is anticipated what might go
wrong and preventive action is taken. FMECA is a
methodology designed for identifying potential failure
modes for a product or process, assessing the risk associ-
ated with those failure modes, ranking the issues in terms
of importance, and identifying and carrying out corrective
actions to address the most serious concerns. Presently,
FMECA has become a very important quality tool and has
been increasingly adopted in manufacturing industries
worldwide as a preventive measure. In this experiment,
FMECA is precisely analyzed and used to ensure that
potential problems have been considered and addressed
throughout the orbital welding process before it is imple-
mented for feed line welding to interconnect different
components and modules of propulsion during satellite
integration.

Sonsuvit et al. (2005) studied FMEA for the effect of
Nitrogen mix up in Argon gas on weld bead and found
reduction of delta ferrite in the austenite matrix with 1%
volume Nitrogen. Aravinth et al. (2011) outlined a pre-
dictive study of failures of MIG welding process by
assigning risk priority number (RPN) for each failure

mode. Aravinth et al. (2012) studied FMECA of TIG
welding process. He assigned risk priority number (RPN)
multiplied ratings of occurrence, severity, detectivity and
arrived at the most risky failure. This work served as a
failure prevention tool. In our case, the FMECA is being
used for welding of lines feeding propellants to satellite
engines where the factor of safety required is very high.
The risk priority analysis has been carried out in the
present paper on orbital TIG welding for stainless steel
tubes and these numbers are analyzed for various parts as
well as welding parameters of orbital TIG welding. To
validate the orbital TIG welding process, a series of
welding with different sample pieces are taken for
FMECA analysis from several satellites. The potential
failures and defects of the work pieces are categorized
based on FMECA. Risk priority numbers are assigned to
each one and by multiplying the ratings of occurrence,
severity and detection. Finally the most risky failure
according to the RPN numbers is found to be current
variation which was further studied. The OSD values for
each failure mode are established based on extensive
discussion with experts in the field of OTIG welding for
satellite applications.

4.2 Criticality analysis

The MIL-STD-1629A document describes two types of
criticality analysis: qualitative and quantitative. FMECA is
a very systematic method to identify all failures and their
criticality. Based on this analysis it is easy to prioritise
design improvements or plan for maintenance and repair.
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Table 3 Severity ranking classification as per MIL-HDBK 338B

Effect Criteria: severity of effect Ranking

Hazardous—without Very high severity when a potential failure mode affects safe vehicle operation and/or involves non 10
warming compliance with government regulation without warming

Hazardous—with Very high severity when a potential failure mode affects safe vehicle operation and/or involves non 9
warming compliance with government regulation with warming

Very high Item inoperable, with loss of primary function 8

High Item operable, but at reduced level of performance. Customer dissatisfied 7

Moderate Item operable, but comfort/convenience item(s) inoperable. Customer experiences discomfort 6

Low Item operable, but comfort/convenience item(s) operate at a reduced level of performance. Customer 5

experiences some dissatisfaction

Very low Fit and finish/squeak and rattle item does not conform. Defect noticed by most customers 4

Minor Fit and finish/squeak and rattle item does not conform. Defect noticed by average customer 3

Very minor Fit and finish/squeak and rattle item does not conform. Defect noticed by discriminating customer 2

None No effect 1

Table 4 Occurrence ranking classification as per MIL-HDBK 338B

4.3 Rank rating

Probability of failure f;:ible failure - Ranking The ranking of severity, occurrence and detection are given
based on the standard MIL-HDBK-338B follow as given in
Very high: failure is almost inevitable >1 in 2 10 Tables 3, 4 and 5.
lin3 9
High: repeated failure 1in8 8 4.4 Cause and effect diagram (CED)
1in 20 7
Moderate: occasional failures 1in 80 6 This reliability analysis method is also called fish bone
1 in 400 5 diagram or Ishikawa diagram.
1 in 2000 4
Low: relatively few failures 1 in 15,000 3 4.4.1 Importance of fishbone diagram in welding
1 in 150,000 2 improvement
Remote: failure is unlikely <1 in 1,500,000 1

Table 6 shows how to use this method effectively to sys-
tematise the information of the welding process, and so
help to improve the process design.

Table 5 Detection ranking classification as per MIL-HDBK 338B

The design of the diagram is similar to the skeleton of a
fish. The representation can be simple, through bevel line
segments which lean on a horizontal axis. The root causes
and sub-causes which produce the problem or defect are
represented in that respective heads. The causes of problem
or imperfection can be grouped into categories like current,

Detection Criteria: likelihood of detection by design control Ranking
Absolute Design control will not and/or cannot detect a potential cause/mechanism and subsequent failure mode; or there is 10
uncertainty no design control
Very remote Very remote chance the design control will detect a potential cause/mechanism and subsequent failure mode 9
Remote Remote chance the design control will detect a potential cause/mechanism and subsequent failure mode 8
Very low Very low chance the design control will detect a potential cause/mechanism and subsequent failure mode 7
Low Low chance the design control will detect a potential cause/mechanism and subsequent failure mode 6
Moderate Moderate chance the design control will detect a potential cause/mechanism and subsequent failure mode 5
Moderately high  Moderately high chance the design control will detect a potential cause/mechanism and subsequent failure mode 4
High High chance the design control will detect a potential cause/mechanism and subsequent failure mode 3
Very high Very high chance the design control will detect a potential cause/mechanism and subsequent failure mode 2
Almost certain Design control will almost certainly detect a potential cause/mechanism and subsequent failure mode 1
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Fig. 5 Fish bone diagram for orbital TIG welding

gap, RPM, shield gas, clearance and moisture etc., repre-
sented in diagram as shown in Fig. 5. Fishbone diagram is
useful in brainstorming sessions to focus on finding various
defects of welding. After the brainstorming, all the possible
causes for failure of welding is found. It also helps to rate
the potential causes according to their level of importance.
The design of the diagram looks much like a skeleton of a
fish. Fishbone diagrams are typically worked right to left,
with each large “bone” of the fish branching out to include
smaller bones containing more detail.
There are four steps to using the tool.

Identify the problem.

Work out the major factors involved.
Identify possible causes.

Analyze the diagram.

NS

The ultimate aim of the tool is to improve welding by
eradicating all welding defects. Siew-Hong et al. (2012) out-
lined the importance of failure analysis to improve reliability.
Fish bone analysis helps and brings out the relationship
between failure mode and cause. Patel and Gandhi (2013)
experimented on the parameters of TIG and MIG on weld
quality. He determined the mathematical relationship between
weld parameters and output variables with respect to weld
quality. Singh and Dhami (2014) employed Taguchi method
to arrive at optimal parameters for the MIG welding of steel.

From the above application of Ishikawa diagram in
orbital welding with the help of available resources, many
causes are found to be contributing to the welding prob-
lems. Ishikawa tool is very useful to the management for
taking proper decision to solve the problem. Even focus on
the causes related to current, needs to be controlled, as its
contribution to the problem is very critical. From the dif-
ferent analysis of welding problem, it seems major issues
are with the parameter selection. Also carrying out fishbone
analysis along with other reliability tools such as FMECA,
FTA and Pareto analysis will prove much beneficial.

4.5 Fault tree analysis (FTA)

Fault tree analysis (FTA) is one of the basic and the most
common methods for analyzing the safety and reliability of

the technical system. It is a deductive method at which, for
a defined peak event, in the form of layoffs, are considering
the structural system as a whole and determines the casual
events that led up to it. The basis of FTA represents a
translation of physical systems to the structural logic
diagrams.

Baig et al. (2013) studied the fault tree analysis (FTA)
and developed correlation between reliability and different
parameters. Lin et al. (2014) suggested an improved failure
expansion time (FET) for risk failure identification and
reliability risk assessment. He suppressed the subjective
nature of fault tree analysis mode discovery by a mole
objective methodology.

Using the method of fault tree analysis (FTA), it was
possible to analyse the causes and modes of failure of
orbital TIG welding. This paper adequately covers FTA for
orbital TIG welding by carrying out a detailed analysis of
defects and their impacts. This establishes a logical relation
between the peak and basic events in the fault tree. This
paper, by analyzing FTA for OTIG has succeeded in
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improving the reliability of the process for satellite
integration.

4.6 Rare event approximation method

The above FTA analysis by diagram are shown in Figs. 6,
7, 8,9, 10 and 11 are further analyzed by a qualitative
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Table 7 FTA rare event
approximation method

@ Springer

Event no. Basic events Failure event® Probability

1 Defective material 4 0.000740741

A Current variation

2 Unskilled labor 25 0.00462963

3 Improper training 17 0.003148148

4 Weld seat not seating properly 12 0.002222222

5 Work piece not having ovality 5 0.000925926

6 Insufficient gas flow 5 0.000925926

7 Compact failure of power supply 5 0.000925926

B Variation of shield gas pressure

8 Regulator failure 2 0.00037037

9 Unskilled labor 0 0

10 Improper training 1 0.000185185

11 Wrong type of purge gas 0 0

12 Pressure gauge failure 1 0.000185185

13 Impurities in gas composition 2 0.00037037

C Variation in electrode geometry

14 Human error 0

15 Maintenance error 1 0.000185185

16 Insufficient shield gas 0

17 Excess port purge 0

18 Non supply of shield gas due to disconnection 0

19 No shield gas 0

20 High current 1 0.000185185

21 Weld head wrongly attached to fixture block 0

22 Electrode not fixed properly 0

23 Incorrect arc gap setting 0

24 Electrode touch the weld puddle 1 0.000185185

25 Molten metal protrusion 0

26 Weld head is not attached to the fixture block 0

D Rpm variation
Debris on gears 2 0.00037037
Brush spring installed wrongly 2 0.00037037
Bend motor shaft 2 0.00037037
Loose drive clip 2 0.00037037
Broken head valves 2 0.00037037
Gear bearing broken 1 0.000185185
Dirty ball bearing 1 0.000185185
Fixture is not fully engaged 2 0.00037037
Rotor is not in original position 3 0.000555556
Faulty sensor 1 0.000185185
Rotor misalignment with secondary gear 3 0.000555556
Fixture connector has damaged pin 1 0.000185185

E Variation in gap
Faulty alignment of electrode 3 0.000555556
Ovality on the tube 1 0.000185185
Fault in rotor rotating mechanism 2 0.00037037
Electrode wear out 4 0.000740741

% Number of failure event occurrences in 5400 Welds
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analysis is one such tool in the “quality-control” tools. It
can be described as the 80/20 rule applied to quality-con-
trol which was originally formalized by Vilifredo Pareto,
after studying the distribution of wealth. Pareto analysis
essentially states that 80% of quality problems in the end
product or service are caused by 20% of the problems in
the production or service processes. In practice, it is ben-
eficial to separate “the vital few” problems from “the
trivial many”, and identify the individual problems that can
be fixed. Once these problems are identified, the 20%
causes that create 80% of the problems can be addressed
and remedied, thus efficiently enhancing the quality. Fig-
ures 11 and 12 shows the Pareto chart and pie chart for
OTIG welding.

Srinivas and Prasad (2014) utilized Taguchi analysis
using ANOVA to study the effect of weld parameters such
as current, weld speed, gas flow and filler metal on weld
strength. Singh and Vijayakumar (2012) studied the opti-
mum welding parameters determined by Taguchi method
improved indentation which in turn confirms the value of
nugget size, tensile strength and penetration.

In general, the root causes for any failure are due to
factors like man, material, machine, method and environ-
ment for different satellite missions. The variation of the
OTIG welding parameters due to various causes leads to
the failure of the welding.

As stated in the introduction section that the data has
been collected for defective specimens for 18 satellites for
OTIG welding and these were analyzed by Pareto and pie
chart analysis and the results are given in Figs. 12 and 13.
The pie chart observations are matching with FMECA
shown in Table 6. According to Pareto analysis, the spec-
imen defects identified by the current, RPM and gap
between electrode and tube are more than 80% which are
vital and shown in the pie chart. These were further studied
in detail by experimentation to firm up the ideal parameters
that could guarantee defect free weld.

5 Conclusions

Orbital TIG welding is adopted for welding of propellant
feed lines for satellites and extensive reliability analyses
have been carried out in this work to enhance the quality of
welds and improve its reliability. Reliability tools such as
FMECA, CED, FTA and PA were executed flawlessly for
this OTIG process and the results show appreciable action for
the improvements in the system. By FMECA, various failure
modes and the causes were analysed based on occurrence,
severity and detection and the resulting risk priority numbers
revealed where corrective action is required. In this process
of OTIG for satellite application, current variation was found
to be the most risky factor and was further experimented and

firmed up. Cause and effect diagram also was made for OTIG
process covering the major factors and the causes and
identification of preventive measures for tackling the
important causes leading to failure modes. The analysis
revealed parametric selection as an important aspect. Also,
CED in conjunction with other tools like FMECA, FTA and
Pareto will be much beneficial. Authors also carried out
detailed FT A by analyzing various defects and their impacts.
Such investigation for OTIG has essentially improved the
reliability. Finally Pareto analysis of identifying 20% causes
leading to 80% problems was also carried out with past data
and the major contributors have been identified as current,
RPM and gap between electrode and tube. The study
undertaken will be helpful to enhance the reliability of OTIG
process for satellite application.

This paper focuses on analysis and reliability improve-
ment of the orbital TIG welding process. After analyzing
by various method, it is found out the critical process
failure modes is current, RPM etc. hence it is suggested
that by doing DOE, The optimum parameters can be found
and used for the process improvement.
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