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Stainless steel is the dominant material in many industries such as petrochemicaés)gaper
pulp, cutlery and food processing units, in addition to offshore and corrosive environment
applications. While welding represents the essential joining method for metals under
demandingconditions, weldability of austenitic stainless steel must be gua@iigh
coefficient of thermal expansion remains a welding challenge for austenitic stainless steel.
Whereas, it promotes the occurrence of the distortion in the welded structures. In this study,
angular and longitudinal distortion on thin plates of ewi$ic stainlss steel have been
investigatedTen samples of 316L stainless steel with 3 mm thickness were welded-in butt
square joints using MAG and fiber laser welding proces3éerefore angular and
longitudinal distortionsvere measurebly laser 2D highly sensitive devicegnd theroptical
micrograph used to reveal the microstructure and carbides precipitation.

Fibre laser welding has produced smaller fusion zone and smaller heat affected zone (HAZ)
compared to MAG welding. Therefore, relativelyaihar distortion has been generated for

the lasemwelded samples. Laser welding speed of 2.2 m/min, the power of 2.5KW, and the
focal position of 3mm represent the optimum parameters to prevent distortion in the 3mm
plate of 316L stainless steel. In MAG Mg, test results revealed a proportional relation
between welding heat input (KJ/mm) and angular distortion. Raising the heat input from 0.3
to 0.472 KJ/mm increases the angle of distortion four times and increases the bending on the
welded plate threémes from 1.2 mm to 3.6mm. Constraints, which applied in form of a
mechanical clamp does not prevent the occurrence of distortion.

316L showed Ferritdustenite solidification mode and an insignificant tendency to hot
cracking due to moderate contenferfrite structure estimated as 10% of the total structure.
SEM micrography beside the EDS test revealed a proportionality between heat input and



carbides formations on the grain boundaries of HAZ, which indicates that degree of
sensitization (DOS) to intgranular corrosion is higher when heat input increases and
welding speed decreases. FE model has built with ANSYS to simulate the experiment and
verify the model based on experimental results, the simulation model showed a significant
deviation in the digtrtion results. Disability of the FE software to introduce the completely
welding parameters justifies the variation between numerical and experimental results.
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1 INTRODUCTION

It is selfevident for steel to be the most prevalent material in welding, where it represents
the dominant material in construction agngineering applications in general. The leading
categories of steel are carbon steel, high strength steel, and stainless steel. Different
categories vary in their ability to be welded under certain conditions which known

l i nguistically as fAWeldabilityo.

1.1 Definition of weldability

The word "Weldability"has been defined different ways withriousexpression. Most of
these definitions are about the same concepe. term weldability refer to the easiness of
welding of a certain material by utilizingehcommon, available processes and tools to
produce a sound weld joint has the similar properties of the parent mateeiad.are several
common definitions stated either by welding institutes or by welding scientists. Grigorenko

and Kostin (2013, p. 815w tried to collect some of ttetandardiefinitions:

- IS0, which is a welknown body that develops and publish standards, described
weldability in ISO 581:1980 standard &he metal can be regarded as weldable if
welding results in the formation of a sound welded joint using the welding process
producing the joints satisfying the requirements on the local progerties

- British standard of welding described weldability aslwek99-1: 2009 document
as,dweldability is the capacity of the material to be welded by any method without
any special measuraa order toproduce the welded joint with the properties
satisfying the requiremenbs

- As per the Russian standard GOST 299Z34The metallic material is regarded as
weldable up to the required extent in the given processes and for the given application
with the welding process resulting in metallic integrity in the appropriate
technological process so that the welded compsnesatisfy the technical
requirements with respect to both the interface quality and the effect on the

construction which they forin®
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The American Welding Society (AW$&as defined weldability a8, Telcapacity of material
to be welded under fabrication condition imposed into a specific, suitably designed structure
and to perform sati sf glappotdy20l5,p.1) n t he i nter

Welding researchers and scientists have thim point of view to define the weldability

term and determine different methods for assgssite weldability of materials. For
instance Budkin andRedchits (2013have adopted a criteria approach to evahgathe

wel dability of material s. B u dckeimitcad model fdre a w
metallurgical and thermal processesorder tocategorize the materials based on their
weldability. Detailed equations have been formulated to consider giatiaeneters, which

can affect the weldability.

Dieter Radaf1992) a pioneer weldingesearcherhas clarified in his book (Heat effects of
welding) thebasicpo henomena whi ch const.iB®audtag tsheatted:r
generation of weld imperé#ion and defects, the initiation of cold and hot cracks mainly in

the partly molten metal (intensified by hydrogen diffusion), the microstructural changes in
the heataffected zone of the base metal connected with hardening or softening, and the
generatio of residual stresses and distortion in the whole structure connected with mainly
negative effRadajofprsaaoeeadadc .t6to define wel .

structure to be welded influenced by design, materi and manuf acturi ng

Baker et al, from the UnitedKingdom, have defined weldability in their publication
O0Assessment of Materi al Wel dability"’ as "
process to produce welded joint whose properties allow the full potential of the parent
material tobe exploited’" A well-known fact for the steel weldability that it decreases
proportionally with the carbon content. Low carbon steel has better weldability when
compared to medium and high carbon steel. Other impurities can have theegatiee

effects on weldabilit suchas sulphur and phosphor.

Other scientists argued that the relation between weldability and carbon content is not
permanently inversely. Steel with 0.65 % Carbon can have better weldability than 0.4 % C

steel, while hot cracking occurs severely nea®®.@ content(Tamaki, et al., 2003, p. 26)
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1.2 Stainless steel

Plain steel characterized with a poor corrosion resistance, stainless steel considered as an
effective alternative to meet the corrosive environment for different engineering
applications. Stainless steel is a series of-based alloy with additives thatn resist
different corrosion environments such as humid air, salt water, and acids. Chromium (Cr) is
themainalloying element responsible for corrosion resistance. Steel with more than 10.5%

Cr considered as stainless st¢@utokumpu, 2013)

Addition of Nickel (Ni) enhances the formation of an austenitic structure that results in high
mechanical properties. MNir steel is superior material in strength, ductility (even at low
temperature), toughness and sever corrosionicabipins such as sulphuric acids.
Molybdenum (Mo) addition resists pitting corrosion and general corrosion as well, on the
other hand, it promotes the formation of ferritic structure. Manganese (Mn) is added to
stainless steel to resist-dgidation at eleated temperature, it is austenite stabilizer at low
temperature and ferrite stabilizer at high temperature, Mn resists hot cracking by preventing
the formation of iron sulphide inclusions. Nitrogen (N) is austenite stabilizer element that,
therefore it inproves the mechanical properties. Ni helps to minimize the localized
corrosion, especially when added with Molybdeng@utokumpu, 2013)

Berthier, a French mineralogist was a pioneer in discovering the Chromium ability of
corrosion resistance in 1821. In 1892, Robert Hadfield, another mineralogist from England,
has disapproved Berthier's fact. Hadfield addutteddeficiency of Chromium to resist
corrosion Hadfield statedhis allegatiorbasedbn sulphuric acid environmetdst. He would

have a different conclusion with seawater or nitric acid corrosion environineb®11,
Monnartz criticized Hadfieldodos all egReti on
clarifying their ability to resist corrosion, especially for acidic mediuoaser on, parallel
experimentsvere accomplisheth Germany, England, and theS& between 19121916

and allthe studies proved the significant advantages of Cr addition to steel for resisting

oxidaion and rust formatior{Outokumpu, 2013)

1.3 Classification of stainless steel
Steel with at least 10.5%r and maximum 1.2% C content can be categorized as stainless
steel as stated by the European standard document, EN-1(@88}, 3.1. Different types
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of stainless steel are available based on the amount of Cr and other alloying elements, heat
treatmentand fabricatiormethod. The European standaas classified stainless steel with
names and designation numbers based on the chemical composition. The same standard
adopted three main categories of stainless steel; corrosion resistance steel, heateresistan
steel and creep resistance st&able 1lillustrates the manner how the classification done by

the European standard. In table 1 random material grades have been selected from the main
tables in EN 10088 to represent different groups of stainlesselstwith different
applications. While the objective of table 1 is to show how the European standard has derived
the designation of the stainless steel from the chemical composition, it does not cover all the
mentioned groups in thariginal source

Table 1. Definition and chemical composition of different stainless steel groups (mod.
EN100881 2014, pp 1243).

Name Number| C Si |Mn|P S Cr |[Mo [Ni |N Ti
Chemical composition of austenitic corrosion resisting steels
X2CrNiN18-7 | 1.4318 |0.03 | 1.0 | 2.0 | 0.045| 0.015| 16.5 | - 68 [01 |-

18 0.2
X9CrNi18-9 1.4325 | 0.03 | 1.0 [ 2.0 | 0.045]0.03 | 17- |- 8 |- -
0.05 19 10
X1CrNiSi18 1.4361 | 0.015] 3.7- [ 2.0 [ 0.025/0.01 | 165 | 0.2 |14 |01 |-
15-4 4.5 18.5 16

Chemical composition of austenitic heat resisting steel

X8CrNiTi18-10 | 1.4878 |01 |1.0 [ 2.0 | 0.045| 0.015| 17- | - 9 |- 0.5
19 12 0.8
Chemical composition of austenitic creep resistance steel
X6CrNi18-10 1.4948 | 0.04 | 1.0 | 2.0 | 0.035| 0.015| 17- | - 8 |01 -
0.08 19 11
Chemical composition of austentiierritic corrosion resisting steels
X2CrNiN22-2 1.4062 | 0.03 | 1.0 |20 |0.04 [0.01 |215|0.45|1- |0.16 |-
24 2.9 |0.28
X3CrNiMoN27- | 1.4460 | 0.05 | 1.0 | 2.0 | 0.035| 0.015| 25 | 1.3 | 4.5 | 0.05 | -
5-2 28 |20 |65 |02
Chemical composition of ferritic corrosion resisting steels
X2CrNil2 1.4003 | 0.03 | 1.0 |15 | 0.04 | 0.015| 10.5 | - 0.3 | 0.03
12 1.0
X2CrMnNiTi12 | 1.4600 |0.03 [ 1.0 |1- |0.04 |0.015| 11- |- 0.3 | 0.025| 0.18
25 13 1.0 0.35

Chemicalcomposition of ferritic heat resisting steel

X10CrAISi7 14713 | 012 |05 1.0 0.04 | 0015 68 | Al (0.51.0)
1.0
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1.3.1 Ferritic stainless steel

Steel with chromium content within the range of (11129%). Reasonable price compares

to austenitic stainless steel due to the absence of nickel. Molybdenum is present to improve
the corrosion resistance. Niobium and titanium are common in ferritidegsisteel to
improve the weldability, which is poor relatively. Ferritic heegistant grades are
favourable to replace austenitic stainless steel when sulphur reaction anticipased. It
typically achievedy increasing the carbon content abovedheage limit which results

in good creep resistance. Silicon and aluminium are added to resist oxidation at elevated

temperatureOutokumpu, 2013)

Ferritic stainless steel is magnetic upspecifictemperature, almost 750°C. The higher the
chromium content within the limit, the better corrosion resistance. Limited formability and
weldability of ferritic stainless steel restrained its application, despite the improved design
of automotive assemblyries to fit the requirements of forming and welding the ferritic
stainless steel. Ferritic stainless steel highly resists the stress corrosion cracking, in contrast

to austenitic stainless ste@eddoes & Parr, 1999)

1.3.2 Awsteniticferritic stainless steel

A balanced phase of ferrite and austenite structure. It comiagpsctivemerits of both
categorieskKnown as duplex stainless steklcontains high chromium percentage, up to
25%, molybdenum (0-3%) and less nickelomnpared to austenitic stainless steel. Nitrogen

is added to improve strength and manganese to substitute nickel and to enhance the solubility

of nitrogen. Supreme strength among the other types of stainles¢@teekumpu, 2013)

1.3.3 Martensitic stainless steel

Least spread group of stainless steel. Highest strength and hardness due to higher carbon
content and the presence of nitrogen in some grades. No or rather tiny percentages of nickel
and molybdenum. Higher carbon ¢ent is the main reason for poor weldability in

martensitic stainless ste@Dutokumpu, 2013)

1.3.4 Austenitic stainless steel
It represents the greatest group of stainless steels in the application. Chromium content is

between (127%), nickel (¥30%), molybdenum (3%), carbon concentration is quite low
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(0.020.08%). A noAmagnetic material, produced in solutiannealed statégeat treatments
are not applicable for hardening the mateif@/eman, 2012, p. 198)ustenitic stainless
steel has distinctive mechanical properties, good creep resistance at elevated temperatures

and excellent ductiljt at cryogenic temperatures.

The corrosion resistance of austenitic stainless steel is the best #raatiger groupslt

has a god weldability and formability. Fabrication by cold working is preferable to improve
the strength. Some grades contairhigher amount of alloying elements, up to 25%
chromium, 25% of nickel and 7% of molybdenum. These materials suit the high demanding
applications and known as super austenitic stainless steel or high performancei@ustenit
Another grade of austenitic stigs steel known as "high temperature austenitic”. It suits
the elevated temperature applications and dry gases environment. It provides long service

and good creep resistance. (Outokumpu, 2013)

The structure of austenitic stainless steel is gamma irtin avminor amount of carbon,
which justifiesthe nonmagnetic nature. Presence of sufficient amount of nickel in austenitic
stainless steel is essential for retaining the austenitic structure at room temperature.
Furthermore, nickel resists some of the osiwn environments. Another category of
austenitic stailess steel known as, mangandsenitrogen austenitic stainless steel.
Manganese and nitrogen partially replaced nickel for this grade to achieve economic benefits

and when nickel is not availabl¢Beddoes & Parr, 1999)

1.4 Applications of stainless steel

Indisputably, steel is the most utilized material in construction, and stainless steel is one of
the basicgrades of steel. The production of stainless steel has increased from five million
tons in1970 to 34 million tons in 201@utokumpu, 2013and 48 million tons in 2017

(ISSF, 2018)0il and gas idustry, automotive manufacturing, household utensils, chemical
plants in addition to theffshore and highly corrosive environment are the dominant
consumers of stainless steel. More than half of the stainless steel produced parts are a cold
rolled sheetabout one fifth are barand10% are hot rolled plates. Stainless steel tubes are
common in production and casting is minor. Almost 25% of stainless steel production
serving the food industry sector, 20% for chemical, oil and gas industry, 8% for washing

machines and the same amount for transportation. Frying pans and cutlery represent 9% of
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the total production of stainless steel and 5% for each of construction sector, pulp and paper

industry. Energy and kitchen equipment beside other application forensethaining

percentage(Outokumpu, 2013)

One of thdundamentatharacteristics of stainless steel is the excellent fire resistance, even

in case of fire, it does not emit any toxic fumeéserefore it is favourablematerial for many

applications inside buildings such as stairways, floor coating besides wall and tunnels

cladding. Following is the summary of themaryapplications of stainless steels associated

with the appropriate group of steel for each applicatis mentioned by Beddoes and Parr.
(1999, p.23X59)

Cutlery, Martensitic stainless steel is a good option for cutting tools where strength,
hardnessandcorrosion resistance aremanded. A blade with 13% Cr and 0.25% C

is rustless which provides a hiégl environment in kitchens and operation rooms in
hospitals likewise. Experience has proved that stainless steel cutlery can remain
shiny and sharp with the time.

Food processing units; Usage of stainless steel for cutlery applications has paved the
way into further implementation for food processing tools. Starting from the farm,
hardenable stainless steel utilized to fabricate the blows that can resist the corrosive
soil. Vessels made of iand 304 were used to store milk, wine, and fruit juices. It

is so obvious to find many cooking utensils made as clad materials to avoid the poor
heat conductivity of stainless steel relative to plain carbon, steglthree times as
conductive compared to austenitic stainless steel value.

Chemical industry Austentic stainless steel is an ideal material to fabricate the
storage vessels for many chemical substances such as organic acids, ammonia
fertilizers, and alkalis. On the other hand, hydrochloride acid causes localized
corrosion on austenitic stainless stdeatrritic stainless steel has shown a better
resistance to stress corrosion cracking in chloride iron environment. Austenitic
stainless steel is a perfect resistant of sulphuric acids environment; however,
superalloysare requiredfor some application. Wrhel caustic soda i€ommon
material in many chemical industries, austenitic stainless steel has revealed an
excellent result with caustic soda environment up to 50% concentration and
temperature below 95 °C, while Ferritic stainless steel exposes to tloé calstic

stresscorrosion cracking.
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- Heat exchangerdemanding application, caution is required when selecting the
material to fulfill many aspects such as; withstand loads at elevated temperature,
resist different corrosion environment beside the ecanooperation of heat
exchangers. Austenitic stainless steel, ferritic stainless steel and duplex stainless steel
are typical in the manufacturing of heat exchangers.

- Pulp and paper industry; Wood chigie transportetb the factoriesn order tobe
treatedin individual vessels known as digesters. Different chemicals like sodium
sulphide and sodium hydroxidee addedo digesters, which produce an aggressive
corrosive environment. Stainless steddeg utilizedn the paper and pulp industry
since 1920, not only for digesteepair work, alsdt is applicable for the evaporators,
heaters, blander and smooth surfaces need.

- Automotive industry generally automotive parts requires good strength, hardness,
and corrosion resistance. Ford is the pioneaeplacing thenalleablemetal parts
with stainless steel since 1930. They made the radiator shell, hubcaps, headlamp case
and tie rods out of stainless steel. Later in 196kg of stainless steel contributed
in each car manufacturing. By nineteargatury, 90% of the car manufacturers have
introduced stainless steel. Recently stainless steel is the dominant material for
seatbelt anchors, water pump seal, thermostat, fuel filter, air injection tubes, output
shaft wear sleeves and airbag componemtatomotive exhaust system carries hot
gases (up to 900°C) in addition to acidic contents and salt water that represents a
corrosive environment. Exhaust system materials have evolved from mild steel and
aluminummild steel into stainless steel in 2000 twiour times lifetime and 1%
failure probability. Ferritic stainless steel AISI 409 is thest prevalenhgrade for
exhaust system partslardened martensitic stainless steel is an appropriate option
for the valves application.

- Turbine blades; turbirseare most often placed intagh pressure and elevated
temperatureatmosphere. Foisteam and gas turbipnesuch conditions require
martensitic stainless steel to achieve wear resistgoog strength, and corrosion

resistance.

Demandor stainless steet growing rapidlyfaster than the other metals. Since 1990, there
is a 5% annual increment. Western countries in addition to China and India are the dominant

consumers of stainless steel. Figure 1 shows the share of different sectors in stainless steel



19

consumption in 2006. The industry was the prevailing field in China where in India, durable

consumer represented the largest satftstainless steel consumptigBaddoo, 2008)

90%o

i  — O Others
70% -

y O Process Industry
50% -

. - B Construction
30%-

" @ Consumer
10% - durables

Western India China
world

Figure 1. Consumption of stainless steel by sectors in India, China and the western world
(Baddoo, 2008, p. 1200)

1.5Previous researches in weldability of austenitic stainless steel

Investigating theweldability of materials is an interesting research topic for the welding
researchers. Many researches discussed the influential factors on the weldability of austenitic
stainless steel. Most of the published work focused on the effect of the weldintepars
shielding gases and filler material on the quality of the welded jdvastly, weldability
hasbeing evaluated based on the susceptibility of solidification crackimad,mechanical

and physical properties of the weld joints. Nevertheless, mimerest has given to

distortion.

Devendranathet al., (2015 pp.16021613 investigated the influence of filler metal on
microstructure, mechanical properties and corrosion resistance of AISI 316L
(X2CrNiMo17-12-2). Pulsed current tungsten inert gas has adopted as the primary welding
process for the experimer@harpy V notch and tensile tests were carried out to examine
the mechanical properties after weldidgclose relation between the applied filler metal

against the mechanical and physigadperties of the welded joint has been proved.
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Shankar et al., (2003)vestigatedhe effect of shielding gas additives on the weldability of
austenitic stainless steel 316L (X2CrNiMel12-2) and 3316LN (X2CrNiMoN1711-2). V.
Shankar and his colleagues from Indian Institute of Technology manipulated the amount of
nitrogen in the shieldg gas within the range (0.04.19%).Longitudinalmoving torch
Varestraint test has been applied to evaluate the weldability. The study revealed the

relationship between the impurity level and crack probability in presence of nitrogen.

Sowards et al(2012)from the Mineral, Metal and Materials society with assodatiith

ASM InternationalUSA, have publishea beneficiaktudy. The study has shown the effect

of different filler material base on the metallurgical behaviours and solidification nfode o
austenitic stainless steel type 304L (X2CrN#&)8 Researchers found a proportional relation
between the dilution of the austenitic stainless steel base and segregation of Ti, Cu, and Si.
Applying of (cast pin tear) test proved an increment in the $ckdion cracking
susceptibility with a higher dilution of 304L base metal because of the low solubility of those

elements in austenite structure.

Younes et al., (2013) at University of BristdK, have carried mechanical examinations to
compare thestrength of 304L stainless steel (X2CrNi1l®) welded by TIG and other
samples joined with the electron beam (EB). Moreover, Younes et al, have exposed the
tensile specimens to hydrogen gas in order to observe the effects of the different amount of
H2 gason the mechanical properties. Hydrogen addition has improved the tensile strength
and the yield strength. However, it has reduced the ductility; it also changed the fracture
mode and initiated cracks near the austefieitete interface. Hydrogen embrittreent found

to be higher with TIG process.

1.6 Welding challenges of austenitic stainless steel

Austenitic stainless steelaconservative heahaterial due to the low thermal conductivity;

it is about onehird the value of plain carbon steel, whiclaipositiveproperty in welding

and makes weldability of austenitic stainless steel excellent with minor cautions. Most of the
welding processes are applicable for joining austenitic stainless steel. The current research
studies part of the drawbacks asated with welding of austenitic stainless steel, and

correlation with the welding parameters.
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Welding parameters beside the chemical composition represent the most significant
influential factors on the weldability of austenitic stainless stdehnliness and proper filler
material are essential parameters to ensure the soundness of the welded parts made of
austenitic stainless steel. Heat input should be kept in the minimum possible level when
welding austenitic stainless steel, to minimize tis& of sensitization, distortion and hot
cracking. As per the European standard (EN 1812001, pp.1723); the following defects

are expectewhen welding the austenitic stainless steel

- Hot cracking: due to the presence of impurities and segregatiomerdendritic
regions. Ferritic solidificatioomode substantially prevents the formation of hot
cracks; it dissolves the elements with a high tendency of segregation such as
phosphor and sulphur. Ductility of ferrite structure is superior to austemitevated
temperature Moreover ferrite has a lower coefficient of thermal expansion
(Shankargt al., 2003) However, ferritephase may reduce the corrosion resistance
of austenitic stainless stei@l presence o$pecificenvironments; moreover, ferrite
lowers the ductility at the temperature range (980°C) due to the formation of
"Sigma phase Annealing (1100°C) is an effective way to dissolve the ferrite and
enhance austen#ghasebesidethe proper selection of tH#ler material.(Weman,

2012, p. 200)The shape of the weld pool effects the susceptibility for centreline
cracking, teardrop shape produced by fast travel spe®st recommended

- Sensitization: formation of chromiumcarbides, which accumulates on grain
boundaries and reduce corrosion resistance. Higher carbon concentration enhances
the formation of the carbid€g/eman, 2012, p. 200)

- Stress corrosion cracks: environmental phenonuatars when steel exposed to
aggressive corrosive media such as halide at an elevated temperature in the presence
of tensile stresses (residual stresses from welding or grinding). Austenitic stainless
steel exposed to stress corrosion cracks.

- Distortion: it carbe definedhs anygeometricatleviation produced from the welding
stresses, expansidncontraction. This research investigates the distortion and its
connection with the welding process and welding parameters. Distortion is a
common deéct in welding, wherein the shipbuilding industry; 2% of the weight
of labourjob is reworking due taéhe welding distortion(Cao, et al., 2017, p. 2)
Distortionis highly anticipateavhen weldingaustenitic stainlessteel due to the low

thermal conductivity and high coefficient of thermal expansion.
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On the parent metal adjacent to the weld bead, another type of chromium depletion can occur
because of carbides dissolve at the elevated temperature. Subsequentharthidss are

not able to reformandsome carbon remains in solid state and combine with chromium at
the formation range of chromium carbide when interpass temperature or post heat treatment
is applied. Consumption of the chromium reduces the corrosistarese. The phenomenon

is known as the kniféine attack.

1.7Research objective

The objective of the current research is to evaluate the weldability of aicsteaiitless steel

in terms ofdistortion and sensitization to intergranular corrosion bexatfishe welding

heat. Austenitic stainless steel suppresses the heat transfer due to the poor thermal
conductivity. Austenitic stainless steel characterized by a high coefficient of thermal
expansion Thereforeit becomes highly exposed to distortion agsansequence of the
welding process. Distortion is significant concern in welded structures, it changes the
physical geometry and leads to fit up failure; it promotes residual stresses, which can produce
defect for the entire application or constructimnmost cases distortion requires corrective

maintenance, which is costly and tho@nsuming process.

All the mentioned demerits of distortion make studying the effects of welding parameters on
distortion for austenitic stainless steel interesting. Tésgarch aims to determine the most
appropriate welding process (MBA LB) for joining austenitic stainless steiel order to
minimize the probability of distortion. Additionally, the study lagplied Different welding
parameters to examine the effect of heat inputs on deformation and intergranular corrosion

as well.

1.8 Research problem

Arc welding processes apply concentrated heat to the weld pool to ensure the fusion. During
welding, the applied heat leads to expansion at the-dffsted zone (HAZ) and
compression in the base metal. After welding and during the cooling stage, comticats

place in HAZ and tensile stresses at the base metal Hnegefore, noruniform stess

produces at the weld joint, which known as residual stress.
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Whenresidualstresses exceed the yield strength of the parent mktsiic deformation or
distortiontakes placeThis phenomenois highly connectetb austenitic stainless steel due

to poor thermal conductivity and high coefficient of thermal expansion.

Distortion isunfavourablan the welded structures; it impairs the geometry, whidiecs$
the assembly and functiahility. Distortion reduces the fatigue strength and minimizes the

load capacity of the compongiiRadaj, 1992, p. 247)

1.9 Research questions
The main research question:
1 Which welding process (MA&aser) is more suitable for joining austenitic stainless

steel to achieva sound weld and mitigate distortion?

Research suljuestions
1- What s the effect of the introduced heat through the welding process on the produced
distorion?
2- What is the effect of the introduced heat on the corrosion resistance of austenitic
stainless steel?

3- What is the effect of mechanical constraints on preventing distortion?

1.10 Implementation methods of the research

The research adopts both qualitatiand quantitative method to answer the research
guestios. Laboratory test havebeendone by welding 3mm thick austanistainless steel
sheet applyindMA G, and laser welding processes. Distortion has been measured using 2D
laser device with high setisity. The quantitativemethod depends on measuring the
magnitude of distortiom the differentwelding processes at different heat inputs.

The result has been analysed numerically. Research implements SEM to detect the formation
of carbides as qualitative analysis method for corrosion resistance investigation. In addition

to Energy dispersive spectroscopy (ESD) to measure the concentration of the alloying
elements for the indications as a quantitative method for evaluation of resistance the

intergranular corrosion.
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2 WELDING PROCESSES

The welding process is a fabrication method for joining metals or thermoplastics through the
coalescence of adjacent parts. Fusion welding and solid state welding are the main categories
of the welding processeFor fusion welding, the electrical power source, filler material, and

the shielding technique represent the essential components of the process. For fusion
welding, the base material melts and solidifies either with or without a filler material in order

to form the weld joint. The electrical source is essential to create the arc and provide the
required heat for melting. Shielding gas is substantial for protecting the weld pool from air
gases contamination that affects the quality of the weld joint.eTémer dozens of different
welding processes varies in their application according to the welded material, essential
quality, time and cost. This part of the research discusses part of the welding processes

applied for joining austenitic stainless steel.

2.1 Gas metal arc welding procg€&3MAW)

Recently, it became the dominant process in welding for different engineering applications.
GMAW covers a wide range of materials from constructional steel, stainless steel and
malleable metalsnainy Aluminium and copper. Known as MIG process when poegti

gas utilizes for shielding or MAG process when shielding gas contains an active gas such as
CO.. GMAVW is feasible fowelding of the thin sheets due to low heat inpétithough it
achieve high productivity for thick platefWeman, 2012, pp. 448)

GMAW process had applied commercially for the first time in 1948 for weldinginium

with inert shielding gasthe process known as metal inert ¢88G). Later the process
replaced the conventional stick welding known as SMfSNielded Metal Arc Welding)

for many considerations; it ensures greater productivity due to continuous$eedteand
higher welding speed. GMAW has to be equipped with power source, wire feed system,
shielding gas cylinder and regulator, watepling system and welding gun. Welding gun
combines the wire electrode, shielding gas and electrical cable in oné ribar
manipulated either by the welder or by a robot to control the welding speed and direction.
(Harris, et al., 2004)
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Figure (2) shows thessentiabquipment of the GMAW process in a semiautomatic mode,

where a welder is required to hold the welding gun.

Shielding gas
regulator

Electrode supply

Electrode feed unit Shielding

_l ,}H Lt/ gas supply

Welding gun

circulator
{optional)

Workpiece L
@ Work lead Cable assembly
@ Water to gun @ Shielding gas from cylinder
@ Water from gun Welding contactor conbrod
@G.." switch circuit Power cable
@ Shielding gas to gun Primary input power

Figure 2. Basicequipment fogas metal arc welding procegssarris, et al., 2004)

2.1.1Metal transfer modes in GMAW

Transfer mode refers to the manner in which the material from the fused@detansfers

to the workpiece.Several parameters control the metal transfer mode, basically, the
magnitude of the welding current, type of tberrent, polarity, shielding gas, electrode
diameter, and componentsiarris, et al., 2004Jhere are several modes of metal transfer;
the following is a brief illustration girimarymodes as elaborated by the welding han&boo

committee.

- Short circuit transfer mode: this mode of metal transfer in GMAW process apply the
lowest welding current among the others. Electrode diameter is antdthe voltage
is low. Consequentlythe droplet does not leave the wire tip unlegsuthes the
weld pool. Current and volt cycle divided into two periods, short ciparibdwhile
the wire tp is touching the weld poand the arc period when a gap is present

between the wire tip and workpie@nd current is relatively lower. The praded
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weld is small and solidifies rapidly thus is appropriate for joining thin plates and

for bridging when the root opening is big. Type of the shielding gaa $igsificart

effect on the quality of the weld join€O; improves thepenetrationjhowever, it
promotes the spatter. Therefore, the ideal shielding that ensures excellent penetration
and less spatter is a commingle of &xh an inert gas such as argon or helium.

Globular transfer mode: droplet size with a diameperaterthan electnde one,
passes the arc towards the weld pool. Gravity force influences the droplet detachment
out of the wiretip. The current range is higher than skortuit; optimal arc length

is required while conciselength leads to droplet touch of the workpiegkich
produce spatter. On the other hand, the longisarmot recommendedue to the
produced weld defects such as lack of fusion, lack of penetration and excess
reinforcement consequent to the high voltage. This complication limits the utilization
of globular transfer mode.

Axial drop out of the electrode is substantial for minimizing spatter. Two forces, the
electromagnetic force created from the current flow on the electrode and the anode
reaction force in the opposite direction control axial trandfiee resultant force is
known as electromagnetic pinch force responsible for the droplet necking before

detaching from the electrode.

Spray metal transfer mode: tiny droplets fall axially on the workpiece in steady mode
creating the minimal rate of spattrelatively. Direct currerpositive electrode
(DCEP) is appropriate to achieve spray mode. Current has to be above a certain
critical level to ensure the spray transfer; beneath the critical level, the transfer mode
is globular. Different factors contrthe critical current such as electrode diameter,
electrode material, and shielding gas. Table 2 presents the minimum spray arc current
for variant material with different electrode size.idtevidentthat the required
transition current is higher wheteetrode diameter increases. Droplet size in spray
transfer mode is less than it is in globular mode, however; the transfer rate or the
number of detached drops per second is higher for the spray transfer mode. Spray
transfer is appropriate for the thiclape due to the high current applied to achieve

the spray mode.
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Table 2. Minimum required current (Transition currgrfor spray transfer modgi(mo d . 0
Harris, et al., 2004, p. 155).

ElectrodeMaterial | ElectrodeDia. (mm) | Shielding gas Transition currenA
Mild steel 0.8 98%Argon- 2%, 150
Mild steel 0.9 98%Argon- 2% O, 165
Mild steel 1.1 98%Argon- 2%, 220
Mild steel 1.6 98%Argon- 2% O, 275
Stainless steel 0.9 98%Argon- 2%, 170
Stainless steel 1.1 98%Argon- 2% 0, 225
Stainless steel 1.6 98%Argon- 2% 0, 285
Aluminium 0.8 Argon 95
Aluminium 1.1 Argon 135
Aluminium 1.6 Argon 180
Deoxidized copper 0.9 Argon 180
Deoxidized copper 1.1 Argon 210
Deoxidized copper 1.6 Argon 310
Silicon bronze 0.9 Argon 165
Silicon bronze 1.1 Argon 205
Silicon bronze 1.6 Argon 270

Figure 3 shows the different modes of metal transfer in GMAW. Short circuit, globular,
spray and pulsespray transfer modes. Pulsed gas metal arc weldi®&MRW) is the most
preferabldransfer mode for the heaensitive materials such as austenitic stainless steel due
to the relatively high coefficient of thermal expansion compared to structural steel. Proper
selection of pulse parameters ifGRMAW produces a higlguality weld in ASSEfficient

energy distribution in the arc ensures a minimal heat {ugldn the weld pool.
Consequently, less stress accumulation, which reduces the probability of distortion because
of the introduced heat during weldif@&hosh, et al., 2009, pp. 126263)

] \
” \ / \

Short Circuit Globular
Transfer Transfer
/ M \ ] ; \
« a R / ;- \
Spray /" Pulse Spray
Transfer Transfer

Figure 3. Metal transfer modes igas metal arc welding procg&dane, 2010)
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2.1.2GMAW process for joining austenitic stainless steel

As discussed in the introductioaustenitic stainless steel characterized by good weldability
among the other types of stainless steBie hermal and mechanical propertiegprove

the weldabilityof austenitic stainlessteel Nevertheless, it is sensitive to the magnitude of
heat input during welding process that can initiate hot cracking and leads to "Distortion"
which is theprimaryconcerrof the current research. Research hypothesis; a Higharmam

of induced heat during welding of austenitic stainless steel enhances the occurrence of
chromium carbides on the grain boundaries (Sensitization), controlled heat input of GMAW
and thewiderange of parameters makes the process attractive for joining austenitic stainless
steel exceptiorally thin sheets where minimal he&t targeted GMAW has proved
reasonable results for welding austenitic stainless steel, this part discussing some of the

practical cases.

Cabrea et al., (2009ave investigated the effect of different metal transfer mode (Pulse arc
and short circuit) of GMAW on the fatigue life of 316L stainless steel. Different combination

of shielding gas (Ar/@) hasbeen examined316L stainless steel ia commommaterial in

the highly corrosive industries such as textile, pulp and paper factories where aggressive

chemical agents are involved.

The material showed excellent yield strengfhereforeit is an appropriate selection for
nuclear and chemical plants where high pressure exists in addition to the corrosive
environment. The unique ductility of 316L stainless steel at low temperatures enhances it is
utilization in cryogenic temperatures equipnt. Through the study, four parameters have
been investigatedfter preparation of four butteld joints ( \f\groove, opening angle 60°,

root opening 1.2mm), each one consist of two plates with dimensions 125x400R6mm.
coupleof samples havieeen weldethy applying pulsarc transfer mode, one with shielding

gas consist of Ar/1%gand the other one Ar/5%(the other two samplegere weldedvith
shortcircuit metal transfer and same combination of shielding (FashtCabrera, eal.,

2009)

Fatigue life chart has been oioied based on Seven test piecgsgh two different
combinations of shielding gas (1% &nhd 5% Q). The same sequence has followed for both

modes of metal transfer, pulaec and shottircuit. Itis anevidentthat lower G content in
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the shielding gas higher fatigue strengfigure4 presents a chart for the fatigue life in term
of therequirednumber of cycleso failurefor a welded joint two modes of metal transfer
were used in the experimeshort circuit and pulse arwith different oxygen percentage in
the shielding gas. Values of the number of fatigue cycles on the chart repre semartye
value for the seven tegieces(PuchiCabrera, et al., 2009, pp7/9-782)It can be seen from

the figure that the ©addition to the shielding gas for welding of 316L stainless steel has
reduced the fatigue life regardless the metal transfer mode, either it was tharshamg
mode or pulsed ar@ small addiion in theO: percentage to the shielding gas drops the

fatigue life significantly.

H 1 Pulsed Arc
500000 - a Short-Circuit
400000 -
300000 ?
Ly e i
200000 - N
s
100000 - i %
0 : , : | |

Oxygen

Figure 4. Effect of metal transfer mode anad @ercentage in the shielding gas on fatigue
life of 316L stainless ste@PuchiCabrera, et al., 2009, p. 782)

The pulsearc metal transfer showed higher radius of curvature between the weld toe and the
base material compare to the skhorcuit mode. Consequently, the fatigue strengthgbéi

for the pulse arc. For short circuit, the curvature is smaller and probability of stress
concentration is higher. Thee@ercentage in the shielding gas affects the radius of curvature
likewise. Weld joints created with 1%x®howed the bigger radius of curvature.
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Table 3 shows the different radius of curvatures measured in four different zones for both
modes of metal transfer with 1%@nd 5% Q. (PuchiCabrera, et al., 2009) can be
extrapolatd from the table that the higher percentage pin@he shielding gas reduces the
radius of curvatures which accumulate the stresses and reduces the fatigue strength.

Table3. Effect of oxygen percentage in the shielding gasnaode of metal transfer on the
radius of curvature. 316L stainless steel buétid joints ( i Mo d . 6Calirenac dt al.,
2009 p.783

1 2080+7.1 4.02 + 3.51 17.8 £8.59 451 +2.58
2 29.00+24.1 |553+5.35 18.3 + 6.66 3.26 +2.81
3 5.12 +5.83 5.18 £ 9.00 5.17 £+ 2.62 1.48 +2.05
4 7.46 +6.39 3.54+4.16 1.73+1.48 1.00+0.71

For accurate estimation of the weldability of austenitic stainless steel, it is essential to realize
the complcated relationship between the microstructure of the weld zone, mechanical
properties and resistance toromion. Alloying elements hawnsiderablénfluence on the
mechanical propertieand corrosion resistanad austenitic stainless stedtor instance,
nitrogen (N) is substantial for high mechanical behavior at cryogenic temperatures, superior
austenitephase stabilizeralsq N enhances corrosion resistance at specific environments
(Trevisan, et al., 2003, p. 29® r e s e n-temite phése i the weld zone resists the

formation of hot cracking, while it affects the superior properties of austenitic stainless steel.

N is a convenient alternative for nickel (Ni) in austenitic stainless steel due to the lower price
of N in addition to the superiority in stabilizing austenite phase in the welded joint in
comparison to Ni. Lately, the trend is to replace the carbon content in stainless steel with
nitrogen to eliminate sensitization. Though, the higher precipitatids iofthe weld zone

decr easfeesr rtihee phase, 0.18% of N in t-he we

ferrite phase(Trevisan, et al., 2003, pp. 2289)
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To realize the effect on N addition to the shietdgas on the weldability of stainless steel,
Tervisanet al, (2003) have implemented an experiment applying pgjas arc welding
process with a flux cored electrode (FCAW® join AISI 316L austenitic stainless steel
plates (260 X 160 X 9.5mm), U bevel, bjgint. Four percentages onwWere addedo the

base shielding gas GQ0%, 5%, 10% and 15%). Wire electrode was AWS E316| T.6

mm diameter. Threenean pulsecturrents were applied (150A, 200A, and 250A). The
transvarestraint test was implemented to enhance the cracks forming to estimate the
weldability with a different set of parameters anidroscopianvestigation were conducted

to measure the cracking.

The resits from the microscopic images for the total length of solidification cracks and
ma g n i t delriee pleage intihe weld zone in addition to the N percentages shows that:
T A mo u n t-ferridef phaBe decreases with the higher percentages of N gas in the
composition of the shielding gabereduction percentage is higher when the mean
pulse current is lower. Figuref@esents the obtained relation between N amount in
t he shielding g-frsitein thenweld Zooer thedadtal length obthe U
solidification crack (LTG) and amount of N in the weld joint for three different mean
pulse currents 150A, 200A and 250A.
1 The presence of the N element in the final composition of the weld zone is directly
proportional to the percentage of N the shieldng gas.
1 The total length of solidification cracks formed in the centerline of the weld zone,
decrease when a higher amount afeéists in the formation of the shielding gas.
This result I S a c o Adrriteghaserptesencea in teld t h e

zone resists the formation of solidification cracks.

An extra part of the experiment examined the effect of the pulse current value on the total
length of solidification crack when pure €@tilized for shielding. Results reveal that the
crack ismore significanwhen themeanpulse current is lower. Figureshiows the relation

between the total length of the crack and the mean pulse welding current.

Another extrapolation from figure #hat the content of the ferrite phase is greater when the
mean pulse current is higher, which can be justifiedhgylong cooling time, whereas

austenite phase has more titndransfer into ferrite phagé&revisan, et al., 2003)
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Figure 5. Correlation between Nadditonto CQs hi el di ng
(F %), solidification crack(LTG), meanpulse curren{A) and deposited N into the weld

pool (Trevisan, et al., 2003, p. 300)

Figure 6 is derived from figure 5 to illustrate the correlationwben the welding current

and the total crack length can be seen that, lower the welding current, greater the produced

crack.

Figure 6. Effects ofcurrent intensity on the total crack lengiievisan, et al., 2003, p. 300)
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Table 4shows the chemical composition by weight percentage of the welded joints obtained
with a different N percentage in the shielding gas for variable welding curremseuident

on the table, N concentration in the weld zone decreases with higher dianreait
percentage of Nin the shielding gas. The table shows that nitrogen concentration increases
with the higher amount of Npercentage in the shielding g&$revisan, et al., 2003, pp.
300-301)

Table4. The chemical composition of 316L austenitic stainless steel welded joint obtained
with adifferent N percentage in the shielding gas for variable welding curréntsvisan,
et al., 2003, p. 301)

N, in the

2 ' S J T M N N1 Si
C 02 %) lem(a) C S N Cr In fo N1 St Cu P
15 150 0.0311  0.0046 0.0746  17.81 1.28 2.30 12,10 0.58 0.038  0.033
200 0.0329  0.0037 0.0638 17.93 1.31 2.34 12.09  0.40 0.036  0.034
250 0.0322  0.0030 0.0484 18.33 1.39 237 1235 0.36 0.038  0.031
10 150 0.0321  0.0046 0.0602 17.90 1.29 240 1226 0.38 0.036  0.035
200 0.0385  0.0040 0.0484 18.27 1.35 231 1236 0.59 0.037  0.033
250 0.0362  0.0043 0.0410 18.10 1.36 240 1224 046 0.035  0.033
h) 150 0.0361  0.0041 0.0411 17.97 1.29 2.35 1227 0.60 0.036  0.034

200 0.0346  0.0037 0.0360 1825 134 243 1244 032 0.036  0.036
250 0.0362  0.0041 0.0363 17.84 133 235 1211 0.46 0.036  0.035

pue CO, 150 0.0354  0.0038 0.0424 1790 123 235 1236  0.60 0.036  0.034
_ 200 0.0367  0.0038 0.0202 1816 131 238 1245 06l 0.036  0.037

250 0.0296  0.0039 0.0283 1823 135 237 1236 059 0.036  0.036

MB 0.0260  0.0008 0.0351 17.60 135 194 1050 0.6 0.07 0.021

2.2 Laser beam welding process (LBW

Specific properties make laser an ideal alternative for special welding conditions. The laser
produces a highly concentrated beam of oriented pdhisiconcentrated power can easily

be transferredo the welding position vigarticularconducting media such as mirrors and
glass fibers. Laser power is focused on the surface of the weld joint, little higher or little
below to melt at the incident locatioMelting produces vapourised metal that creates a
plasma gas useful to improves the energy absorption in addition to protect the laser
equipment such as the mirrors or lenses for weld spatter and vapourised(\Wetaan,

2012, p. 136)
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Laser weldings similar toplasma welding in producing the keyhole whena butt joint,

which ensures deep penetration and makes welding of thicker section affordable. In the
keyhole technique, laser beam penetrates through the joint thickness then molten metal
solidifies backward to fill the hole. In addition to deep penemaaser welding applies low

heat input which spread the heat throsgialldistance beside the joint and produces small
HAZ. Laser welding is preferable when low heat input is required, for instance, welding of
stainless steel and high strength/hardened sind for the joining of thin sheef8Veman,

2012, pp. 9596)

Different parameters control the quality of the joint produced by laser welding; focal point,
laser beam travel speed, power intensity and typasef. For the laser type, there are four
main categories as classified by Weman (2012) stated below.

1 CO: Laser: laser light transferred via a tube where different gases including CO
flows with relatively high wavfcikerygt h
whereas small electric energy, can produce high laser power capable for
accomplishing welding and cutting processes. Laser light reflected on the weld joint
usingmirrors or lensandshielding gas is mandatory to protect both lens and weld
joint. High power of CQLaser renders it capable to weld thick plates up to 26mm.
CQO, Laser application is limited to the welded material, while metals like copper,
aluminum, gold, silver, and magsium reflect a portion of the incident light which
reduce the efficiency and weldability.

1 Nd: YAG Laser: energy transferred through a flash tube with small wavelength (1.06
em) while the wavelength is short, fib
focus the laser lighAppropriate for lowi weldability materials such as titanium and
zirconium, limited to the thickness (up to 6mm) due to low energy output compare
to CO laser.Severe health concern relative to the eigeconnectedo Nd: YAG
Laser velding.

1 Fibre Laser: fiberglass represents the transferring medium, it produces a laser beam
with high quality. Produced power magnitude and concentration are relatively high
in comparison to other types of laser welding. Short wavelength closer to Nd: YAG
Laser.

High powerFiber laser welding provides higher welding speed, lower heat input,

and deeper penetration compared to traditional arc welding processes. Thus, it is a
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favourable process for application and materials susceptible to welding distortion
such as shipbuildingCao, et al., 2017, p. 2)

1 Laserhybrid welding: it is a dual welding process encompasses the laser welding in
addition to arc welding process (MIG, P
process fills the gap by providing the filler material and apply high heat input while
laser welding ensures the stability and penetration. The process is idedhwken
weldingplates and less heat input is required. Deep penetration reduces the number

of welding passes.

Figure 7 shows the kelyole welding process where higher depth talttviratio can be
achieved up to 10:1, which makes the process is ideal for deep penetration application.
Uniform fusion of the keyhole process and high accuracy, reduces distortion which renders
the process is appropriate for welding of austenitic sesni¢eel(Sokolov & Salminen,

2014, p. 560Q)

, Laser beam

» Welding direction

Keyhole
Dissipating
metal vapor

Molten material

Weld Workpiece

Figure 7. keyhole welding procegSokolov & Salminen, 2014, p. 560)

2.2.1 Effect of different lasgarocesses and parameters on weld quality of austenitic SS
Laser energy cabe transferretb the weld joint either in a continuous wa@/\) modeor

pulsed mode. Each mode hasaitivantage, CW mode is appropriate for deep penetration or
thick plates where keyhole exists, however, the major drawback of CW is the energy
dissipation througha vast distance which increases the heat load and tends to produce
distortion. Pulse modes utilized for welding of thin sheets and when less heat input is

required. Different parameters control the quality of laser joint, essentially the heat input,
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welding speed, focal point, weld geometry in addition to pulse width, pulse frequency, peak

and aerage power for pulse mode laser weldii@jetzelt, et al., 2015, p. 2196)

Gietzelt et al (2015) have investigated the effect of the laser welding technological
parameters on the cresectional shap of the producedveld. Figure 8shows the poor
penetration produced from the high defocusing (+ values) in section (a) of the figure. It
reveals likewise the triangular shape of weld section obtained by pulse mode (b) and the
difference in the weld dimensions (depth andthj when tunning the welding speed. In (c)

the welding speed is relatively low compared to (d).

Figure 8. The difference in 304SS laser welds cross sections obtained by different weld
technological paramete(&ietzelt, et al., 2015, p. 2190)

Researchers have implemented dozens of experiments on 304SS with laser pulsed welding
to evaluate the most affecting factors on the weld seam dimensions. A conclusion has
reached, thiaa combination of several factors in varying proportions are responsible for the
weld seam dimensions with different, influential factors are:

1 Heat input per unit length affects depth of weld

1 Pulse duration and peak powesignificanteffect on the weld seam depth
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1 Frequency minor effect
1 Average power significant effect on both, width and depth

9 Focal positiori’ controls depth more than the width

Table 5reveals the influence of the focal position on the weld seam dimensimnslelarly
observedhat the depth of the seam has dropped significantly with the changing of the focal
position from 2mm beneath the surface of the weld to 2mm above the surface, the experiment
has accomplished with 150W as an average power, welding se&@ m min' and

frequency 15 Hz.

Table5. Influence of focal position (F) on the laser weld seam dimer(siilosl 0 Gietzelt,
et al., 2015p.2193.

-2 1225 1715 500
1225 1700 485
-1 1320 1445 535
1405 1385 570
0 1420 1185 575
1370 1235 580
1 1345 905 460
1415 920 475
2 1220 560 490
1105 515 530

Another research team from Chi(ghang, etal., 2013, pp. 13843)has studied the effect
of different laser welding technique ( @Daser, NdYAG and fiber laser) on residual stress,
macro hardness and tensile properties of 304 stainless steel Hmneffectof focal

position, laser power and welding speed on the qualitiyeofveld joint has investigated.
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3 RESIDUAL STRESSES AND DISTORTION

Residual or delayed stresses are inevitable in welding, it has a significant influence on the
welded joints. Mostimportantly, t reduces the loading capacitwhich can lead to
unexpected failure and catastrophic damages. Residual stresses divided into two main types;
tensile residual stress and compressive residual stress, both types are common in welded
structuresResidual stresses produced from the thermal effect of welding. Therefore, it has
been classified as secondary stresses on some occasions. Accordirdjigl stgsses can

be defined as themaining stresses in the structure after completion of the welding process

even with an absee of external load¢Nasir, et al., 2016, pp. 6168.67)

3.1 Residual stress in welding

For fusion welding processdsat applies intensively in the weld paolorder tomelt the
adjacent base metal and the filler material. The high temperature of the weld pool creates
expansion at the edges of the weld joint and consequently contraction at tlentadjaa

(Heat affected zoner base metal). After welding and during welfabol solidification stage,
coalescence metal starts to shrink producing contraction forces in the weld pool and
expansion at HAZ. Heating rate and cooling rate or by other nvgaem&on and contraction

are not uniform along the weld joint. The differential heating cooling rates along the

depth of the weld piece creates a volumetric change then residual stresses take place

subsequently.

The resultant of the neaniform streses areeither tensile residual stress,ammpressive
residual stress depend on the magnitude of each type. Other classification of the residual
stresses based on the scaléacro and Micro! Macro stress considered in scale greater the
grain size and iproduced as a result of nomiform expansion and contraction or different
cooling rate, while micro stress generated due to phase transformation, for instance, austenite

to martensitic transformatiofNasir, et al., @16, pp. 6166167)

Residual stresses are not permanently detrimental. Whereas, the compression residual stress

enhances the fatigue strength and corrosion resistance, however, it reduces the stability.
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While tension stresses have the opposite effects, it lowers the fatigue strength and corrosion

resistance and improves the stabil{fgadaj, 1992, p. 247)

Many factors contrahe type and distribution of the involved resatlstresses as mentioned
by R.H Leggatt in CambridggK (2008, p.144)
- Existing residual stressdseforethe welding process as a consequence of other
manufacturing processes.
- Base and filler material properties including the chemical composition, thermal
properties, and mechanical properties.
- Weld joint geometry.
- Applied restrains for positioning the components during welding.
- Produced stress after the welding process such as theraabgnical treatment.

- Welding parameters and welding preparation.

Figure9 shows the distribution of the residual stresses in a butt joint. Tensile residual stress
locatedat the weld metalWM) and HAZ where compressive residual stress exists at the
base metalBM). However, it does not represent a permagentition whilecompressive
residual stress may found at HA®Rlasir, et al., 2016, p. 6168)

BM BM

Tensile

Compressive

Figure 9. Distribution of resdual stresses oa butt joint (AiMod.0 Nasir, et al., 2016p.
6168.
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Prewelding residual stress produced by the mechanical and thermal processes applied
during the material fabrication phase. It is recommended to measure those stresses away
from the weld jointo consider them for evaluating tinelding residuaktresses(Leggatt,

2008, p. 145)

3.2 Effect of welding conditions on residual stresses
Teng andLin (1998 pp. 858B63)have created a finite element model for rectdargplate
butt weld joint to study the effect of different welding conditions on the magnitude and

distribution of residual stresses.

Different length of the rectangular plate hasen tested50mm, 100mm, 200mm, and
400mm.It hasbeen provedhat the tansverse tensile residual stress at the center of the
specimen decreases with the longer specimen. Different specimen thicknesses (5mm, 8mm,
and 12mm)were teste@nd residual stress wgseatewith the thicker plate. In addition to

the plate length anthickness, welds were produced with various speeds (3.33 mm/s, 7
mm/s, and 10 mm/s), while the higher welding speed reduces the width of the adjacent area
affected by the welding heat, it has also reduced the residual stresses. Furthesfiouadt

that the restrains increases the magnitude of residual stresses. Preheating were applied with
different values (200°C, 300°C and 400°C), the result reveals that transverse residual stress

decreases dramatically after the preheating pro€essg & Lin, 1998, pp. 85863)

Residual stresses up to certain limit remain within the elastic deformation range of the
material. Any addition of the magnitude of residual stregseaterthan the material yield
strength, plasti deformation takes place and distortion produced at the welded structure

becaus®f thetremendousesidual stress.

3.3 Influence of residual stresses on corrosion resistance

Corrosion resistance is the fundamental characteristic for materials selection to meet the
corrosive environment applications. For instance, austenitic stainless steel resists different
corrosive environment though, it is susceptible to stress corrosickireg (SSC) in chloride

and sulphide environment at the presence of residual st@&sesau & Mecozzi, 2000)

A report issued by the European Commission in 1998 has studied the effect of residual

stresses on the creation®€CC in 304L austenitic stainless steel.



41

Both externally applied loads and residual stresses tend to impair the passive film of the
stainless steel where the loads are affecting, which produce pitting corrosion. Presence of
metallic inclusions with the gtdess steel matrix enhances the probability of pitting
corrosion due to differential deformation mechaniévierneau & Mecozzi, 200@ased on

the report outcomes, it is safident that the presence of deformation in thedee!
component is a manifestation of the high probability of SCC and poor localized corrosion

resistance.

3.4 Distortion in welded structures

The presenof distortionin a weldedcomponent is an evidence of the existence of residual
stresses. Residual stresses either thermal or mechanical produce distortion when
overstepping the material's yield strength. Distortionlmamdentifiedas; any deviation of

the component physical geetry resulted from the welding process. Distortion is
undesirable it produces detrimental consequences; it affects the welding structure
functionality, complicates the assembly in mypléirts structuresand decreasdbe fatigue
strength and static strgthin addition to their effects towards the aesthetics aspect and the

associated high repair cost.

Many factors are affectinthe occurrence of distortion in welding as stated by the welding
institute(TWI, 2018)

- Parent madrial properties; coefficient of thermal expansion is the dominant property
of the material controls the stresses generated during the welding process and
therefore the distortion.

- Restrains; it may restrict thghysicaldeviation or movement of the weldgart.
However, it produces residual stress and increases the cracking probability.

- Joint design; proper plan for distortion mitigation starts from the design phase. Edge
preparation and dimensions have to be seldotddstribute the induced heat equally
and prevent distortiorDoublesided bevellings recommendetbr thick plates.

- Welding parametersas discussed in this chapter, distortiofirnsly connected to
residual stresses, whids connectedo a part of the welding parameters. For
instance, th heat input, it has to be optimiziedorder toachieve the required quality

and prevents distortion simultaneously.
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- Fit-up; proper fit up has to be implemented during welding to achieve the alignment.

Tack welding is required occasionally to restrict plagt movement.

3.5 Types of distortion in welding

Only the permanent deformation in the structure geometry that remains after completion of
welding considered as welding distortion, not the transient or elastic deformation during the
welding process. Gomonly distortion classified based on the direction relative to weld line,
longitudinal and transverse Shrinkage, where length/width rediieedothe shrinkage
force. Displacement or rotation around the origin after welding is another type of welding

distortion. Angular distortion is thgrimarytype in buttwelding.

3.5.1 Angular distortion

According to Adamczuk et al., (201p. 309, angular ditortion is the"rotation of the
structure around the welding liheTemperature gradiewtver the thickness of the plate

the causative agent of tlgular distortion. The different cooling rate at the welded plate
thickness creates differential transse shrinkage where the contractiorhigheron the
surface of the plate comparison to the bottom. Thagular distortion occurs. Thicker the
plate, higher the probability of angular distortion doethe hugeamount of deposited
material and high heatput. (Adamczuk, et al., 2017, p. 31%yhen restrained the angular
distortion by mean of clamping or fixing during welding, component tend to deform in
longitudinal bending form. Shrinkage force may lead to unstable transverse deformation
such as fABuckl ingo (Radg,d®2,p.150r the thin pl

Adamczul et al., (20173t the Federal University of Rio Grande do Sul carried a distortion
experimenin order tostudy the effect of dimensions (length, width, and depth), heat input
and number of passen the angular distortion in constructional steel ASTM At joint.

GMAW were adopted to weld the joints. LV{Linear Variable Differential Transformer)

was utilized to measure tlamgular distortion correspond to each p#isssensor has been
placed away from the weld area to avoid the elevated temperature at the weld pool. The
goniometer was utilized to verify the LVDT readings and measure the overall angular
distortion after waling, measures taken at the center of the weld piecataoth ends with

a small offsetFigure 10shows the setip of the measurement devices on the weld plate.
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Figure 10. Angular distortion measurement devices. LVDT (a) and Goniometer (b).
(Adamczuk, et al., 2017, p. 307)

The experiment results reveal that through the beginning passds show slight angular
distortion andhe smaltemperature gradietitrough the thicknegastifies this resultThen

for the third, fourth and fifth pass distortion increased significantly due tetbigherature
gradient and stiffness drop at the bottom of the plate. Starting from the pass nwnber si
angular distortion decreased gradually when the thickness of the weld increase and
temperature at the bottom decrease. Itheen noticedhat heat input and plate thickness

have a minor influence on the angular distortid@damczuk, et al., 2017, p. 313)

Figurells hows t he relation between passes and
() represents the pass number from 1 to 13. Different heat input values were applied. It can
be observedrom the chart that, maximum angular distortion occurred in the fourth welding
pass when heat input was 1.3 KJ/mm, and higher heat input at the same pass produced less
distortion. Distortion was minimal for subsequent welding passes from sixtH"toTh&

relation between heat input KJ/mm and angular distortion is not steady rather than

fluctuating from one welding pass to another.
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3.0
Dimensions (mm ): 400 x 300 x 16
75 4 1 Group 1
OElL - 0.6 kJ/mm - 13 passes
O E2 - 0.8 kl/mm - 9 passes
e B E3 - 1.3 kl/mm - 6 passes
1w B E4 - 2.3 kJ/'mm - 4 passes
s
A
f:l
< L5
-
"
m- L[} -
0.5 1 ”-‘
0.0 H””n

1 2 3 4 5 6 7 8 9 10 1 12 13
Weld Passes

Figure 11. The relationbetween welding passes and angular disto@faamczuk, et al.,
2017, p. 308)

3.5.2 Shrinkage

Shrinkage is a length reduction of the weld part geonthieytothe nonuniform thermal
stresses. It occurs in two directions, longitudinal or parallel to the weld axis and transverse
shrinkage, which takes place perpendicular to the weld direction. Shrinkage deforms the
outer dimensions of the weld part and affeatsctionality. For longitudinal shrinkage, 3mm

is acceptable for each 3m in butt joint and 0.8mm each 3m for the fillet weld. For transverse
shrinkage(TWI, 2018)

Some equations have been derived to predict the distortioheinvelded parts. The
following equation predicts the longitudinal shrinkage as a function of the heat input,

welding speed, and other parametéverhaeghe, 1999)

— (1)

C«
=
1

Wherel is the longitudinal distortion, Q is the heat input, A is the esasdion area of the

wel ded plate, 3 is the welding speed, U i
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and @ fjis the specific heat(Verhaeghe, 1999Figure 12 shows the different formsf

distortion which can exist on a plabecaus®f welding stresses

: |
m? mmzmm M]Eilirz:nmu_——{
| v \

Longitudinal bending Angular distortion Buckling distortion

Figure 12. Different types of distortion in the butt and fillet w€lDlamen,2015)

Radaj has stated many equations for estimating different types of distortion based on the heat
input, the dimension of the welded part and the thermal properties of the material. Equations
2, 3,4,5,6 and 7 below counterparts' equations (J), ((3t3), (175), (149) and (174)
respectively as stated {Radaj, 1992)

q wU( (2)

Where q represents theat output from the heat source in (J/s), U is the power source volt,

andl is the welding current in (A).

Ow = g/v )

Whereqw is the heat input per unit length (J/mrapdv is the welding speed (mm/s).

Ow = K Aw (4)

WhereK is the proportionality factor varidsased on the welding process; it is 41 for gas
metal arc welding (GMAW). Ais the crossection area of the weld (nfjn
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3 — )

WherepL i s the |l ongitudinal shrinkage resul't
the shrinkage force (N), L is the weld piece length (mm), E is the elastic modulus JN/mm

andA is the crosssection of the plate (mfn

Of &1— (6)

Wheree1i s the stiffness factor according to t
of thermal expansion (1/K), c is the specific hegdarity (J/JgK)andy i s t he densi

material in g/mm Equation 7 has derived from (5) and (6).

oL eF— (7)

3.6 Distortion prediction and mitigation

Distortion in welding is a complicated thermuechanical problem. Many researchers have
adopted numerical methods by building three dimensional (theefasBcplastic) finite
element modl (FEM) to predict the produced residual stresses and distortion in welding.
Some of these models accompanied with experiments to verify the accuracy of the numerical

model.

Deng and Murakawa (2008w used FEM to simulate the welding distortion in carbon
steel sheet, butt joint with 2mm thickness. The experiment was carried out to compare the
real data with the simulation one. Researchers have recognized the importance of distortion
measurement in thi plates of steel due to low stiffness awele application in the
automotive industryorthe experiment, GMAW process was utilized to join two thin plates
(200mm X 100mm X 1mm) with a gap of 0.4mm. Vernier gauge used to measure the
distortion after welohg. Figure 13 shows the schematic drawing for the measuring

arrangement.
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Weld bead

Acimens
g

Block

Figure 13. Measuring method of deflection in the welded stiPeing & Murakawa, 2008,
p. 354)

Simple calculation adopted to find the deflection at the center of the welding line. The

formula below shows the average value of the deflection after measures three different parts.

o — (8)

Where w is the average deflectiogjdithe original height of the plate, hl is the height after
deformation. Dimensions of the bead shape have been used as in input for the FEM, thermal
data of the materials as well represented input data. FEM has proved high accuracy in

predicting the distortion of the thin plate after weldifi@deng & Murakawa, 2008)

Another team of mechanical engineers in the UK and Makd to predict the welding
distortion and develop a mitigation method by adopting three different computational
simulations. Engineers have used the cryogenig & cooling fluid to reduce distortion.
The experiment was done for bygint and filletjoint, each model has been tested with and
without the cryogenic fluid. Results revealed that significant reduction has achieved in
distortion for the butjoint when cooling was involved. Cooling has a minor effect on
distortion in case of filletveld joint due to the complex configuratiofCamilleri, et al.,
2010, p. 10)
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Mitigation techniques of welding distortion can be categorized into two substantial forms;
distortion prevention during the design phase and the aiherthrough the fabrication
phase. For design phase, distortion can be prevented by optimizing the configuration of the
joint to reduce the amount of deposited mater(@&@amilleri, et al., 2010% good design for
structuresninimize the weld and utilize alternatives such as cold forming processes. proper
placing of the welding (at the neutral structure axis) reduces distortion.-paggen a small

cross section buttveld minimizes angular distortion. Bevel angle and radi gave to be
optimized. Selection of the appropriate welding process when deep penetration is required
for minimizing deposition and distortion such as LBW and plasma welding. Reduce the
number of passes and apply the welding sequence to minimize therafigtortion. Double

-V joint is recommended for welding thick platésWI, 2017)

Different techniques are used to prevent distortion during fabrication. Tack welding, back to
back welding and stiffening are applied methéaswelding distortion prevention. Tack
welding is essential to keep the gap uniform along the weld, ensure pragerafid resist
transverse distortion and it has different sequences, while back to back welding is about the
introduction of an identicgbart of the welded one to place the weld at the neutral axis and
minimize distortion. Stiffeners are effective in resisting the longitudinal shrinkage or
bowing.(TWI, 2016)Figure 14 shows the tack welds applied as intermittghort weld in a

butt joint. (Brown, 2018)

Figure 14. Tack welding in square buiteld joint(Brown, 2018)
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Figure 15 summarizes the batchniques and procedure required to prevent distortion in
welding. The chart includes the main six divisions anddiutsions with little details for

the recommended practices to mitigate distortion. Occasionally, it is not possible to follow
all the memtioned procedures due to the application requirements, however, the rest of the

defensive techniques are useful.
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preparatio
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Figure 15. Welding distortion preventivieechniques.
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4 EXPERIMENT METHODOLOGY

For the experimental work, robotic GMAW and CW laser welding were applied to produce
ten (10) square, bujpints. Base material (BMs low carbornaustenitic stainless steel 316L
(1.4404), filler material folGMAW process is "Elga Cromamig 316Si" with similar
properties tahe parent material, further details about the materials properties in section 4.2.
Adopted air gap i14.2 mm, and plates dimensions are 1@@*3mm. Shielding gas is Ar
COx(2%) mixture for less spatter, stable arc and to control surface oxid@ikani, 2016,

pp. 69). Different heat input per unit length (KJ/mm) were applied by employing variable
welding speeds.

The objective of the experimental work is to investigate the effect of the welding process
and the applied heat input on thelding qualityof 316L stainless steel. Distortion, hot
cracking, and resistance to intergranular corrosion are the targetety qsakects. Two
welding processes were applied, robotized MAG and fiber laser weldisgrwelding is

autogenous. Figure Khows the robot utilized for the welding experiment.

Figure 16. Welding robotused in the experiment to create the MAG welding samples.
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Pyrometer temperature sensor was mounted close to the weld pieces and focused at the center
of the weld sam. Sensor range is between 400%B00°C, the purpose of using the sensor

is to measurehie cooling rate during theolidification period. Figure 16hows the laser
temperature sensor at theciwity of the welding robotKemppiA7 welding machine
manufactured by Kemmpi was attached to the robot to carry out the welding.

Ten (10) samples dhe base material were welded, six with robotic MAG welding, three of
them with different welding speed and with partial constraints and other three with the same
welding speeds, however, adraints were applied. Figure $hows the applied setup for
theplates before welding to ensure the requiredgiimode, which was partially constrained

in (A) and fully constrained in (B) The rest of the samples (4) were joined byldiber

welding with different heat input achieved by changing laser power and.spee

Figure 17. Welding fit- up. Partially constrained (A) and fully constrained (B).

4.1 Welding procedure specifications (WPS

The preliminary welding procedure specification (pWPS) of the experiment was commenced
based on the previous experience of the technical staff in the welding laboratory. Initial
values for welding currenércvoltage travelspeed, gas flow rate and aapmwere adjusted

with "try and error" concept to reach the appropriate parameters.

The point of the parameters setting trials before the welding is to achieve a full penetration
weld with low heat input or by other mean, optimal welding parameters. getdiment

and volagenearly remained constant for all samples, while welding speed has changed.
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Tack welding was applied with TIG to ensuhe uniform airgap. The following equation
has followed to calculate the heat input per unit length as pep&amstandard (EN 1011
1)

8 9)

Where Q represents the heat input per unit length (KJ/mm), K is the thermal efficiency which
is 08 for GMAW, V is voltage (V, | represent the welding current)A and 3 i s t he
speed (mm/s)lable 6 presents the welding parameters applied for the MAG samples, while
the pWPS isttached in appendix IV which shows all the basic information of the rebotic

MAG welding.

Table6. Welding parameters of the MAG samples.

Sample | Filler | Current | Voltage | Travel Wire Heat Constraints
material | (A) V) speed | feed rate| input
size O (mm/s) | (m/min) | (KJ/mm)
(mm)
MAG-1 | 1.0 160 25 9.0 9.5 0.355 Partial
MAG-2 | 1.0 157 26.3 7.0 9.5 0.472 Partial
MAG-3 | 1.0 157 26.3 11.0 9.5 0.3 Partial
MAG-4 | 1.0 157 26.3 9.0 9.5 0.367 Full
MAG-5 | 1.0 155 26.4 7.0 9.5 0.467 Full
MAG-6 | 1.0 157 25.4 11.0 9.5 0.29 Full

The following equation was applied for heat input calculation in the laser welding process.

88

Qu=—

(10)

WhereQ. represents the heat input (Kam), P is the laser powek\(V), thermal efficiency
(K) is 0.9
laser samples, different valukes the heat input were achieved by changing the laser power,

and 3 )iTablet7gresentt theswelding pgraenetets f@r thé mi |

speed and focal position.
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Table7. Laser welding parameters.

Sample Power (kW) | Speed (m/min) | Focal (mm) | The heat inpu
(KJ/mm)

Laserl 4 3 3 0.072

Laser?2 3 2.5 3 0.065

Laser3 2.5 2.2 3 0.061

Laser4 2 2 0 0.054

4.2 Material properties.

This part of the research presents the chemical composition and the fundamental mechanical
properties of both, the base material and filler material. Parent matewstenitic stainless

steel with low carbon percentage 316L and the filler material applied in MAG welding is

Elga Cromamig 316L Si matching to the parent material.
The chemical composition of the ted material is given in table &hich shows the allogg
elements as percentages of the total weight (% wt). The material inspection certificate is

attached in Appendix I.

Table8. Materials composition.

Material | C % Si% [Mn% [P % S% Cr% |[Ni% [Mo% | N %
Base 0,018 |0,45 |0,98 |0,038 |0,001 |17,1 10,0 | 2,04 |0,036
Filler 0,015 |0,80 |1,70 |0,015 | 0,01 180 |12,0 |2,60 |0,06

Table 9 shows the mechanical properties of the material. Yield strength, tensile strength,
elongation, and hardness are covered. The values of the mechanical propsgiésken

from the material certificate provided by the supplier (Appendix I).

Table9. Mechanical properties.

Material Yield strength| Tensile strengtli Elongation Hardness
Rp 0.29%MPa Rm- MPa A5 HBW

Base 317 603 56% 182

Filler 350 520 30% -




54

4.3 Weld tests

To answer the research questions, different tests were designed. Tests reveal the magnitude
of longtudinal and angular distortioproduced in the welding samples as a result of the
welding heat and filler material deposition. In addition to the microstructure and carbides
formation investigations. This part of the research discusses the accomplished tests.

4.3.1 Angular distortion
Angular distortion is a common phenomenon in welding of the austenitic stainless steels.
Therefore, it controls the weldability of the material. A sensitive {8Bedevice was utilized

to measure the angular distortion on the welded pieces.

Measuring deice (laser 2D) were calibrated before the experiment to set the two dimensions
(Height in Y directionLength in the X direction) initial values. The measuring device is so
sensitive, where it hits hundreds of height féadings in one single location. Auigr
distortion values were measured at three (3) positions on each weld sample, boif ends
addition to the center of the plate named &sT2 & T3 as shown in figure 1&eadings

were obtained by moving the laser beam source manually through thédé&aedto pass
along T1, T2 & T3 lines.

Figure 18 shows the las2D device utilized in measuring the longitudinal distortion and
the angular distortion, the entire system is located at the center of the figure, while the laser
sensor was enlarged on tledt side and the welded plates on the right side of the figure.
Lineation (Ti, T2, T3, L1&L2), welding direction and measuring directions were illustrated

on the plate.

The measuring system consists of laser source attacheddadnisional trackVhen laser

source moves along the track over the tested plate, height reading from reference point to
the surface of the plate and displacement-airéction are being registered. The measuring
device is associated with a software to collect the data finentaser sensor; the software
draws a mirror image for the plate on the direction of the measurement, the data from the
software can be transferred and treated by another program such as Microsoft Excel for

further analysis.
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Measuring directions

Movable beams

Laser sensor ‘Welding direction

L Measuring program )

Figure 18. The laset2D device, utilized for measuring distortion.

The data from the lase2D device software obtained in notepad file format, then transferred
to excel files and then, a mirror image of the plate profile at T1, T2 & T3 have been drawn.
Therefore, the angular distortion calculations were done based on the following equation.

@ = Tant Y/X (11)

Where @ is the angular distortion in (Deg, Y is the height or vertical displacement at the
end of the measurement line, deviated from the original location (0) before welding in mm.
X is the transverse displacement from the weld center to the end of the line (TI, T2 or T3) in

mm. Distortion angle was mgared on both ends.

4.3.2 Longitudinal distortion (Bowing)

Longitudinal distortion, bowing or longitudinal bending can be defined as the curvature
produced in the longitudinal direction of the welded plate as a result of the welding process.
Bowingoccures either in thower directionof the platgsmiley face) or the upper direction

(sad face). Bending is a significant concern in welded structures; it affects the assembly,

performance, and weldability in general.

Same device and mechanism applied measuring angular distortion were adopted for

longitudinal distortion. L1 ah L2 lines appear in figure 18ere utilized to measure the
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bending on both sides of the plate. Maximum height deviation from the original position of
the plate (straight) repsents the magnitude of the longitudinal distortion. The numerical
value of X in the schematic drawing ofetlwelded plate (figure }9epresents the
longitudinal distortion measured in millimeter. As can be seen, the maximum value of
distortion or bendig can be found at the center of the plate or at any other pasitiog

the length of the plate.

Original position

Figure 19. Longitudinal distortion measurement.

4.3.3 Samples preparation and Macro examination
After distortion analysissamples were sent to the shearing machine. Small pieces were cut
out of the original plates for macro examination and microstructure analysis. The following
steps were followed to prepare metallographic samples.

1. Dry grinding.
Wet grinding. Through two rodmpess levels, 200 and 9 microns respectively.
Polishing. Up to 3 microns roughness.

Etching. 10% Oxalic acid diluted in water in presence of an electrolyte.

ok~ 0N

Dipping the samples in watatcohol solution.

All samples were examined in the microscope, timacroscopic images that cover fusion

area, HAZ and base metals were saved @othér investigations. Figure 26hows the
consecutiveprocesses of sample preparation starting from the prepared samples for
microscopic investigation (A), dry grinding machi(®), wet grinding and polishing (C)

which done through three steps at the same machine in order to reach the required surface
roughness, etching process (D), the produced smooth surface after grinding and polishing is

presented in (E), and finally the nmascopic examination device (F).
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Figure 20. Samples preparatidor micrography.

4.3.4 Optical microscope image

The point of applying the optical microscopic examination as part of the research is to check
the phaséransformation which may take place due to the applied heat. Carbides formation
was targeted as well through the microstructure investigation. Carbides formation that
associated to welding is common phenomena in auststatidesssteels, where part ofi¢

alloying elements such as chromium and molybdenum tend to connect with carbon at
specific temperatures, then accumulates at the grain boundaries. Carbides formation
enhances intergranular corrosion known as sensitization phenomenon discussed earlier in

the welding challenges alustenitic stainless steel (1.6

Optical microscope with different magitifitions was utilized to revettie microstructure

of the welded samples. Images for the fusiome lamd weld center were taken feach
sample. Figure 2&¢hows the utilized microscope for the experiment.thized microscope

can clearly reveal the different welding regions, such as the fusion zone, the fusion line, and
HAZ. Moreover, it shows the manner in which the grains have grown and the orientation
Nevertheless, the identification of the microstrucipin@ses requires an advanced

microscope with higher magnification and resolution.
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Figure 21. Optical microscopesed to reveal the microstructure of the welded samples.

4.3.5 Scanning Electron Microscope (SEdhd Electron Dispersive Spectrometer (EDS

In the pursuit of the microstructure investigation and carbides formation, SEM and EDS tests
were applied. The essential goal of SEHDS is to study the effect of welding heat on the
corrosion resistance of 31&tainless steehnd in m@rticular the intergranular corrosion
produced from carbides formation at grain boundaries. While the heat input for the first three
samples (MAG 1,2&3) was almost similar to the rédshe MAG samples (4,5&6) however,
fixation was the difference. There& not all the samples have tested in SEDSS.

MAG-2, MAG-3 samples in addition to one laser welded sampl®) (ivere tested in SEM.
MAG-2 and MAG3 sampleswvhere welding speed was 7 and 11 mm/s respectweig
scanned with EDSSEM investigation fobwed by EDS mapping scan revealed significant
results of carbides formation on the grain boundaries discussed broader with images in the
results and idcussion part of the research.
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Samples taken from the microscopic examinations were prepared in aoredditirface
cleaning process in order to fit out for the SEM/EDS inspection. Figure 22 shows the sample
preparation for SEM test. In the beginning, samples have to be dipped in acetone solution
(A) to remove the accuml asurac and anhanee the duality e r
of the images, then the liquid removed with a2C&&imming gun (B) to reach a totally dry
surface. Finally, samples placed inside the SEM device (C) and microstructure checked with

different magnifications.

(B) ©

Figure 22. Samples preparation for SEM and EDS test.
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5 RESULTS AND ANALYSIS

This section of the research discusses the visual inspection of the welded samples as can be
sea from the macreection images. Thguality evduationhas done based on tharBpean
standard EN I1SO 581(AWeldingd Fusionwelded joints in steel, nickel, titanium and their

alloys (beam welding excluded) Quality levels for imperfections). Furthermore, distortion
measurements and heat inpucoddtion for all welding samplesre presentedt covers as

well the microstructure analysis based on the obtained images by optical microscope and
SEM in addition to EDS scan.

Based on the obtained results, graphs showing the relation between thewptbd, heat

input and distortion have been created. Part of the distortion and microstructure images have
been utilizedor writing the result and analysjsvhile the rest of the deformation drawings

( at the plate centers and the end of the platesbeen attachetd the research as annexes.

(Appendix I and IIl)

5.1 Visual inspection and quality assessment.
Macro-section images analyzed based on [EN ISO 58(714)] was the reference for the
quality evaluation of the weld samples. Analysis ed&@ the following.
- No cracks haveeen seen
- Peretration was accepted for all MAsamples, while there was lack of penetration
(LOP) 0.44 mm from the plate surface for the laser samples 1 and 2 whleliag
speed was 3 m/min and 2.5 m/min respectivEhis value is less than 20% of the
plate thickness. It is permitted lgrby quality levelD. Figure 23shows the lack of
penetrationon the macreection images. (Refer to table f@r laser welding
paraneters)
- Fusion was acceptedndfusion lines significantly are seen.
- No porosity.
- No undercuts.
- Excess root penetration hiagen observefbr the samples M&-1,2 & 5 where the

welding speed is 9 and 7 mm/s. It is found to be not permitted for qiealayB.
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However it is permittedas per C and D level&igure 23shows the mentioned
failure. (refer taable 6for the welding parameters).

- A minimum level of spaér hasbeen observefbr both MAG and laser welding. As
per the standard, the acceptarafethe spatter depends on the nature of the
application.

- Alignmentwas accepteds per the standard.

- Weld reinforcement angh@as acceptetbr quality levels C and D (& > 110°) while
quality level B requires (g > 150°)

- The geometry of the M& weld samples was significantly deformed. Angular
distortion and bending can be seen visually even before the seragare2D

measurement. Figure 2fhows the deformation of the MAwelded samples.

b h=0.44m IS

Figure 23. Optical micrographfor MAG and laser weld samples. Images reveal LOP for
laserl and laser2 and excess penetration in MAG 1, MAGnd MAG-5.
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Figure 24shows the MA weld samples where tlamgular distortion can be seen visually
especially for the samples 1,2é8)d 5. The direction of the angular distortion in sample 4

and 5 where constraints were applied is opposite to sample 1 and 2

Figure 24. Angular distortion on the M& welded samples.

5.2 Angular distortion measurements

Asdiscussed in 4.3.1, a highly sensitive |a2&r device were utilized to measuhetangular
distortion (figure 18 This part of the research presents the drawn profiles of the welded
platesin order toshow the produced angular distortion and their nreasent in the excel

file. The figures covers the angular distortion measured at the front of the welded plates T1
line, while deformation at the center of the platefTand at the end of the plate where weld
has finished (13) were attachednh Appendix | and 1l respectivelywelding speed and
distortion angle equation can be seen within the fidgtigaire 25shows the measured angle

of distortion and crossection profile of the GMAW weld samples.

It can be extrapolatedrom the distortion sketches that, angular distortion has increased
slightly when the welding speed reduced from 9 to 7 mm/s (figbreVZhen the welding
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speed increased to 11 mm/s, angular distorias significantly minimizedo less than 1°

at both ges of the plate. A little higher speed can represent the optimum welding speed for
3mm plate- 316L steel and butt joint. Furthermofegure 25 showinghat when welding
speed is 11 mm/s the plate has distorted towards the opposite direction in comoethie

lower speeds.

It can k& noticed as well from figure 28hat, constraints do not mitigate the angular
deformation on the 316L plate. However, the direction of the angular distortion has reversed

andthe magnitude of distortion angle decreasaghtly

Welding speed 9 mm/s
Welding speed 7 mm/s

100 120 140
Width {mm)
Distortion angle-Left side (tan-1(3/85))  2,24° Distortion angle-Right side (tan-1(3,7/85)) 2,5°
Distortion angle (tan-1(3/85)) 2.3
Welding speed 11 mm/s Welding speed (9mm/s)

MAG 4 T1 Welding under
full constraints

100
e 100
Width (mm)

Width (mm)

Left distortion angle (tan-1 (0.84/85))  0.63° Right distortion angle (tan-1(1.2/85))  0.9°

Welding speed (7 mm/s) Welding speed 11 mm/s

Welding under
full constraints

Left distortion angle (tan-1(3,1/85)) 21 Right distortion angle (tan-1(2,6/85)) 1,7

Left distortion angle (tan-1(3,1/85)) 2,10 Right distortion angle (tan-1(3,0/85))  2°

Figure 25. Angular distortion in MAS welded samples.

Figure 26shows the distortion of the laseelded samples. The welding parametershzan
seenin the same figure. lis evidentthat angular distortion is relatively much leskem

compared to M& welding.
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Laser welding parameters applied to the sample (Hsérave produced an optimum
distortion resultsa little angular distortion haseen observed hough the full penetration

has not been achieved as discussed invasiial inspetion and clarified in figure 23n

laser2 sample when the laser speed lowered to 2.5 m/min, angular distortion has increased
slightly, andpenetration has ndseen achieveds in the previous samplaserl).

Laser parameters applied in the sample ({8%érave produced a higfuality weld in term

of angular distortion and penetration as well. Though the existence of #tleasmount of
spatter (figure 2B8which hasbeen improvedn laser4 wherethe focal point has changed
from 3mm to 0. It cate observethat laset3 sample showed a better distortion compared
to laser2. However the welding speed was le§is canbe explicatedlue to the lower
laser power in la-3. Extrapolation of figure@canbe outlinedas; laser parameters applied

in laser3 after modifying the focal point to be on the surface of the plate (0 mm) produces

a sound weld of 316L material, 3mm thickness for butt joint.

Power (Kw) 4 Speed (m/min) 3 Focal (mm) 3 Power (Kw) 3 Speed [m/min) 25 Focal (mm) 3

Laserl T1 Laser2_T1

100

Width (mm)

Angular distortion-Left side (tan-1(0,2/85)) 0,1° Angular distortion-Right side (tan-1(0,2/85)) 0,0° Angular distortion-Left side (tan-1(1,0/85]) 0.7° Angular distortion-Right side (tan-1{L,2/85)) 0"

Power (Kw) 25 Speed (m/min] 22 Focal (mm) 3 Power (Kw) 2 Speed (m/min] 2 Focal (mm) 0

Laser3_T1 Laserd_T1

Angular distortion-Left side (tan-1 (0/85]) 0 Angular distortion-Right side (tan-1(0,2/85)) 0.4° Angular distortion-Left side (tan-1 (0,75/85)] 0.5° Angular distortion-Right side (tan-1(1,0/85)) 0.7°

Figure 26. Angulardistortionfor laser welding samples.

Table 10 presents the distortion angle at the front of the plate (T1), at the middle (T2) and at

the end (T3) for all weld samples measured in degree. The variation in distortion angle at
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different locations (T1, T2&T3) along the welded plate indicates the presence of
longitudinal distortion or bowing. Table 10 highlights the maximum value of angular
distortion which is 3.0° measured on the sample MAGZ2, while the least value was 0 in laserl

and laser 3 samples.

Table 10. Distortion angle

MAG-1 | 2.3 2.3 2.45 1.57 2.5 2.1 2.5
MAG-2 | 2.24 2.5 1.7 2.5 3.0 2.96 3.0
MAG-3 | 0.63 0.9 0.33 1.5 1.0 1.24 15
MAG-4 | 1.9 1.7 1.7 1.6 2.2 2.4 2.4
MAG-5 |21 2.0 15 1.8 2.0 2.1 2.1
MAG-6 | 2.1 1.7 1.7 1.3 2.3 2.2 2.3
Laserl | 0.1 0.1 0 0.4 0.2 0.2 0.4
Laser2 | 0.7 0.8 0.7 0.8 0.5 0.6 0.8
Laser3 | O 0.1 0 0.4 0.3 0.3 0.4
Laser4 | 0.5 0.7 0.3 0.7 0.5 0.6 0.7

Figure 27shows the relation between the welding speed, heat input and thequt @ahguilar
distortion for the MAS weld samplesFigure 27 revealshat welding speed and angular
distortion are reversely proportional to each other for the free ends joint. While for the
constrained plates, distortion increases slightly when welding speed raisea gprtain

limit then remains constant and independeoinfithe speedVith regard tathe heat input

into the weld seam, angular distortion is alwgysaterwith a higher amount of heat input
when no constraints are applied. However, for the constrained plates, angular distortion
begins to increase with the higr heat input per unit length then decreases aftartain

limit.

It can be seen from figure 27 that, applying the mechanical clamps to fix the welded plates
prior to the welding process does not prevent the occurrence of distortion. However, the
magntude of angular distortion is different withetfull constrained joints.
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Angular distortion Vs Welding speed Angular distortion Vs Heat input
Free ends Constrained Free ends Constrained
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Figure 27. The relationbetween angular distortion, welding speed, and heat input.

5.3 Longitudinal distortion/bowing measurements

The methodology of measuring the longitudinal distortweas discussedn 4.3.2,the
following graphs (figure 28 and 2%hows the drawn longitudinal distortion utilizing the
obtained data from the lase2D device. Graphs show the measured value of tistor
likewise. The figures below represent the measured distortion at both sides atehégdt
side (L1) in figure 2&nd right side (L2)n figure 29

Figure 28 reveals that. 316L tends to distort or bend longitudinally when welded with MAG
while it keeps the original geometry when joined with laser welding. Foreinds joints,
longitudinal distortion increases when welding speed decrease. Fanfileesamples, the
lowest value of angular distortion has happened at 11 mm/s where the directemdioigh

is reverse. MAG3 sample where the welding speed was relatively high (11mm/s) showed a
better resistance to longitudinal distortion when welded with the partially constrained
situation compared to the same speed when the constraints were fulgdappWlAG6
sample.

Laser-1 and laseB samples have nbeen distorteds a result of the welding process. While
laserl has a penetration failure, las®rconsidered as optimum parameters to joint 3 mm
thick plate of 316L. Constraints have failed to restrict the longitudinal distawibierit
reverses the direction of héing. Welding speed has minimal effects on the magnitude of
distortion when the joint is constrained.
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Welding speed 9 mm/s Welding speed 7 mm/s

100 120

Length {mm)

Distortion is 2,58 mm

Distortion is 2,2 mm

Welding speed 11 mm/s

Welding speed (3mm/s)

[Constrained

100
Length {mm)

Longitudinal distortion is 1,23 mm
Longitudinal distortion is 2,2 mm
Welding speed (7 mm/s) &
Welding speed 11 mm/s

[MAG6 L1 [Constrained

[Constrained

100
Length (mm)

Length (mm)

Longitudinal distortion is 1,9 mm
Longitudinal distortion/Bowine is 1.7 mm

Laserl_L1 Laser2_L1

Longitudinal distortion /Bowing s 0 Longitudinal distortion/Bowing is 0,34 mm

Laser3_L1 Laserd_L1

100 120

Length {mm)

Longitudinal distortion /Bowing is 0 mm Maximum Longitudinal Distortion /Bowing is 0,27 mm

Figure 28. Longitudinaldistortionfor weld samples (M& & Laser) on the left side of the
plate (L-1).

In figure 29, bngitudinal distortion has increased with the reduction of the welding speed
from 0.95 mm at speed of 11 mm/s to 3.6 mm when the speed was 7 Applgng
constraints is not an optimum solution to control the longitudinal distortion. Constrained
plates sbhwed a digtrtion in reverse direction (smilégce). Laser welded samples produced
little distortion in comparison to M& welding. Lase3 parameters are ideal for zero

distortion and sound weld.
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Welding speed § mm/s Welding speed 7 mm/s

100

Length {mm)

Distortion is 2,7 mm Distortion is 3,6 mm

Welding speed 11 mm/s Welding speed (9mm/s)

Constrained

Length (mm)

Longitudinal distortion is 0,95 mm Longitudinal distortion is 1.9 mm

Welding speed (7 mm/s) Welding speed 11 mm/s

IMAGS_L2 MAG6 L2 [Constrained

Constrained

100 120
Length (mm)

Longitudinal distertion/Bowing is 1,4 mm
Longitudinal distortion is 1,7 mm

Laserl |2

Laser2_|2

Longitudinal distortion /Bowing is 0 Longitudinal distortion/Bowing is 0,27 mm

Laser3_L2 Laserd_L2

Maximum Longitudinal Distortion /Bowing is 0,17 mm

Longitudinal distortion /Bowing is 0 mm

Figure 29. Longitudinaldistortionfor weld samples (M& & Laser) on the right side of the
plate (L-2).

Table 1lpresents the values of the welding speed, heat input, and corresponding longitudinal
distortion. Extrapolating from the table reveals that constraints do not teftac
longitudinal distortion however it mitigates the magnitude except for the high welding speed

11 mm/s where the free joimtas distortedn a lower manner.
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Tablell Longitudinal distortion

Sample Welding Heatinput Longitudinal Longitudinal Max.
speed mm/s KJ/mm distortion- distortion- Distortion
Left sideL1  Right sidelL?2 (mm)
(mm) (mm)

MAG-1 9 0.355 2.2 2.7 2.7
MAG-2 7 0.472 2.58 3.6 3.6
MAG-3 11 0.300 1.23 0.95 1.23
MAG-4 o* 0.367 2.2 1.9 2.2
MAG-5 7* 0.467 1.9 1.7 1.9
MAG-6 11* 0.290 1.7 1.4 1.7
Laserl 50 0.072 0 0 0
Laser2 41 0.065 0.34 0.27 0.34
Laser3 36 0.061 0 0 0
Laserd 33 0.054 0.27 0.17 0.27

*Full constraints were applied.

Figure 30shows the relation between the welding speed, heat input and the produced

longitudinal distortion for the M& weld samples.

Longitudinal distortion Vs Welding speed Longitudinal distortion Vs Heat input

———Free ends Constrained

Free ends

Constrained
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Figure 30. The relation between longitudinal distortion, welding speed, and heat input.

5.4 Microstructure analysis and hot cracking

In 4.3.4, the purpose of taking the microscopic images has been discussed. As a gateway to
present the microstructure images obtained from the optical microscope, this chapter
discusses Schaeffleliagram which regsents a tool to predict the ferrite level in austenitic
stainless steel.

The presence of ferrite phase is advantageous to mitigate hot cracking in austenitic stainless
steel, while 100%austenite microstructure is more sensitive to fissuring at elevated
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temperature. Ferrite phase prevents the segregation emédiing elements such as
phosphorus and sulphur, therefore, reduces the probability-ofduks. On the other hand,
the high level of deltderrite phase reduces the corrosion resistivity ofemit stainless
steel(Kozuh, et al., 2009, p. 257)

Ferrite constitution as a percentage of welded austenitic stainless steel can either be
measured utilizing special devices such as Feritoscope or predicted by employing Sehaeffler
diagramfor the MAG welding sampled-igure 31represents filler metal andabe metal
position on Schaefflediagram based on calculatede¢2md Nig [Creqgand Nighave been
calculated based on the chemical composition in table 7 of appendix .
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Figure 31. Schaefflerdiagram for 316L and filler material (Elga cromamig 316L Si).

Severalfacts can be read from figure JHirstly, the weld joint is heterogeneous due to the
higher composition of the filler material. Solidification mode is austdargte (AF),
mainly the austenite phase then a considerable amount of ferrite, it can &tesbie
locations. Considering the dilution of 50%.&Nieqis 1.7 which indicates the presence of

U-Ferrite phas€Shankar, et al., 2003, p. 56 Bour solidification modes are prevailing in
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austenitic stainlesgel. Figure 3 list those modes attached by schematic drawing for the

nucleation of each mode.

FA mode

F mode

A mode |AF model

Fully austenite (A)

Primary austenite (AF)

Primary ferrite (FA)

Fully ferrite (F)

Figure 32. Solidification modes of austenitic stainless s{&lankar, et al., 2008, 362)

FA and F solidification modes tend to transfer to austenite structure atteoqgperature,

while some of the austenitic stainless steel groups such as 304 and 316 permanently found
in the austenite phase at rodemperaturdShankar, et al., 2003, pp. 3882). Figure 33

represents the ternary diagram-EENi clarifies the formed phases out of liquid phase in

stainless steel materials, the figure also shows a binary diagram derived from ternary one

when the iron content is 70% corresponding to the utilized materiddigoretsearch 316L.
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Figure 33. FeCr-Ni ternary diagram (a). Derived binary diagram at 70% iron content (b).
(mod. Shankar, et al., 2008p. 361362
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It can be seen from figure 38 (b) that, FA is the dominant solidification mddethe MAG
weldingsamples t he f act i ndi cat es-fetrite phase atelsvatedc e
t e mp e r -tetrita carreachlir09500% by the end of solidificatiqi®hankar, et al., 2003,

p. 363) Then austenite phase remains the dominant phase when the joint cools down to the
room temperature.

In 1979, Hammer and Svenson have derived a formula to predict the solidification mode
based on the chemical cents of the steel. Creq is equals to Cr% + 1.37 M0o% + 1.5 Si% +

2 Nb% + 3 Ti%, while Nieq equals to Ni% + 0.31 Mn%+ 22 C%-+ 14.2 N%+ Cu%. Hammer
and Svenson performed many experiments and they reached a conclusion that when
Creqg/Nieq is 1.55 the transfornmat from AF to FA occurs(Shankar, et al., 2003, p. 363)

The calculated ratio for the current material is 1.83 which esipbs the result from figure

33b.

Siewert et al., (1988nvented a new system known as the WBCdiagram in order to
predict the ferrite contribution as a percent of the welded stainless stemiamdhe
following figure (39 represents the WR@2 diagram for the material utilized for the
purpose of the avent research (316L). it can be seen, the solidification mode is FA and

ferrite contenapproximately was-80% whid is similar to figure 35nd 33b.
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Figure 34. WRC-92 diagram for 316L austenitic stainless steel (nsthnkar, et al., 2003
p. 364).
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Many metallurgists and welding scientists have investigated the relation between
sol i di f i c detriie comtenmand rmatian of hot cracking in austenitic stainless
steel. A common concept has been reached thanéde is desirable in resisting the hot
cracking more the residual ferrite subsequent to solidification. Another conclusion that
ferrite content 5%30%, not less not more is favourable for hot cracking prevention.
(Shankaret al., 2003, p. 378)

This fad in addition to the figures (31, 33 & B4roves that 316L is a convenient material
to resist the formation of hot cracks when weldellich improves the weldabilityfB316L.
Figure 35shows the susceptibility of solidification cracks formation of 316L based on
Schaeffler C&/Niegratio against sulfur + phosphorus masgure 35is applicable for the
MAG welding samples,tican be seen that the utilized material for the current @sésar

not susceptible or slightly susceptible to solidification cracks.
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Figure 35. Hot-cracking susceptibility in austenitic stainless steel (mod. Shankar, et al.,
2003 p. 369.

The following figures 36 and 3@resents the obtained microstructure images for the weld
sample taken by the optical microscope at the fusion line and weld center respectively. As
discussed earlier and proved witigures 31 33 and 34 solidification mode was FA,

therefor efer motsea hds Ut ransformed to austeni
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ti ny per deeite has gemainedfaftetisolidification, it can be seen with dark streaks
on the grain boundaries of HA® figure 36

Figure 36. Optical microscope images for weld samplethafusion line.

Detailed extrapolation for microstructure images requires knowing the applied welding
parameterswhich can be seen frotable 6for the MAG weldingsamplesandtable 7for

laser weldingsamples Figure 37 shows the etching pores produced during the sample
preparation process. A centerline crack is suspected in sampk ldserto the relatively
high welding speed, while the welding speed in Fdssample was higher, other parameters

such as laser power might be affected the occurrence of the centerline crack.
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Laser-3

Figure 37. Optical microscope images for weld samples at the weld center.

5.5 SEM, EDS and carbides investigation results

In 4.3.5 the aim of applyin§EM/EDS test has discussed in addition to the applied method
and the utilized device. Two MAG samples; MAzand MAG-3 with the lowest and highest
welding speed; 7 mm/s and 11 mm/s respectively were tested in SEM device in addition to
one laser sample @ar-3). Figure 38presents the obtained SEM images for the samples at
the fusion line and weld center. Dominant austenite phase is clearly observed in addition to
t he r eferiitedon the grain boundaries of coarse grain-afé& at the vicinity of tke

fusion line.
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Figure 38. SEM-microstricture images for weld samples MALG; MAG-3 & Laser3.

SEM investigation has revealed a clear indication for carbides formation at an area of HAZ
close to the fusion line. Carbides precipitation at the base metal area is rarely occurs due to
the permanent homogeneous structure in terms of chromium diff{iEowmathavarthini, et

al., 2006) Visibility of the indication in MA5-2 sample was superior to it in M&3 sample.

EDS scan was performed for the suspected area in order to detect the natiabsétired

indication. Figure 38hows the indication in white color around the grain boundaries.

LUT 5.00kV X500 BSE-3D LUT 5.00kV

Figure 39. Carbides formation indication.
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EDS mapping has baemplemented for the samples MAGand MAG-3 to cover the HAZ
at vicinity to fusion line. Figures 40 and 4how theEDS scan for the weld samples MAG
2 and MAG-3 respectively.

o 1201 -

Data Type: Weight %

Image Resolution: 1024 by 768
Image Pixel Size: 0.04 pm
Map Resolution: 256 by 192
Map Pixel Size: 0.16 pm
Acc. Voltage: 15.0 kV
Magnification: 3000

Figure 40. EDS mappng scan for sample M&-2 at HAZCarbides formation

It can be seen from the EDS images above forttheked alloying elements; Carbon,
molybdenum, nickel, and chromium the formation of the carbides on the grain boundary
where chromium and molybdenum contents have increased and nickel has depleted. At the
scanned area chromium percentage jumped to 26% e original weight of chrome in

the base metal was 17%, molybdenum as well increased from 2% to 5.6 %. At the same
time, nickel has depleted from 10% td2 which indicates the formation of a mixed carbide
between C, Cr, and Mo. No change in carbonteot can be observed due to the tiny

percentage of carbon in 316L.

On figure 41where MAG-3 sample was tested, carbide formation has been observed with
minimal density or spread compared to K848 sample which indicates the relation between

welding speedr heat input and carbides formation.
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Figure 41. EDS mapping scan for sample N#A3 at HAZCarbides formation.

5.6 Intergranular corrosion (I§@nd Critical cooling rat€CCR)

Excellent corrosion resistance is one of the main advantages of 316L. However, it is sensitive
to | GC due t o -fératephasedusng the cooling tinfe after solidification.
Researches revealed thimperature rangef 550650°C isthe mostart i cal -—r ange
ferrite and austenite phastés decompose into other intermetallic phases and carbides.

Cooling at a rate exceeds CCR helps to prevent (B€hRhouma, et al., 2017, p. 871)

The degree of sensitization (DOS) to IGC is directly related to the microstructure and
chemical composition of the stainless steel. Chromium depletion at HAZ area of welded
austenitic stainless steel is a clear indication for carbides formation and fiktyeptIGC.

Hi gher c demite énardase® the piobability of IGEBenRhouma, et al., 2017, p.

872) The cooling rate (CRof the weld samples M&-1,2 and 3 is igen byfigure 42. CR

has been measured at 880@0°C to cover the sensitive range of IGC. It can be observed
from the cooling rate curves, that cooling rate increases with the higher weldingwibéded.
carbide precipitation hasken for the lowest andghest welding speed is not possible to
determine the CCR under the scope of the current research, further investigations are
required.
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Figure 42. Cooling rate measured from the data obtained from laser températemsor

According to the cooling rates curve, the dwell time between 8G0300°C which
represents the sensitization temperaturgireg(BenRhouma, et al., 2017, p. 874 )onger

for MAG-2 sample compared to MAG. Therefore the carbides formation and susceptibility
to IGC is higher for MAG2 sample where heat input value was higher.

During the sensiti z aferrite phas¢ denompeosea into raebidas a n g
(M23C6) and other intermetal | i-faritephasesseas . Tt
evidence for the probability of carbides formation and IGC as a result of chromium depletion
from some areas on the microstructure of austenitic stainless sheeladging process
following to the welding increases the dwell time at the sensitization range and therefore
improves IGC(BenRhouma, et al., 2017, pp. 53712)



80

6 SMULATION MODEL

3D-model for the weldingoint has been drawn with SolidWorks. Then sent to ANSYS
software to create a finite element model for the welding process. The objective of the
simulation work is to verify the built model withe actual finding fronthe experimental

work and to check #hlevel of the accuracy of the model by comparing the deformation

results with the actual data obtained from the experiment.

Sensitive mesh has been created and weld seam divided into 20 sections, dimensions of each
is 10*3*3mm. Mechanical and thermal perties of 316L have been introduced. The
simulation includes transient heat flow and plastic structural analysis. The model has been
run two times with different heat conduction values to simulate welding heat input. 472 and
300 J/mm with full costraintwere used to simulate MAG and MAG-6 samples othe
experimental work. Figure 4&hows the temperature diffusion on the plate by the end of the
welding path.

B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 20

28.6.2018 17:23

902,75 Max
a0d,42
706,09
607,76
509,44
411,11
312,78
214,45
116,12
17,792 Min

Figure 43. Simulation modellhermal diffusion by the end of welding path.

Simulation report includes stress, temperature cycle, and distortion results. Angular and

longitudinal distortion has been compared with the experimental results for both samples;
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MAG-5 and MAG-6 and error percentage has stgied. Figure 44resents the obtained
distortion from the simulation model.

Figure 44. Deformation of the welded plate in the simulation model. Angular distortion (a)
and the lonfitudinatlistortion (b).

The following figure compares the simulation model result and experiments analysis for the
angular distortion. Error found to be tveen 58% in MAG5 sample to 60% in M&-3. As

can be seen from figure Aveld seam geometry is not simifar simulation and real case

due to the absence of reinforcement and root extension in the simulation model. Simulation

model results show uniform distortion on both sides of the plate, which is not a real situation.
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Figure 45. Difference between the simulation model and experiment in angular distortion.
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Figure 46 shows the Difference between the simulation model and experiment in

longitudinal distortion where the error in the model result was 52 % for ¥dA@Bd 64%

for MAG-6. The significant deviation in the simulation results can be clarified by the lack

of accuracy in introducing the welding parameters into the simulation software.

Many of the welding parameters such as welding current, voltage and travel speed cannot be

introduced individually into the ANSYS model. Alternatively, the transferred heat from the

weld source to the plate was defined as a single value to simulate the experemintal, calculated

values of the heat input (KJ/mm). Therefore, the accurate simutzti@mwelding process

requires a specialized welding software to be coupled with the FEM in order to simulate the

process accurately.
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Figure 46. Difference between the simulation model and experiment

measurement.
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7/ CONCLUSION

Austenitic stainless steels are one of the most susceptible metals to welding distortion due
to their thermal properties. Distortion is a real concern for welded structures, repairing
distortion represents 28B0% of the workload in the gibuilding industry alone. The present
researchaimedto reveal the effect of the welding process and the introduced heat into the
weld joint on the produced distortion. Therefore, ten samples of 3mm plate, 316L material,
and buttjoint have been welded plying roboticMAG and fiber laser welding, different

values of heat input were set up by altering the welding speed.

Sensitive laser-D device was utilized to measure the distortion magnitude and orientation
for each setuBeside distortion measuremeaptical micrograph was utilized to reveal the
consequence of the welding heat on the microstructure and phase transformation for the
welded samples of 316L austenitic stainless steel. Sensitization to intergranular corrosion
and carbides formation werested applying SEM and EDS tests. Furthermore, FEM has
been built in order to validate the simulation model based on the reétsrésm the
experimental workAccording to the experimental results, the following conclusion can be
drawn.

1 Fiberlaserwelding has produced smaller fusion zone and minimal heat affected zone
compared to MAG weld hence, quite less angular distortion and bowing were
produced on the laser welded samples.

1 Travel speed of2.2 m/min andhower of2.5 kW in the laser welding process has
achieved theptimum weld geometryfree of distortion. However higher welding
speed produced weld joints with lack of penetration

1 For MAG welding samples, welding speed is inversely proportional to angular
distortion andongitudinal distortion as well. Accordingly, heat input per unit length
(kdJ/mm) is proportional to angular distortion and bending. Multiplication of the heat
input 1.5 times leads to an angular distortion four times woBsst deformation
result for MAG welds was foun@vhen the welding speed wh$ mm/s, lower speeds

have poduced excess root penetration.
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1 Constraints or mechanical clamp has a minimal influence to reduce distortion, it has
changed the orientation of the distortion angle and bowing ratieer total
elimination of distortion.

1 316 stainless steel showed FA solidification mode for the MAG welding samples
where the ferrite content 810% nearly, which is an appropriate amount to resist
the formation of the hot cracks.

1 High- magnification SEM images have shown an area with carbides precipitation on
HAZ at the vicinity of the fusion linéor sample MAG2 and M&3 where the heat
input were 0.472 and 0.3 KJ/mm respectively. Precipitations were investigated with
EDSmapping which evealed increasing of chromium and molybdenum against
depletion of nickel on the precipitation area. Precipitati@s heavier for M&?2
sample which indicates the proportional relation between the heat input and carbides
formation or susceptibility to IGC.

1 Numerical results of distortion obtained by the FE model have shown a significant
deviation from the experimental resuli&he lack of accuracy in introducing the
welding parameters into the simulation software justifies the deviation in the results.
Thebasic welding parameters such as welding current, voltage, and travel speed were
not introduced individually into the ANSYS model. Alternatively, the transferred

heat from the welding source to the plate was defined as a single value.
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8 FURTHER STUDIES

The accurate determinatiohthe optimum heat inptid mitigate distortion in 316L stainless

steel requires widening the tested sample. In a specific sense, more values of welding speeds
have to be tested in order to represent a wider range of the heainmitective plan for
samples preparation pritr micrography can produce images with better quality. Therefore,
microstructure investigation can be improved. FE simulation model results have to be
validated utilizing the experimental data, hence the model can represent an effective tool to
predict dstortions in 316L plates, specialized welding software can be used either separately
or attached with ANSYS in order to define the welding parameters accurately.

Fixation techniques rather than the mechanical clamping can be tested to study their
influence in reducing thevelding distortion. Ferritoscopevice can be used for the accurate
determination of the ferrite content in the microstructure to identify the relation between the
heat input and the solidification cracks. For the future relevant studies, the effect of the heat
input on the produced mieanical properties such as the toughness and the tensile strength
can be investigated. Accordingly, the weld quality of 316L stainless steel would have been
covered in different aspects.
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APPENDIX I

Angular distortion at the center of welded plate line



