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Abstract

Stainless steels are a classification of materials that have &eatable for over 100
years and over that time manufacturers have created variations on chemical
composition and manufacturing route, to create materials that meet specific criteria
set by the consumer. One type of stainless steel, ferritic, is reddriot@pplications as
a result of a reduction in properties, namely toughness, when it is welded as a result of
grain coarsening in the heat affected zon&'elding equipment manufacturers are
constantly incorporating new technologies and capabilities wébding equipment, to
make welding easier and create better welds, which then gives that manufacturer a
competitiveadvantage Cold Metal Transf¢CMT)welding is one such innovation and
is claimed by the manufacturer to be a lower hagiut process. fAis research project
examines the effects of this lower heat welding process, on the joining of ferritic
stainless steels to determine@IiTcan reduce the detrimental effects, seen in this
material, through welding.

The research examines the mechaneadl metallurgical effects of using the Cold

Metal Transfe(CMT)welding process to weld various grades of ferritic stainless steel
including, EN1.4016, EN1.4509, EN1.4521 and EN1.4003 and compares them to welds
createdusing a standard Gas Metal Arelding (GMAW)technique, with comparisons
made using tensile testing, hardness testing, impact testing, fatigue testing and
microstructural characterisation.

Experimental results show that grades such as EN1.4016 and EN1.4003 are more
sensitive to the weldingrocess due to a phase changemartensite present within

the heat affected zone. Work has been conducted to determine the temperature at
which ferrite transforms to austenite, prior to transformation to martensite under non
equilibrium cooling.Some othe findings from this work included;

Fatigue testing and microstructural characterisation has shown a benefit in properties
for using CMT over the conventional GMAW prodesshe EN1.4003 material

A relationship has also begmoposed which examines¢ effect ofthe percentage of
fusion zone defects on the fatigue life of the welded joints.

Overall it was found thatere was variation in the voltage and current by 1.9 Volts
and 15 Amps respectively through a 400mm weld

The ALC settings frorB0%to +30% affected the net heat input by 6J/mm

NDT techniques utilised in the study were ineffective at detecting the lack of side wall
fusion evident in some of the welds.
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1 Introduction

Welding is a widely used and effective methddaining different components

together. There is however no single welding process that will obtain the optimum
weld in every situation. Factors such as process applicability, cost, time, access to the
area to be joined, deposition rate and the servase/ironment of the joint will be
paramount in selecting the most appropriate joining method, such as welds produced
on an aftermarket sports exhaust tailpipe, where Gas Tungsten Arc Welding (GTAW) is
used for the aesthetical appearance or where Resist&pma Welding (RSW) is not

used due to the requirement of overlap of the parent materials, which creates the

crevices for corrosion to initiate and accelerate.

As fusion welds tend to require a heat sou(t®e exception being friction stir

welding) thereis also areffecton the parent materials as a result of this heat, which
produces what is commonly known as the Heat Affected Zone (HAZ). The heat
affected zone can contain a whole host of differences to that of the base material.
They can, for exampleontain a totally different phase in the microstructure, they

could contain portions of a different microstructure, the formation of carbides or other
phases are common within the heat affected zone, there can also be grain coarsening
within this region. All of these aspects have the potential to effect the material
properties in this area, this effect may be an increase or decrease in strength,
toughness, ductility, hardness or corrosion resistance, sometimes this may be

beneficial, other times detrimeral to the component or structure.



Figurel. Fusion weld, showing heat affected zone either side of the w@thgowan &
Smith, 2010) Arrowed is the detrimental grain coarsening within the HAZ.

One such material type investigated within this research is a group of stainless steel
PE =« IVIAv « Z& EE]S] *[U } v u (8 & §z ( EE]S]
that fall into this category. One of the main issues with the welding of festiimless

steel is a grain coarsening effect within the heat affected zmeeen ifrigurel. The
problem with this is the detrimental effect it has on the matépaoperties as

described later in this report. Owing to this, ferritic stainless steel does not get used in
some applications and a more expensive material, such as an austenitic stainless steel
is selected instead. Therefore there is a need to reducdiminate the detrimental

effect associated with welding ferritic stainless steels which could allow the
incorporation of these materials into components or structures and therefore

potentially reduce the cost or increase the corrosion resistance ofahgcated part.

Cold Metal Transfer (CMT) is a process developed by an Austrian company (Fronius),
through a need for a low heat, welding process for the joining of aluminium. This

researchwill attempt to explat the benefits of the reduced heat inputdm the CMT



welding process to joingferritic stainless steeJsvhere this has the detrimental

effects associated with the thermal cycle of the fusion.

Therefore this research aims to ass#ss capability of the CMT process when welding
ferritic stainless steel parent materials armbmpaing with conventional Gas Metal Arc
Welding (GMAW Yhis is to bequalified through assessment of mechanical properties
and microstructural evaluationsThe use of this process for the joining of ferritic
stainless stekis limited and therefore this research will expand the body of knowledge
in this area of welding and if CMT offers significant advantages over the conventional
welding process, could mean that ferritic stainless steels could replace the use of

austeniticstainless steels in sonaoplications



2 Literature Review

2.1 Stainless Steel

2.1.1 Definition of Stainless Steel

Stainless steels are a group of materials which, using iron as the primary element, may
also include other significant additions such as chromium, nickel, and carbon
depending on the particular type of stainless steel intended. To be considered
stainlessthe material must contain at least 10.5% chromi(ioippold & Kotecki, 2005)
as this permits the formation of a chromium rich oxide layer on the surface of the
material, thereby providing protection from atmospheric conditioftsmust be noted
that some alloys containing equal or greater amounts of the prescribed chromium
content will still in fact corrode. The reason for this is that chromium has a strong
affinity for carbon and so has a tendency to form carbides, thus,dieduree
chromium from the matrix and thereby limiting the chromium content available to

form the passive oxide layer.

2.1.2 History of Stainless Steel

Making additions of chromium to steel and noting the benefits with regards to
corrosion performance has be@locumented from as early as 1821 during

experiments conducted by Pierre Berth{€obb, 2010)This first instance recorded

gave the development of a 1.5% Cr alloy that was suggested could be suitable for use
in the cutlery imlustry. However the high carbon content reduced the alloys
formability, so it was not adopted. This work was conducted as a result of reading

about trials using additions of chromium to steel to create metallic mirrors that didn't
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tarnish(Stodart & Faraday, 1822)n June 1872, J.E.T. Woods and J. Clark obtained
British Provisional Patent 1932, for a weather resistant iron alloy that contained 30
35% chromium and 2% tungsten, the first patent for what would now be considered a

stainless steel.

In 1892 high chnmmium steels were under investigation by Robert A. Hadfield in
Sheffield, England. Using relatively high carbon contents (up to 2%) and chromium
contents up to 16.74%, the materials were rejected as it displayed a reduction in
corrosion performance undehe conditions of the test. This was due to the
accelerated corrosion test using a solution of 50% sulphuric acid, utilised by scientists
of the day, under the common belief, that the media used was representative of

corrosion in general.

In 1912 Harry Biarley visited a small arms factory to look at issues with gun barrels,
his recommendations were to develop a low carbon, high chromium steel. On the 20
August 1913Cobb, 2010Brearley produced a cast which contained 0.2&®on and
12.8% chromium and when trying to etch the alloy, to permit microstructural analysis
he found that this alloy did not etch or etched very slofByearley, 1991and is

therefore credited with the invention of feriit stainless ste€British Stainless Steel

Association)

Around the same time that Brearley was experimenting with chromium contents in
steel above tht required to give the self healing layer, it is reported that others were
also investigating these materials. The Americans claim that Elwood Haynes, was the
first person to discover stainless steel and that it was only as a result of Brearley not
being able to get the patent for the process in England and that he was sudaassf

getting it in the U.S. that meant he was credited with the discoyitarble, 1921)



The French scientist Leon Guillet was examining materials with compositions that
would now be considered as martensitic grades, wiaiitgither Frenchman, Albert
Portevin was looking at steels with compositions similar to those now classed as EN
1.4016 ferritic stainless steel, whilst in 1908 the Krupp Iron Works in Germany had
produced a chromium nickel steel for the hull of a yacht,ab&ial composition of the

steel is not known, however two employees of the Krupp Iron Works, Eduard Maurer
and Benno Strauss where at the same time as Brearley working on austenitic stainless
steels(British Stainless Steel Assoma). So although there was a significant amount

of research into these materials, globally, it was Brearley who has been recorded as

the inventor.



2.1.3 Manufacturing Methods of Stainless S teel

The manufacturing procedure for stainless steeglasmaccording to the product being
produced and the intended application. The manufacturing route seé&igure2,

used by Kawasaki, gives a genandication of the processes involved, with the use of
the Electric Arc Furnace (EAF) being the start of the journey, melting the raw material
(and potentially recycled materials) and then the molten material is transferred to the
Argon Oxygen Decarburisan (AOD) plant, where two gases (argon and oxygen) are
blown through the molten material to reduce the amount of carbon in the steel. The
inert gas is used to lower the partial pressure of carbon monoxide allowing higher
chromium contents to be in egjibrium with lower carbon contents, the oxygen is

there to combine with the carbon to form carbon monoxide which can then be
expelled(Choulet, 1997) At this point alloying additions may be made or they may be
made just prioito continuous casting if that is the following route. If it is, then the
molten material is poured o the casting machine where it is cast into the desired
size,cooled and then cut to length. Some grinding may be conducted to remove
surface defects fpor to hot rolling. On hot rolling the material is heated to

S U% & SuE& « E&}lpv iTAI6 v §Z v E}loo U ]Jv]sS] ooC }v
reductions in the thickness can be made. The steel is then passed through another
furnace to keephe tempeature above the recrystallisation temperature of the steel
and then rolled again to reduce the thickness further. It is then cooled and coiled

(ArcelorMittal)



Figure2. Manufacturing route ofstainless steel as utilised at Kawasaki St@@ho & Kaito,
1986)
The stainless steel can now be annealed to soften the material and then shot blast to

remove some of the oxide scale and then the steel is pickled to removethainder
of the scale. To achieve an enhanced surface finish the steel would require further
processing and that may include cold rolling followed possibly by a anneal and acid

pickle (ArcelorMittal)



2.1.4 Types of Stainless Steel

Stainless steels are grouped according to the microstructure of the material, which

gives the following three different classifications:

X Ferritic
X Austentic

X Martensitic

However there are two other categories of stainless:

x Duplex

X Precipitation Hardenale

There are a multitude of grades in various conditions associated with each type,
detailed information about which can be found in the following sections, and in

Tablel.



Stainless | Outokumpu Designation Composition (%)
Classification| steelname| EN ASTM | C N Cr | Ni Mo | Others
4512 1.4512 | 409 0.02 - 11.5| 0.2 - Ti
4003 1.4003 | S40977 002 | - |115| 05| - -
4000 1.4 4105 003 | - |125| - - -
4016 1.4016 | 430 004 | - |165| - - -
4509 1.4509 | S43932 0.02 | - 18 - - Nb, Ti
Ferritic 4521 1.4521 | 444 0.02 | - 18 - |21 Ti
4006 1.4006 | 410 0.12 | 0.04| 12 - - -
4006 1.4006 | 416 0.1 | 0.04| 13 - - S
4021 1.4021 | 420 0.2 - 13 - - -
4028 1.4028 | 420 0.3 - | 125| - - -
4313 1.4313 | S41500 0.03 | 0.04| 125| 4.1 | 0.6 -
Martensitic | 4548 1.4548 | - 0.05 | 0.07| 155 | 4.2 | - Mn
LDX2101 1.4162 | S32101 0.03 | 0.22|215| 15| 03| 5Mn
2304 1.4362 | S32304 0.02| 01| 23 | 48 | 0.3 -
LDX2404 1.4662 | S92441 0.02 | 027| 24 | 36 | 1.6 | 3Mn
2206 1.4462 | S32205 0.02 | 0.17| 22 | 57 | 3.1 -
4501 1.4501 | S32760 0.02 | 0.27 | 254 | 6.9 | 3.8| W, Cu
Duplex 2507 1.4410 | S32750 0.02 | 0.27 | 25 7 4 -
4310 1.4310 | 301 0.1 - 17 7 - -
4372 1.4372 | 201 0.05 | 0.2 | 17 4 - 7Mn
4301 1.4301 | 304 004 | - |18.1| 81 | - -
4307 1.4307 | 304L 002 | - |18.1| 81 | - -
4541 1.4541 | 321 0.04 - 17.3| 9.1 - Ti
4305 1.4305 | 303 006 | - |173| 82| - S
4306 1.4306 | 304L 002 | - |18.2|101] - -
4401 1.4401 | 306 0.04 - 17.2]10.1| 2.1 -
4404 1.4404 | 306L 002 | - |17.2|101]| 2.1 -
4406 1.4406 | 316LN 0.02 [ 014 | 17.2| 10.3| 2.1 -
Austenitic | 4429 1.4429 | S31653 0.02 | 0.14 | 17.3| 125]| 2.6 -

Tablel. Table showing stainless steel grades and chemical compositi@ugokumpu, 2010)
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Figure3. Schaeffler diagram with stainless steel grades indica¢@ditokumpu, 2010)

2.1.4.1 Ferritic Stainless Steel

Ferritic stainless steels are a range of stainless steels that contain low levels of carbon
and crromium contents from 10.5% to upto 40%ortie, 1993jor the super ferritics.

The American Iron and Steel Institute (AISI) designates the ferritic steels as a part of
the 400 series of stainless steels (other steels in @ geries include the martensitic

types). With the more commonly used grades such as AlSI 409 with a low chromium

11



content, AISI 430 with a medium chromium content and AISI 446 with a high

chromium content as seen ifablel.

The ferritic stainless steels generally have a Body Centred Cubic (BCC) crystal structure
with a ferritic microstructure from room temperature to the melting point of the
material. As this structure only holds small amounts of carbon in solution, carbon is

generally present in the form of chromium carbide precipita@smo, 1982)

The exception to this is when the gamma loop, as seen on thetiobimomium

equilibrium diagram irfFigure26 (page53), extendsmto the region of the particular
ferritic alloy in question. Upon cooling from melting point, this will cause a
transformation from ferrite to austenite and if the cooling rate is slow enough, back to
((EE]S X /(]85 ]*v[3 *0}A v}RlZréafe niadensitg ThSUs $]}v
becauseaustenite is able to hold considerably more carbon in solution than ferrite
and so upon a fast cool the carbon has insufficient time to come out of solution and
martensite forms. Therefore, in general, unless ¢flaenma loop impinges on the alloy,

it is not possible to harden a ferritic stainless steel through heating and rapidly cooling.
The strengthening mechanisms which can occur in ferritic stainless steels, through
heat treatment are generally not desirable@lto the significant reduction in the

ductility and toughnesgDemo, 1982)

Ferritic stainless steels are generally used in environments that are subjected to fresh
water and in temperatures upto 650°C. There are however sgrages that are used
within catalytic convertors operating at higher temperatures than 650°C and some of

the higher chromium content ferritics are used within the marine indufirya, 1989)
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2.1.4.2 Austenitic Stainless Steel

Geneally the austentic class of stainless steels are within the 300 series of the AlSI
designations. The grades contain significant proportions of austenite phase, stabilising
elements, predominantly nickel and carbon, but also manganese and nitrogen,
amongstothers, which allow austenite to be present at room temperature. Like the
ferritic grades, this type of stainless steel cannot be hardened via heat treatment,

regardless of the cooling ratgula, 1989)

The austentic stainless steels have a Face Centre Cubic (FCC) crystal thsbtoyek
Jones, 2001and are therefore less susceptible to a reduction in toughness at low
temperatures than the ferritic stainless steels. Tlaeg also nonmagnetic when fully
austenitic, which makes them better suited to environments where magnetic materials
could be detrimental to the component or structure, such as a mine sweeper or a

scanning electron microsco@shby& Jones, 2001)

The environments where the materials are commonly employed include service
conditions subjected to atmospheric corrosion, marine environment, low

temperatures and high temperatures above 65QCGla, 1989)

2.1.4.3 Martensitic Stainless Steel
The martensitic grades of stainless steel, as can be seen in

Tablel, are categorised within the AISI 400 series, with the common grades being the
AISI 410, 420 and 440. The chromium content is generally in the rangel@®4d,avith
an associated high carbon content of approximately 0.1 to 0.5%, they contain relatively

few other additions, occasionally silicon for an increased resistance to scale and nickel

13



to maintain the hardenability in some of the higher chromium gra@@sombier &
Hochmann, 1967)he crystal structure of the martensititainless steel is Body

Centred Tetragonal (BCT) and is the product of a diffusionless shear transformation.
During the transformation to BCT there is insufficient time for carbon to move to
preferred sites within the crystal lattice and so becomes trappad subsequently
distorts the crystal lattice. This distortion of the lattice prevents the occurrence of slip
which is manifested by increases in the hardness and yield strength, but with

associated low ductilityHiggins, 2001)

Unlike both the austenitic and ferritic grades of stainless steel, the martensitic grades
rely on heat treatment to attain the desired properties of the material, but careful
control of the furnace atmosphere must be made during these heat treatmasts
martensitic stainless steels can be very susceptible to surface decarburiGaBivh

Handbook Committee, 1988)

The martensitic grades are used where the materials require high strength at room

temperature or maintain stregth at high temperaturgLula, 1989)

2.1.4.4 Duplex Stainless Steel

Duplex stainless steels contain a combination of microstructures, they have ferrite and
austenite in varying quantitie€olombier & Hochmanrii967)and therefore a mixture

of the body centred cubic and face centred cubic crystal structures within the separate
phases. This class of materials can offer a compromise between the properties of the

austenitic and ferritic stainless steels, teéore utilising the benefits of both whilst still

14



subject to the problems of either. They are also able to exhibit super plasticity, where

tensile stress is spread out as opposed to local(@stidoes & Parr, 1999)

Duplex staitess steels exhibit corrosion resistance to both, localised and uniform

corrosion, with a good resistance to stress corrosion cradkugokumpu, 2012)

2.1.4.5 Precipitation Hardenable Stainless Steel

Precipitation hardenable staiess steels can have a matrix of any of the three phases
identified above (ferrite, austenite or martensite). However, generally they have a
matrix of either austenite or martensite, where they are utilised in applications such as
jet engine frames, turlmie blades and surgical blades for the austenitic variants and
gears, shafts and valves for those grades whose microstructure is that of martensite

(Lippold & Kotecki, 2005)

This category of stainless steel can achieve vayly tansile strengths above 1520
N/mmz and is able to do this through the addition of elements which are taken into
solution and then encouraged to form very small precipitates within the structure that
act as barriers to dislocation movemei@hakrabarty, 1987)These materials are used
in situations where strength is required at temperatytaila, 1989) Elements
commonly used to produce the precipitates include aluminium, molybdenum or

copper(Beddoes & Parr, 1999)
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2.1.5 Alloying Additions Used in Stainless Steels
The various grades of stainless steel include the use of a number of purposefully added
elements which benefit the steel in different ways. Details of the mBaments used

in stainless steels are as follows.

2.1.5.1 Carbon (C)

A crucial component in stainless steel, but generally maintained at levels below 0.1%
and when welding stainless steel carbon levels significantly below this are preferred. It
provides the steelith strength and is an important addition in the martensitic grades.
Carbon is a very strong austenite stabiliser but uncontrolled it can combine with other

elements and reduce the corrosion resistance of the st€ehat, 2004)

2.1.5.2 Chromium (Cr)

As previously stated the addition of chromium to the steel at levels above 10.5% is
what provides the self healing protective oxide layer that imparts the improved
corrosion performance of the material. It is a ferrite stabiliser aratlily combines
with carbon and nitrogen to form various forms of carbides, nitrides and caitpioles
(Streicher, 1977) It is also a key element in the embrittling phases which hinder
stainless steel, such as sigma phaséctviis a combination of chromium and iron, but
it is also present within the Chi and Laves phaSggnfa phaseonsidered later in

section2.3.6).

2.1.5.3 Nickel (Ni)

The primary function for the addition of nickel is generally to stabilise the austenitic
phase. Unlike chromium it does not readily combine with other elements such as
carbon or nitrogen. At levels in the range e1@% nickel there is a marteeduction

in the ability of the stainless steel to resist stress corrosion cracking however
16



increasing or decreasing from this range yields a greater resistance to this detrimental
corrosion mechanisr(irhe Specialty Steel Industsf/North America, 2016)Nickel
also surpresses the gamma loop seen on the left hand side of t#@¥ Equilibrium

diagram Figure26).

2.1.5.4 Manganese (Mn)

Manganese is added to stainless steels in various quantities, and in general is regarded
as an austenite stabiliser, with its potency dependant on the nickel contentmaire
purpose for the addition of manganese is to combine with sulphur and thus prevent

the formation of a low melting point iron sulphide that, in extreme cases, can cause a
material to fall apart when the melting point of this iron sulphide is passesd, thi

phenomena is commonly referred to as hot shortn@&SMG Vanadium Inc., 2009)

2.1.5.5 Silicon (Si)

Silicon can provide the steel with a number of benefits including an increase in the
fluidity of the melt, which can increase the colegity of casting which may be

produced. Itis primarily added as a deoxidiser within the melting process but can also
add advantages in terms of oxidation resistance of the resultant alloy, at high
temperature. Low levels of silicon have little effeatsiabilising either ferrite or
austenite, however higher levels are reported to stabilise ferrite. It can combine with
iron to form iron silicides which can be detrimental to the mechanical properties of the

steel(Lippold & Koteki, 2005)

2.1.5.6 Molybdenum (Mo)

Molybdenum is a ferrite stabilising element and is added, normally in quantities of 2
4%, sometimes upto 8¢ unat, 2004)o increase corrosion resistance of the stainless

steel. It can also imease the hot strength of the steel, however this can provide
17



problems when hot working the material. Molybdenum is also added to some of the
precipation hardenable series of stainless steels to promote the precipitation reaction

(Mathers, Precipitation hardening stainless steel : Job knowledge 102, 2016)

2.1.5.7 Titanium (Ti)

In a role similar to niobium, titanium is added to combine with the nitrogen and carbon
within the stainless steel. The stochiometric quantity of titanium regito combine

with the available nitrogen and carbon can be calculated however as titanium also has

an affinity for sulphur additional titanium must be add@@alenko & Zhuravlev, 1995)

2.1.5.8 Niobium (Nb)

The addition of niobiunms used to stabilise the carbon and prevent it from combining
with the chromium and therefore reducing the amount of chromium to produce the
passive layer. The amount of niobium necessary to stabilise the stainless steel can be

calculated from the followig equation;

Equationl. Equation showing amount of niobium required to stabilise a stainless steel.
9E G iX1T = A ~@umat,2804)

It is also reported that in ferritic stainless steels the addition of niobium is an effective
method to increase the high temperature fatigue properties of the matéBahinless

Steel for Design Engineers, 2014)

2.2 Definition of Welding & Brief History

Welding can be described as the fusion of two or more pieces of either the same or
different materials. When designing a component the designer must account for the

processing method to ensure the component will endure the etyiof its design life,
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in the expected service environment. Welding has increasingly become a prominent
fabrication method since its inception and allows the manufacture of parts of a
component at separate sites and facilitates the combination of thesesgt its

intended location, an example of this could be oil pipeli(iegsterling, 1992)r

automotive exhaust systems.

Although forge welding, as practiced by blacksmiths had been in existence for
thousands of years, weldg, as it is commonly recognised, has its roots when Sir
Humphy Davy demonstrated the creation of an electrical arc between two carbon
electrodes, using a battery in 18Q0ary, The History of Welding, 1998}his paved
the way for the development of electrical welding processes, with the first patent for
an electrical welding technique being applied for in 18&ellberg, 2004)Gas welding
was developed and in use before the turn of thé"2@ntury, with the discovery of
§Cov C upyv AC Jv i6i0 ]88 A «v[§ pvi]o }ps idii Az
used for the purposes of cutting and weldiigobart Institute of Welding Technology,

1998)

2.2.1 Fusion Welding Processes

Therre are a number of fusion joining processes with variations within each of these
processes, such as with Gas Metal Arc Welding (GMAW), there are a high number of
variants including Cold Metal Transfer (CMT) welding. The differences are broad using
completdy different technologies to achieve the joiresistance weldingfor

example uses the resistance of the material to be joined, to the flow of electricity to
create sufficient heat to permit local melting of the materials. Then there are the
processeshat use an arc to create very high local temperatures, allowing melting and

subsequent fusion. More specialised high energy processes such as laser beam and
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electron beam welding can produce welds of extremely high depth to width ratios
(American Welding Society, 1991frigure4 shows the relative differences in some of

the processes according to the power density.
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Figure4. Showing the difference in power densities for variofusion welding processes
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(Lancaster, 1984)

2.2.1.1 Resistance Welding Processes

Resistance welding processes are a group of welding techniljaestilises the

materials to be joined, electrical resistance, to produce a heat source which causes
local melting and therefore coalescence of the faying surfaces and with the application
of an externally supplied pressure a joint is creat€dry & Helzer, Modern Welding

Technology, 2005)
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2.2.1.1.1 Spot Welding

The average automobile contains somewhere in the region of 3@AD spot welds
(Bayraktar, Kaplan, & Grumbach, 2008pot welding is a resistamwelding process
that utilises resistance heating and pressure to produce a &y & Helzer, Modern
Welding Technology, 2005his process can be observedHigure5, with an image of

a cross section of the resultant weld as seeRigure6.

Figure5. Schematic of resistance spot weldifg/estgate, 2009)

To conduct a spot weld there is a minimum requirement of the fathg equipment;

x

A welding transformer

X A suitable method to produce pressure on the joint

x A controller

X An electrode to allow the current to be transferred from the power supply to

the work piecg(Cary & Helzer, Modern Welding Techowy, 2005)
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Figure6. Image showing a resistance spot weld (RSWgestgate, 2009)

Resistance spot welding has significant advantages which justify its use in, for example
the automotive industry as it is easily automated and is a very fast joining process,
which provides low cost, predominantly autogeneous jo{iRajput, 2007)The

process has some disadvantages however, such as;

X Equipment repair/ maintenance is difficult.

x Process can only produce lap joints which requires access to both sides of joint
and adds to cost and weight of component.

x Equipmentcosts compared to arc welding equipment, are relatively high.

x Strength (fatigue and tensile) is relatively low in comparison to joints produced

using other processgg&merican Welding Society, 1991)
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2.2.1.1.2 Seam Welding

Welding Force

Overlapping
Welds

Figure7. Schematic of resistance seam weldifRjres, Louriero, & Bolmsjo, 2006)

Figure8. Showing resistance seam weldif@/estgate, 2009)

Seam welding as seen schematicallfFigure7 and in practice irFigureg, is a

resistance joining process that produces a gas tight continuous (E&d, 2016and
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essentially is produced by continuougisoducing spot welds that are spaced so that
they enable overlap. The wheels which act as the electrodes are driven and they also

exert a force on the materials to be joined.

2.2.1.2 High Power Density Welding Processes
These processes use a focused high enbegyn to provide the heat for melting of the

parent/filler materials.

2.2.1.2.1 Electron Beam Welding (EBW)

Electron Beam Welding (EBW) uses electrons to generate heat in a component. A
basic explanation of the process consists of a technology that enableslédsse of
electrons from a source, which are then accelerated away from the source (same basis
for a simple cathode ray tube;rdy generation tube or electron microscope column).

The electrons are then focussed using an electromagnetic lens onto ttidgoation.
Interaction with the generated electrons and molecules/atoms between the electron
generation source and the work piece are limited via the use of a high vacuum. The
electrons penetrate into the intended joint location and give up their kinehergy as

heat.

The technique can produce welds with high depth to width ratios and operate at
speeds up to 12000mm/min. The low energy input results in minimised distortion and
shrinkage and it is reported that the technigaanproduce welds with zer

contamination(GKN Aerospace, 2016)

2.2.1.2.2 Laser Beam Welding (LBW)
The Laser Beam Welding (LBW) process uses a focussed beam of light to vaporise the

metal at the point of focus. This, like EBW can give high depth the widtls r&tio

24



LBW ratios of 8:1 are possible (for EBW ratios of 30:1 are achievable) with power
densities in the range of 10t 102 Wm? (Kaul, Ganesh, Tripathi, Nandedkar, & Nath,

2003)

Laser beam welding can be used to prodaotogeneous welds and unlike EBW does
not need to be conducted under a vacuum and does not createyX as a byroduct
as EBW does. It is a process that is easily automated and has the ability to join a wide

range of materialgAmerican Welding Society, 1991)

2.2.1.3 Arc Welding Processes
Arc welding processes are so characterised due to the fact that they utilise an electric
arc as a means of introducing thermal energy into the process. This encompasses a

wide range of welding témiques currently employed in fabrication applications.

2.2.1.3.1 Manual Metal Arc Welding (MMA)

Sometimes known as shielded metal arc welding, this is one of the early arc welding
processes. A simple set up for the technique can be seBigure9, which consists of

a power source, which transfers power to the electrode holder via a lead. The
electrode holder allows attachment of the consumable electrodenustalso be able

to transfer the power from the welding lead to the electrode and be designed in a way
that allows the operator to manipulate it effectively tarry outthe weld. The

electrodes consist of a wire coated in a mixture of different matsrjgredominantly

non metal) which disassociate under the arc, stabilising it and provide a gas shield
around it, finally it forms a protective slag on the weld pool, which prevents interaction

with gases in the surrounding environment.

25



Consumable

Electrode
Direction of weld
Flux Coating
Arc
Slag

Gas Shield

B (from melted coating)

Molten Weld Pool

Figure9. Diagram of the manual metal arc welding procg¥germac, 2016)
This process is versatile and the power source does not have to be directly adjacent to
the welder, the power lead and torch are not cumbersome, which allows good
flexibility and manipulation of the electrode. Some considerations with this process
are thecosts of which the majority come from labour. The material costs are also
relatively high as only approximately 60% of the weight of purchased electrodes is
%0}e]S e Ao (Joo EX [V % ES §Z]* ] n 8} 8Z (opkE
permanen part of the weld, but also the welder is unable to utilise the entire length of
the electrode. The reason for this is that the electrode is getting shorter as the weld is
being undertaken to the point where the electrode and the heat associated wibtst
closer to the electrode holder and operator. To prevent damage to either, the weld is
stopped prior to the end of the electrode. One of the other limitations of the
technique is the stop/start nature of the process due to the reason mentioned above.
The slag that forms on the surface of the weld needs removing before the weld can be
re-started. This in turn increases the time and therefore the labour costs associated
with this process. Ineffective removal of the slag may result in slag incly8lars
Short, & Bayliss, 1988)ithin the weld which could present problems with the

mechanical properties of the joint.
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2.2.1.3.2 Submerged Arc Welding (SAW)

Submerged arc welding is an arc welding process that is conducted beneathuéagra
flux, due to this there is not the same fume generation and ultraviolet radiation
associated with some of the other arc welding processes. The process, of which a
schematic can be seen kigurelO, consists of an automated wire feed system which
feeds the wire into the granulated flux to the work piece, surrounding the arc the

granulated flux melts, protecting the resultant weld.

Electrode wire

Welding head AC or DC current
Residual flux Jaws -~ supply lead
layer \
Flux feed from
Slag layer Flux feed to
Weld deposit
&y
%ﬂffaq\ Flux layer
¥
‘o ""9;
QU
%o

Figurel0. Diagram showing the submerged arc welding proc€Bse Welding Institute

Limited, 1995)

Submerged arc welding is generally conducted as a fully automated process and is able
to produce welds in the ftaand horizontal positions only. It can traverse at high

speeds, up to 5040mm/mifAmerican Welding Society, 199AR)Iso, this process

produces high deposition rates.
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2.2.1.3.3 Gas Tunsten Arc Welding (GTAW)

Gas tungsten arc weldingjore commonly referred to as TIG (Tungsten Inert Gas), as it
is generally conducted using an inert shielding gas. In the UK the gas primarily used for
the technique is argon, however helium can also be used, which provides an enhanced

surface cleaning acin. Combinations of the two gases are sometimes utilised.

Direction of
weld

/-— GTAW head

l I Power
Shielding gas

Contact tube

Filler rod Tungsten electrode

(nonconsumable)

Electrical arc A Weld bead

Copper shoe

(optional) Shielding g:s

Figurell Diagram of the gas tungsten arc welding proc@skchanical Engineering, 2016)

The process seen Figurell, consists of a power source, this can be D.C. or A.C.
depending on material to be welded and a hose which contains the power lead and gas
piping to the torch. The torchself contains the termination of the gas pipe which

then goes through a diffuser to evenly distributes protectiveshielding gas around

the electrode and resultant arc. The torch also contains the electrode which is
electrically coupled to the power lead. Then-consumableslectrodes are

predominantly tungsten with the addition of other materials such as thorium or

zirconium. These additions improve electron emission and arc stability.

When using A.C. with an argon shielding gas, one half of the cycle provides a cleaning
action, removing tenacious oxide layers as found on aluminium and magnesium. The
other half ofthe cycle gives the heating action which melts the material and therefore

allows the potential for fusion to occur. Therefore A.C. TIG is generally used for the
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welding of aluminium and magnesium and their allg&merican Weldingociety,

1991)

With D.C. either half of the cycle can be used, however D.C. electrode negative is

generally used for other materials such as stainless ¢kéider, 2013)

GTAW lends itself readily to automatiafthough it is skilfully employed as a manual
process and is one of the few arc welding processes that can be used to produce
autogeneous welds. If a filler is required it can be fed in to the joint manually or

automated feeding mechanisms can be emplayed

2.2.1.3.4 Gas Metal Arc Welding (GMAW)
Gas metal arc welding is a term that encompasses a number of different welding
techniques that all use an electric arc as the heat source. They also utilise an

automatically fed consumable metal electrode and externallypdied shielding gas.

dZ % @E} e+ A e ] 00C u}veSE 8§ Jv 8Z idili[*U s 18 A
commercial environment until 1948, where it was used with an inert shielding gas

(argon) for use in welding aluminium and so was, and still is, warenonly referred

to by the name of MIG (Metal Inert Gas) weld{#gmao, Byall, Kotecki, & Miller,

2014)

2.2.1.3.4.1Transfer Modes

There are number of different transfer modes in GMAW, where the type of transfer
can be dictated by aumber of different variables, such as current, shielding gas and
electrode(BOC, 2007) The different transfer modes and their various permutations

can be seen ifable2.
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Droplet transfer mode

Typical welding process

1. Free flight transfer

1.1 Globular transfer

1.1.1 Drop transfer

Low-current GNA

1.1.2 Repelled transfer

COz-shielded GMA

1.2 Spray transfer

1.2.1 Projected transfer Intermediate-current GMA
1.2.2 Streaming transfer Medium-current GMA
1.2.3 Rotating transfer High-current GMA

1.3 Explosive transfer

SMA (Covered electrode)

2. Bridging transfer

2.1 Short-circuiting transfer

Short-are

2.2 Continuous bridging
transfer

Welding with filler wire addi-
tion

3. Slag-protected transfer

3.1 Flux-wall guided transfer

Submerged arc

3.2 Other modes

SMA, Cored wire, Electroslag

Table2. Classification of droplet transfer modes and typical process mode utilidedtani,

Shimizu, Suzuki, & Koshiishi, 2007)

The main transfer modes relevant to this study are the two free flight transfer modes,

globular and spray transfer and the bridging transfer mode, short circuit transfer.

These can be seen graphicallyFigurel2 and the visual appearance can be seen in

Figurel3to Figurel8. The pulsed arc utilises spray transfer through controlled pulsing

of the current, which allows this transfer mode to be used in a greater range of

applicationg(TWI, 2016)
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Figurel2. Diagram showing transfer modes according to arc current (1) and voltage (V)

(lordachescu & Quintino, 2008)

2.2.1.3.4.1.1Globular Transfer

Globular transfer is charactised by the molten droplet which forms on the tip of the
electrode and has a diameter greater than that of the electr@datani, Shimizu,
Suzuki, & Koshiishi, 2007The formation of this size of droplet is through a
combination of forces acting together, specifically the surface tension of the molten
drop and the repelling force of the arc. These forces counter the detaching force
induced by the electromagnetic pinch effect and gravitational foftagani, Shimizu,
Suzuki, & Koshiishi, 200(Iprdachescu & Quintino, 2008)ransfer is thought to be
through two modes, the first is drop transfer where the gravitational forces exceed the
forces exerted by thera and surface tension and so the droplet detaches and falls
through gravity to the work piec@Lucas, lordachescu, & Ponomarev, 2qQ@&)tani,
Shimizu, Suzuki, & Koshiishi, 20Q@jdachescu & Quintino, 2008)rhe second
transfer mode is termed repelled and occurs at higher currents and predominantly

when using a carbon dioxide shielding gasdachescu & Quintino, 2008)When
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using thisggas, the arc is constricted and so concentrates at the lower portion of the
droplet, which in turn concentrates forces applied by the arc in this region. This results
in the droplet being repelled from the work pie@eutani, Shmizu, Suzuki, & Koshiishi,
2007) The droplet may detach and transfer to the work piece with no detrimental
effect, as seen ifrigurel3. However, it is consated more likely that the droplet will

short circuit the arc and violently disperse, causing significant spatter, which has

restricted the use of carbon dioxide in a large number of applicatipimsle AG, 2016)

-

Figurel3. Showing globular transfefLucas, lordachescu, & Ponomarev, 2005)

2.2.1.3.4.1.2Short Circuit Transfer

Short circuit or dip transfer occurs at low currents and can be characterised by the
molten material which formst the tip of the electrode, coming into contact with the
molten weld poolThe Welding Institute, 2010)At the point of contact with the weld
pool a short circuit is established, the arc is extinguished with a corresponsiénm

the current. The bridge between the weld pool and electrode is simultaneously
attracted to both through surface tension. Therefore, the portion in the middle which
thins, has an increased current density and so creates the magnetic pinch which
becomes sufficient to fracture the molten bridge and so the arc is re established
(lzutani, Shimizu, Suzuki, & Koshiishi, 200#dhe rate of current increase is too high,

then violent separation of the molten bridge will azovhich will result in excessive
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spatter (Smith, 2014) This cycle can be seerHigurel4 and images of the short

P il

Figurel4. Showing short circuit cycle with effect on current and volta(feSAB)

circuit transfer seen ifrigurel5.

IERO

REIGNITION

EXTINCTION

VOLTAGE

The process cycle occurs in the range of 20 to over 200 times per second. The
shielding gas used can have significant influence over the surface tension and short
circuit duration as well as the characteristics of the and levels of penetratiofWWS

Group, 2005)

Figurel5. Showing short circuit transfefLucas, lordachescu, & Ponomarev, 2005)
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2.2.1.3.4.1.3Spray Transfer

Spray transfer, as seemFigurel6, can be characterised as being small droplets being
transferred to the weld pool through the arc at rates of hundreds of droplets per
second(Mathison, 2008) The operating current, for this type of transfer, must be
above the transition current (influenced by liquid metal surface tension, electrode
diameter, electrode composition and shielding gas) as indicat€iburel2, otherwise
globular transfer will occur with the droplet size significantly larger and transfer
occurring at rates of a few per secoflchncaster, 1984)Thidransfer tends to be

done using an argon rich shielding gas. This does not cause restriction of the arc
column and therefore does not cause repulsion of the molten droplet, and so can
result in a spatter free joint with narrow penetratiqizutani, Shimizu, Suzuki, &
Koshiishi, 2007) As the droplets are accelerated to velocities which are greater than

gravitational forces, this transfer mode can be used in any pogjomerican Welding

Society, 1991)

Figurel6. Showing spray transfegiLucas, lordachescu, & Ponomarev, 2005)
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2.2.1.3.4.1.4Pulsed Spray Transfer

One of the limitations to spray transfertizat although itcan be $ed on most metal

or alloys,owing to the high currents it is not suitable for thin sheets as it would cut
through them instead of welding theifiRao, 1999) Pulsing the current as seen in
Figurel7 overcomes this limitation as the average current is lower than that required
for spray transfer, but at regular intervals a pulse of current above the transition
currentis applied which is ithe spay transfer range. This causes a droplet or droplets
to detach as seen ifrigurel8, and transfer to the work piecel hepulsing is

controlled by the power supplyThe use of pulsed spray transfer has also been
reported to yield grain refinement in the heat affected zone and therefore enhance
the mechanical properties of the material in this area. Also with an increased pulse
frequency it has been observed that tleels an associated increase in the weld depth

to width ratio (Pal & Pal, 2011)

Figurel?. Pulsed spray transfer graph of current (I) against time (t) for two pulsing cycles
and images depicting thevents for one pulsing cycl@Hackl)
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Figurel8. Showing pulsed transfgiLucas, lordachescu, & Ponomarev, 2005)

2.2.1.3.4.2Metal Active Gas (MAG) Welding & Metal Inert Gas (MN&Jding

The conventionazas Metal Arc Welding (GMAWpcesses, Metal Active Gas (MAG

and Metal Inert Gas (MIG) weldings seen schematically Fiigurel9, differ only in

the shielding gas used, MIG has an inert shielding gas, such as argon and MAG welding
contains an active gas component, within the shielding gas, such as carbon dioxide in
argon. Both of these processean operate in any of the droplet transfer modes and
current power supplies allow the combination of GMAW short circuit with variable

pulse spray transfer cycles, thereby combining the advantages of(hb#hWelding

Institute, 2010)

Gas
noxzle

Consumable
electrode ~—___

. Contact
tube

Gas
shield Weld

matal
Parent Weld 3
metal  pool

Figurel9. MIG/MAG process diagrafThe Welding Institute, 2010)
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2.2.1.3.4.3Cold Metal Transfer (CMT)
Cold Metal Tansfer (CMT) is a relatively new gas metal arc wel(@BdAW) process

developed by an Austrian company called Fronius.

Initial development into joining steel to aluminium in 1991 began the background work
to the CMT proces@dimmelbauer, 2004) The idea of retracting the wire as lvas
feeding, as opposed to just feeding, which is standard on traditional gas metal arc
welding (GMAW) processes, was first utilised in a technology called spatter free
ignition (SFI) also developed by Fronius in 1@9@nius Iternational GmBH, 2004)
Following research conducted by the company, to join thin sheet with limited filler
material(Himmelbauer, 2004 )y 2002 the CMT process was a proven technology. By
2004 the equipment entered theosnmercial marketplacérFonius International GmbH,

2005)

Cold metal transfer welding is based around the dip transfer process (short circuit
transfer) where the filler material is transferred to the weld pool through the
consimable electrode coming into contact with it. Images showing dip transfer can be

seen inFigurel5 and Figure20 (with time frame between images).

=)

5 ms

=)

5 ms

Figure20. Images showing dip arc transféizutani, Shimizu, Suzuki, & Koshiishi, 2007)
where the first image(far left) showsthe arc and the consumable electrode with a spherical
molten mass as the end moving toward the work piece as the wire is fétle second image
(centre) shows the consumable electrode in contact with the weld pool, providiee short
circuit phase. The third image (far right) shows the transfer of the molten portion of the
consumable electrode, which eliminates the contact with it and so the arc ieséablished.
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One of the main benefits of CMT is a reduced overall hgatit into the joint, which is
AZ @ 3Z 8§ Gu ~}o _]v 8Z % @E} <« §]50 }E]P]v § «X dZ
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processes.

Figure21. Schematic diagram of the CMT process showing wire motion, arrof#dnius
International GmBH, 2007)

Figure22. High speed irages showing CMT cyc{Eronius International GmbH, 2004)
Corresponding to the schematic figure21 above.
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Figure23. Graphs showing voltage (V)(top) and current (I) (bottom) against time for the
CMT procesg¢Rosado, Almeida, Pires, Miranda, & Quintino, 2008)

A description of the process is as follows; with the current relatively high, an arc is
established and a molten drop of metal is formed on the end of the electrode. The

wire is fed towards the intended joint, as in a standard MIG/MAG cycle, this is

repres v8 ]v FEidqurgRl, Figure22 & Figure23. As soon as the electrode

contacts the molten weld pool, a short circuit is created, this is detected by the control
software and the controlsyS u pS}u 8] o0o0C E P ¢ SZ HUEE vS =« »
previously mentioned figuress can be seen Figurel4for the standard GMAW

process as the short circuit phase initiates the current ngegh gives the GMAW a

higher heat input The system then reverses the electrode motion and allows the

surface tension of the molten weld pool to remove the molten daopthe end of the
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above figures. Finally the electrode is sufficiently retracted to allow detachment of the
molten droplet from the end of the electrode. The shortait is then broken, the

control software detects this and so rapidly increases the current and reverses the wire
motion so that the arc is restablished and the electrode is driven towards the work

%o ] » « v JAghrg2]to Figure23. This oscillation of the wire can happen at

up to 70 times per secon@Himmelbauer, 2004)

One of the variables of the CMT process is the ability to vary the short circuiting
duration of the welding cyclas in b to c irfFigure23. The variation of this parameter
can have an effect on the heat input of the process. By increasing the short circuiting
duration there will be a reduction in the frequency of filler deposition, but this has
been found to have very little effecinathe amount of materials depositg@Pickin,
Williams, & Lunt, 2011)Pickin et af2011)also found that variation of the Arc Length
Correction (ALC), the parameter which alters the shincudt duration, from +10% te
30% alters the duration of the short circuiting phase of the cycle from approximately
5ms to approximately 10ms, the portion Bigure23 between 'b' and 'c’. There was

not any reported effect from the variation in short circuit phase.

It was found by Feng et €009)in their study on joining aluminium, that when using
CMT welding it required less current for the same amount of weld deposited in
comparison to the conventional pulsed MIG process. Therefore this can allow the use
of faster welding speesinda reducedoower costwhen producing welds using CMT
welding, it was also found in the same study that by using CMT on 1mm thick pure
aluminium parent material, the use of CMT reduced the amount of deformation of the

sheets due to weldin¢ferg, Zhang, & He, 200Research conducted by Elrefaey
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(2015)also found advantages with welding aluminium materials using CMT over using
conventional MIG or TIG techniques and identified them as comparable to welds
created using the friction stir welding process and laser beam welding techridque.
research conducted examining the use of CMT for welding aluminium to steel, CMT
welds were created with and without a pulsed arc, with tensile samples created and
tested for each(Madhavan, Kamaraj, & Vijayaraghavan, 201&lthough the welding

of these materials creates an intermetallic compound that normally weakens the joint,
it was reported in this study that although this intermetallic quoand was present in
small amounts, the tensile tests all failed in the heat affected zone region on the
aluminium, with the addition of a pulsed current to the CMT cycle increasing the joint
strength and hardnes@viadhavan, Kamarag Vijayaraghavan, 2016)his was not

the same found for a study examining the joiningaofaluminiumalloy (1060anda
magnesiumalloy (AZ31), where under tensile testing failures were seen in the fusion
zone along a brittle intermetallic lay#nat had formed during the weldinfVang,

Feng, & Wang, 2008)

Work conducted look at joining Inconel 718 found the welds to be aesthetically similar
to those conducted using the conventional MIG technique, but with the lowat h

input of the CMT process provided a reduced HAZ size and reduced residual stress
levels, incomparisorto the traditional MIG welding technique employé8enoit,

Jobez, Paillard, Klosek, & Baudin, 201Hgreforefor amaterial more comparable to
those under examination in this study, there appear to be advantages of CMT over the

conventional GMA welding techniques.
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2.2.1.3.4.4Cold Metal Transfer Advanced

Welding processes are constantly being developed and the CMT process is no
different. The CMT advanced process providing the ability to reverse the poles from
positive to negative or vice versa during welding. This is reported to allow higher
deposition ratequp to 60%pnd an enhanced gap bridgabilag well as providing an
ability to reduce the heat input into the welg@Fronius International GmbH, 2009)his
then permits the welding of thin materials (0.3mm) and bridging welding gaps as wide
as 2mm across 2mm thick aluminium based parent makersing an aluminium

silicon alloy filler materiglFronius UK, 2015)

2.2.1.3.5 Gas Shielding

The use of a shielding gas is primarily to exclude the atmosphere or more precisely,
particular elements in the atmosphere (predominantlygen and nitrogen) from the
molten material produced during the process. Without this shield the formation of
porosity,oxides and nitrides may take place, causing detrimental effects to joint
integrity. Shielding gases may be inert or actiliee actve gases aatain proportions
(eg 2%pf an active component (such as carbon dioxide or oxygen) in an inert gas,
although the use of 100% carbon dioxide as a shielding gas is commoniy tised
welding of steel Different gases impart different properti€for details of the
properties of some of the common shielding gases reféFable3) on the processes
involved in the welding cycle. The developthef new shielding gas mixtures has
been with the aim of creating a more stable arc, to reduce fume emissions and/or to
provide an enhanced molten metal transfer. All of which may have a positive effect on
production, consistency and qualifi?ires, Quintino, & Miranda, 2007 ubsequent
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paragraphs will explain the main gases / gas mixtures with the effects on the welding

process / weld.

Argon Carbon Helium Hydrogen | Nitrogen Oxygen
Dioxide

Chemical Ar CcQ He H. N2 O
Symbol
Specific 1.38 1.53 0.1368 0.0695 0.967 1.105
Gravity
(Air=1)
Densityat | 1.78 1.98 0.18 0.090 1.25 1.43
0°C, 1
atmosphere
(kg/md)
lonization 15.7 14.4 245 13.5 14.5 13.2
Potential
(eV)
Thermal 16.77 14.92 148.46 168.26 24.11 24.32
Conductivity
(W/m*K)
Cubic m/kg | 0.604 0.545 6.037 11.986 0.862 0.754

Table3. Showing the properties of various shielding gagBsaxair, 2005)
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2.2.1.3.5.1Argon

Argon is an inert gas which is approximately 1.4 times denser than air, as can be seen
in Table3, which makes it extremely good at shielding weldh&ndown hand position

and is extensively used in pure form to join non ferrous materials such as aluminium,
titanium and copper. In the UK it is the predominant shielding gas for GTA welding of
these material{BOC UK, 2010Yhe low ionization potential of argon, creates a

stable, constricted, high density arc which results in a narrow penetration profile

(Praxair, 1995)

2.2.1.3.5.2Helium

Helium, another inert gas has a density of 0.169kfAIR LIQUIDE, 2008)ainst air
which has a density of 1.202kg#r(AIR LIQUIDE, 200&)15°C making it lot lighter
than argon and therefore higher flow rates are required to afford the same levels of
shielding. Welding with helium creates a hotter weld and due to the high thermal
conductivity results in a broad weld profile with redugeehetration when used on

stainless steel jointfArmao, Byall, Kotecki, & Miller, 2014)

2.2.1.3.5.3 Argon / Helium

It is common practice for shielding gases to be mixtures of two or more gasbsas

with a combination of 70% Ar and 30% He as recommended by Air Prdducts
Products, 201 7or the joining of aluminium The combination of argon and helium is
used to combine the advantages of each for example wberng aluminium,

magnesium or their alloys, argon improves arc stability and the cleaning action
provided by the arc and helium is said to improve wetting and weld metal coalescence

(ESAB, 2002)For welding stainless staéle addition of helium to argon, enhances the
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fluidity of the weld pool, which increases the penetration. It also permits the use of

faster welding speed@.inde AG, 2012)

2.2.1.3.5.4Argon / Oxygen

The addition of small quantitiesud as 2%of oxygen to the argon based shielding gas
creates a more stable arc. It also increases the speed at which molten droplets are
transferred to the weld pool, reducing the amount of current required for spray
transition and lengthens the duration fevhich the weld pool is molten and therefore
effects weld penetration as a resiPraxair, 1995) However for stainless steel welds

due to the oxidising effect, the weld bead will appear grey.

2.2.1.3.5.5Argon / Carbon Dioxide

The useof pure argon tends to create an erratic arc and also a greater likelihood for
undercut. The addition of small amounts of other elements reduces this effect.
Carbon dioxide can be added in quantities of 3 to 25% to argon and produces a
noticeable differace in the arc characteristics, and eliminates the problem of
undercut afforded by pure argon. The addition of carbon dioxide also increases the
A 8% 10]3C_ }( 3ZFildo, &Ferraresi, & Scotti, 201@)ving a greadr

amount of penetration than just argon alone. The use of argon/carbon dioxide mixes
tends to be used for applications where the desired transfer mode is short circuit
transfer. However, it is also suited for operating in spray and pulsed transfer modes
(American Welding Society, 1991y was reported by Zielinska et(@009)that the
addition of carbon dioxide to the argon shielding gas promotes a globular transfer
mode, which can bseen inFigure24, where the addition of 15% G@ the argon

shielding gas changes the transfer mode from spray to globular. This was found not to
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be as stable as the spray arc transfer mode at the same currents without the addition

of the carbon dioxide.

Figure24. Showing effect on transfer mode of carbon dioxide addition to argon shielding gas

(Zielinska, et al., 2009)

2.2.1.3.5.6Carbon Dioxide

The use of carbon dioxide as a shielding gas has been widely applied in combination
with gas metal arc welding processes. Carbon dioxide is the only active gas that can be
used without combination to an inegas. The use of the gas for shielding in welding
applications tends to be in the joining of carbon and low alloy steels and provides the
ability to weld at higher speeds, enhanced penetration and with reduction in cost to

the shielding afforded by argon.
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2.2.1.3.6 Arc Efficiency andHeat Input
One of the measures of a welding process is the heat input, that being the amount of
heat that is being used to produce the weld. The calculation for heat input begins

with calculating the arc energy usiggjuation2;

Equation2. Equation to calculate arc energy.
Arc Energy (J/mm)L —

Where;
V = Voltage usefV)
| = Current used@A)

v = Traversspeed of welding torckmm/s)

With acalculation of arc energy, the heat inpaaybecalculatedusingEquation3;

Equation3. Equationto calculate weld heat input.
Heat Input(J/mm) A { (British Standards Institution, 1998)

Where;
{ A WE} e+« ((]]vVv C ~(Bftiish $@nddddg tnstitution, 1998)

AE = Arc Enerdy/mm)

The arc energy is simply the energy put into the welding process, per unit length of
weld. However not all of the energy from the arc is transferred to the work piece, as
some is lost from the sides of the arc, making the process less than 100% efficient
Therefore the amount of losses which occurs during the process must be quantified so
that adjustments can be made to give an accurate value of the heat input. The value
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as specified by British Standards for the GMAW processes (Briti8h Standards

Institution, 1998)

Work conducted by DuPont and Marddr995)found that the arc efficiency for the gas
metal arc welding process varied and with measured values of 0.84 they had a
toleranee of £0.04. Therefore potentially the process efficiency could be higher by
10%, with a process efficiency of 0:@8herthan the 0.8 stated within the British

Standard.

Work has also been undertaken to assess the process efficiency of a number of the
variant gas metal arc welding processes including the cold metal transfer process. The
conclusions were that the process efficiency of CMT was 0.85 and that it was not too
dissimilar to the standard GMAW process test@epe, Egerlad, Colegrove, Yapp,
Leonhartsberger, & Scotti, 201This then means that calculated heat inputs based on
the process efficiency values given in the British Standard will appear lower than they
actually are. It was also found that welding in a g®asuch as with vee butt joint
preparation for example, increased the process efficiency to around 0.9, this is thought
to be due to less radiant heat being lost from the arc as it would have been absorbed
by the walls of the material. This then may mehat when welding thicker sections

with a wider gap, there is an increase in the process efficiency and therefore when
calculating the heat input with either the value stated in the British Standard or one

from recent research, may still yield inaccuracie the values obtained.
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2.3 Welding Stainless Steel

The integration of different materials into one component allows the part to take on
the advantages of certain materials, whilst reducing or eliminating the effects of the
disadvantages. Stainless steehn offer a vast array of properties to a component or
structure, such as enhanced corrosion resistance, enhanced mechanical properties,
wear resistance and aesthetical appearance. The cost of stainless steel may make it
economically unviable to produdhke entire component or structure from the material
and this creates the need to find suitable technologies to allow the integration of this

classification of materials into components and structures.

Various welding techniques have filled this requiremerll and have allowed the
combination of stainless steel with a whole host of different materials. Greater control
of the welding process has allowed a greater consistency of weld. In particular
advances in the electronic systems within welding equipties allowed automated
manipulation of certain parameters through the welding cycle and the instigation of
welding robots have permitted greater consistency in the torch traverse speeds and
distance to work piece. Investigations into the as welded natgical properties of

the materials have permitted identification of problems associated with welding
different materials. The following information highlights the main problems that may
be encountered whilst welding stainless steels, the effects of hiriay be a reduction
in corrosion resistance, alteration of mechanical properties or simply affecting the

aesthetics of the part.
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2.3.1 Grain Growth

One of the main problems associated with the welding of ferritic stainless steels is the
issue around grain growth in the heat affected zone as can be seen arroweglie

25. This grain growth reduces the toughness in this area and therefore in certain
service environments could lead to failure in situations where an unwelded material

would not fail.

Figure25. Image Bowing grain growth inGMAwelded ferritic stainless stegMagowan &
Smith, 2010)
Grain growth during the welding of ferritic stainless steel arises as the parent material

adjacent the weld is heated up to temperatures abodé o X , S]JvP }A §Z]-
temperature allows the ferritic grains to grofiakshminarayanan, Shanmugam, &
Balasubramanian, 2009)The longer they are held in this region and the higher the
temperature held in this region, thiarger they can grow. There are certaictions

that may betakento minimise this growth such as the inclusion of carbide and nitride
stabilising elements, (boron, aluminium, vanadium and zirconium) which essentially

pin grain boundaries and hence minga the ability of the grains to grow
(Lakshminarayanan, Shanmugam, & Balasubramanian, 200@Ye is also the effect

in ferritic stainless steels of allowing some transformation to austenite at elevated
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temperatures as thiglso reduces grain growth. However, without controlled cooling

this can lead to other problems as discussed.;h3

2.3.2 Sensitization

Sensitizatioroccurs in both austenitic and ferritic stainless steels and dramatically

reduces the corrosion resistance of the material in aggressive environments. The

% E} ou EJ]e e PE]VP 5Z A0 ]JvP C 0 * 3 u% E SpPE |
sufficient energ to allow carbon to migrate through the grain to the grain boundary

and form carbides. These carbides are predominantly with the chromium in the form

of M23Gs or MG (Amunda & Mridha, 2011)This leaves the areadjacent tothe grain

boundary denuded of free chromium, the element which gives stainless its protective,

self healing, chromium oxide layer. Therefore this prevents the protective layer

forming at this grain boundary and so leaves an area that is unable to a&sick

from a corrosive media.

The techniques employed to reduce or eliminate the detrimental effects of
sensitization include controlling the interstitial elements in the material,
predominantly carbon and nitrogen. It is these elements which combirte tivé
chromium and therefore reduce the levels of this element necessary for passivation.
The addition of stabilising elements has been successfully used, with additions of
elements such as titanium, vanadium, niobium, tantalum, yttrium and zirconiumgbei
added to the material during manufacture of the steel. These elements then form
stable carbides or nitrides and essentially reduce the amount of carbon within the

material that is free to form carbides with the chromiy#wmunda& Mridha, 2011)
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Another method is via controlling the heat input and cooling rate of the welding
process. It has been found that low heat inputs yield fast cooling rates during the early
part of the thermal cycle which produces fully ferritic stugts. This however gives a
structure super saturated with carbon and therefore results in the formation of
carbides and nitrides at the grain boundaries. As the cooling rates are high, it also
prevents any reverse diffusion of the chromium back to arpleted regions. It has

been claimed that higher heat inputs are critical in managing sensitization in ferritic
stainless steels as it provides a slower cooling vatehallows the chromium to
redistribute to areas of lower concentrations and essentidégensitize itselfAmunda

& Mridha, 2011)

2.3.3 Formation of Secondary Phases

The thermal cycle induced within the parent material during welding raises the
temperature to its melting point immediately adjacent to the weld and the
temperature gradually diminishes with distance, the further away from the edge of the
fusion zone. Thepeed of cooling is relatively fast, which, in some instances, prevents
certain microstructural phases forming. One such instance of this is with certain
grades of ferritic stainless steel. The microstructure that is not completely ferritic from
room temperature to melting temperature, and there is the appearance of what is
commonly referred to as the gamma loop. An example of anéloomium

equilibrium diagram can be seenhiigure26 with the loop apparent on the left hand

side extending from the-gxis between 912 & 1394°C.
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Figure27. Part of Iron- Chromium equilibrium diagram showing effects of carbon and
nitrogen on theshape and size of thgamma loop(Deddoes, Parr, & Hanson, 1999)
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One of the difficulties of using equilibrium diagrams such as that seEigune26, is

that they are binary diagrams. They only display the refstgp between the

variation of the two elements shown within the diagram and make no consideration

for the variation of additional elements present within the material. For stainless
steels the manipulation of the composition is extremely important faaragle

increasing the carbon content of martensitic stainless steels permits the
transformation strengthening crucial for these materials. Using the same element for
another example, an increased quantity of carbon within a ferritic stainless steel
signifcantly increases the extent by which the gamma loop extends across the
equilibrium diagram. This effect can be observeBigure27, where the effect of

carbon and nitrogen are shown on the size and shape of the gamma loop. With low
levels of interstitials the loop does not extend beyond twelve percent chromium.
However, when relatively small increases are made with carbon and nitrogen, the loop
extends to alloys containing nearly thirty percent chromium. The significance of this is
that the gamma loop is a region where the ferritic material transforms to austenite.
This has the associated crystal structure change from body centred cubic to face
centred cubic and a volume contraction as a result. This is sometimes used by material
engineers to the advantage of the material during welding as is restricts grain growth,
however, it can hinder the properties of the material. Austenite, the structarméd
within the gamma loop, has a strong affinity for carbon and is able to hold significantly
more carbon in solution than can be accommodated in ferrite. For a 17% chromium
ferritic stainless steel, it is reported that 0.15 wt% of carbon is solutfieriite at

1400°C, which rapidly reduces to 0.03 wt% on cooling down to 1000°C. In contrast the
solubility of carbon in austenite of a 17% chromium stainless steel at 1200°C is 0.32

wt% (Lippold & Kotecki, 2005)The coolingart of the welding cycle, without
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externally applied retardation, can be extremely fast and therefore non equilibrium.
As a result of this, for a ferritic stainless sti&lt has a proportion of austenite within
the microstructure, the austenite does hbave sufficient time for the diffusion

required to allow the transform to ferrite and carbide as predicted on the equilibrium
diagram. Therefore other diagrams are used to predict microstructures formed under
non equilibrium cooling conditions such am& Temperature Transformation (TTT)
diagrams. One such example of this is proposed by Warmeld20@f)and can be

seen inFigure28. Although the proposers identified it as a Continuous Cooling
Transformation (CCT) diagram, it is in fact a TTT diagsdime xaxis is time base and
not cooling rate.From the diagram Figure28) proposed byVarmelo et a[2007) it

looks to be possible to miss the transformation to austenite and therefore
subsequently unable to transform to martensite, if the cool was quick en¢igh
seconds to 1050°Cthis is described but with no validation of the mechanism for how
this pracess occursThis would indicate that within a HAZ, there could be regions close
to the fusion zone that have experienced temperatures in excess of 1200°C that cool
quick enough to maintain a ferritic structure, this would be clearly identifiable within a

HAZ.
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Figure28. Time Temperature Transformation diagram for delta ferrite to austenite in the
high temperature HAZWarmelo, Nolan, & Norrish, 2007)

Therefore the carbon gets trapped in solution and forms the phase martensite, which
has a body centred tetragonal structure which can have a detrimental impact on
mechanical properties and can result in premature failure by hydrogen induced
cracking(Lippold & Kotecki, 2005)Work undertaken by Zheng et @010)identified

that the correct balance between ferrite forming and austenite forming elements was
important to preventmartensite famation in low carbon, 12% chromium stainless

steels. They found that identification of the ferrite factor was important;

Equation4. Equation to determine the ferrite facto(Zheng, Ye, Jiang, Warigu, & Wang,
2010)
Ferrite Factor (FF) = Cr+6Si+8Ti+4Mo+2Al-Mite4N40(C+N)

The research identified that when the FF is above 9.0, there would be little martensite
within the high temperature heat affected zone, but as the FF decreases the ambunt

martensite increaseswvith 90% martensite content when the FF is reduced to 7.62.
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2.3.4 Solidification Cracking

Solidification cracking is caused through the inability of the weld material to withstand
the forces acting upon it as it solidifi€BWI Ltd, 2009) In the case of stainless steels
this failure mode tends to be more of a problem for austenitics rather than ferritics
and furthermore the inclusion of ferrite within the austenitic matrix reduces the

susceptibility to thigype of cracking.
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Figure29. Diagram showing mechanics of shrinkage cracKdgiversity of Ljubljana, 2000)

The mechanics of this type of cracking stems from a solidification front where the
strains imposed on the final portion of metal to solidify are sufficient to pull the
material apart. Contributing factors to this type of problem are thought to include
weld bead size and shape, degree of restraint on the joint, physical properties of the
materials, such as shrinkage rates and compositional contents, in particular impurities
such as phosphousand sulphur(TWI Ltd, 2009 Shankar, Gill, Mannan, &

Sundaresan, 2003)
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Research conductdoly Kujanpaat al(1979)investigated the potential of shrinkage
cracking based on the composition of the weld material and produced a predictive
diagram often referred to as the Suutala diagram. The Suutala diagraeeasn
Figure30 shows that the risk of cracking is reduced with low levels of sulphur and
phosphorus and also as the-g# Nieq ratio is increase@bove a particular level
(approximately 1.5) Thigs representative of the shift in the solidification behaviour
from primary austenite, to primary ferrite and so the susceptibility to the cracking type

shows a dramatic decrease even at high impuritele
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Equation5. Equation to determine the chromium equivalent.
Crq= Cr + 1.37Mo + 1.5Si +2Nb + 3Ti

Equation6. Equation to determine the nickel equivalent.
Nieg = Ni + 0.31Mn + 22C + 14.2N + Cu

Figure30. Suutala diagram for predicting susceptibility to shrinkage cracking from weld
metal composition(Kujanpaa, Suutala, Takalo, & Moisio, 1979)
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2.3.5 475°C Embrittlement

Iron Chromium alloys contaimg 15t 70wt% Cr can be affected by this type of
embrittlement phenomena. To become embrittled through this mechanism the
material must be held at a temperature in the range of 400°C to 550°C. Theories as to
how this embrittlement occurs are not agreég all, however the predominant theory

is that it is due to the formation of a coherent precipitate. Materials within the
prescribed compositional range that were held at temperatures below 550°C were
found to form a chromium rich ferrite (alpha prime)dan iron rich ferrite (alpha)
(Williams & Paxton, 1982The time held at the aging temperature before the material
becomes embrittled was found to vary according the composition of the material, in
particular the chromiuntontent. Higher chromium stainless steels become embrittled
within a shorter period, although at a higher temperature, than the lower chromium
containing stainless steels. For low to medium chromium stainless steels, the material
needs to have been helat temperature in excess of 100 hours before the mechanism
was detectable, although higher chromium steels exhibited a loss of ductility and
toughness after shorter durations. The addition of carbide forming elements, such as
molybdenum, niobium and titaonm have been found to speed up the embrittlement.
This may be as a result of the fact that they free up the amount of chromium available
and so effectively raise the chromium content of the stainless steel that can combine

with other elementqLippold & Kotecki, 2005)

There are reports that the embrittlement effect, termed 475°C, brought about due to
the formation of alpha prime results in an effect of the materials resistance to attack
by corrosive media. This is thoughtlie as a result of the selective attack being

directed at the iron rich ferritic phase, although this may be as a result of a reduction
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in the free chromium content that is available to form the self healing passive oxide

layer.

A remedy to the embrittlenent is through heat treatment in the range of 5600°C
for a short period. Holding at these temperatures for excessive durations will
encourage the onset of the detrimental sigma phase embrittlement, as discussed in

section2.3.6

2.3.6 Sigma Phase Embrittlement

Sigma phase embrittlement affects irarchromium alloys containing chromium
contents in the range of 20 to 70wt% in environments held at temperatures within the
range of 500800°C. As with the 475°C embrittlement, materials with higher
chromium contents have an increased risk of this type of formation at lower times
(typically a few hours). Steels with less than 20% chromium requires exposure in the
critical temperature range for hundreds of hours before effects are observable.
Examples of sigma phasan be seen iRigure31 andFigure32, etched using a

ut 1(] DUuE]!l u][e-(Ma&nddprvoost, Colour MetallographyFilm Formation

and Interference Techniques, 2004)
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(a)

(b)

Figure31. Use of modified versions of Murakami's reagent to colour delta ferrite asigma
phasein stainless steel welds. (a) Delta ferrite colad blue and brown in an austenitic

matrix in type 312 stainless steel weld metal (@gelded) using modified Murakami'seagent

(30 g sodium hydroxide, 30 g potassium ferricyanide, 100 mL water, at 100 °C, or 212 °F, for
10 s). The arrow points to a slag inclusion in the weld nugget.Siglmaphaseformed in a

type 312 stainless steel weld (from the delta ferrifghase by aging at 816 °C (1500 °F) for

160 h.Sigmawas cdoured green and orange by etching with Murakami's reagent (10 g
sodium hydroxide, 10 g potassium ferricyanide, 100 mL water) for 60 s at 80 °C (175 °F). The
u Pv](l] S8l1}v &+ & 1i(Vanddrvoort\ddidr MetallographyFilm Formation

and Interference Techniques, 2004)
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Figure32. Image showing Sigma pha¢€andervoort, Examination of Microstructures, 2003)

2.3.7 High Temperature Embrittlement

Exposure to temperatures above approximately 0.7 of the steels melting temperature
(°K) results in an embrittlement phenomenon known as High Temperature
Embrittlement (HTE). As the temperatures involved for the instigatfahis form of
embrittlement are so high, it is rarely experienced through service conditions. The
temperatures involved are above those recommended, in particular, for ferritic
stainless steels. The manifestation of this type of embrittlement is faerikely to

come from the processing of the component/material. In particular it is likely induced

through welding as a result of the temperatures involved in the thermal cycle.

The susceptibility to high temperature embrittlement is primarily goverbgd
composition and grain size. The mechanics of embrittlement are through the
formation of chromium rich carbides, nitrides or carbonitrides, where precipitates may
form in the grains or on the grain boundaries. The location of these precipitates also

has influence over the reduction in properties through this type of phenomenon. It
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must be noted that stabilised grades do not form this type of embrittlement as easily

as the nonstabilised grades.

2.3.8 Liquation

Liquation is an issue that presents more of algem within the austenitic grades of
stainless steel than ferritic. During welding liquation cracking can occur within the
heat affected zone or in the weld itself. Within the heat affected zone this type of
cracking is produced as a result of liqulth being produced at grain boundaries in
partially melted regions. Mitigation from this form of cracking can be made by
increasing the amount of ferrite that is formed in this region, reduction of the impurity
levels in the stainless steel, reducing ty@in size and reducing the heat input during
the welding procedure. In welds, the resulting cracks are formed as a result of
segregation and are more common in multipass welds due to the repeated thermal
cycling. This allows the lower melting point miaals that form on the grain

boundaries, to melt and then form cracks upon solidification.

2.3.9 Impurity Elements
Certain elements have detrimental effects on stainless steel materials, the most

prominent of these are phosphorous and sulphur.

2.3.9.1 Phosphorus

Phoghorus is an element that has been linked with a reduction in the corrosion
resistance of a stainless steel and reported to have effect on increasing the likelihood
of cracking during the welding proced3uPont, Microstructural Dedopment and
Solidification Cracking Susceptibility of a Stabilised Stainless Steel, 19%®8inless
steel itisrecommended to have phosphorus levels less than 0.008&hers,

Welding of Austenitic Stainless Steel: Jolmwledge 103, 2016)
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2.3.9.2 Sulphur

Sulphuris sometimes intentionally added to improve the machinability of the material,
although it can result in a detrimental effect on the corrosion resistance of the
material and may create problems when welding sorhéhe gradeqLippold &

Kotecki, 2005) As with phosphorus there is a recommendation to keep sulphur levels
to less than 0.003%, however it has been reported that when sulphur levels get really
low (<0.005%) the weld profildhanges to a broader profile with less penetration,
whereas when levels are above 0.010%, the weld is narrower with deeper penetration

(Mathers, Welding of Austenitic Stainless Steel: Job Knowledge 103, 2016)

2.3.10 Liquid Metal Embrittlement

Liquid metal embrittlement or penetration is a phenomenon that occurs when
stainless steel is in contact with a liquid metal such as zinc or c§Bpéey, 1994)
The penetration occurs through the wetting ofetlmolten material on the grain
boundaries as can be observedrigure33. This results in the flowing of the media
down the grain boundaries and esgally creating a crack, which weakens the
material. Even if penetration does not completely pass through the
material/component it could still dramatically affect the integrityibéindervarious
loading conditions. The importance of this potentialymaging mechanism, whilst
joining is that the integration of stainless steels into various components and
structures may result in the contact of stainless with copper. For example if the joint is

to brazed using a copper braze material.
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Figure33. Image showing liquid copper which has penetrated down the grain boundaries of
an AlSI 304 austenitic stainless st¢Magowan S. , 2006)

The process is often exacerbated by the presence of asthee that in the form of an

externally applied stress or residual stresses present within the material.

Determination of the presence of liquid metal penetration is made through
microstructural observation where either destructively samples are takespared

and examined for the presence of the phenomena or the sample can be prepared in
situ, normally to a high quality finish with optical examination and the use of replicas
to determine any evidence of liquid metal penetratifine Welding Institute Ltd.)
Mechanically, the presence can be found through tensile testing, where in particular, a
reduction in elongation , could be an indication of the liquid metal having penetrated
the base meta(Burgin,2008) Alternatively, tables exist which show classic material
couplings which have resulted in liquid metal embrittlement. However, these are not

definitive or exhaustive.
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2.3.11 Stainless steel summary

The ferritic stainless steel grades are restricte use due to the reduction in

mechanical properties as a result of welding. Those particularly sensitive to welding
are the nonstabilised grades such as the EN1.4016 and EN1.4003, which are
susceptibleo the formation of martensite as well as graimacsening. Therefore due

to the environments these materials may operate in it is imperative that the
mechanical properties are well understood, including the tensile, hardness, impact and

fatigue properties.

2.4 Fatigue

Fatigue is a failure mechanigmsulting from some form of cyclic loading regime. This
loading may not necessarily be in the traditional sense, of a load applied and then
removed, but in the case of thermal fatigue could be as a result of cyclic stresses from
the expansion and contraicin as a structure undergoes multiple heating/cooling
cycles. This could be as seen in the service environment for a typical engine block
whilst in this same structure there will be con rods and cam/crankshafts, valves and
pistons, all subject to more stdard cyclic loading mechanisnigwever these are all
operating in contrasting environments, where temperature, corrosion products,
abrasive particles will all influence the ability to succumb to a fatigue failure. An
automotive suspension spring, althgli not subject to elevated temperatures will

have a varied life being exposed to different corrosion products, the loading
mechanism will be different for every spring depending on how the vehicle is loaded
and the road surface and speed.
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There are many fure mechanisms for materials and fatigue is a key one of these that
accounts for a high proportion of failures. For some components this can be as high as
80% of failures accountable to a fatigue failure mechar(Mfimsching, 198). The

problem with fatigue as a failure mechanism is that there can be a whole host of
factorsthat can influence a material @omponents suseptibility to fatigue failure.

This can be from the material itself, to the alloying content, surfagedd@n or

geometry of a component as well as loading conditiongfaliese carhavea

significant influence.

2.4.1 Fatigue Testing

The testing of a material or component which will operate under a fatigue regime,
requires the load to be cycled. The loadgsagjuence used for this can varyigure34
shows some of the fatigue cycles that can be imposE@jure34 (a) gives an example

of the tension/compression cycle, the material is initially in tension for the first portion
of the cycle, increasing in stress uniilaxis reached, then the stress reduced over a
period of time, whereby the sample is subjected to a compressive stress until reaching
*min Where the compressive stress is removed, returning the stress state to zero and
completing a full cycle. For the tension/tension loadifigre34(b)) the sample
remains in tension for the entire cycleéternatively it could be
compression/compression where the sample would be under compmeder the
complete cycle. The spectrum loading conditiffRigure34c) are moreattributed to a

real component in &ervice environment, such as an automotive supen spring.
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Figure34. Showing different fatigue cycle§NDT Resource Centre, 2016)
Mathematically a stress cycle is defined asF a{with tension stresses being positive

and compressive stresses negative), therefore:

Equation7. Equation to determine the maximum fatigue stress.
I L 1“ E It

Equation8. Equation to determine the minimum fatigue stress.
I L1“ F it

Equation9. Equation to determine the mean fatigue stress.

. El“e”
U

Equation10. Equation to determine the fatigue stress range.
«LUTELI Flve”

Equationll. Equation to determine the fatigue stress ratio
~L\IH.H D‘I“ii

Where:

*n= Mean stress

*2 = Alternating stress
*max=Maximum stress
*min = Minimum stress
S = Stress range

R = Stress ratio

(Pook,2007)
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2.4.2 Different types of fatigue testing

There are a number of different methods for fatigue testing a material or component
but most fall under three categories; reversed direct stress, reversed plane bending
and rotating bendingFrost, Marsh, & Pook, 1974Although there are other types

such as alternating torsion and combined strésatigue Testing, 1986)

It has been found that the fatigue properties can vary across the aforementioned
testing types with the fatigue limit varying by as much as 8o#gst, Marsh, & Pook,
1974) therefore it is vitally important that the fatigue testing that is undertaken is in
the form that closely resembles that which woudd experienced under service
conditions as this allows a better understanding of how the material or component
would react in this environment and therefore permit a more accurate prediction of

fatigue life and therefore a more effective design.

Further tothis the type of fatigue test can be broken down into high cycle or low cycle
fatigue testing. The generally accepted differentiation between the two, in terms of
cycles would be anything below 4€ycles would be classed as low cycle and anything
abovel(® cycles classed as high cycle fatigue testing. As can be seen this is not a clear
definition if the number of cycles should fall betweert 20d 1C cycles then by this
definition it could be either. nl practice the differentiation is made as to whettthe

material is elastic or plastic under the dominant component of st(atigue Testing,
1986)with low cycle fatigue testingqnducing loads that arithin the plastic region

and high cycleloads that arevithin the elastic regionof the material

Reporting of high and low cycle fatigue tests are generally conducted in different ways,
with an example of the presentation of low cycle fatigue seefigure35whereby the

data presented is the plastic strain range, as determined by the hysteresis loop
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produced under testing against the number of cycles and high cycle fatigue seen in

Figure36, where it is a plot of stress against number of cycles.

Figure35. Presentation of data from low cycle fatigue testirff TH,2003)

Figure36. Showing N curve typical reporting of high cycle fatigue dataFUNDA, 2016)
The determination of fatigue properties for a material can be extremely costly and
time consuming and therefore methods have been developed to ascertain this

information through the use of statistical theory. One such technique is the method
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called Stairase Fatiguedsting, sometimes referred to as the up and down method

(Grove & Campean, 200Q7)

The basis for staircase fatigue testing, is that statistically speaking the independent
variable associated with a fatigue test ietstress at which it was tested, the

discussions being that at the start of the test, the stress is known and the number of
cycles to failure is unknown, but once the test is complete the life is known, leaving the
stress as the variable. Realisticalhg stress is not the independent variable, but

rather the formation and growth of a crack. As it isn't possible to test samples under a
fixed cycle to failure regime, which would allow determination of a mean strength and
standard deviation, the staircagatigue method and other probit methods have been

created to allow such information to be determin@érost, Marsh, & Pook, 1974)

Within the staircase fatigue testing process a sample is subjected to a particular stress
levelfor a predetermined number of cycles. If the sample fails prior to the required

life, then the next sample is tested at a stress level increment below. The particular
increment relates to an expected level of the standard deviatloternational Council

on Combustion Engines, 2009f the sample survives the peet life then the test is
stopped, the sample removed and the next sample tested at an increment level above.
This is continued for a number of samples, Grove @athpean (2007) suggest 12 to

20 samples, however the creators of this analysis suggested the sample size needed to
be 40 to 50(Dixon & Mood, 1948) Research conducted later determined that even

with a sample size of 5 to 1@mples, the analysis is relial{Brownlee, Hodges, &
Rosenblatt, 1953) It is considered that the more samples tested the greater the
reliability of the data, therefore a sample size of 25 is normally suggé¢Btedt,

Marsh, & Pook, 1974)
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2.4.3 Fatigue Failure M echanisms

Figure37. Showing three stagesf crack growth rate(Engineers Edge, 2016)

When looking at fatigue failure it must be noted that the fatigue mechanism is not a
linear process and can be broken into three distinct regions as shokigune37. The
portion of the graph to the left off is below the threshold of stress levels for a crack
to grow under fatigue or the crack growth is so slow it is impossible to measure. Stage
| gives a positive growth of a crack, however theual determination of this point can

be variable and sensitive to metallurgical variatigReok, 2007)Stage Il is the linear
portion of the graph and the largest, which indicates stable crack growth. This portion

of the giaph can be modelled using the Paris equatid8M International, 2008)
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Equation12. Paris equation to model crack growth.
St “ o
= L o:¢w; (inch/cycle)

Where;

a = crack size (inches)
n = numbetrof cycles

C = constant

m = constant

K = stress intensity parameter range

Within the stage Ill portion of the graph the crack growth speeds up and eventually a

tensile overload failure will occur.

Fatigue crack initiation, stems from plastic deformataijrthe grains, through the
process of slip. This process can occur at lower loads than the yield stress of the
material and results in the formation of microcracks within the grain. The process of
slip occurs on favourably orientated planes at the maxmahear stress, which under
uniaxial tension is 45°. It must be considered that slip takes place on a number of
parallel planes resulting in extrusions and intrusions at the sample surface as shown in
Figure38. Eventually these stress concentrators create a crack to form which
subsequently travels transgranular as the slip lines go through the dfeamdk, 2007)
Eventually the stressdid at the crack tip dominates and then the crack growth
direction changes from 45° to perpendicular to the principle stress, this is the point
when the crack changes from stage | to stage Il as seeigume37 and then the crack
growth process changes to a continual blunting and sharpening as séeyunme39.

This process then creates a distinguished surface with regular peaks and valleys as can
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be seen irFigure40, these are known as striations and can only be observed at high
magnifications. It is considered that each striation is related to each fatigue cycle
(ASM Internatioal, 2008) however it has been reported that this is not always the

case and one striation may be as a result of a number of cycles, in the order of tens of

thousandqGross & Lampman, 1996)

Figure38. Figure showing
persistant slip bands(NDT
Resource Centre, 2016)
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Figure39. Showing fatigue crack propagatidiKey to Metals AG, 2005)

Figure40. SEM image showing fatigue striatio(8SM International, 2008)
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2.4.3.1 The Effect of the Environment on Fatigue Life

The environment in which the fatigue is experienced can have significant iropédloe
properties of the material. The fatigue properties of a material under vacuum can be
different to those innormal atmospheric conditions.h& reason for this is reported to
be that the growth rates of cracks is smaller under a vacuum, with tegdevels for
crack initiation being 1 to 2 orders of magnitude slower under vacuum than in air
(Lukas, 1996) Therefore as reported by Frost et(&#D74)preventing the atmosphere
from reaching the specimen surface can increase fatigue properties. As well as gas
interactions there is also the potential for chemical interaction thereby transforming
the fatigue from a mechanical induced failure to one that also has some chemical
assistancethis may be as simple as humidity levels in the atmosphere, where it has
been shown on some aluminium alloys that the fatigue strength is lower when the
humidity levels are highdiFrost, Marsh, & Pook, 1974With the introdution of

other environments such as an aqueous substance that may not corrode the material
under a static condition, due to a protective layer that forms, for example in the case
of stainless steel in an oxygen containing atmosphere, under fatigue camslitics

layer may be broken allowing the corrosive media to react with the underlying
material and therefore cause cracks to develop and propagate at lower stress levels
than those operating within normal air environment without the additional chemical

element (Frost, Marsh, & Pook, 1974)

Temperature has been found to have a significant effect on the fatigue properties,
with testing conducted on a number of different materials at cryogenic temperatures
and the results found general improvement in retarding the crack growth in the near

threshold regionfMcEvily, 1996) Research conducted on some titanium allows found
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that the fatigue properties were improved at elevated temperature (1754@)er

than at room temperatur€25°C)andthis was identified as being in part due to crack
closure(Albertson, Stephens, & Bayha, 1990ther researciiLim, Jeong, & Keum,
2003)identified that with aP92 Steel, up to a particular temperature there was no
change in the fatigue properties however once a critical threshold temperature was

exceeded then the fatigue performance of the material rapidly decreased.

2.4.3.2 Surface Condition

The surface condition adhe material is paramount to fatigue initiation as it is

considered that fatigue crack initiation in a metal is at the sur{@aok, 2007)

Therefore the surface condition plays an important role in the fatigue life of a material.
Firstly the surface profile is an important factor, as describe2i4Bthe initial crack

on a smooth surface initiates from the extrusions and intrusions as a result of
dislocation motion, therefore by creating essentially coarser extrusions and intrusions
through having a rougher surface can have a sgmt effect on the fatigue life of a
material. In work conducted by Bayoumi and Abdell@95)it was found that there

was a significant decrease in the fatigue life when the surface finish was modified from

0.45um Ry to a value of 1.8m.

Stress at the surface also has an effect on the fatigue life of the material. Compressive
stresses at the surface, induced by shot peening or a softened/hardened layer through
a decarburisation process or carburisation processatéfthe ability for cracks to form

at the surface layefPook, 2007) Research conducted bjirzazadeh and Plumtree
(2012)found that the effects associated with shot peening were varieagertain

instances tested, it had positive, neutral and negative effects on fatigue properties,
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whereas the general consensus with processes such as shot peening is that it is
beneficial in the enhancement of fatigue properties of a matgialttelle Columbus,
1996)through the introduction of residual compressive stresses into the surface of the

material.

2.4.4 Key factors affecting fatigue performance of welds
There is general agreement about the factors that affect the perforceasf a weld
under fatigue conditions and theffect of each is something which comes under

discussion, however these factors are:

X Applied stress amplitude

X Mean and residual stresses

X Material properties

x Geometrical stress concentrators

X Size and location afelding defects

(Lawrence, Dimitrakis, & Munse , 1996)

One of the factors that can affect the fatigue life of welds is the angle between the
parent material and the weld reinforcement, Harris and Sy28§9)present data that
demonstrates the effect of the angle between the two and how that affects the fatigue
strength (sed-igure4l). As can be seen a decrease in angle and therefore a greater
stress concentrator, has a detrimental effect on the fatigue properties of the material.

The two conditions shown, one for a machined surface and one which has a mill scale
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on the surface have agpallel effect for this change in angle which demonstrates that
although the surface finish has an effect of its own, the change in angle effects both in
the same way and at similar rates. The study examined the effects on fatigue strength
exceeding 2x10cycles for the change in reinforcement angle and it was shown that

for a machined plate, reducing the angle from 180° to 120° reduces the fatigue

strength by approximately 67%, therefore a flatteeld bead enhances the fatigue

properties of the material.
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Figure4l. Showing relationship between parent/weld interface angle and fatigue strength
(Harris & Syers, 1979)

Another component that has been identified as having a significant role in the fatigue
life of a weld is the defects present within the weld. This is not just constrained to
defects themselves but the size, shape and concentration of these defects as thes
traits can all play a significant part in the life of a component under cyclic loading

conditions. Results from investigations looking at the effect of defect length and the
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percentage of defects within butt welds shows a negative correlation on fatigue
properties. For the defect length, the presence of the defect, reduces the endurance

limit of the weld, this reduction is greater with a larger defdaeurade, 2008)

In work conducted by Ashcroft (2008), on Cold Metah&fer welded joints, the same
was found. In this work the angles where measured and subtracted from 180°, which
is why in this work a seemingly opposite trend is sedfiguire42. Therefore the

increase in angle measured from the parent to the weld reinforcement (in this instance
the root penetration) is shown to give a benefit in terms of the fatigue life of the
component, with a change in 20° chamgthe number of cycles to failure from 50,000

to over 2,000,000 (test was stopped at 2 million cycles).

Figure42. Graph showing relationship between penetration root angle and fatigue life for
similar thickness CMT weld#\shcroft, 2008)
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Figure43. 9 v StN curves of the investigated specimens with different maximum pore
volumes (PV) for A1Si7MgO0(Jijani, Heinreitz, Stets, & Voigt, 2013)

Figure44. Fatigue test results for defeefree and defective 6mm high strength steel parent
specimen(Ottersbock, Leitner, Stoschka, & Maurer, 2016)
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In the study reported by Tijani et al (2013) thevas an examination of the volume of
defects within an aluminium alloy and the effect it had on the endurance limit. This
work can be seen iRigure43where 3 diffeent defect percentages were tested, pore
volumes of <0.5, 0-2 and 24mm?. The results from this were that increasing the
percentage of defects within the material had a negative impact on the subsequent
fatigue properties. Other worfOttersbock, Leitner, Stoschka, & Maurer, 2016)
conducted on 6mm thick, high stength steel welds with and without defects also
identified a reduction in the fatigue properties when defects were present, as seen in

Figured4.

2.4.5 Models for fatigue life prediction
In work conducted by Ashcroft (2008) looking at Cold Metal Transfer welded joints, the
following model was proposed to predict the fatigue life loés$e joints based on a

relationship between the weld root angle and the number of cycles to failure.

Equation13. Ashcrofts model for fatigue life prediction against root angle.
ALFULOUOUBPZEY WA A
Where,

} = angle at root penetration (°)

x = fatigue life in cycles
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2.5 Summary of theliterature

As have been discussed there are a number of different welding techniques that have
advantages and disadvantages and a wide range of parameters within each of those
procesegs that can have effect on the integrity of the final joint. One quantifiable
measure of a weld is with the heat input, as this can have a considerable effect on the
final joint in particular the HAZ. The arc efficiency factor has been questioned
previausly which ultimately may skew results if CMT is more efficient that MAG

welding however the determination of this is outside the scope of this research.

The effects of porositin the weld has been shown to reduce the fatigue life of a
component and redtionships have been drawn between weld root angles and fatigue

endurance and these issue will be of interest in this research.

The use of ferritic stainless steels is limited due to the detrimental effects associated
with welding, such as a reduced tougtss owing to grain growth in the HAZ, phase
transformations in the lower alloy content grades, reduction in corrosion resistance,
therefore with a welding techniques such as CMT that in principle induces less heat
into the joint, should therefore minimisthe detrimental effects associated with the
heat. The following work investigates the welding of ferritic stainless steel using the

CMT process and compares with the MAG welding process.
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3 Experimental Procedure

The following section describes theaterials and equipment used and procedures

followed for the research conducted.

3.1 Materials Used in theResearch

A number of materials have been used for the purposes of this research. The parent
materials used were all ferritic stainless steels as sedmale4. However other
materials have also been used for tiveld consumableand for the shielding gas,

these are described belowand the chemicatompositions for the materials can be

seen inTable6.

3.1.1 Parent Materials
A list of the parent materials and thicknesses used in this work can be séabla#

and the mechanical properties for the gradeseble5.

Material Grade Thickness (mm)
1.4016 1.5

1.4016 2

1.4509 2

1.4521 15

1.4003 3.8

1.4003 5.8

Table4. Materials and thicknesses used in the research.
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Outokumpu typical values EN, min. values, RT ASTM, min. values, RT

e o 1 o e [ o

4003 375 500 14003 320 450 540977 280 450

4512 290 310 470 14512 220 380 S40910 170 380 20
4016 330 360 500 26 14016 280 450 20 S43000 205 450 22
4510 300 330 460 N 14510 240 420 23  S43035 205 415 22
4509 330 360 480 30 14509 250 430 18 S43932 205 415 22
4521 370 400 530 28 14521 320 420 20 S44400 275 415 20

Table5. Mechanical properties of ferritic stainless steels at room temperat@utokumpu,
2011)

Material | C (%) | Mn (%) | Si(%) | Cr(%) | Ni(%) | Nb(%) | Mo(%)

1.4016 | 0.018 |0.315 |0.248 |17.216 | 0.232 | 0.046 | 0.098

1.4509 | 0.002 |0.483 |0.558 |[19.893 | 0.334 |0.3 0.062

1.4521 | 0.013 |0.512 |0.457 |19.526 | 0.29 0.28 1.087

1.4003 | 0.010 |1.42 0.27 11.0 0.4 - -

Table6. Chemical analysis data of the parent materials used within the project.

3.1.2 Welding Filler Materials

The filler material recommended for the joining of ferritic stainless steel and therefore

used in the research included:

1.0mm diameter AlIS| 3084k

1.2mm diameter AISIOBL-Si

Both of these wires are of the sanseemicalcomposition and thisnalysisan be

seen inTable7, the material is an austenitic stainless steel.

Element C Cr Si Ni Mn
Composition| 0.02 20 0.85 10.5 1.8
(%)

Table7. Composition of AISI 308&i filler material(Avesta Welding, 2006)
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3.1.3 Shielding Gas Used in the Project

High purity shielding gas mixtures used in the work included:

1% Oxygen, 99% Argon

2% Oxygen, 98% Argon

2%Carbon Dioxide, 98% Argon

3.2 Comparison Trial between CMT & MAG Welds in Different Grades and

Thicknesses

Pulsed Metal Active Gas (MAG) welds were produatetie Outokumpu research
facility in Tornio, FinlandParent material from the same batak shownn Table6,
was sent to the ACES welding laboratory at Sheffield Hallam University to allow
comparable welds to be produced using the Cold Metal Transfer (CMT) pragiss,

and without pulsed arc.

Stainless steel grades used in the trials were 1.4016 (1.5mm thick), 1.4509 (2mm thick)
and 1.4521 (1.5mm thick). The filler wire used in all caseslwais diameter 308L.

The shielding gas used in the manufacture of theTGiIds for this part of the work,

was argon with 2% oxygen and the joint gap was held constant at 0.5mm. All MAG
welds were produced using a shielding gas of argon with 29&@{the joint gap set

between 0.5 and 1mm.
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3.3 CMT Welding Trials to Examine the EffectMdriation of Welding Gap &

Speed to Reduce Heat Input

In Gas Metal Arc Welding (GMAWhe filler wire and parent materials, under the

power of the arc, melt and fuse together. The welding gap therefore will have

effect on the amount of energy required to achieve sufficient melting of the parent
material to ensure full penetration. The smaller the welding gap the more parent
material will need to be melted. Additionally published data states that variation of
the torch angle affects the level of penetration within a weld and that welding
backhand (with the electrode directed away from the direction of travel) will increase
the penetration of the weldAmerican Welding Society, 19949ssibly allowing a
reduction in the heat input of the joint to be made. Accordingly a trial was conducted
at Sheffield Hallam Universitysing 2mm thick, 1.4016 material and followed up using
2mm thick 1.4509, to determine the minimum heat input actaible with different

joint gaps and torch angles, whilst still maintaining complete penetration of the joint.
The amount of parent material available allowed trials at three different welding gaps,
values of 1mm, 1.15mm and 1.25mm were chosen. Torcleamjl15° lead

(forehand) and 15° drag (backhandescribed within the report asl5°) were used.
Based on earlier experience, welds were produced at differing torch traverse speeds of
762, 1016 and 1270 millimetres per minute and the welding power &etjus an

attempt to maintain penetration, whilst minimising the power used to produce the

joint.
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3.4 Trial to Determine the Consistency of Welds Produce Using CMT Process

As the effect of the CMT variables is not well known a trial was conducted to allow
assessment of these and determine the effect on changing variables would have on
the consistency of the weld. The shielding gas used for all welds produced in this trial

was Argon with 1% £and the filler wire was 1mm diameter 308L Si.

A 2.5m x 1.25m sheetf 2mm thick, 1.4016 was marked out into sections 200mm long
X 120mm wide for sectioning and each coupon was identified in terms of orientation
and position relative to the uncut sheet. This allowed the sheets to be welded back to
the same piece they weroriginally joined to, prior to sectioning. The reason for this
was to eliminate any variations which may occur across the plate in terms of

dimensions, microstructure and or composition.

Assessment was made of the effect and consistency of a numbearafmeters which

can be seen iffable8. These settings were determined for the wire feed speed by the
power used to produce similar fully penetrateeelds in previous workMagowan S. ,
2010) with the 3.5m/min, wire feed speed, having provided sufficient power to
produce a fully penetrating weld. The 4.5m/min, was set as a base as it was found in
previous work that thisevel of power consistently provides fully penetrating welds

and the 5.5m/min to allow comparison when providing too much power. At these
settings the torch angle was set to dra§5°), the pulse correction and arc length
correction set to zero and thedverse speed set to 1.016m/min, as can be seen in
Table8. For the rest of the trials the variation in parameters had the wire feed speed
set to 4.5n/min as this then allowed the effect of changes in each variable to be

identified.

88



Wire Feed Speed Arc Length Pulse Traverse Torch

Correction Correction Speed Angle

Setting | Slow Average | Fast Min Max Min Max Slow Fast +15

Variable

Wire Feed | 3.5 4.5 55 4.5 4.5 4.5 4.5 4.5 4.5 4.5

(m/min)

Traverse | 1.016 | 1.016 |1.016|1.016 | 1.016 | 1.016 | 1.016 | 0.762 | 1.27 | 1.016
Speed

(m/min)

Arc Length| O 0 0 -30 +30 0 0 0 0 0

Correction

Pulse 0 0 0 0 0 -5 +5 0 0 0

Correction

Torch -15 -15 -15 -15 -15 -15 -15 -15 -15 +15

Angle®

Table8. Table showing variation of each of the ten settings used in the CMT consistency trial
(Boulding, The Effects of Parameters and Consistency of Cold Metal Transfer Welded Ferritic
Stainless Steel Joints, 2012)

For each of the settings six welds were produced, with the exception of the traverse
speed setting at 1.27m/min, where orfiye welds were made and the ALC setting at
30 where seven welds were produced. The reason for the variation in number of

welds was to permit data logging equipment to be used whilst welding.

One of each of the welds, for each setting was monitored dytire welding, using a
fully calibratedArc Logger Ten (ALXgld data loggerserial number 0138

manufactured andgubsequentlycalibrated by The Validation Centre, Great Yarmouth
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Calibrations of this type of equipment last only for 6 montarametershtat are

recorded through the use of this equipment include:

x Voltage(V)(via connection to the machine circuitry)

X Current(A)(inductance from the earth return lead)

x Traverse spee@mm/min) (sensor connected to traverse equipment)

x Wirefeed speedm/min) (sensor connected to filler wire between reel and

push rollers)

The welds were then sectioned, with a targeted six samples from each weld, the

sampling position can be seenhkigure45identified by the red lines.

10mm A0mm F0mm 110mm 140mm 170mm

Figure45. Sectioning of weld plan, sections taken at 10mm, 40mm, 70mm, 110mm, 140mm
and 170mm. Green arrow shows welding directi¢Boulding, The Effects of Parameters and
Consistency of Cold Metal Transfer Welded Ferritic Stainless Steel Joints,.2012)

Each sample was then microstructurally assessed with measurements made of, Heat
Affected Zone (HAZ) width, weld cap height andth and grain size in the HAZ. There

was also a visual assessment made of the level of penetration at the root of the weld.
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3.5 EN1.4003 CMT/MAG@VeldingComparison TriaComparing

Microstructure and Mechanical Properties.

A trial was created on the basof comparing the effects on the parent material of
welding with CMT and welding using the MAG technique. CMT welds were optimised
at Sheffield Hallam University on the 3.8mm & 5.8mm thick EN1.4003 grade material.
The MAG welds for optimisation were ated by Outokumpu Tornio, Finland and
assessed at Sheffield Hallam University. The comparison MAG welds were then
replicated at Sheffield Hallam University, using the optimised parameters identified

previously.

The parameters used for all these welds banseen inTable9. For the CMT
equipment the Pulse correction factor is a unit less parameter, which can be varied
from -5 to +5,adjustmentfrom the lower value to higher value increases the peak

current of the pulsed current.
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Sampleg Pulsed| Torch Plate | Current| Voltage| Wire Arc Pulse
Traverse| gap | (A) V) Feed Length Correction
Speed | (mm) Speed | Correction
(mm/s) (m/min) | (%)

CMT Yes 8 14 144 19 5 10 +5

3.8mm

CMT Yes 6 1.9 161 20 5.8 10 +5

5.8mm

MAG Yes 6.92 1 214 23.5 7.3 -30 +5

3.8mm

MAG Yes 7.97 1.88 | 229 24.3 7.8 -30 +5

5.8mm

Table9. Welding parameters used in the EN1.4003 CMT/MAG comparison trial.

3.6 HAZThermal Cycle Simulation Trials

To identify key temperatureand times at temperaturewhere microstructural

changes take place for the EN1.4003 material a series of trials was conducted which
involved heating 25mm X 25mm X 5.8mm samples up to partiptdedetermined
temperatures in an attempt to identify the temperature at which phase changm
ferrite to austenitebegan to occur and also the temperature and time for a given

temperature at which grain growth was detected.

Samples were loaded into a fffke furnace at temperatures ranging from 7@to
1200°C and held from times of 20 mirts, 6 hours followed by a quench.h&specific

temperatures can be seen irablel0.
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Temperature (°C) Duration (mins) Cool
700 20 | WQ
700 30 | WQ
740 120 | WQ
747 20 | WQ
750 30 | WQ
750 120 | WQ
758 20 | WQ
760 30 | WQ
760 120 | WQ
769 20 | WQ
770 30 | WQ
770 120 | WQ
779 20 | WQ
780 30 | WQ
790 20 | WQ
790 30 | WQ
800 20 | WQ
800 30 | WQ
800 120 | WQ
800 120 | Furnace cool
800 360 | 30°Chour
850 30 | WQ
900 20 | WQ
900 30 | WQ
900 360 | 30°Chour
910 30 | WQ
920 30 | WQ
930 30 | WQ
940 30 | WQ
950 30 | WQ
1000 20 | WQ
1000 30 | WQ
1000 360 | 30°Chour
1100 20 | WQ

Table10. Showing heat treatment temperature, durations and method of coolifay
samples of 5.8mm thicEN1.4003(where WQ = Water Quenched)



Once key temperatures were identified, following hardness testing and microstructural
evaluation (microstructure and grain size) showed a change to that of the parent, then
a number of norstandard Charpy impact specimens (5.8 x 10 x 55mm) were subjected
to the same heat treatment cycle and then subsequently tested to identify the effect
on impact properties. The samples had to be +stemdard as the thickness of the

parent material limited one of thdimensionstherefore the standard size of 10 x 10 x

55mm could not be created.

3.7 Process for the Creation of all CMT Welds & MAG Welds created at
Sheffield Hallam University using EN1.4003 Grade Stainless Steel Parent

Material in 3.8 & 5.8mm Thicknesses

Following the welding consistency trials and the trial®ptimise process parameters,
the welds created for the research were consistently produced in terms of the

procedures and equipment used, this information is described below.

3.7.1 Description of the Welding Test Coupon

The weld coupons used for the weldirrgats were 120mm wide and either 200mm or
400mm long, with the weld being made in the longer dimension as-ppred46. The
rolling direction was maitained parallel to the 120mm dimension on all welds

produced at Sheffield Hallam University.
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3.7.2 Equipment Used to Create the Welds and Monitor the Welding
Parameters

The information that follows details the equipment used during the manufacture and
monitoring of the welds createduring the work. The tractor and track combination
was used for the work conducted on the thinner grades of stainless and the robot arm

was used for the work conducted on the 3.8 and 5.8mm thick materials.
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3.7.2.1 CMT

Figure47. Showing the CMT welding equipment at Sheffield Hallam University.

The Cold Metal Transfer (CMT) welding equipment comprises of a power source as
seen inFigure47 as (a), a wire feed unit Jthe remote pendant that permits the user
to alter the parametes and create welding programg,(the wire buffer which allows
excess wire to be accommodated in the hose leading éottinch (d) the torch pack
which has the incorporated motor to drive the wire forwards and backwards (e) and

the welding nozzle and contact tube (f).
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3.7.2.2 Tractor/Track

Figure48. Image showing tractor and track used to traverse tivelding torch.

The welding tractor and track as can be seeRigure48 with the welding torch

attached, allows the user to set a traverse speedhsd tipon releasing the clutch, the
tractor would move along the track at the predetermined speedikis facilitiategshe
manufacture of welds at predetermined traverse speeds. The traverse speed range of
the equipment was from Omm/min up to a maximumiX#70mm/min. The angle of

the torch was readily adjusted via the clamping mechanism to the tractor and for this

element of the research was altered frommiid 8} =ifAd Jv §Z }&E] vS S]}v }( S
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3.7.2.3 Robot Arm

Figure49. Image shwing ABB robotic arm used in some of t@&MT and MAG welding trials

TheABB IRB1605/1.45robot arm seen irFigure49, links up to the CMT welding
equipment so that within the program of the robot it can call up the welding settings
when required The software used for the control of the robot is ABB Robotware
version RW5.11_0160rhe robot has a 1.45 metre reach and can support a welding
torch upto 5kg with welding speeds upto 1.8m/second, it can maintain an accuracy of

+/- 0.05mm(ABB, 2007)
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3.7.2.4 ALX-Weld Monitoring

Figure50. Welding set up showing ALX weld monitoring equipmé&Bbulding, The Effects of
Parameters and Consistency of Cold Metal Transfer Welded Ferritic Stainless Steel Joints,
2012)

TheArc Log TerALX weld monitoring equipmentby the Validation Centreas seen in

Figureb0, allows the user to monitor a range of welding parameters throughout the
weld duration. The wire feed speed is monitored by an attachment which fits within
the wire feed unit of the CMT equipment, a wheel is attached to the tractor which
monitors the sped of the torch traverse and voltage and current are monitored via an
attachment in the wire feeding unit and around the earth return lead respectively.
This then allows post weld analysis of these parameters including pulsed current

information.

Within the welding and consistency trials one of the welds for each of the welding
conditions was monitored using the ALX equipment, for each of the parameter

settings.
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3.7.2.5 Sample Positioning and Securing

Figure51. Showing clamping arrangeent for holding the parent material in place whilst
welding.

3.7.3 Heat Input

Calculated values of heat input were made using the following equation:

Equation2. Equation to calculate arc energy.
Arc Energy (J/mm)L —

Where;
V = Voltage used (Volts)
| = Current used (Amperes)

v = Travel of welding torch (mm psecond

From the calculation of arc energy, the heat input is calculated by using the equation

below (British Standards Institution, 1998)

Equation3. Equationto calculate weld heat input.
Heat Input(J/mm) A {

Where;
{ AWE} <« ((]1vVv C ~(Bfibsh H@nddddd nstitution, 1998)

AE = Arc Enerdy/mm)
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3.8 Non Destructive Examination

Radiographic equipment, Xograph Bucky Star with a Canon LANME&@Ddetector
was used to asse€&¥MTwelds, in a bid to identify defects within them. This was used
on initial CMTwelds created using 3.8mm & 5.8mm EN1.4003. The parameters used

for these inspections were:

Distance from source: 115cm

for 3.8mm welds: 80kV & 50mAs

for 5.8mm welds: 80kV & 40mAs

From one of the test radiographs a complete assessment was made destructively to
assess the suitability of the technique for the identification efettts within these

welds.
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3.9 Microstructural Evaluation ofall Welded Samples

Microstructural evaluations were made on samples throughout the work, the following
section describes the procedure for the preparation of the welds to produce these

sampes.

3.9.1 Sectioning of As-Welded Samples

Sectioning of samples throughout the work varied according to the thickness of the
material. Samples required for mechanical tested were water jet cut to eliminate any
heat being put into the material during this stagkethe preparation. Materials for
metallurgical examination at 2mm thick and under were first sectioned using a
mechanical shear and then samples for examination were extracted using a Beuhler

AbrasiMet precision cutting machine.

Materials thicker than &im, had sections milled or water jet cut from the weld and
then sections were cut from these more manageable pieces using the Beuhler

AbrasiMet precision cutting machine.

The samples taken were cross sections of the weld and were less than 30mm long to

enable them to fit into the hot mounting preder mounting in conductive bakelite

3.9.2 Hot Mounting of Welded Cross Sections

Hot mounting was achieved using a Beuhler SimpliMet 2000 and a conductive Bakelite.
The mould size for the hot mounting was 30mm diameter and the cycle time was 4
minutes heating and 4 minutes cooling. Immediately after removing from the hot
mounting press, the sample identification was engraved on the reverse of the

mounted sample. The temperatures involved in hot mounting are up to 190°@sand
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it is below tempering temperatures of the material wouldt be considered to have

anysignificantdetrimental effect on the materials involved in this work.

3.9.3 Grinding/Polishing of Welded Cross Sections

The grinding and polishing was conducted in the laboratories at Sheffield Hallam
University on Beuhler Alpha Beta grinder polishing stations. The suldpted

included grinding using a P120 silicon carbide paper to ensure the sample was flat,
then subsequent operations to gradually reduce the level of deformation in the sample
through P400, P600 and finally P1200 silicon carbide papers. All thesastadio

water projected onto the platen to keep the sample cool and remove the grinding

debris.

Polishing was conducted on identical equipment to the grinding, however a pad

Juke® Pv § A]3Z ] u}jv. % 3 A e pe A]S3Z (JE+3 0...u u
then after cleaning with a detergent and water, another pad containing a diamond

% *3 A]3Z u AEJupu % ES] o ]I }(i..uX [v }BZ . &Z
rotated on the pad to eliminate any directionality. Following the final stage the sample
was cleaed using water and detergent and then dried with the aid of a solvent

(industrial methylated spirits).
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3.9.4 Etching of the As-Polished Welded Cross Sections

A number of etchants were tried with these samples, however due to the significant
difference in @rent material composition and that of the filler material, for a number
of the etchants tried (electrolytic 10% Oxab€% Hydrochloric acid, 50% ammonium
peroxide immersion)there was over etching in the ferritic material and under etching
in the weld. Theefore themain etchant used to reveal the microstructure of the
welds and component materials was glycereggahis was found to give an even etch
across the parent and weld material§he chemical composition for manufacture of
this etchant can beeen inTablell. The mode of etching with this etchant is via
swabbing and the etchant must be made fresh and not stored. After a period pf use
genaally between 30 minutes and one hquhe etchant will begin to discolour and

the etchant properties will degradgseeFigure52) .

Chemical Quantity (ml)
Glycerol 60
Hydrochloric Acid 40
Nitric Acid 20

Tablell. Showing chemical composition to make 120ml of glyceregia.

The manufacture and use of this etchant should be conducted under an appropriate
extraction hood and the chemicals sholld measured and mixed with glycerol first,
then the hydrochloriacidis added and mixed and then slowly the nitric acid is added
whilst mixing to prevent varying concentrations. It is also a requirement when
undertaking etching that suitable Personal t&aive Equipment (PPE) is worn, which
should include safety spectacles, chemical resistant gloves and to that protective

clothing is worn that covers all exposed skin.
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Figure52. Images showing fresh glyceregia (left) and glyceregia following approximately 1
hours use (right) where it requires disposal.
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3.9.5 Optical Examination of Welded Cross Sections

Optical assessments were made of the welssing a Leica DM2508flected light
microscope, connected to Beuhler Omnimet 9.0 image analysis software (seen in
Figure55) and a number of the featureshere abled to beguantified foranalysis.
Measurements were made of the HAZ width, the weld height and weld cap width as
seen inError! Reference source not foundCalibration of the measuring syem was u
ndertaken using a calibrated slide with a 1mm total line length and graduated marks

every 1um as can be seen Figureb4.

Figure53. Schematic of weld cross section showing measurements made on optical
examination

Grain size assessments, against ASTM Elelr2, also made in the coarsest region of
the HAZ to assess, and allow comparisrthe most severe of this structurally

affected area.
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P1:1000.58 um

Figure54. Image showing calibration of measurement capability of DM2500 optical
measuring system.

Figure55. Leica DM2500 optical microscopeprnected to Buehler Omnimet 9.0 image
analysis software.
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3.9.6 Infinite Focus Microscope Examination of Weld Profiles on Untested
Fatigue Samples
Thelnfinite Focus Microscope (IFM), which is a confocal microscope manufactured by
the Austrian company, Aliconaas used to give 3Burface profilometryof the weld
cap and root prior to fatigue testing, so that information relating to the weld profile
could be assessed against fatigue performance. The parameters used for the scans can

be seen inrfablel2.

Objective Lens G4 5X
Exposure 24.3ms
Contrast 0.38
Vertical resolution 5.77um
Lateral resolution 14.0um

Tablel2. Tableshowing parameters for scans performed on the IFM

From each scan, of each side of the weld, a number of measurements were made
relating to the angle of the change in section from the parent material to the weld cap

or weld root.

3.10 Mechanical Evaluatiomf Welds

A means of quantitively assessing the welds produced was through assessment of
various mechanical properties, these included micro and macro hardness testing, uni

axial tensile testing, impact testing and fatigue testing.

3.10.1 Hardness Testing
Hardnes testing was conducted using a Wilson Vickers hardness testing machine, with
loads that can be varied from 1kg to 30kg and a Buehler microhardness testing

machine, which is capable of using loads as low as ten grams up to one thousand
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grams (1kg). Unlesgherwise specified tests were conducted using a 1kg load for the
microhardness testing. Macrohardness testing was conducted using either 10 or 20kg

loads.

Microhardness surveys were conductedtbie cross sectiomf selected weldsvith
indents taken abD.5mm intervals 4mm either side of the weld centre line and then
1mm intervals thereafter. This regime was conducted at the top, middle and bottom

of the cross section as shownHkigure56.

tap i

5

[
Tap
Middl=
Bodtam

Position: 1 &8 3 &% 5% 6 ¢ & 9 10 1 1@ % 1415 1% 17 18 19 g0 ¥ &£ ¥ 24 &5 &6 &Y E§F 249

Diztance: 10 -9 - -7 -6 5 -$-G5-F%85 #1451 050 051 15 & £5 F 3.5 4 H] fi T i 9 10
[mm)

Figure56. Schematic of hardness testing survey positions.

3.10.2 Tensile Testing of Welded Samples

Tensile testing was conducted in line with BSEN ISO 6892 using an Instron 3369 dual
column benchtop 50kN tensile testing machine and controlled via the Instron Bluehill
software(Instron) Sixteen tensile tests were conducted from each parent metal
thickness for both the CMT and MAG welded plates and values of triefdyth,

maximum tensile strength and elongation were recorded. The 'dogbone’ specimens as
seen inFigure58 were water jet cutwith the addition of an abrasive medito

minimise any changes to the microstructur@&his process did create a taper on the

width of the samples, by upto 1mm and so the largesiie measured was used in the

calculations The weld caps were left intafor the tests.
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3.10.3 Impact Testing of Welded and Heat Treated Samples

Non-standard size Charpy impact specimens, with the size being the thickness of the
plate x 10 x 55mm, manufactured to ASTM E45 were tested for both MAG and CMT
welded plates. The root @he notch placed within the coarsest region of the HAZ, to
determine the area with the greatest effect from the welding process. Samples were
also manufactured from unwelded plate, that were subsequently subjected to a
thermal cycle to replicate that expienced in the heat affected zone during the
welding cyclelmpact testing was conducted on the fully calibrated Instron Dynatup

9250 drop tower impact test machiraes seen ifrigure57.

Figure57. Instron Dynatup 9250 impact test machine.
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Figure58. Showing the sampling of impact (lefthpicrostructural (middle) and tensile specimens (right) from the welded sheet.
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3.10.4 Fatigue Testing of As-Welded Samples

Fatigue testing was undertaken using an ESH Sergtcaulic mechanical test machine
as seen irFigure59, with a Rubicon control interface. The fatigue testing had a pull
pull characteristic and therefore went from zero load to tension and back to zero load

andfollowed the staircase method and the frequency used was 6Hz.

The samples were 45mm wide and 220mm long, the weld cap was not removed for the
tests and the weld orientation was 9@ the loading direction. The diagram showing

how fatigue samples were neoved from the welded sheet can be seerFigure60.

Figure59. ESH Fatigue testing machine.
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Figure60. Showing the sampling of fatigue specimens from @®welded sheet.
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3.10.5 Staircase Fatigue Testing Procedure and Equations

The staircase testing regime, as discussed previously was used to provide statistically
valid data for the meatoad and standard deviation. The procedure begins with an
estimation of the fatigue load and a series of sequential tests conducted, if thplesam
survived the pass criteria of 2 million cycles then the next sample was increased by a
specific load, if it failed then it was reduced by the same amount. This continued until
an indication of the range of the testing loads was ascertained for eadsdben the

samples in each of the two series were tested (CMT welds & MAG welds).

For the CMT series, the tests where started at 46kN and the step increments were
0.5kN For the MAG series the tests were started at 35.5kN and the step increments

were 3KN.

The results are entered into a table similaritable13which then provides the data to
calculate the mean fatigue strength, convergence factah@fconvergence factor falls
between 0.31.2 then the results are statistically valid), standard deviation and
standard error for the mean fatiguead, the calculations for which are determined

usingEquationl4to Equationl?.

Sample 1 2 3 4 5 6 7 Number of Using LFE as N
Load kN | Step (i) Runouts (r) | _Failures (f)| _iN 2N
Ls 3 X 0 1 3 9
L2 2 X O X 1 2 4 8
L 1 O O [®) 3 0 0 0
Lo 0 0 0 0 0
GE G( G]H G]ot
4 3 7 17

Table13. Table used to collect the staircase fatigue testing data also provides information
necessary for calculations to determine mean fatiglead.
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Calculated Mean Fatigueoad (kN) =R +d e'i—g)
When N= failure % when N= runout—z

Equation14. Equation to calculate mean fatiguead

Convergence Factor: L @Jlﬁuo—' A
>0.3 or <1.2 for statistical validity

Equation15. Equation to calculate convergence factor

Standard Deviatior(kN) ™G O BIS @™ E va) U4
Equation16. Equation to calculate standard deviation

™

Standard Error for Mean Fatigueoad(kN): == &

Equation17. Equation to calculate standard error for mean fatigizad
Where;

—= Mean fatigueload (kN)

s =  Standard deviatiorfkN)

Po=  Totalloadfor step O(kN)

N = Total number of Least frequéikvents (LFEYailure or runout
d=  Step divide/load intervalkN)

A= G Ni

B= @* N

i= Step number

g= 1.15(Nordeberg, 1973)
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3.11 Compositional Analysis of Parent Materials Used in the Study

It wasimportant to have the capability to determine the composition of the materials
in use throughout the research, this enabled the comparison with analysis supplied or

stated on supply of the materials used

3.11.1 Optical Emission Spectrometry
Compositional data as analysed using a Spectromax optical emission spectrometer,
this allowed the complete composition to be determined, including the lighter

elements such as carbon and nitrogen.
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4 Experimental Results

The following section shows results gadrfeom the research.

4.1 Materials Characterisatiomf the Parent Materials Used in the Study

Each of the materials utilised in the work were first characteriggtie as received
conditionto allow the comparison with the material after it has been subjedtethe

thermal input as a result of the weldirtigermal cycles.

All the parent materials used in the project work would be expected to have a fully

ferritic microstructure, when examined, in the as received condition.

4.1.1 EN 1.4003 Grade Stainless Steel

Figure 61. Etched microstructure of 3.8mm thick EN1.4003 used in the stsitywing an
equiaxed fully ferritic structureg(Etched in Glyceregia)
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Figure62. Etched microstructure of 5.8mm thick EN1.4003 usethe studyshowing an
equiaxed fully ferritic structureg(Etched in Glyceregia)

EN 1.4016 Grade Stainless Steel

Figure63. Etched microstructure of the EN1.4016 material used in the stadgwing an
equiaxed fully ferritic stucture (Etched in Glyceregia)
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4.1.2 EN 1.4509 Grade Stainless Steel

Figure64. Etched microstructure of the EN 1.4509 material used in the stsidlgwing an
equiaxed fully ferritic structureg(Etched in Glyceregia)

4.1.3 EN 1.4521 Grade Stainless Steel

Figure65. Etched microstructure of the EN 1.4521 material used in the stsidlgwing an
equiaxed fully ferritic structurewith carbides arrowed(Etched in Glyceregia)
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4.2

Initial Comparisornof Requsite Heat Input or MAG and CMT Weldsmo
EN1.4016, EN1.4509 & EN1.4521 Ferritic Stainless Steel Parent Materials

Tablel4 shows the welding parameters and subsequent heat inputs for welds

manufacturedusing Cold Metal Transfer, with and without pulsed arc aetis

produced using conventionMetal Active Gasvelding processAll welds were

consistent in terms of length arttie aim was to produce a fully penetrating weld.

Joint Identification | Material | Voltage | Current | Welding | Arc Heat
Type No. V) (A) Speed Energy | Input
(mm/min) | (kJ/mm) | (kJ/mm)
CMT 702852 1.4016 19.2 136 1270 0.123 0.099
CMT+P | 702852 1.4016 | 20.3 107 1016 0.128 0.103
MAG 702852 (1) | 1.4016 | 21.01 101.32 | 1080 0.118 0.094
MAG 702852 (2) |1.4016 | 21.15 98.81 900 0.139 0.111
CMT 794895 1.4509 |19.8 138 1016 0.161 0.129
CMT+P | 794895 1.4509 | 20 107 1016 0.126 0.101
MAG 794895 (4) | 1.4509 |23.16 116.68 | 800 0.203 0.162
MAG 794895 (5) | 1.4509 | 22.47 116.80 | 1080 0.146 0.117
CMT 781436 1.4521 20 137 1270 0.129 0.104
CMT+P | 781436 1.4521 21.2 107 1016 0.134 0.107
MAG 781436(1) 1.4521 | 21.42 94.92 900 0.136 0.108
MAG 781436(2) | 1.4521 |20.83 93.21 1080 0.108 0.086
Table1l4. Showing some of the welding parameteasid calculated heat inputs.

The graph seen iRigure66 shows the weld cap th, heat affected zone width and

the heat input for the welds made using the CMT msxand the MAG welding

process
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Figure66. Graph comparing calculateheat input, weld bead and heat affected zone width
of MAG and CMT welded joints.

Microstructural evaluations made on the EN1.4016 samples showed a phase change
within the HAZ this can be seenkigure67 which was made on sample 702852 CMT.
The other grades of stainless welded remained fully ferritic in the HAZ.

Figure67. Image taken witin the HAZ of the CMT welded EN1.4016 materialpwsing
martensite (red arrow)at the grain boundaries.

The image seen iRigure67 shows martensite forming at the grain boundaries
following the therma cycle experienced in the heat affected zone of the parent

material (EN1.4016)Therefore a pdial transformation has been made during the
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thermal cycle into an austenitic phase, which under the fast cooling conditions

experienced during welding the tnaformation has changed to martensite and not

ferrite.

Figure68 & Figure69 showsthe hardness profiles across the weld cross section for
each of the welds made on the EN1.4016 grade parent matamiprepared with
approximately Imm of material removedrhe weldsnade using the conventional
MAG welding technique@igure68) have a reduced consistency to those produced

using CMT and the maximum hardness levels reach a levelM.@@her.

400

350 ,57\
300

g WA
T 250
)]
2 200
_g ! ‘ i =f9=—1.4016 702852 1 MAG
cI[S 150 =fi=1.4016 702852 2 MAG
100
50
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Position

Figure68. Comparison of the 1.4016 MAG weld/HAZ middle hardness profiles.
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Figure69. Comparison of the 1.4016 CMT weld/HAZ middi&ro hardness profiles.
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4.3 The Effect of Heatput on Weld/HAZ Shape & Size, Penetration Levels
and HAZ Grain Size, using CMT

Sample | Average| Average | Average | Average| Average Average | Average | Average Weld
Width Area of Height Width Angle of | Perimeter Grain Grain | Penetration
of HAZ Weld of Weld | of Weld Weld of Weld Size in Size in Sulfficient

(um) Metal Bead Bead Bead Bead HAZ Parent
(mm?) (mm) (mm) © (mm) (ASTM) | Metal
(ASTM)

Pure | 339 | 4.32 | 2.39 | 3.568 | 124.62| 9.21 4.4 6.5 NO
CMT
0.06
KJ/mm

Pure | 698 | 5.07 | 2.58 | 3.70 | 125.02| 9.27 4.1 7 NO
CMT
0.07
KJ/mm

Pure | 778 | 7.00 | 2.84 | 554 | 135.09] 10.35| 3.4 6.4 NO
CMT
0.08
KJ/mm

Pure | 1002| 7.99 | 3.51 | 5.09 |128.97| 10.39| 2.6 7.3 YES
CMT
0.09
KJ/mm

Pure | 1036 | 10.24 | 3.95 | 4.47 | 124.52] 1055 1.9 7.1 YES
CMT
0.10
KJ/mm

Pure | 1048| 10.35| 3.73 | 5.67 | 121.57| 10.50| 1.6 6 YES
CMT
0.11
KJ/mm

Tablel5 Summary ofweld/HAZ dimensions for pure CMT welded samples with

increasing net heat input.
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Sample Average | Average| Average | Average| Average| Average | Average| Average Weld
Width Area of | Height Width Angle | Perimeter | Grain Grain | Penetration
of HAZ Weld of Weld | of Weld | of Weld | of Weld Sizein | Sizein Sulfficient
(um) Metal Bead Bead Bead Bead HAZ Parent

(mm?) (mm) (mm) © (mm) (ASTM) | Metal
(ASTM)
CMT 532.2] 3.92| 246 | 347 | 134 | 9.63 | 49 6.9 NO
Pulsed Arc

0.06

KJ/mm

CMT 687.6] 4.76 | 257 | 3.77| 125 | 10.1 4.3 7 NO

Pulsed Arc

0.07

KJ/mm

CMT 741.6] 5.22 | 3.18 | 3.79| 141 | 10.15| 34 6.6 NO

Pulsed Arc

0.08

KJ/mm

CMT 935 | 5.38 | 3.16 | 426 | 134 | 1023| 3.1 | 6.4 NO

Pulsed Arc

0.09

KJ/mm

CMT 1033 6.65] 3.50 | 455| 141 | 10.30| 2.4 6.5 YES

Pulsed Arc
0.10KJ/mm

CMT 1042 8.14 | 3.52 | 542 | 146 | 1044 | 2.3 7.8 YES
Pulsed Arc

0.11

KJ/mm

Table16. Summary ofweld/HAZ dimensiongor CMT with pulsed arc welded samples with
increasing net heat input.
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Figure70. Showing effect of heat input on HAZ width fpure CMTand CMT with Pulsed arc
welded samplesEN1.4016 parent material

=——Pure CMT ===CMT + P

250

% 200
Q
@
S

8 150
&)
c
3

o 100
5]
(@]
o

o 50
<

0

0.06 0.07 0.08 0.09 0.1 0.11
Heat Input (kd/mm)

Figure71 Showing effect of heat input on grain size fpure CMT and CMT with pulsed arc
welded samplesEN1.4016 parent material
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Figure72. Linescan ofinterface betweenAlSI 43(Qarent metal andAIS| 308weld
metal.

Tablel5and Tablel6 with Figure70to Figure71show the effect of the welding heat

input on the heat affected zone width and the heat affected zone g&i@.
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Elemental Map of HAZ

Figure73. Elemental Mapof parent metal and weld metal interfacéor AISI 430 parent material and 308LSi filler.
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4.4 Trial to Examine the Effects of Variation in the Welding G8mrch
Traverse Speednd Torch Angleising 2mm Thickness EN1.4046d
EN1.450%arent Materiab.

It can be seen |figure74landFigure75jthe effects on the heat input for a fully

penetrating weld through increasing the torch traverse speed iantkasing the

welding gap (spacing between the parent plat@sSigure76|&|Figure77|show the heat

input required to produce a fully penetrating weld varies according to the speed and

torch angle]Figure78{shows the weld cross section withe right hand side of the

imageshowing the weld and HAZ of a high heat input and the left hand side of the
image, a weld subjected to a lower heat inpuithwthe subsequent difference in the

HAZ grain size and width.
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Figure74. Graph showing forehand (15°) welds produced using 1.4016 material at 1mm,
1.15mm and 1.25mm joint gaps and 762, 1016 & 1270 mm/min welding speeds, casagbri
according to whether weld penetration was achieved.
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Figure75. Graph showing forehand (15°) welds produced using 1.4509 material at 1mm,
1.15mm and 1.25mm joint gaps and 762, 1016 & 1270 mm/min welding speeds, categorised
acording to whether weld penetration was achieved.

Graph showing the penetration of the weld on 1.4016 parent material against average
heat input for CMT with pulsed arc welds using torch anglesi®° & +15 against
welding speed using a 1mm welding gap
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Figure76. Graph showing the effect of torch angle on achieving penetration of welds
produced using grade 1.4016 parent material, using a 1mm joint gap, at different welding
speeds
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Graph showing the penetration of the 1.4509 parent material welds against average heat
input for CMT with pulsed arc welds using torch anglest%° & +15 against welding
speed using a 1mm welding gap
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Figure77. Graph showing the effect of torch angle on achieving penetration of welds
produced using grade 1.4509 parent material, using a 1mm joint gap, at different welding
speeds

Figure78. Image showing the effect of heat input on weld and HAZ dimensions. The left
hand weld cross section of 2mm thick, CMT+P welded, 1.4016 material with heat input of
0.113 kJ/mm and the right is the same materi@hd welded using the same procebsit with

a net heat input of 0.060 kJ/mm.
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4.5 Trial to Determine the Consistenayf the Welding Parameters and
Subsequent Welds witthe CMT Welding Process

shows the results from an inspection of the cross section of the welds to
identify if the welds had sufficient penetration, for welds produced with a variation in
one parameter, therefore in most cases for each variation in parameter, 6 welds were
created and from each of these welds six areas along that weld were examined.
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Setting Run Voltage | Current | Velocity Heat Input
Number V) (A) (mm/min) (J/mm)
3.5m/min Wire Feed 290 19.7 77 1016 71.67
291 19.9 77 1016 72.40
292 20.4 75 1016 72.29
293 19.5 78 1016 71.87
294 19.2 79 1016 71.67
295 19.9 78 1016 73.34
4.5m/min Wire Feed 296 20.5 92 1016 89.11
297 20.6 94 1016 91.50
298 21.5 85 1016 86.35
299 21 89 1016 88.31
300 21.4 85 1016 85.95
301 19.6 97 1016 89.83
5.5m/min Wire Feed 302 21.9 99 1016 102.45
303 21 110 1016 109.15
304 20.6 112 1016 109.02
305 20.6 114 1016 110.96
306 20.8 114 1016 112.04
307 20.8 114 1016 112.04
ALG30 308 19.3 98 1016 89.37
309 19.4 101 1016 92.58
310 19.5 101 1016 93.06
311 19.2 99 1016 89.81
312 19.3 101 1016 92.11
313 19.3 101 1016 92.11
338 19.4 102 1016 93.50
ALC +30 314 20.1 91 1016 86.43
315 20.2 91 1016 86.86
316 20.2 91 1016 86.86
317 20.3 91 1016 87.29
318 20.2 90 1016 85.90
319 20 96 1016 90.72
PC5 320 19.3 82 1016 74.78
321 19.4 81 1016 74.25
322 19.3 81 1016 73.87
323 19.2 82 1016 74.39
324 19.2 81 1016 73.48
325 19.2 88 1016 79.83
PC +5 326 20.8 106 1016 104.18
327 21.2 102 1016 102.18
328 21 103 1016 102.20
329 21.2 102 1016 102.18
330 21 102 1016 101.21
331 20.8 106 1016 104.18
Trav 0.762 332 20 94 762 118.42
333 20.1 95 762 120.28
334 20 92 762 115.90
335 20.1 93 762 117.75
336 20.1 94 762 119.01
337 19.9 97 762 121.59
Trav 1.27 339 19.9 94 1270 70.68
340 19.9 92 1270 69.18
341 19.8 93 1270 69.58
342 19.8 91 1270 68.08
343 19.9 97 1270 72.94
Trav 1.016 TA+15 344 19.9 93 16.93 87.45
345 20.1 94 16.93 89.28
346 20 94 16.93 88.83
347 19.9 95 16.93 89.33
348 19.9 101 16.93 94.97
349 19.9 97 16.93 91.21

Tablel7. Table showing actual readings and calculated heat inputs for each weld produced
on the trial.
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Wire Pulse
Feed Correction
3.5m/ (PC) setting
min a
Wire Pulse
Feed Correction
4.5m/ (PC) setting
min *5
Wire
Feed Trav
762
5.5m/ 0 6.
. m/min
min
ALGC By Trav 1.27
30 m/min
Trav
ALC 1.016
+30 m/min
(TA +15)

Table18. Showing assessments of the extent of penetration of the filler metal for each
sample examinedBoulding, The Effects of Parameters and Consistency of Cold Metal
Transfer Welded Ferritic Stainless Steel Joints, 20EBy colour coding PTO.
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Full Penetration Example IFigure79

Not Fully Penetrated Example 2Figure80

Misaligned Parent Example 3Figure8]]

Tablel19. Showing key to assessments made on penetrat{Boulding, The Effects of
Parameters and Consistency of Cold Metal Transfer Welded Ferritic Stainless Steel Joints,
2012)

Figure79. Example 1, showing a fully penetrated we[Boulding, The Effects of Parameters
and Consistacy of Cold Metal Transfer Welded Ferritic Stainless Steel Joints, 2012)

Figure80. Example 2, showing an incomplete penetrated wéRbulding, The Effects of
Parameters and Consistency of Cold Metal Transfer Welded Ferritic Stainless Steel Joints,
2012)

Figure81l. Example 3, showing misaligned parent/penetration to one si@ouding, The
Effects of Parameters and Consistency of Cold Metal Transfer Welded Ferritic Stainless Steel
Joints, 2012)
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Tablel9| andFigure79|to|Figure8l{show the key to the colour coding seefTiable

ﬁ The weld cross sections showfFigure79jto|Figure81ljare representatives of the

different categories highlighted, with the first being a fully penetrating weld, the
second showing a weld with a lack of root penetration and the third, where the parent
plate is misaligned. In all cases the parent materiala@snm thick EN1.4016 grade

ferritic stanless steel.

4.5.1 Power Setting
The welds were created in a synergic mode and therefore the wire speed, voltage and
current are all linked Adjustment of power is made through variation of the wire feed

speed, an increase in wire feed speed increases the power levels, a decrease in the

wire feed speed decreases the powdrhe following three graphg-igure82fto|Figure

shows the effects of varying the power levels in the welding m®oa the heat
affected zonewidth, they also show the consistency of the measurements made from
weld to weld and at various distances along each of the welti&re appears to be a
variation in the measurements from weld to weld and also along the leafjthe

plate. Itis also worth noting the increase in HAZ width as a result of increasing the

power.
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Figure82. Graph showing the width of the HAZ for each of t8&1Twelds conducted at
3.5m/min (average net heat input 72.2 dim) on EN1.4016 grade parent material
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Figure83. Graph showing the width of the HAZ for each of t&8&Twelds conducted at
4.5m/min (average net heat input 88.5 J/mngn EN1.4016 grade parent material
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Figure84. Graph showing the width of the HAZ for each of t8&1Twelds conducted at
5.5m/min (average net heat input 109.3 J/mnon EN1.4016 grade parent material
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Figure85. Graph showing the current and \tage trace for theCMTweld conducted at

3.5m/min on EN1.4016 grade parent material
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Figure86. Graph showing the current and voltage trace for tdMTweld conducted at
4.5m/min on EN1.4016 grade parent material
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Figure87. Graph showing the current and voltage trace for ti@MTweld conducted at
5.5m/min on EN1.4016 grade parent material
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The ALX data seenkigure85|to|Figure87|shows the change in the cycle through

variation of the power setting. Sai the lower power setting the CMT cycle contains 5
pulses. In the medium power setting used in the work the CMT cycle contains 6 pulse

peaks and the higher power setting used in the work had 7 pulse peaks.

4.5.2 Traverse Speed

The following two graphgKigure88|&|Figure89|) show the variation measad in the

HAZ width for each of the sections examined in each of the welds created, with the
torch traverse speedtd.762m/min and 1.27m/min. The faster speed welds showing

a reduced HAZ width.
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Figure88. Graph showing the with of the HAZ for each of th€MTwelds conducted at a
traverse speed of 0.762m/miiaverage net heat input 118.3 J/mnogn EN1.4016 grade
parent material.
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Figure89. Graph showing the width of the HAZ for each of tidTweldsconducted at a
traverse speed of 1.27m/mirfaverage net heat input 69.6 J/mnmon EN1.4016 grade parent
material.

4.5.3 Torch Angle

The following two graphg=(gure90|&|Figure91) show the effect on the HAZ from

varying the angle of the welding torch to pointed toward the direction of travel (+15°)
to pointing away from the direction of travel1(5°). It can be noted that the HAZ width
appear more consistent with pushangle but with a drag angle there is a reduction in

the width of the HAZ.
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Figure90. Graph showing the widtlof the HAZ for each of th€MTwelds created using a
torch orientation +15° to the direction of traversen EN1.4016 grade parent material
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Figure91l. Graph showing the width of the HAZ for each of B Twelds created using
torch orientation -15° to the direction of traversen EN1.4016 grade parent material
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4.5.4 Arc Length Correction

Variation in arc length correction as seefFigure92|&|Figure93lhas an effecon the

consistencyf the HAZ widths and also changing the ALC from +380toncreases the

HAZ widthand increases the average net heat input from 87.3J/mm to 91.8 J/mm
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Figure92. Graph showing the width of the HAZ for each of tdTwelds conducted with
an ALC value o880 on EN1.4016 grade parent material
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Figure93. Graph showing the width of the HAZ for each of t6&1Twelds conducted with
an ALC value of +3fth EN1.4016 grade parent material

The ALX data presentedkigure94|&|Figure95ishows a change to the short circuit

phase duration as a result of the aige in the ALC adjustment. Changing the ALC

parameter from-30 to +30decreases the short circuit duration phase.
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Figure94. Graph showing voltage and current trace foCMTweld conducted with an ALC
of -300on EN1.4016 gradparent material
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Figure95. Graph showing voltage and current trace folCMTweld conducted with an ALC
of +30on EN1.4016 grade parent material
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4.5.5 Pulse Correction
Within the welding programme when welding with a pulsed currisrthe Pulsed
Correction (PC), this variable is ulgiss and can be altered frofh to +5. Variation of

the Pulse Correctionfrond to +5 increases the width of the HAZ but doesn't show any

change in theconsistency ofhe HAZ widths, this is seenkigure96/&|Figure97

Figure98|&|Figure99|show the ALX data for the change in PC asidan be seen, there

is an increase of over 100 amps in the peak pulse current going from a PC setfing of
to +5, there is also an effect on the duration of the short circuit phase, with the PC

parameter at +5, showing a longer short circuit duration.
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Figure96. Graph showing the width of the HAZ for each of ttdTwelds conducted with a
PC of50n EN1.4016 grade parent material
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Figure97. Graph showing the width of the HAZ for each of t6&1Twelds conducted with a
PC of +®n EN1.4016 grade parent material
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Figure98. Graph showing the current and voltage trace foCMTweld conducted with a

pulse correction of5on EN1.4016 grade parent material
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4.6 Comparison of CMT lded and MAGNelded EN1.4003Parent Material
in 3.8mm & 5.8mm Thicknesses

Figurel00. CMT weld cross section of the 5.8mm thick EN1.40§fade parent material

100um 250um

Figurel01l Lack of side wall fusion i@MTweld produced using the 5.8mm thick EN1.4003
grade material.

4.7 CMT/MAG 1.4003 Comparison Trial

The following section reports the results from the trial comparing the CMT and MAG
welding processes using EN1.4003 grade fersttainless steel. Initial assessments
were made of the welds using radiography to try and identify defects in the welds.
Subsequently presented are tmesults fromdestructivemechanicahssessments that

were made including tensile, impact, fatigueste and microstructural examination.
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4.7.1 Non Destructive Examination and Destructive Validification

Excess

— /— penetration

Figurel02 Showing radiograph for test weld that was d@med to destructively examine
with identification of indicationsobserved through examination of the radiograpdnd
suggestedpossibility of defect type Red arrows showing spatter, blue arrows showing gas
porosity and yellow arrowsshowing indicationsof a lack of side wall fusion.
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Figurel03. showing section 7 of the weld, the three pieces of spatter circ{Bbinson,

2014)

Section Defect(s) Observed

1 Lack of side wall fusion

2 Excess penetration

3a Excess penetration

3b Lack of side wall fusion

3c Lack of side wall fusion

da Gas porosity Lack of side wall fusion
5a Gas porosity

6a Lack of side wall fusion

6b Lack of side wall fusion

7a Lack of side wall fusion

7C Spatter

7d Spatter

8b Lack of side waflsion

8c Gas porosity & Lack of side wall fusion
9a Gas porosity & Lack of side wall fusion
9b Lack of side wall fusion

9c Gas porosity & incomplete penetration

Table20. Table fowing defects observed throughicrostructuralexamination of EN1.4003
5.8mm thick CMT welded plateThe sample identification numbers in the left hand column

are based on those presented|figure102]
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Figurel04. Lack of side wall fusion iroot of section 1aof CMT welded 5.8mm thick
EN1.4003Robinson, 2014)

Figurel05. Showing gas porosity in section 88 CMT weldeds.8mm thick EN1.4003
(Robinson, 2014)
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Figurel06. Gas porosity (left) lack of side wall fusion (right) in sectiond&MT welded
5.8mm thick EN1.4008Robinson, 2014)
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4.7.2 Comparison of Microstructural Analysis of CMT & MAG Welds in
3.8mm Thick EN1.4003 Parent Material

As has been discussed the low level of chromium within this grade of stainless steel
means during welding a portion of the parent mateadjacent the weld experiences
temperatures sufficient to cause microstructural changes, such as a phase change to
martensite andwith an increase in temperaturgrain coarseninglso occurs.

Therefore within the welded EN1.4003 material, it would be expetb observe an

area of the HAZ, next to the fusion zone with a martensitic structure and a coarsened
grain size as this area will have been subjected to temperatures up to the melting point
of the material. As the distance increases away from the fuziore, the

temperatures experienced will be reducing and therefore there would be a component
of the HAZ that has reached temperatures sufficient to change the microstructure but
not high enough to cause grain coarsening. Moving further away from thenfasine,
there wouldn't be sufficient heat to cause any change to the parent material and
therefore this area is as the parent material supplied and falls outside of the HAZ.

Any change within thgarent as a result of the tharal input of weldings the FAZ

The following section examines and quantifies the effects on the microstructure within
the HAZ for welds created in the 3.8mm thick EN1.4003 parent materials for welds
created using CMT and welds created using the MAG process.

Welding Process AverageGrain AverageTotal HAZ | AverageGrain
QoarsenedHAZ Width (um) Diameter(um)
Width (um)

CMT 1067 4447 93

MAG 1184 4727 117

Table21. Showing average measured values for the HAZ in the coarse region and the entire
HAZ width andhe grain size taken in the course region of the HAZ of 3.8mm thick EN1.4003

grade parent material.
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Figurel07. Image showing weldtop right) and HAZ which has two distinct regions, the

first next to the weld (red arrow) has a martensitic structure and grain coarsening, the
second region of the HAZ (orange arrow) has a martensitic structure but without any grain
coarsening and then the blue arrow incites unaffected parent materiabf 3.8mm thick
EN1.4003 parent, CMT welded sample 25(€@hed in glyceregia)

Figure108. Image showing weldtop right) and grain coarsened with martensitélAZ(mid
image) and martensite HAZbpttom left) of 3.8mm thick EN1.4003 parent, CMT welded

sample 25.1(etched in glyceregia)
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Figurel09. Image showing weld (top left) and HAZ , which has two distinct regions, the first
next to the weld has a martensitistructure and grain coarsening (red arrow), the second
region of the HAZ (orange arrow) has a martensitic structure but without any grain
coarsening and then the blue arrow indicates unaffected parent material of 3.8mm thick
EN1.4003 parent, MAG welded sqte 30.7 (etched in glyceregia).

Figure110. Image showing weldtop left) and twin region HAZmid image & bottom right)
of 3.8mm thick EN1.4003 paremy]AGwelded sample30.7 (etched in glyceregia)
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4.7.3 Tensile Data of CMT and MAG Welded Joints

0.2% Proof Failure
Strength Maximum Strength Elongation | Location
Sample ID (MPa) (MPa) (%)
25.1 354 488 21 Parent
25.2 354 485 19 Parent
25.3 362 490 21 Parent
25.4 364 489 21 Parent
25.5 358 483 21 Parent
25.6 352 479 21 Parent
25.7 360 485 21 Parent
25.8 362 487 21 Parent
26.1 369 490 21 Parent
26.2 367 492 21 Parent
26.3 364 490 21 Parent
26.4 370 493 21 Parent
26.5 364 490 21 Parent
26.6 369 493 23 Parent
26.7 369 492 21 Parent
26.8 371 493 21 Parent
Average 363.0 4887 21
Standard
Devation 6.1 4.0 0.7
Coefficient of
Variation 1.68% 0.82% 3.33%

Table22. CMT 3.8mm EN1.4003 Tensile results.
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0.2% Proof Failure
Strength Maximum Strength Elongation | Location
Sample ID (MPa) (MPa) (%)
M28.9 326 483 9 Spatter
M28.10 345 489 20 Parent
M28.11 349 488 20 Parent
M28.12 350 489 19 Parent
M28.13 349 491 20 Parent
M28.14 353 487 20 Parent
M28.15 349 487 19 Parent
M28.16 348 489 20 Parent
M30.9 361 488 17 Parent
M30.10 361 491 19 Parent
M30.11 364 493 19 Parent
M30.12 364 493 19 Parent
M30.13 361 489 19 Parent
M30.14 364 495 17 Parent
M30.15 363 494 17 Parent
M30.16 355 494 19 Parent
Average 355.7 4905 189
Standard
Devation 7.0 2.7 1.1
Coefficient of
Variation 1.97% 0.55% 5.82%

Table23. MAG 3.8mm EN1.4003 Tensile resulflssample M28.9 not included in calculations
as failed next to spatter).

0.2% Proof Strength

Maximum Strength

Elongation

T Test P value

0.004

0.162

9.174E07

Table24. Statistical T.Test P values comparing the data for the 3.8mm thick CMT and MAG

welded tensile data.
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0.2% Proof Failure
Strength Maximum Strength Elongation | Location
Sample ID (MPa) (MPa) (%)
50.9 312 447 26 Parent
50.10 307 441 13 Weld
50.11 307 441 21 Parent
50.12 308 445 27 Parent
50.13 312 450 26 Parent
50.14 310 446 29 Parent
50.15 315 455 30 Parent
50.16 312 446 30 Parent
52.1 309 447 24 Parent
52.2 314 451 27 Parent
52.3 309 447 30 Parent
52.4 310 448 30 Parent
525 314 453 26 Parent
52.6 315 453 30 Parent
52.7 312 450 29 Parent
52.8 313 454 27 Parent
Average 3112 4484 266
Standard
Devation 2.7 4.2 4.4
Coefficient of 0.8™% 0.9%% 16.5%%
Variation

Table25. CMT 5.8mnEN1.4003 Tensile results.
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0.2% Proof Failure
Strength Maximum Strength Elongation | Location
Sample ID (MPa) (MPa) (%)
M1.1 279 381 7 Weld
M1.2 297 410 9 Weld
M1.3 318 459 23 Parent
M1.4 317 458 23 Parent
M1.5 311 441 10 Weld
M1.6 314 455 21 Parent
M1.7 312 416 7 Weld
M1.8 315 422 7 Weld
M11.1 274 345 4 Weld
M11.2 307 430 7 Weld
M11.3 318 463 23 Parent
M11.4 316 462 24 Parent
M11.5 314 419 7 Weld
M11.6 316 445 9 Weld
M11.7 318 447 9 Weld
M11.8 312 391 6 Weld
Average 308.6 4278 123
Standard
Devation 13.6 33.5 75
Coefficient of 4.41% 7.83% 60.98%
Variation

Table26. MAG 5.8mm EN1.4003 Tensile results.

0.2% Proof Strength | Maximum Strength | Elongation

T Test P value 0.466 0.021 2.724E07

Table27. Statistical T.Test P values comparing the data for the 5.8mm thick CMT and MAG
welded tensile data.
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4.7.4 Impact Results of CMT and MAG Welded Joints

Sample ID Impact Strength (kJ/@)

25.11 757
25.12 724
25.13 724
25.14 292§
25.15 789
26.11 954
26.12 724
26.13 108¢€
26.14 789
26.15 757
Average 1023
Standard Deviation 680
Coefficient of variation (%) 66

Table28. Impact test results for CMT welded 3.8mm thick EN1.4003.

Sample ID Impact Strengti{kJ/n7)

M28.2 1283
M28.3 329
M28.4 134¢
M28.5 1480
M28.6 855
M30.2 2204
M30.3 921
M30.4 954
M30.5 296
M30.6 362
Average 1003
Standard Deviation 602
Coefficient of variation (%) 60

Table29. Impact test results foMAG welded 3.8mm thick EN1.4003.

| T Test P value \ 0.945957|
Table30. Statistical T.Test P values comparing the data for the 3.8mm thick CMT and MAG
welded impact data.
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Sample ID Impact Strength (kJ/A)

5.1 776
5.2 733
5.3 668
5.4 841
5.5 1078
52.11 603
52.12 884
52.13 625
52.14 754
52.15 517
Average 748
Standard Deviation 161
Coefficient of variation (%) 21

Table31l. Impact test results for CMT welded 5.8mm thick EN1.4003.

Sample ID Impact Strength (kJ/A)

M1.11 797
M1.12 560
M1.13 1272
M1.14 1078
M1.15 625
M11.1 711
M11.2 754
M11.3 474
M11.4 625
M11.5 560
Average 746
Standard Deviation 250
Coefficient of variation (%) 34

Table32. Impact test results for MAG welded 5.8mm thick EN1.4003.

| T Test P value

0.981952]

Table33. Statistical T.Test P values comparing the data for the 5.8mm thick CMT and MAG

welded impact data.
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4.7.5 Fatigue Results

The following section presents the staircase fatigue results for welds produced by the CMT welding process and the M@\@roaddmin

the 3.8mm thick EN1.4003 parent materidlhe staircase produced from the testing conducted on the CMT weldexbles didn't give a
statistically valid result, the tests conducted on the MAG welded samples did.

sampe[ 1| 2] 3[ 4 5[ 6] 7] 8] o[ 0] 11|12 13 14[ 15[ 16| 17 18] 19 20[ 20 22 23 [ 24 25[ 26 27 ] 28 29 Number of Using LFE as N
Load kN | Step (i) Runouts (1) | Failures (f) | iN 2N
46.5 10 X 0 1 0 0
46 9 X O X 1 2 9 81
455 8 O X X X 1 3 8 64
45 7 X (0] (0] X X 2 3 14 98
445 6 (0] (0] X 2 3 12 72
44 5 X 0 1 0 0
435 4 X 0 1 0 0
43 3 X X 0 2 0 0
42.5 2 X (0] X 1 1 2 4
42 1 X X O O 2 2 2 2
41.5 0 O O 2 0 0 0
41
GE G( | GIH Glo
11 19 47 321

Figurelll Staircase Fatigue results for the CMT welded samples.
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Step Divide: 0.5kN

Least Frequent Event: Runouts
Calculated Mean: X =415 +o_5g€5._2)

X =43.386 kN

55H76578 ;-
Convergence Factor: L PA

55
=10.926
Standard Deviation: sL s&tr Hrmw Erat{A
s =8.873 kN
Standard Error for Mean: S = zj%;; BEW
sx=3.076 kN
Line Load: =964.13 N/mm
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Figurell2 Graph to show fatigue load range for CMT welded 3.8mm thick EN1.4003 (red
line indicates the pass criteria of 2 million cycles).
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Sample 10 | 11 | 12| 13| 14| 15|16 | 17|18 | 19| 20| 21 | 22 | 23 | 24 | 25 Number of Using LFE as N
Load kN Step (i) Runouts (r) | Failures (f) iN i2N
38.5 3 X X X 0 4 12 36
35.5 2 0 0 0 X X X 0 5 6 12 24
32.5 1 0 X 0 0 0 6 2 2 2
29.5 0 0 2 0 0 0
26.5
GE G( GJE G]oE
13 12 26 62

Figurell3 Staircase Fatigue results for the MAG welded samples.
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Step Divide: 3.0kN

Least Frequent Event: Failures
. _ 6. 5
Calculated Mean: X =29.5 +3—566+—6)

X =37.5 kN

Convergence Factor: L w A

=0.472
Standard Deviation: sL s&trHu w Erat{A
s =2.435 kN
Standard Error for Mean: = i%?éi;és w
sx= 0.808 kN
Line Load: = 833.33 N/mm
39 ¢ (& &
38
3
€% "o »
B35
o
— 34
(]
233 Pp'S
$ 32
31
30
29 r
10000 100000 1000000 10000000
Number of Cycles

Figurell4. Graph to show fatigue load range for MAG welded 3.8mm thick EN1.4003 (red
line indicates the pass criteria of 2 million cycles).
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4.7.6 Bulk Effect of Fusion Defects on Fatigue Properties

The following section examines the effeofsdefects such as porosity, lack of fusion
and insufficient penetration on the fatigue properties of the welds. Therefore the
fracture surfaces of a number of welds following faggesting, were examined, the
percentage of defects within the fracture surface were determined and then related
back to the fatigue data. The defects were not analysed by type against the fatigue

data, but as a collective.

Figurell5. Image showing a lack of side wall fusion (arrowed).

Figurel16. Image showing a lack of root penetration (arrowed)

Figurell?. Image showing weld porosity (arrowec
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Figurel18 SEM image showing a region with a lack of fusion and the areas where anal
was made.

Figure119. Graph of element analysispectrum 3

Figure120. Graph of element analysispectrum 4.
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Figurel21l Graph showing the effect of defect area of the fracture face against number of

cycles to failure for CMT welded samples.
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Figurel22 Graph showinghe effect of defect area of the fracture face against the number

of cycles to failure for each of the tested loads on CMT welded samples.
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Figure123. Graph showing the effect on gradient of the % defects within the fracture aogf
against the number of cycles survived for each load, therefore as the load is increased the
gradient also increases on the EN1.4003 parent CMT welded samples.
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Figurel24. Graph showing the effect on gradient of the % defegtghin the fracture surface
against the number of cycles survived for each load, with the result for 46kN removed,
therefore as the load is increased the gradient also increases on the EN1.4003 parent CMT
welded samples
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4.7.7 Comparison of Weld Angle with Fati gue Results
This aspect of the work reviews possible relationships between the angle between the
parent and weld material at the root of the weld against the fatigue results to

determine if there is a relationship between the angle and fatigue propersdsas

been determined in the literaturésectior}2.4.4 pag.

Where the data was available for the defects within the fracture surface, this has been
annotated onto the graphs as this potentially skews the data, which does appear to

show a correlation.
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Figurel25. Showing plan of the weld cap of a MAG welded sample, red line showing location for one of profiles taken.
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Figurel26. Profile trace for weld cap of MAG welded sample as ses

Rigurel125
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Figurel27. Showing IFM 3D scan of the weld cap of a MAG welded sample.
174



Figurel28 Showing plan of the weld root of a MAG weldedmple, red line showing location for one of profiles taken.
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Figurel29. Profile trace for weld root of MAG welded sample as see

fFigurel28
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Figurel30. Showing IFM 3D scan of the weld root of a MAG welded sample.
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The following graphs depict the number of each cycles survived by the satihales
were subjected to the particular load. The graphs do show some correlation between
the weld angle and the number of cycles survived for each of the loads, shown by an
increase in the number of cycles survived as the root angle increases, whidhgsagiv
flatter bead. The pass criteria was 2 million cycles therefore once the sample
exceeded this value the test was stoppathere the information has been

determined the percentage of defects within the fracture surface has been identified.
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Figurel31 Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 46 kN
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Figurel32 Graph showing weld root angle against the number of cyclefobe failure for
the CMT welded samples fatigue tested at 45.5 kN
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Figurel33 Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 45 kN
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Figure134. Graph showing weld root angle against the number of cycles before failure for

the CMT welded samples fatigue tested at 44.5 kN
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Figurel35. Graph showing weld root angle against the number of cydbesore failure for

the CMT welded samples fatigue tested at 44 kN
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Figurel36. Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 43.5 kN
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Figurel37. Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 43 kN
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Figurel38 Graph showing weld root angle against the number of cycles before failore f
the CMT welded samples fatigue tested at 42.5 kN
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Figurel39. Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 42 kN
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Figurel40. Graph showing weld root angle against the number of cycles before failure for
the CMT welded samples fatigue tested at 41.5 kN
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Figurel41l Showing the root angle against number of cycles for the CMT welded samples.
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Figurel42 Graph showing weld root angle against the number of cycles before failure for
the MAG welded samples fatigue tested at 38.5kN
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Figurel43. Graph showing weld root angle against the number of cydbesore failure for
the MAG welded samples fatigue tested at 35.5kN
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Figurel44. Graph showing weld root angle against the number of cycles before failure for
the MAG welded samples fatigue tested at 32.5kN
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Figurel45. Graph showing weld root angle against the number of cycles before failure for
the MAG welded samples fatigue tested at 29.5kN
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Figure146. Showing the root angle against number of cycles for the MAG welded saspl

4.8 Heat Treatment Trial To Identify Key Temperatures At Which
Microstructural Changes Occur And The Effect of Time On These
Changes.

The trial was conducted to ascertain the temperatures at which an accicular phase
begins to form and the temperature athich grain coarsening begins to occur within

the parent material, therefore replicating the various regions within the HAZ. The
second part of this was to then assess the actual effect these microstructural changes
had on modification of the mechanicalqperties of the material through hardness

testing and Charpy impact testing.
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700°C 20 min soak

Figurel4?. Image showing fully ferritic microstructure of sample subjected to 700°C 20 min
soak water quenchas seen in the as received EN1.4003 material

Figurel48 Image Showing fully ferritic microstructure of sample subjected to 700°C 20 min
soak water quenchas seen in the as received EN1.4003 material
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800°C 20 min soak

Figure 149. Image showing ferritic (light areas) and martensitic (dark areas) microstructure of
sample subjected to 800°C 20 min soak water questhilar to the microstructure in the
region of the HAZ furthest from the fusion zone of welds on a EN1.4003 grade material

Figurel50. Image showinderritic and martensiticmicrostructure (250 H\{) of sample
subjected to 800C ® min soak water quenckimilar to the microstructure in the region of
the HAZ furthest from the fusion zone of welds om &N1.4003 grade material
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900°C 20 min soak

Figurel51 Image showingnartensitic microstructure of EN1.4003 sample subjected to
900°C P min soak water quench

Figurel52 Image showingnartensitic microstructure (277 H\{o) of EN1.4003 sample
subjected to ®0°C20 min soak water quench
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1000°C 20 min soak

Figurel53 Image showingnartensitic microstructure with some grain growth of EN1.4003
sample subjected to 1000°@2nin soak water quenchthis is similar to what would be seen
in the region of the HAZ closest to the fusion zone.

Figurel54. Image showing martensitic microstructure with some grain growth of EN1.4003
samplesubjected t01000°C 2 min soak water quenchthis is similar to what would be seen
in the region of the HAZ closest to the fusion zone.
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1100°C 20 min soak

Figurel55. Image showingmartensitic microstructureand grain growthof EN1.4003 sample
subjected t01100°C 2 min soak water quenchthis is similar to what would be seen in the
region of the HAZ closest to thieision zone.

Figurel56. Image showinderritic and martensiticmicrostructure and grain growth of
EN1.4003 sample subjected to 1100°Crin soak water quenchthis is similar to what
would be seen in the region of the HAZosest to the fusion zone.
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747°C 20 min soak

Figurel57. Image showinderritic microstructure of EN1.4003 sample subjected to 747TC 2
min soak water quenchas would be seen in the unaffected parent material

Figurel58 Image showinderritic microstructure of sample subjected to 747°@ Min soak
water quench as would be seen in the unaffected parent material
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758°C 20 min soak

Figurel59. Image showinderritic microstructure of an EN1.4003 sample subjected to 758°C
20 min soak water guenchs would be seen in the unaffected parent material

Figurel60. Image showing ferritic microstructure of an EN1.4003 samglvjected to758°C
20 minsoak water quenctas would be seen in the unaffected parent material
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769°C 20 min soak

Figurel6l Image showinderritic microstructure (light areas) with martensite (dark areas)
at the grain boundaries of an EN1.4003 sampléjected to 769°C@min soak water quench
this would be typical of a microstructure seen in the HAZ at its furthest distance from the
fusion zone

Figurel62 Image showinderritic microstructure with martensite at the grairboundaries of
an EN1.4003 sample subjected to 769WrRin soak water quencjfthis would be typical of a
microstructure seen in the HAZ at its furthest distance from the fusion zone

194



779°C 20 min soak

Figurel63. Image showingerritic (light areas)and martensitic(dark areasmicrostructure of
an EN1.4003 sampksubjected to779°C P min soak water quench

Figurel64. Image showinderritic (light areas)and martensitic(dark areas)microstructure of
an EN1.4003 samplkeubjected to779°C P min soak water quench
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790°C 20 min soak

Figurel65. Image showinderritic (light areas)and martensitic(dark areas)microstructure of
an EN1.4003 sample subjected T®0°C P min soak water quench

Figurel66. Image showinderritic (light areas)and martensitic(dark areas)microstructure of
an EN1.4003 sample subjected to 790m2in soak water quench
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800°C 2 hour soak Water Quench

Figure167. Image showingnartensitic microstructure d an EN1.4003 sampleubjected to
800°C 2hour soak water quench

Figurel68. Image showingnartensitic microstructure ofan EN1.4003 sample subjected to
800°C 2 housoak water quench
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770°C 2 hour soak Water Quench

Figure169. Image showinderritic (light areas)and martensitic(dark areasmicrostructure of
an EN1.4003 sample subjected to0PC2 hour soak water quench

760°C 2 hour soak water guench

Figurel70. Image showinderritic (light areas)and martensitic(dark areasmicrostructure of
an EN1.4003 sample subjected to0P€ 2 hour soak water quench
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750°C 2 housoak water quench

Figurel71 Image showinderritic (light areas) and martensitic (dark areas)icrostructure of
EN 1.4003 sample subjected to%& 2 hour soak water quench

740°C 2 hour soak water guench

Figurel72 Image showinderritic microstructure of an EN 1.4003 sample subjected ta07@
2 hour soak water quench
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800°C 2 hour soak Furnace Cool

Figurel73. Image showing martensitic microstructure of aaN1.4003 samplsubjected to
800°C 2 hour soakurnace cool to determine the effect of time at temperature

Figurel74. Image showing martensitic microstructure of an EN1.4003 sansulbjected to
800°C 2 hour soalurnace coold determine the effect of time at temperature
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800°C 6 hour soak 30°C/Hour cool rate

Figurel75. Image showinderritic (light areas)and martensitic(dark areas)microstructure of
an EN1.4003 sample subjected to 800°Go6ir soak30°C/hour cool rate

Figurel76. Image showinderritic (light areas)and martensitic(dark areas)microstructure of
an EN1.4003 sample subjected to 800°Go&ir soak30°C/hour cool rate
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1000°35 hour soak 30°C/Hourool rate

Figurel77. Image showingnartensitic microstructure of an EN1.4003 sample subjected to
1000°C 6 hour soak 3@/hour cool rategrain coarsening also evident

Figurel78 Image showingmartensitic microstructure of an EN1.4003 samdebjected to
1000°C 6 hour soak 3T/hour cool rate grain coarsening also evident
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900°C6 hour soak 30°C/Hour cool rate

Figurel79. Image showingnartensitic microstructure of an EN1.4003 sample subjected to
900°C 6 hour soak 3C/hour cool rate grain coarsening also evident

Figurel80. Image showingnartensitic microstructure of an EN1.4003 sample subjected to
900°C 6 hoursoak 30C/hour cool rate grain coarsening also evident
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Figurel81 Figure showing microstructures of samples subjected to a hold for a time at a temperature.
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4.8.1 Effect of Thermal Cycles on the Mechanical Properties and Grain Size

of the EN1.4003 Grade Stainless Steel

The following graphshow the effects on grain size, impact properties and hardness of

EN1.4003 being exposed to high temperatures as this provides a greater

understanding of the effects of the microstructural changes that drive these

properties, have on the HAZ of a weldngsthis grade of material.
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Figurel82 Graph showing effect of peak temperature on hardndsB/o).
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Figurel83 Graph showing effect of peak temperature on grain size.
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Figurel84. Graph showing effect of grain size on material toughness.
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Figurel85. Graph showing effect of different thermal cycles on impact properties.
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Figurel86. Graph showing effect of various theral cycles on hardness.
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Figurel87. Graph showing effect of various thermal cycles on grain size.
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5 Discussion

5.1 Microstructural Materials Characterisation

Themicrostructuralcharacterisation of the parent materials used in the study showed

the structures that would be expected for each of the grades used. Therefore as can

be seen ifFigure 61fto|Figure65jthe parent materials show a fully ferritic

microstructure withequiaxed grais. The only evidence of directionality caafrom

the consistent oriatation of the carbidessseen ir[Figure65

5.2 Initial Comparison of Required Heat Input for MAG and CMT On

EN1.4016, EN1.4509 & EN1.4521 Ferritic Stainless SteehtPdederials.

The results obtained were based on a relatively small set of samples under laboratory
conditions and it is possible that both the MAG and CMT welding parameters were

capable of further optimisation. The trials did identify the importancéhefjoint fit

up.

There was a presumption at the commencement of the work that the CMT+P process
would offer the advantage of a reduction in spatter and, more importantly, potential
for a reduction in net heat input, which would be relevant to microstanat control in

ferritic stainless steel joints.

The results from this element of the work indicated that the cold metal transfer
process, with and without pulsed arc, offered no apparent benefit with regards to the
net heat input when compared with MAGaldingwhenjoining the 1.5mm thick

materials and under the conditions of test. This is also indicated by the analysis of the

HAZ grain size, where the CMT welded 1.5mm thick 1.4016 & 1.4521 materials had
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larger average grain sizes, within the coarsesiezp when compared with the results
from the MAG welded joints. However it needs to be taken into account that only
limited material was supplied with the MAG welds to allow the production of the
comparator CMT welds and so full optimisation was not fbssin the welds

produced.

The measurements made of the heat affected zone width through optical assessment,
on samples in the etched condition, appear to be confirmed, in most cases, by the

hardness profiles. The exception to this is the MAG weldedl6.4002852 1as seen

in|Figure68lwhere the hardness in the 20mm span does not return to the base

hardness that is apparent on the other joints produced using the same parent
material. These measurements were checked tdficonthe findings. It is likely that
there was some other difference in that area of the plate, possibly compositional
difference which could be difficult to check as techniques such as XRF are unable to
determine carbon levels and carbon is one of tieg klements that can affect the
hardness of atainless steel, it may also have been as a reswtditional cold work.
This would have been evident prior to welding if tests had have been conducted
before the weld was made. It may have been possitde there was cold work

induced in the material due to restraint from the clamping mechanism and the thermal
expansion/contraction associated with the welding process, but this is highly unlikely
as the clamping was consistent across all the samples welde@dherefore this would

have been observed in multiple samples and not just the one.

Indications from this work suggest that the CMT process may be of benefit for thicker
materials When the cold metal transfer welds produced using the 1.4509 (2mm)thick

material are compared, in coarse grain size, with the MAG controls, the grain size for
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the CMT/CMT+P areSAM 3.5 and 3.6 respectivelyhelsame material/thickness
combination joined using the MAG process had measured grain sizes, made in the
same locabns, of ASTM 3.0 & 3.1, with net heat inputs of 0.129 & 0.101 kJ/mm for

the CMT/CMT+P, the MAG welds had heat inputs of 0.162 & 0.117 kJ/mm.

5.3 Effecton Microstructure and Weld Dimensionsf Heat Input Using

Pulsed Arc with CMT oBN1.4016 2mm Thick Parent

The purpose of this aspect of the work was to assess the affeateld dimensions
and microstructure throughariationof the heat input, using CMT welding, with and

without a pulsed arc. Therefore welds were produced at predefined parameter

settings togive specific heat inputs. As can be se¢hahlel5|&|Tablel6las the heat

input increases, so does the average width of the heat affected zone, this is to be
expected as with an increase in energy into the joint would increase the area that is
affected by this energy. It has also been observed with these results that ingbeota
the CMT with the additional pulsed arc, as the heat input increases, the parent to weld
cap angle increases, which therefore means that the weld cap is getting flatter. This
trend was not observed in theesults for the pure CMT welds. The powerdls and
therefore the heat input was at the same level, as the welds created using the
additional pulsed arc, but the pure CMT welds had a consistent angle across all the
power settings. This indicates that theld pool had a reduced wettability, which

would indicate the temperature was lower than that with the addition of the pulsed

arc.

The grain size measurements made in the parent material give an ASTM grain size of

approximately 7. The results show that in the HAZ there is a significant chatge in t
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grain size and that as the heat input is increased the coarser the grain size in the HAZ
becomes. Additionally between the process with and without pulsed arc, ifouassl

that without pulsed ar¢he grain coarsening effect is greatémndicating thathe HAZ
hadexperienced higher temperatures for longerlthdugh it was noted that with pure

CMT there was acceptable levels of root penetration at a lower heat input than with

the additional pulsed arat 0.09 kJ/mn{Tablel5(&|Tablel6). Therefore from this it

can be determined that although the amount of energy that is put into the joint has a
pronounced effect on the penetration and HAZ, it is not just about the heait jriqut

the way the heat is applied that also has influence on the microstructure in the HAZ
and therefore subsequent properties of the joint. This is because with the addition of
a pulsed arc, the levels of high energy are cycled therefore the matesasdrficient

time to cool between cycles and so the thermal energy is reduced and therefore the
material either side of the weld was not at sufficient temperatures high enough or long

enough to cause the same growth of the grains.

It can also be observddom the line scangHigure72) that there is no obvious

segregation of elements and that the difference across the interface is just down to
the difference in the canposition of the filler material compared with the parenthe

pesS v]8] (Joo & u § E] 0 ]* M- e ]85 } ev[§ Z A 8Z - u
associated with reduction in toughness and manifest of an acicular phase as the
austenitic material is a sifgyphase from room temperature to melting point and also
S§Z usS E]oZ-+ Vv & EC*S 0 *SEMN SUE ¢} ]*V[S *ue %oS§]
toughness in the same way that a ferritic stainless steel is during welding. Therefore is

a good filler material tarse to determine the effects on the parent materials.
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5.4 Trial to Examine the Effects of Variation in the Welding Gap, Torch
Traverse Speed and Torch Angle the Heat Input Required to Give a
Fully Penetrating Weldising 2mm Thickness EN1.4016 and EN1.4509
Parent Materials.

The first part of the trial made attempt to examine the relationship between weld gap
and weld speed and the ability to produce fully penetrating welds, with identification
of the heat input associated with the welflsr both a EN1.4016ral EN1.4509 grade

material Weld penetration was assessed through a visual inspection of the completed

weld. It can be seen through examinatioff Figure74|&|Figure75|that three welding

gaps were tested, 1mm, 1.15mm and 1.25mm and these were welded at three
different welding speeds, 762, 1016 & 1270mm/min. It can be seen that for both
materials there is advantage to increasing the welding gap sierelates backat
Pepe et a(2011)who identified that it may be more efficient when welding in a gap.
Also increasing the torch traverse speed to reducing the required heat input to
complete a fully penetrating weld. Also subsequgmariation of the torch angle from

15° to-15° has a significant effect on the ability to produce a fully penetrating weld at

lower heat inputs in the EN1.4016 material as can be sgéigure76{ but this was

not as clear when looking at the results for the welding tests conducted on the

EN1.4509 grade materigkiGure77) although the effect of increasing the traverse

speed can be observed.

The use of gap and welding speed variations produced welds in 2mm 1.4016 & 1.4509
with calculated heat inputs significantly lower than those achieved by eoatjle

MAG welds in 1.4509 in the main comparison progranfil‘rzﬁ)lem. From this work

images have been taken which show the effect on heat affected zone microstuctu

of a reduced heat inp . For the welds calculated to have a lower heat
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input, the extent of grain coarsening and width of the affected region is szbe

significantly lower than the samples with a higher measured heat input.

The results from the welding gap/speed trial indicate that increasing the torch traverse

speed results in the expected reduction in the heat input into the jEigureM This

trend canalsobe observed for all joint gaps, (with the exception of the 1.4016 grade
using the 1.25mm joint gap at 1270 mm per minute weldingespghere it was not
possible with the limited material to achieve a joint with complete penetration). This is
consistent with difficulties in bridging the weld gap at 1.25mm so clearly this problem
is exacerbated at higher traverse speeds. Further wadetrtaken on the effect of
traverse speed indicated that speeds up to the maximum available at the time at
Sheffield Hallam University, were towards the upper end of the spectrum for providing
the ability to decrease the heat input, whilst still maintagia fully penetrating weld.
Welds were produced at speeds of 2200mm/min with complete penetradiohPS

weldtech, Bilstonhowever they could not consistently be replicated.

The results obtained from trials conducted with variation on the torch positoithe
1.4016 grade material indicates that for this material there is a distinct benefit to using
a drag angle i.e. the direction of the torch is opposing the direction of travel. As can be

seen ir[Figure76 by altering the torch to weld backhand (drag), allowed fully

penetrating welds to be completed with a reduced calculated heat input, than those
produced using a 15° lead angle ("lead" is whemttirch angle is in the same direction
as the direction of travel)\Which is as would be expectéwmm the literature

(American Welding Society, 199®hichidentifies that welding backhand gives a

narrower more penetrating @ld than back handwhich is considered to give a wider,
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but shallow weld profileThis behaviour was not observed in the trials conducted on

the 1.4509 grade material

Grade EN 1.4016, may be more sensitive to the effect of heptitrand therefore

more useful for examining the impact of changes in hegburh on the microstructural
profile. Thechemicalcomposition of this material makes it likely that, during welding
thermal cycles, iwill form small quantities of austenite, which are then transformed

to martensite instead of ferrite because of the fast cooling rates.

The trials conducted, varying welding gap, welding speed and torch angle suggested
that there was scope for further optimisation of the welding conditions. For example,
further variationin torch position (i.e. altering the lead or drag angle) may allow a
reduction or increase in the net heat-put in its own right but may also influence the

optimum size of the gap and the welding speed.

5.5 Trial to Determine the Consistency of the Wetd) Parameters and

Subsequent Welds with the CMT Welding Process

The consistency trials conducted on the EN 1.4016 grade 2mm thick ferritic stainless
shows that measted (grain size, HAZ width ¢tand recorded (welding information)

data does not give theame values each time that measuremerdgre/undertaken or
recorded. This variation could be down to human error in measurements. With some
of the measurements, in particular the heat affected zone width, there is no definitive
point to measure to. Thehanges in this region can be quite gradual and therefore
deciding orthe exact location of the end of this transitiomdifficult to assesg$:orthis
reason the edge of the HAizas deemed to be at a point where the microstructure

returned to the as received conditionThe grain size measurements are conducted in
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such a way as to capture the coarsest grains within the heat affected zone. This is
determined by the operator mak@the assessments and so subject to errors, but this
was considered the best way of capturing this information as it allowed quantitative
assessment of the grains most likely to reduce the properties of the joint overall. That
said the coarsest grains damed within the heat affected zone, as a rule, tend to be
located close to the weld fusion zonehich is due to this area reaching higher
temperatures than those experienced further away from the fusion zone
(Lakshminarayanan, 8hmugam, & Balasubramanian, 20@®) are generally under

the weld cap. The fact that they are under the weld cap potentially provides two
benefits, the first is that the cross section in this area is increasedeater thanthat

of the parent mateial owing to the reinforcement on the weld cap. The secasd,

that the filler material used was austenitic, therefore the enhanced grainisitiee

HAZcan reduce the toughness of the steel, through reducing the number of barriers
(grain boundaries) tthe movement of dislocations, but the filler could compensate

for this reduction in properties, due to the austenitic filler having a Face Centred Cubic
(FCC) crystal structuf@shby & Jones, 200t)at allows the mechanismfauctility,
dislocation motion, across a greater number of slip systems, than the Body Centred
Cubic (BCC) ferritic stainless steel parent material. Consistency with these

measurements was maintained through the same operator making them.

5.5.1 CMT Power Setting

The variation in power setting was done via the wire feed adjustment as all welds were
conducted using a synergic programme. This automatically adjusts the power settings
when the filler material and thickness and shielding gas are inputted into the

equipment. Therefore, it was found that increasing the power has a profound effect
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on the heat input of the weld, and increasing the power level, increased the heat

input, with an associated decrease with a reduction in power level. The consistency of
the average values from run to run at the same settings varied. Variations in both the
measuredaverage value for current and voltage changing by up to 15 amps and 1.9
volts respectively which is as a resofithe CMT control software means that if there

is a variation in the energy going in to the material there is bound to be a related
variation to thestructure and mechanical propertieaused through the input of this

heat.

The increase in power had the associated increase on the measurements maee of th
weld cap widthHAZwidth and weld cap height. It was found that the weld cap width
increased approximately 7@@n for every 1m/min increase in the wire feed speed.
There was a similar increase also seen forHiA&width and weld cap heightThe

weld cap height is unsurprising sintfeere was an increase in the amount of wire that
was being fed towards the joint it is expected that the weld cap would be either taller,

wider or both.

The consistency of the measured data from the microstructural measemémade
varied from run to run, as a rule the pattern was similar for each oHAZ width
measurementsnade on each run. Furthermotkere would be the expectation that
toward the end of the run the HAZ width would increase, due to the heat tuyu|dbut

there was no clear evidence of this occurring

The investigation also revealed that an increase or decrease of the wire feed setting,
affected the number of pulses per CMT cycle. With the 3.5m/min having 5 pulses per
CMT cycle, the 4.5m/min setting Yiag 6 pulses per CMT cycle and the 5.5m/min

having 7 pulses per CMT cycle. So not only is there an increase in the base power, but
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also there is an increase in the number of short bursts of high power inputted into the
joint, which will have the assoced effects on the microstructure of potentially an

extended HAZ and enlarged grain size.

5.5.2 Arc Length Correction
The variation permitted in the arc length correction function ranges from a valt@0of
to +30 and was found to have &ffect on theHAZ width The consistency of the HAZ

width, reduced by changing the ALG30 as when the ALC is set to +30 the results are

relatively consistent as can be seefFigure92|&|Figure93| The heat input was found

to alter slightly through the extremes of this parameter, with a value36fshowing a
higher value than that with an arc Igth correction of zero. This again was slightly
higher than that with an arc length correction of +30, however the total difference was
calculated to be approximately 6 JJmm between the two extremities of variation for

this parameter.

When examininE ablel8] it can be seen a greater number of welds are produced with

complete penetration when the arc length correction is set3ft which may be due

to the extended period in the short circuit phase of the cycle as discussed by Pickin et
al (2011) There may also belzenefitfrom the slight additional heat thathis setting
affords the joint. bwever it may be as a result of the difference in arc length that this
parameter potentially affords. The welds created at the increased levels of arc length
correction have a high concentration of welds with penetration bias to one side. This
may again beas a direct result of the change in arc length and the ability of deviation
of the arc that is facilitating this bias in the weld. This may be due to slight changes in
magnetic field as the parent material is magnetic, the filler isn't and thereforktslig

variations in dilution could affect the orientation of the arc relative to the torch and
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work piece. The longer the arc, the greater effect the deviation will have which
potentially explains why this is not seen at ALE36f where the length of thera is

shorter.

The measurements made under the optical microscope also provide similar results.
When the arc length correction factor is set-a0 there is a slight increase in the
measured heat affected zone width and weld cap width and height. #ttbe other
settings for this parameter (0 and +30) there was not a distinct difference between the
measured heat affected zone or weld cap dimensions, between the two. This suggests
that for this material grade, thickness combination the parameter ne¢edse adjusted

to below 0 to produce a fully penetrating weld.

One of the interesting things to note from this parameter setting is that measurements
made along each of the weld runs are fairly consistent giving a relatively flat line when
the +30 arc legth correction is usedWith the -30 setting the welds were found to be

less consistenthen the +30not just weld to weld but also across the weld.

5.5.3 Pulse Correction

The pulse correction parameter on the CMT equipment has adjustability-fdm+5
thisis a unit less parameterWhen the correction was set &, the heat input was
calculated to be approximately 74 J/mm. When set to zero the calculated heat input
was determined to be approximately 88 J/mm and when at +5 the heat input was
found to be gproximately 102 J/mm. Therefore there appears to be a linear increase
in the heat input when altering this setting. It was found through this study that the
reason for this is because the variation of this parameter varies the power of each of

the pulses. Increasing the pulse correction increases the voltage and current of each
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of the pulses within the CMT cycle and therefore gives the increase/decrease in the

heat input.

Examination gifablel8shows that a pulse correction factor & does not produce

one part of the weld examined, on any of the welds produced with this setting, with
complete penetration and is therefore a product of insufficient heat into thedwel

When the setting is at O, there are a number of places in the weld where the
penetration is insufficient but the majority of the wid show penetration to one side.
However this is consistent across most of the weld sections examined therefore from
the 31 sections, only one had suitable penetrat{®rwere identified as not having
suitable penetration) and so it is unlikely that achieving a consistently fully penetrating

weld is possible with these settings even if the penetration was not bias toidee s

There is a significant increase in the measured values of the width of the heat affected
zone for the welds with a pulse correction of +5, with values increasing as much as
1.5mm from those measured from welds created witfbgulse correction settig. It

is likely however that these results are as a result of the low heat input and therefore

lack of penetration of the welds created & pulse correction.

As there is such a dramatic effect from variation of this parameter it would be
interesting b repeat this trial but with variation at increased wire feed settings as they
would have an increased number of pulses per CMT cycle and therefore the variation
of the pulse correction should have notable variation across the whole range-from

to +5.
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5.5.4 Traverse Speed

The heat input formulas seen iEquationB as seen on pa which is essentially

the power divided by the traverse speed means that thex expected to be a

significant difference in the heat input by variation of the traverse spaéariations
conducted in a separate trial within this study halewn that there is the possibility

of reducing the heat input into a weld through increasihe speed of traverse. The
variation in heat input through the change in traverse speed from 0.762 to 1.27m/min,
results in a change of up to 50 J/mm from approximately 120 J/mm for the slower

traverse speed to 70 J/mm for the faster traverse speed.

The welds created utilising a slower traverse speed produced a significant proportion

of fully penetrated welds as compared to the faster speeds which only yielded portions

of a weld run with complete penetratiqras seen ‘ﬁ'able18

The heat affected zone as would be expected is significantly larger for the slower

traverse speed that with the faster traverse spdétjure88|& Figure89r, with a

difference between the two of approximately 0.5 to Imm. It was observed that th
reduction in speed also provides a more consistent weld along the length of the run

and also reasonable consistency from weld to weld.

The limitation of traverse speed was in the case of these trials of no apparent benefit

as at the upper range assessthe welds were incomplete in terms of penetration.

5.5.5 Torch Angle
The variation in torch angle was made from a push angle of approximately +15° to a
drag angle of approximatehL5°. The calculated heat input showed that changing

between the two resultedn a difference, with a marginal increase through using a
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push angle. The reason for this is, at this time, unknown and may simply be as a result
of the limited number of readings as the range between the two overlap. It could be
that as with a push angkere is a flatter bead and therefore an increased time

duration to contact with the weld pool and therefore an increase in the open circuit

part of the CMT cycle.

There are also a higher number of incompletely penetrated welds with push angle and
at the same time a higher number of completely penetrated welds than those welds
conducted utilising al5° torch angle. This goes against the concept of a certain
requirement of heat input to provide a fully penetrating weld for certain
materials/thickness comhbation, or alludes that other factors need to be taken into
account when calculating the net heat input of a weld as variation of the torch angle
does not in itself add any energy, but directs it either at the newly made weld (pull) or
away from the weldpush), but has a significant effect on the penetration and

geometry of the weld and therefore may influence the efficiency of the process.

The measurements made on the optical microscope show that with a torch angle of
+15° (push angle), the heat affectedne is approximately 0.5mm larger, than the
results from the examinations taken from the welds produced usifipatorch angle.
This then confirms work done previously in this study where drag angles produce a
thin and deep weld profile, whereas a guangle yields a wide and shallow weld

profile. This shallow profile produces a wider weld reinforcement and a wider HAZ.

5.5.6 ALX Data
The arc logging equipment provided the ability to monitor the weld as it was being
produced, with readings taken of currempltage, traverse speed and wire feed speed

at a rate of 3000 data capture points per secotimipughout the duration of the
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monitored weld This enabled the identification of the number of pulses per CMT

cycle as identified earlier in this discussiom avas easy to determine through

examination of the trace of voltage and current against data point as s¢eéigume85

to|Figure87 where the peaks of each pulse can easily be determined. Itis also been

observed from these graphs that the effect of the pulse correction is to increase the
current d the pulse. Therefore when the pulse correction is sebtdhe current for

each of the pulses is approximately 280 amps, with the pulse correction set at 0 and +5
the currents are 340 amperes and 400 amperes, respectively. There also appears to be
anincreased duration between the last pulse within a CMT cycle and the first pulse of
the next, as the pulse correction value in increased. The reason for this could be that
with an increased pulse correction, there is the determined increase in pulsirentu

which in turn would be increasing the amount of material that is melted and projected

to the joint and therefore increases the arc length and so the time required for the

electrode tip to make contact with the weld pool.

This theory is substantiateghen the traces for the arc length correction parameters
were altered, as similar differences can be observed with these results. When
variation of the arc length correction parameter is made a similar effect can be seen on
the graph where the time durain between the last pulse of the CMT cycle and the
voltage drop through detection of short circuit. This effect is probably that which
provides the slightly higher calculated heat input when the arc length correction is set

to -30, than at +30.
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5.6 Compari®n of Microstructure and Mechanical Properties f@MT
Welded and MAG Welded EN 1.4003 Parent Material in 3.8mm & 5.8mm

Thicknesses

Initial CMT welds created using the EN1.4003 parent material in the 3.8mm and
5.8mm thicknesses revealed a number of probdamthe welding of these thicker
materials, in comparison to the work conducted on the thinner materials, less than

2mm.

Figurel88 CMT weld cross section of the 5.8mm thick EN1.4003 grade parent material

Figurel88shows a microstructural cross section of one of these welds and as can be

seen in the image, there are four distinct regions associated with the welde The
the fusion zone in the middle where the filler and a portion of the parent materials
have mixed together and then subsequently fused during the welding process to
create the joint. Either side of this is the first part of the HAZ, the lighter zdjaeent

the fusion zone. In this area there are two notable effects associated with exposure to
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the welding thermal cycle. Firstly there is a significant grain coarsening effect evident
in this areaas discussed by Lakshminarayanan ¢2@09)and secondly there has

been a phase transformation, so that the ferrite has transformed to austenite upon
heating and then as the material cools, the austenite doesn't have sufficient time to
transform back to ferrite as the canp rate was too high, therefore there is the
transformation to martensite, which will increase the hardness and strength of this
region in contrast to grain coarsening which will have the opposite effect. Both of

these changes with have a detrimentaleft on the impact properties of the joint.

The next region moving away from the fusion zone is the second part of the HAZ,

Azl Z }sv[]8Z A VCPE]v } E+ Vv]vP us } « +Z}A 372 3E
martensite and therefore the associated effects of thimpe in terms of the increase

in hardness and strength, with a reduction in the impact properties of the material.

Beyond this zone the microstructure is that of the parent material, therefore there are

no notable changes as a result of the welding thdroyele. Work previously

undertaken by Zheng et £010)described the Ferrite FactgEquationd) being

important in determininghe likely microstructure of low carboi2% chromium
stainless steels, with indication that a ferrite factor above 9.0 would yield virtually 0%
martensite in the structure and a ferrite factor of 7.62 would give 90% martensite in
the structure, the EN1GD3 grade material utilised within this research has a ferrite
factor of 7.78, therefore the heat affected zone is predicted to have a high proportion

of martensite within itwhichhas been observed.

The images seen|igurel0l show another potentially detrimental feature identified

within the weld that only became evident following sectioning and examination of the

weld cross section. This was the lack of sid# fiaion, which is apparent towards the
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root of the weld. This is where the weld material hasn't had sufficient energy to melt
and fuse with the parent material and although in this particular instance is relatively
small, it can create a stress concettr and therefore reduce the fatigue properties

of the joint.

5.6.1 Non Destructive Examination - Radiography

To try and identify defects within the welds prior to subsequent processing, a number
of the welds were analysed using radiography. Another technilqaiewould have

been a potential option for this type of testing would have been Ultrasonic Inspection
(Ul), however at 5.8mm thick was on the lower limit for the Ul equipment available to
be able to inspect. An attempt was made to use the Ul equipnmeiridpect the

5.8mm thick welds but was unsuccessful in identifying any defects.

Through a basic visual examination of the welds certain features could be identified
without the use of radiography, such as spattemdercut,a lack of root penetration
andexcessive penetration. However it was th&ernalunseen defects that were of
interest for these inspections. Therefore one plate that had been used for the
optimisation of the radiographic inspection parameters, was then subject to a

destructive examiation.

As can be seenlirigurel02the radiograph with the identified known defects and

suspected defects were identified and then sections were taken at the specific

locations as identified in the figure, for the microstructural examination.

It can be seen through the course of this exaation that the weld contained a
number of unseen defects that weren't identified on the radiograph as well as those

that were. A key issue identified whilst undertaking the examination was that there
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were a number of sections where a lack of side walidn was identified upon the

destructive examination, as seenkigurel04] Due to the small size and orientation

of these defects they were unable to be detectedhithe equipment used for the
radiographic inspections, therefore it was decided that radiography was not an
appropriate technique for the examination of the welded sheets as it didn't enable

differentiation between good and bad welds.

5.6.2 Microstructural Comparison for Welds Created Using the CMT Welding
Process and MAG Welding Process Using3.8mm Thick EN1.4003

Microstructural evaluation was made on the welds created using the 3.8mm thick

EN1.4003 parent material, images of the welds can be s¢Eigurel89&|Figure190

N\

Figurel89. . Image showing wdl (top right) and HAZ , which has two distinct regions, the
first next to the weld (red arrow) has a martensitic structure and grain coarsening, the
second region of the HAZ (orange arrow) has a martensitic structure but without any grain
coarsening and ten the blue arrow indicates unaffected parent material of 3.8mm thick
EN1.4003 parent, CMT welded sample 25.10 (etched in glyceregia).
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Figure190. . Image showing weld (top left) and HAZ , which has two distinct regions, the
first next to the weld has a martensitic structure and grain coarsening (red arrow), the
second region of the HAZ (orange arrow) has a martensitic structure but without any grain
coarsening and then the blue arrow indicates unaffected parent materiaBdmm thick
EN1.4003 parent, MAG welded sample 30.7 (etched in glyceregia).

In both images the fusion zone can be seen followed by the area of the HAZ with the
grain coarsening and martensitic microstructure, then next to this is the HAZ with
martensite d the grain boundaries, but no change to the grain size from that of the
parent material, and then there is the transition point where the heat from the weld
didn't reach sufficient temperatures to alter the microstructure and so it reverts back
to the stucture of the parent material. The first observation is with the difference in
the net heat inputs of these welds. The CMT net heat input is calculated to be
273.6J/mm and the MAG net heat input calculated to be 581.4 J/mm. Therefore with
such a signi@iant difference in the heat input there would be an anticipated difference
in the affect this has on the HAZ, in terms of the extent of grain coarsening and the
width of the HAZs discussed by Lakshminarayanan ¢2@D9)where they identified
that the greater temperatures or extended time at temperature would increase the

grain coarsening effects.
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With examination gfTable21] it can be seen that there is a difference between the

welds created for each process, with an increas¢he width of the MAG weld, HAZ
that contains grain coarsening by an average of agpnately 1Dum, and the MAG
HAZ width overall is increased by approximately #80this reduction in HAZ size was
also noted by Benoit et #2011)in their research on welding Inconel 718 using the
CMT processThegrain size, within the HAZ of the MAG weld over the CMT, going

from ASTM 3.9 for the CMT Weto ASTM 3.2 for the MAG weld.

Therefore the increase in the width of the HAZ of the MAG welds and the increase in
grain size, compared to the CMT welds shoudddya detrimental effect on the
toughness of the joints as the increased grain size reduces the resistance to crack
propagation through reducing the number of grain boundaries that hinder the
movement of dislocations. The increase in HAZ width also nthahthe martensitic

phase that manifests on the grain boundaries, will also have a dameffex on the

impact propertiesThis will be discussed|5.7

5.6.3 Comparison of Tensile Data for Welds Created Using the CMT Welding
Process and MAG Welding Process Using 3.8mm& 5.8mm Thick
EN1.4003
The following section, discusses the results gained from tensile testing welds created
using the CMT welding process and welikst thave been created using the
conventional MAG welding process. This evaluation has been made on two different

thicknesses of parent material, 3.8mm thick and 5.8mm thick EN1.4003.
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5.6.3.1 Comparison of Tensile Data for CMT Welds and MAG Welds if3.8mm
EN1.4003
As can be seenl|ifiable5| the tensile properties for this material is expected to be a

minimum yield point of 320 MPa, tensile strength of 450 MPa with a minimum

elongation value of 20¥©utokumpu, 2011) The results achieved for the 3.8mm

thicknessCMTweldedsampleqTable22) were for the mospart in excess of these

values, with one exceptiomal that was for sample 25.2, which only had an elongation
value of 18.6%. There was no apparent difference noted in the sample to explain this
result in comparison with the other samples and the yield and tensile strength were
within the range of the redts achieved for the other specimens that were testing. All

of the specimens tested for the CMT welded 3.8mm thick samples, failed within the
parent material. Some of these failures were close to the HAZ region, but the majority
were well into the parenmaterialand not close to the HAZvhich was something

noted in the work conducted by Madhavan ef{(2016)in their research looking at

joining aluminium and steel using the CMT welding procédsaould be expectedhiat

the strength in the outer area of the HAZ (furthest from the weld) wdwd@&nhanced

due to the formation of the acicular phase present in that assaeen ifFigure107

which would explain why there were no failures in the HAZ region, the areas where
coarsening of the grain size had occurred were protected by the increased cross

section of the weld cap, which they lay underneath.

The tensile results for the @nm EN1.4003 parent material welding using the

conventional MAG process as seefT able23|/doesn't have such consistency in the

results. Sample M28.9 achieved a redd yield strength in comparison to the rest of
the tests conducted for this process at the 3.8mm thickness, but more significantly the

elongation was approximately half the value of the lowest of the rest of these samples,
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at 8.6%. It was noted for th&ample that the failure initiated in the parent material

next to a piece of spatter. The remainder of the samples all failed in the parent
material, although were noted to have all failed close to the HAZ. These tensile tests
also demonstrated a similgtield point to those created using the CMT process, but
there was a greater variation and an overall reduction in the average elongation values
from 21% for the CMT welds to 18% for the MAG welds and a slight associated

increase in the tensile strength tbat of the CMT welds.

5.6.3.2 Comparison of Tensile Data for CMT Welds and MAG Welds in 5.8mm
EN1.4003

For the tensile tests conducted on the 5.8mm thick material welded using the CMT

process, the elongation valu¢ggble25) are above the specification identifieq Table

With the exception of sample 50.10, where the valuas 12.9%. On this sample the
tensile test failed within the weld region and the fracture surface revealed regions that
lacked fusion through the welding process, the interespot to note was that it

didn't affect the yield strength or tensile strgth values for this sample. Two other
samples were also noted to have cracking in the weld region following testing, even
though failure was in the parent material away from the weld in both instances
(samples 50.11 & 52.1) and both of these demonstrategtightly reduced elongation
value. A high proportion of these tests didn't meet the specification for the material in
terms of tensile strength and all of them failed to meet the requirements for yield

strength.

The tensile samples testing the propedief the MAG welded 5.8mm thick material

Table26r had a greater amount of variability to the data, with again none of these
samples meeting the minimum criteria fgield strength. A number of the samples
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met the minimum tensile strength requirements however only five of the samples
failed in the parent material (M1.3, M1.4, M1.6, M11.3, M11.4), with the remainder
failing in the weld and a number of instances ofdevice showing a lack of fusion
observed in these which indicated that the welds were not optimised and therefore to
the likelihood is that they would need an increase in the power to ensure the fusion in
the root of the weld is achieved. This increaséhimheatinput into the weld would

have a more pronounced effect on the detrimental effects associated with welding this

material

There was also no removal of the weld cap or any excess penetration in the root,
therefore the weld itself and any of the HAZtween the cap and root will have had an
increase in cross sectional area, which isn't accounted for in the strength
measurements as just the parent cross sectional areas were used for these
calculations. Therefore with the additional cross section enleld area, reduced the
likelihood of failure in this region, with a sound weld. Although this test was useful in
comparing the two welding processes, failures within the weld themselves have only
manifested due to welding defects, rather than providihg ability to differentiate
between microstructural differences that are created as a result of the different
welding processes. For the welds created using both processes in both thicknesses
there appears to be some advantage to the results seen fokd welds as at the
3.8mm thickness the difference is marginal, with slightly better results for the CMT
welds. With the thicker parent material joints it is evident that the joints in all cases
aren't complete and this is having a significant effectioproperties, in particular,

the elongation values.
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5.6.4 Impact Results From 3.8mm & 5.8mm Thick EN1.4003 MAG/CMT
Comparison

The manufacture of the impact specimens was made to establish the effects of

microstructural change in the most severely affected mdirthe HAZ, closest to the

weld, therefore during manufacture the root of the notch was put in this area. The

samples made from the 3.8mm material, using the CMT welding process, showed a

relatively consistent energy absorption values as can be s¢€able28[, whereas the

samples in the same thickness created using the MAG welding process has a lot more

variation in the results>'l(able29' with energy absorption as low as 9 Joules (sample

M30.5), which is likely as a result of the increased heat input in the creation of the
MAG welds over those using the CMT process. Thisviben increase the
detrimental effects of grain coarsening in the HAZ area and therefore reduce the

toughness of the weld.

The impact specimens tested that were made by both the MAG and CMT processes

Table31|&|Table32), didn't show any discernible differences, the averages for the

results from the two different processes wetlee sameand the range of results was
similar. When this is taken into account that the parent material energy absorption
value was tested to be approximately 180 Joules in the 5.8mm thickness, then it can
be seen that the effects associated with the atac phase and grain coarsening , that
restricts the use of these grades of stainless steel is quite severe on the impact
properties of the material at an average of 34.7J for the samples that were CMT
welded and 34.7J for samples that were MAG weldedhén3.8mm thick EN1.4003

parent material.
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5.6.5 Fatigue Results From 3.8mm Thick EN1.4003 MAG/CMT Comparison

The staircase fatigue testing undertaken on the CMT welded sample and the MAG
welded samples in EN1.4003, 3.8mm thick parent material displays soreesdidés in

the fatigue properties of the joints created using the two different processes. The CMT
welded samples tested had a higher mean fatigue load at 43kN, but the convergence
factor at over 10 means that the results are not statistically valid and/@ high

standard deviation. This testing regime would have likely been enhanced and
statistically more accurate had theegt divide been more appropriateh& 0.5kNstep

used was too small and although on the initial tests conducted and at the start of the

staircase it appeared to be appropriate, the ressiiggesit wasn't.

The staircase fatigue tests conducted on the MAG welded 3.8mm thick EN1.4003
material gave redts that were statistically valid with a convergence factor of 0.472

and therefore between 0-3.2, the step divide used for these was at a more

appropriate level. However to compare the welds created by the two processes
through fatigue, none of the MA®elded samples tested above 35.5kN reached the
pass criteria of 2 million cycles whereas all the tests conducted in the CMT staircase
that exceeded 2 million cycles were tested above 41.5kN, essentially 2 steps up on the

MAG staircase where samples met thess criteria.

The difference in line load for samples produced using CMT and those produced using
MAG welding are also significantly different, CMT welded samples have a line load of
964N/mm and MAG welded samples 833N/mm. Therefore comparing the sdsuith

the two processes, there is aysificantdifference between the fatigue properties of

the CMT welds and the MAG welds, with the CMT process producing joints with

enhanced fatigue properties. This may be as a result of the slight difference in the
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grain size within the coarse region of the HAZ as identified in seﬁt&)ﬁor there

may have been some influence from an increased level of defects within &@ M

welds.

5.6.6 Effect of Weld Defects on the Fatigue Properties of 3.8mm Thick

EN1.4003 Parent Material
The work looking at the effect of defects on the fatigue properties of the materials, on
initial macroscopic evaluation of the fracture surfaces displayedsame defects that

were seen in the nowlestructive and subsequent destructive evaluation as discussed

in section5.6.1 Work was then conductea assess the extent of the defects

apparent on the fracture surface of a number of samples that had undergone fatigue

testing and failed prior to the pass criteria of 2 million cycles.

Therefore the three prominent defects that were seen on the fractugaces

included, a lack of side wall fusigfidurel15) with SEM analysis madg kigurell8

to|Figurel2Q a lack of root penetratiofiHigurel16) ard gas porosityRigurell7). For

the purposes of this element of the work, differentiation wasn't made of the type of
defects as a proportion of the overall defeaigspect of the fracture surface, however
there is the consideration that due to the shape of some of the defects there may be a
greater effect on the fatigue properties of the material. Gas porosity, due to its form
within the material of being sphericak likely to have a reduced impact on the fatigue
properties than a defect with a high aspect ratio perpendicular to the fatigue load axis,

such as with a lack of root penetration.

Examination gQfFigurel2lishows exponential decay in the results for the plot of

percentage area of defects on the fracture surface against the number of cycles to

failure. With all of the samples tested with a defect area, on the fracture surface
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above 2%, none of the samplasgved above 600,000 cycles, just over a quarter of
that required against the 2 million cycle pass criteffdnese findings relate to the work
of Tijani et a(2013)who also found relationships between the percentajealefects

in a material and the number of cycles to failure under fatigue loading conditions.

InfFigurel2lithere is no account taken for the actual load which thenples were

subjected to therefore iEigure122 there is the information relating to the load

which the sample was tested under. From this data it can be seerstna¢ of the
samples that have relatively low defects observable on the fracture surface and yet
have still failed at a low number of cycles, have in fact been tested at a higher load
level and therefore would be expected to have a reduced life underdatigsting
conditions. An interesting observation from this figure, is that, where there are
multiple results at the same loading criteria, there appears to be a correlation between
the number of cycles to failure and the percentage of defects measundtie

fracture surface, for each of the testing loads. When the gradient for the number of

cycles to failure against percentage area of defects on the fatigue for each is plotted

against the load, there is a correlation which can be segfigarel23 This

confirming the work that Ottersbock et €2016)undertook,shows that as the fatigue
load is increased and or the area offelets containing within the weld are increased
there is a reduction in the number of cycles the weld can be subjected to before
failure. But as the load is increased the presence of defects has a more significant

impact on the fatigue life of the componen
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5.6.7 Effect on Fatigue Properties of the Parent Metal to Reinforcement
Weld Angle

There appears to be a correlatioas seen by Ashcraf2008)between the root angle

and the number of cycles to failure from looking at tlesults altogether (sg€igure

141), for all the samples that passed two million cycles, the angle of the root was as a

minimum 128 degrees. There was a great deal of variation within this data and some

of this was likely as a result of defects within the joints as discussed in $6diéh

One of the key parameters in the prediction of fatigue life is the load and when

examining the graphs for the angles/cycles at each |e&glifel31to|Figurel4Q) ,

there would be the expectation frowork conducted by Harris and Sg€1979)that
as the load is increased the sensitivity to the angle would increase, however the results
do not indicate this to be the case and it would be recommended for future work to

assess the content of defectsident on the facture surfaces for all the samples.

5.7 Heat Treatment Trial To Identify Key Temperatures At Which
Microstructural Changes Occur And The Effect of Time On These

Changes.

The thermal cycle experienced during the welding process has extrenpath@ating

and cooling rates associated with it as a result of very high arc temperatures and a high
thermal conductivitcommon to metals In an attempt to try and simulate the

thermal cycle the trial was devised to identify the point at which tempemediare

sufficient to create microstructural change, such as that seen in the heat affected zone
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and then identify the effects of the change on the impact properties and hardness of

the material.

It is well established in the literatur@ippold & Kotecki, 200%hat the microstructural
response to a thermal cycle is not just dependant on temperature, but also time and
therefore whilst the trial conducted wasn't an exact replication of the thermal cycle
that was experienced durg the manufacture of a weld, it allows some comparisons to
be drawn between observable microstructural features within a heat affected zone,
the likelihood ofthe temperature reached in this area and then the effect of this on

the mechanical properties.

It can be seen when comparing the image for the sample that had been subjected to

700°C for 20 minuteg={gurel47) to the image of the material in the dmeat treated

state |q:igure62 that there is no observable difference betwetrem in terms of

microstructure This is the same for all the heat treated sampledd for 20 mingit

temperature,right up until the temperature gets to approximately 77QFj(rel61

where the microstructure changes from a fully ferritic structure to one tloattains

ferrite and martensite. Associated with thas can be seen|ifigurel82there is an

increase in the hardness from below 150bidd 165H\ as a result oftie presence of

the harder martensite.

When the samples are held for longer (2 hours), the martensitic phase can be seen

appearing in the structure on samples exposed to temperatures of 750°C followed by a

water quench, as seen|Figurel71] with the same cycle applied at 74Q¥igrel72

the structure remains ferritic which mea at this time/temperature combination the

transformation to austenite does not take place.
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As the temperature is increased, then as is the quantity of martensite within the
microstructure and subsequently the hardneglsich increases from the parent

material value of 150 Hy, increasingup to approximately281 H\{o at 900°C and then

as can be seenl|ifigurel8q the hardness reaches its maximum leseB40 H\o

which varies according to how long the sample has been left at temperature, for the
samples left for 20 minutes, the hardness is not as high as for those sathptevere
left for 30 minutes, this could bimat 20 minutes at temperaturemay not give

sufficent time for elements, particularly carbon, to go into a solid solution, therefore
reducing the hardening effect associated with a fast cahen looking at the results
for the samples that have been left for 360 minutes there is a slightly soféerial

and this will be because holding at the elevated temperatures longer, will permit a
greater amount of grain coarsening and also the slower cool afforded to these
samples, will reduce the amount of carbon that is trapped in solution and therefore
the strain on the structure that gives the increase in hardness associated with
martensite This reduction on the hardness properties may be as a result of the high
temperature embrittlement that affects these materials when subjected to

temperaturesin excess of 900°Qvith the additional time allowing the diffusion of

carbon to form the detrimental carbides and carbitrides as discussed in sectj@r8

The othe observable trend with the results is that the grain Sif&ASTM 8temains
constant up to 900°C where the sample that was held for an extended period of 360

minutes, showed a significant increase in the grain size, going from the ASTM 8, to

ASTM JKigurel87), this is not in agreement with work conducted by

Lakshminarayanan et €2009)who reported that tempeatures above 955°@eeded

to be achieved for grain coarseningFor the samples held at shorter durations (20
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and 30 mins) the samples needed to be at higher temperatures, 340@°C to

have a noticeable effect on the grain size, which then when comparing to the \geldin
process, which experiences temperaturgsto the melting point of the material,

would suggest that for the grain coarsening observed in the heat affected zone, may
occur as a result of the higher temperatures experienced during welding (up to the
melting point of the material) rather than the specific temperatures identified in this
study. It also must be noted that with the simulationsade in this element of the

work, it was not possible to replicate the heating rates and superheating which will

haveeffect on the weld and HAZ.

A number of nonstandard impact specimens (5.8 x 10 x 55mm) were created and heat
treated to the same parameters identified through the microstructural work and then
tested to determine the effect on the impact properties of tharious microstructural

changes identified. As can be see|rh'-igure185the impact properties of the material

that have undergone no microstructural change is atuaigh 200J. When there is the
introduction of martensite within the structure this reduced the toughness of the
samples down by approximately 30%. When there was not only the martensite within
the structure but also grain growth associated with the higteenperatures, then the
energy absorbed by the specimens dropped to less than 10 J in some instances. The
effect associated with the martensitic structure, is likely as martensite is a brittle phase
and therefore doesn't absorb much energy when a cragkapagating through it.

The grain coarsening reduces the number of grain boundaries that hinder the motion

of dislocations and therefore reduce the toughness of the material.
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6 Conclusions

The research has examined and compared the CMT welding pragasst the
conventional GMAW process using ferritic stainless steel and after a review of the
literature and analysis of the results from the work conducted within this research the

following conclusions can be made;

6.1 Research on thin grades (<2mm) of féic stainless steelvelded using

CMT & MAG techniques

X Increasing the heat inpuhcreaseghe width of the HAZ

x When CMT welding the addition of a pulsed avbjch gives an increase in the
heat input, resulting ira flatter weld reinforcement

x With the u® of just CMT, without a pulsed arc, it was found to yielarger
grain size within the HAZ

x Pure CMT was found to produce fully penetrating welds at a lower heat input
than welds produced with the additional pulsed arc

X The overall heat input has a siga#nt effect on the penetration and HAZ
characteristics and it was found that it wasn't just the energy that is put into
the weld that controls the weld characteristics, but how that energy is applied
e.g. torch angle, pulsed currentorch traverse speedyeld gapas there may
be a variation in the efficiency of the arc energy.

x Greater welding gaps create bridgeability issues at higher torch traverse speeds

x Drag torch angle produces fully penetrating welds at lower heat inputs than
leading anglepossiblydue to the filler being directly toward previously heated

materials.
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x Grade EN1.4016 is more sensitive to the thermal cycle associated with welding
than EN1.4009

x The measured power levels of the welds monitored varied bioukb amps
and 1.9 volts for thesame set levalising the CMT process

X The variation in ALC betweeB0%and +3@6was calculated to give a
difference of approximately 6J/mm te net heat input

X An ALC setting 680 gave a greater amount of penetration than when the
setting was at +30

x Thepulse correction function increases the energy levels of the pulses within

the welding cycléo allow incorporation of short bursts of higher energy.

6.2 Grade EN1.4003 3.8mm and 5.8mm thick matemadlded using CMT and

MAG techniques

x The HAZ of a weld usiitN1.4003 grade parent material has 2 distinct regions,
the first closest the fusion zone has a martensite content and grain coarsening
and further away from the fusion zone, martensite alone

x NDT techniques utilised within the research were insufficierddtect the lack
of side wall fusion evident in the samples following destructive examination

x Tensile tests conducted on the 3.8mm thickness, welding using CMT,
demonstrated 100% joint efficiency

x Tensile tests conducted on the 5.8mm thickness materialdyred using each
of the welding techniques did not produce welds that consistently

demonstrated 100% joint efficiency
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Average values for the impact tests conducted on samples welded using each
of the techniques were comparable and therefore no discernilifierence

could be noted between the effect on toughness

Fatigue results for CMT shows enhanced properties over the MAG welded
samples for 3.8mm thick EN1.4003 grade matdikaly due to a reduced effect
on the heat affected zone and a reduced number of defects within the weld.
Under fatigue testing, no sample that had the fracture surface examined
survived 2 million cycles with a defect area greater than 2% of the fracture
surface

Therewas found to be a relationship between the number of cycles to failure at
a particular load and the percentage of the defect area measured on the
fracture surfacewhich «Z}As 32 PE § €& $Z ( 3]Pp o} &7 u}
§Z u s E] o S}usz ( 8§ }vs vs

The weld root angle was >128° forfalligue testedsamples that exceeded 2
million cycles

At temperatures in excess of 750°C microstructural change is observed from
ferrite to ferrite and martensitdor simulated heat treated saples

The hardness levels associated with martensite in the microstructure of the
simulatedheat treated samples increase up to 900°C

Grain coarsening was observed in the heat treated samples at 900°C after being
held at this temperature for 360 minutednincrease in temperaturabove
900°Cwas required to observe any grain growth for reduced holding times.
The reduction in impact properties as a result of martensite in the structure

was measured to be approximately 3@t simulated heat treated samples
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X Impact tests made osimulated heat treatmensamples with grain coarsening

and a martensite content were found to reduce the toughness by

approximately 95%

7 Further Work

Following a review of the work undertaken, suggestions for further work are
highlighed below:

X

Explore the modification of other welding parameters, such as shielding gas,
the use of a backing gas, welding wire or edge preparation on the production of
welds to eliminate the lack of side wall fusion, seen in a number of welds
produced in his study.

As part of this work, two thicknesses (3.8mm & 5.8mm)Ni.B003 grade
stainless steel @re subject to assessment, testing of the 5.8mm thick material
requires completing as time limitations prevented this occurring within this
project.

The esults from the CMT 3.8mm thick EN1.4003 parent material, under fatigue
testing didn't produce statistically valid results, therefore for an enhanced
comparison, it is suggested that these tests be repeated using a different step
divide.

Increase the angbis on defects within the failed fatigue samples to provide a
greater data set and allow comparison between CMT and MAG welded joints.

Explore options of NDT techniques for the identification of small defects within
welds or optimise radiographgarameters to this end.

Compare CMT with other 'low heat input’' GMAW processes that have been
brought to market.

Continue work on heat treatment to explore the temperatures at which the
acicular phase first manifests, perhaps using EBSD for phase iwiuif.
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x Explore the effect of CMT, compared to conventional GMAW on grades of
ferritic stainless more sensitive to embrittlement phenomena.
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9 List of Equipment

ABB IRB 1605/1.45 Robot Arm
ABB

Daresbury Park

Warrington

Chesire

WA4 4BT
[http://new.abb.com/uk]

Arc Logger Ten (ALX)

The Validation Centre Limited
Unit 9 Sinclair Court,

Faraday Road
Great Yarmouth
Norfolk

NR31 ONH
www.tvcalx.co.u

Cold Metal TransfefCMT) welding equipment

(FroniusTransPulsSynergic 4000 CMT wrottrolled using a Fronius RCU 500i control
unit)

Fronius U.K. Limited

Maidstone Road

Kingston

Milton Keynes

MK10 0BD

United Kingdom

[http://www.fronius.co.uk]

Infinite Focus Microscope (IFM)
Alicona Imaging GmbH
Dr-AunerStrasse 21a

8074 Raaba/GraAustria
[http://www.alicona.com

Radiography Equipment

(Xograph Bucky Star with a Canon LANGIDXE0G detectoy
Xograph Healthcare

Xograph House

Ebley Road

Stonehouse

Gloucestershire

GL12LU

UK

[http://www.xograph.con]
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Sample Preparation Equipment for metallographic inspedfidtiardness Test
equipment

(Abrasimet precision cutting machine, SimpliMet 2000 hot mounting press, Alpha Beta
grinder/polishing stationsWilson Vickers Hardness Testing machine and Beuhler
microhardness test machine

Beuhler

Warwick Manufacturing Group

IMC Building

University ofWarwick

Coventry

Cv4 7AL

United Kingdom

[www.buehler.co.uk

Tensile Testing and Impact Testing Equipment

(Instron 3369 dual column 50kN tensile machine & Dynatup 9250 drop tower impact
machine)

Instron

CoronationRoad,

High Wycombe,

Buckinghamshire,

HP12 3SY

United Kingdom

[http://www.instron.co.ukl

Fatigue Equipment/controller
Denison Mayes Group

Unit 14 Enterprise Park Ind Estate,
Beeston,

Leeds

LS11 8HA
[http://www.denisonmayesgroup.coin

258



