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AN ABSTRACT OF THE THESIS OF

Name:Zeina Ghassarkl Chlouk for Doctorof Philosophy
Major: Mechanical Engineering

Title: A numerical and experimental methodology for overcoming challenges arising
from friction stir welding of dissimilar metals

Friction stir welding is a rather recent solid state welding technique which presents
several advantages over conventional fusion welding techniques. Different aspects of
this process are thoroughly investigated in this work; experimentally the efféet of t
several process parameters on the resultant joint quality and strength is analyzed and it
was found that placing the softer material in the advancing side could result in better
mixing between the two sides. Additionally, intermetallic compounds weeetdd at

the abutting interface between dissimilar materials through SEM/EDX analysis. The
increase in the quantity of these intermetallic compounds is found to decrease the
strength of the joints drastically.

Moreover, this process was reproduced ufimtg elements modelling software

Deform in efforts to save long and costly experiments and measure state variables in the
bulk of the welded nugget. Temperature profiles at specific points in the system are
compared between the experiments and the r@sedting from the FEMAfter testing

several friction coefficients, a best fit was chosen in order to minimize the error between
the maximum temperature measured at these specific points. Additionally, the volume
fraction of the welded interface also caangd favorably to the experimental volume
fraction as obtained from EDX/SEM. Improvements to the results of the proposed

model can be achieved by changing the flow stress models of the materials or by finding
answers to allow the solution of the simulatiorconverge when the workpiece is

modelled as two separate entities (each representing one material) or eventually by
creating a usesub routine that includes the temperatiimge transformation plots to

better reproduce the resultant structure betwleewnlissimilar materials.

In an effort tounderstand the mechanisms that guitiesleformationrmechanism at an
incoherent interfagemolecular dynamics simulations are conductsidg LAMMPS.

In the first simulations, a pristine Al/Fe interface was @@and compress at

constant strain rate of B)’s. A remarkable mixing was found at the adeed stages

of the simulations, at temperatutartingas low atl50K and going up to 900KThe

RDF suggests that the created intermetallic compound hasubtise of AlFe also
known as the CsCI crystallirstructureIn other simulationglifferent strain rates were
tested and the nucleation of dislocations was observed across the incoherent interface. It
was noticed that the first dislocations appeardtierbulk of the aluminum region.

After that the dislocations pile up at the interface from the aluminum region and thus
constitute a favorable nucleation site for the dislocations in the iron region. Two yield
points were discerned on the stress straits@bdifferent temperatures corresponding



to the nucleation of dislocations in the two regions Al and Fe respectivedyfldw and

yield stressewere then fitted intehermally activated equatiomas a function of
temperature and strain rat&snally, the valuable information obtained from these
developed simulations were used for comparison in a different loading stress type; this
type the mixing and resultant composition of the interface were analyzed following
mixing from a nanometric tool rotatingné feeding at the Al/Fe interface. Such a

process did not yield a variation in the RDF before and after the passage of the tool
which could be due to the extremely fast speeds of the tool out of other reasons.
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CHAPTERI

PREAMBLE

The workpresented in this manuscript targets the many challenges arising from
Friction Stir Welding (FSWbf dissimilar materialsThis technique is a rather recent
joining process elaborated in the United Kingdom in 1991 and developed later on for
similar and disimilar materials. It presents many advantages over conventional welding
methods due to the joining of the materials that occurs, in theory, in solid state.
However, it still gives rise to a number of defects in the joints such as cooling cracks
and internetallic compounds (IMC), sometimes formed as precipitates and other times
as homogeneous layers. These compounds are thought to contribute to the weakening of
the weldment and deteriorating of its mechanical properties. The FSW process is based
on a multiude of parameters making it necessary to optimize the combination in order
to obtain a reliable weldment. When two different materials are considered, especially
when their mechanical and physical properties are largely distinct, the entire set of
parametes needs to be revaluated and the notion of IMCs taken into account as a

main factor to be minimized.

Following a vast literature review in the following chapter of the dissertation,
this work addresses) Chapter I, thessues arising from experimehESW in the case
of dissimilar materials. The parametric study employed in the first stages is presented
following which an optimized set of parameters is proposed. The soundest and most
reliable AluminumLow Carbon steel joints are then mechanically emeimically

examined based on their content in IMC and the analysis of the material flow between

15



the advancing and retreating sides. The scientific limitations often faced during such
processes and the time and means consuming experiments redirecteatthéoafbrds
simulating FSW using finite elements software such as Deform. This method, detailed
in Chapter Il of thalissertation, allows an irreplaceable understanding of several
variables belonging to the stirred material in the weld line. The imperiaintis

met hod doesndét come however without 1its
designed simulation is achieved through comparison of temperature and volume
fraction data against experiments. The optimization of the tool to workpiece (WP)
friction coefficient yielded improved temperature readings and thus a preliminary model
is proposed to reproduce the FSW process using finite element simulations. Ideally, the
proposed FE model requires additional adjustments, which could not be achieved
through the optimization of the friction coefficient, in order to perfectly fit the
experimental data. The adjustments required at this stage must be done to the
constitutive equations which govern the response of the WP materials in terms of flow
stress withrespect to strain, strain rate and temperature. In hopes of developing a
constitutive equation that reflects the response of a dissimilar interface under extreme
conditions of temperature and strain rate, such as those faced during the FSW process, a
Molecular Dynamics (MD) model is pursued. For this, pure Aluminum and pure Iron
regions are put together, at a specific orientation, to form a pristine interface, which is
subsequently investigated under different loading and surrounding conditions; in
Chapteiill, the probability of creating an IMC after uniaxial compression of this
dissimilar interface is presented and its chemical compositimossed for a

temperature between 150K and 900K and a strain rate of/5*10 Chapter 1V, this

same interfaces loaded again in compression but at a wide range of tempeaatire

16



strain rate and flow and yield stress models are estimated based on its mechanical
response. During these deformations, the dislocation nucleation and growth are also
closely examined ahanalyzed. Finallyin Chapter V, and based on the preliminary
Molecular Dynamics Simulations (MDS), a rigmbl is implemented at the interface
between Aluminum and Iroi study the mixing between the dissimilar matergad

the eventual resultant structure following the rotating and advancing movement of the
tool andto investigatehe detaileddeformation mechanism at the molecular leveder

such a mixed loading condition

This multiscale analysis obtained simultandp@®m experiment, from FEM
and from MD connects thesultant mechanical properties of the FSW joints to the
several reasons behind it at the elemental and atomic scales. The rather low strength of
the welded joints is explained in the literature byghesence of brittle IM@nd in this
work the conditions found in the FSW are reproduced to verify the creation of such
compounds. Moreover, the proposed flow stress equation elaborated in MD for the
conditions abovementioned, pave new ways for the FEMeoFSW process in Deform
software; developing of a new user soltine in which this flow stress is implemented
as the effective constitutive equation for the WP materials would very likely improve
the currently available simulation modefgiditional andysis of the IMC can
eventually be pursued by producing and characterizing éxp@rimentallyand in MD.
Once th@ modelling validatedand theimpropertiegheoretically extractedhe prospect
of improving the FEMwvould again rise such that a third peanamely the IMCwould
be taken into account in the simulations as an initially present or a post processed phase

of the system.
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The research objectives that were answered in this work could be summarized in

the following clear and concise points:

1 Thecreation of dissimilar Al/Low carbon steel joints in friction stir welding
with a strength of approximately 55% of that of the original material.

1 Increasing the speed/feed ratio results in the increasing of intermetallic
compounds and thus in the decreafsthe joint strength.

1 The tapering and threading of the FSW tool results in improved mixing
between the welded alloys.

1 The FSW process aimilar anddissimilar materialsvas reproduceth a FE
simulation under Deform arttietemperature profileas well as the mixing patterns
compared favorably to thosdbtainedn experiments

1 AlFe intermetallic compound is identified experimentally following FSW of
different types of aluminum alloys to low carbon steel and verified in molecular
dynamics simulations of the compression of Al/Fe pristine interface at different
temperatures.

1 The deformation of the pristine interface first took place in the bulk of the
Aweaker o material, in the case of Al/ Fe
first dislocations from the bulk, they migrated to the interface where they accumulated
and hus constitute a favorable site to the nucleation of dislocation in Fe which then
takes place at the interface.

1 Verify the creation of the AlFe intermetallic compound at all tested
temperatures going from T=150K to T=900K and diffesrain rate

1 Invedigate two differentrystal orientatioa and visually follow the

formation of misfit dislocations for the KS orientation where the atomic spacing
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difference between the Al and Fe crystals is large. When the Al crystal is reoriented
such that the atomic aping difference with Fe is reduced to 0.11% misfit dislocations
were not created in the system.

1 The flow and yield stresses of the interface systeme fitted into thermally
activated equations as a function of temperature and straiapalteable over a wide

range of these two variables
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CHAPTER Il

LITERATURE REVIEW

The fundamental science and underlying physics behind every engineering
application offers crucial information to the understanding of the overall rsaete
behavior ad the physical and mechanical properties of the materials constituting this
process. One such application is FSW, a solid state joining technique based on the
friction and heat generated by a tool placed at the faying surfaces of two materials. High
levels of plastic deformations at increased strain rates and temperatures induced in this
process are thought to be behind the creation of the brittle IMCs which tend to weaken
and compromise the integrity the jointhe process of FSW has been extensively
investigated in the literature however relating the macro scale strength of the joints and
their content in IMCs to the physical basis found at the elemental and molecular levels

has not beetackled.

A. THE EXPERIMENTAL APPR OACH TO THE FSW PROCESS
FSW,a re@nt alternative to fusion welding techniquegented in December
1991 at The Welding Institute (TWI) in the UKi 3], uses a norwtonsumable probe,
more commonly knowas the tool, to join two materials using heat generated by
friction between the tool and the WPig. 1[4]). The tool typically constitutes of a pin
and a shoulder the geometries of which greatly impact weld quEti&yside to which
the weldng direction and the rotation of the tool are the same (left side in Fig 1) is
called the advancing side (AS) and the one where they are opposed (right side on Fig 1)

is the retreating side (RS). The heat generated bypdvement of the tool and the
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friction between the constituents of the systgadually softens the adjacent material
whichincreases flow between t#& and RSThe temperature increasetwo sides
should in no way surpass their melting temperature, making this welding tectakgque
placein solid stateAs the use and need for FS@ncreasing in the engineering
applicationsa better understanding ttie underlying scientific ambiguities is becoming

more important and crucial.

Heat Affected Zone (HAZ)
Thermo-Mechanically Affected Zone (TMAZ)
Il Sitr Zone (S2)

Figurel FSW setupllustration[4]

Many studies in the recent years have focused on friction stir welding of similar
materialssuch as aluminum, magnesium or stéeH. Ammouri et al[5] and Dorbane
et al.[6] fully characterized friction stir welded Mdg (AZ31B) joints.It was found
that the best ultimate tensile strength was obtained for a combination of process
parameters of 1200RPM and 150mm/minan@ds equal to 94% of the
strengh. Additionally, a mechanical dependence was observed to the temperature and to
the welding direction with respect to the machining directisgender et gl7] have
worked onthe characterization of AZ31B friction stir welded magnesium allayder
impact Iading with respect to process parameterstanldmateriajl the best results
were obtained for 1120RPM and stainless steel tool material with approximatélpf

thetoughness of then-welded metatecovered
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Dissimilar friction stir welding (DFSW), a viation of FSW where two
dissimilarmaterials are joineghresents new challenges tinady affect the overall
quality of the welddue to he large difference in the properties of Wiredldedmaterials.
As the use of lightweight materials is increasing igieeering applications around the
world, aluminum alloys are finding their way more and more especially in the
automotive industry. However, some structural parts could not yet be replaced by
aluminum and are still conventionally made of different gradeseelor other
common alloys such as magnesium or brasmaeili et a[8] studied the effect of the
tool 6s rotational speed on the mechanical
the welding interface bewen brass and aluminum 1050. It was found that at an
optimum rotational speed the intermetallic layer is very thin and the tensile properties
are high. At low RPM values of rotational speed, low friction led to the absence of
intermetallic. A hardness piitd and an XRD analysis completed their mechanical study
of the welded jointsOn another hand, Aluminum to magnesium joining is one of the
top priorities in materials joining technolofyr the weight reduction. However, many
authors have reportedtheare i on of an i nter mialMglzdnd c | aye
b-AlsMg2 shown in the phase Alg phase diagram in Figure[2], between the two

materials with detrimental effect on thweld strength and quality
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Firouzdor and KoUy9] investigated the effect of thocesgparameters on the
heat input and the resulting joint condition of butt welded AA6061 aluminum to AZ31
magnesiumAt low travel speed, placing the Mg alloy to the AS may improve the
strength of the joints byeducing heat and thus reducing the intermetallic formation.
However, at fast travel speeds this would no longer apply. Moreover, the window of
process parameters combination is found to be much larger in the case of this
arrangement and even larger whiea tool is offset to this same sidie.a more general
approachPourahmad et 410] found thatin order to get a defect free aluminum
magnaium weld, the harder materstiould be placed to the advancing siato et
al[11] welded AA1050 to Mg AZ31 anébund that Al2Mgi7 had formed at the weld
center and was associated with significant hardness increase. Somasekharan and Murr
[12] studied the microstructure ofdgssimilar friction stir weld formed between
AA6061-T6 and AZ91D where evidence of dynamic recrystallization was found in the
weld region causing the grain size to decrease and resulting in joints of higher hardness.
Mofid et al[13] investigated the effect of wateooling on the quality of the weld

between alminum and magnesium and the resultant microstructure.
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Similarly, the use of FSW to join different aluminum alloys to different types of
steelalloys is investigated by many researchers due to the numerous applications using
thesetwo material@e hghapilwét deltl mil d steel to al um
all. 1&dncentrated on nhitghhe sftorremegt,h asnt deMC | a
reportedffypyrfar m@e@ci fi c combiarad iiom teHf e plratct
properties of these ptheAbrichcongoundgsGchaswer e f o0 ¢
FeAls, FeAb, FeAl7 and FeAs) are hard and brittle and cause detrimental effects on
the mechanical properties of the joiatsereaghe Fe rich compounds have a less
pronounceceffect.Si mi | ar | y[,1 &Jhseon reetpoarlt ed L ME creat.
followinglekp& omentaes tteoe I mialdddl i7lhivie seéti galt e d
the effect of the process parod mentiggrhs sdm etnt
st eel t owheelweelMC warendentified namelyFeAl and FeAl, in theform
of a lem.t Ot bkerl agsul t[sl8df adiusrs inminl aro HFS W
showed MChéaor med abtettwheee ni nttheer fsaccaet t er ed st e
al umi nu nThe&Re phiase diagram in Figure 3 shows the different
intermetallic phases that could be created under diffepnditions of temperature and

composition.
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Also several other research works discusseeftieets of these compounds and

the process parameters on thechanical properties of the jointdzun et a[19], in the

welding of304Stainless ste& aluminumAA6013-T4, reporteda recovery of

approximately 70% of the original aluminum alloy strengtthe weldmentin some

other case, for exarfgin the works of Tanaka et [@0], the maximum strength did not

exceed 60% of the original tmelded and weakest metai, this case the aluminum

alloy. The mechanicalnalysis of the joint quality in this last referemce al s o coupl
t 8EM | malgi eily rabagdiM@dnidhi ch i ncreasing thioc
shown t o decr e abBimllytLioetal [10 repottedasmaxineum tersite .

strength equal to 85% of the base aluminum alloy strendtteir study.

The tool, being the source of heat generation, is a key factor to the FSW
process. It isypically constituted of a pin (or probe) and a shoulder the geometries o
which greatly impacthe mechanicajuality of the weld.The mixing between the two

materialss alsoanindication of the integrity and strength of the weld analse
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mostly related to the tool geometiyh e ef felcodoulofiet hand cist ash a
been studied 2llyhy harmcd cehtaramle t maiisti cs of t
were defined: outer surface, end surface,
shape is either cylindri nd% of ¢bei chloul de
engaged i n tebhbowbhla&pderhef dthinmsit gnibfei cant .

surkshdaeape is typically flat, but can al so |
gener at esf odrocwen wobaurtd al | ows materi al to extr
excessive f lcaosnhc,a vweh esfleecausig dienice t ® restrict t
material. The gap in the concave shoul der
forging force on the workpied¥hensiignicfoimesar
t he conveaxnds hdoeupl edeedriph g ngm ngh dept h, the ent
can get in full contact awuvarmottahgeeh W wh o mbat
Howevémeai n drodawhahdks shoul dercapurscefsi Iteh er emadi
i n question tdrmen dihsp Ipapaddemalwasyhoul der si
main focus pointf2@d@fie Rtagp atkluenapr iemanray .ef f ect
soundfeBSW jtchirmtugéni somthe majority of the
surface and in the uphperenpali ngofprobdeceampl
reg.i owhi l e a very | arge shoulder diameter

deterioration of the weééd sésehtigs hiinaaveanrn

and thus cold glowntsg reamdgthimil arly

Malarvizhi and Balasubramanif3] compared several pin profiles by
macroscopic observatiof the crossections of th@roduced welds. This analysis
revealed that cylindrical, square and triangular prism pins all produced defects due to

absence of vertical motion of material, stirring touch material away from the stir
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zone and insufficiet heat generatiotHowever, the tool with a threaded pin produced a
defectfree weld as it addresses the issue of vertical motion in cylindrical tools by
generating downward force. In this same stullg,optimal ratio between the tool
shoulder diameter and the plate thickness was found to be equal to 3.5 leading to better
tensile properties in the case of AA6061 welded to AZBdxidesassisting in vertical
flow, the threads also attie stirredmateral in their movementaround the tool

according to Zhao et &4]. The benefit of a tapered pin allows more heat generation
due tolargercontactsurface, and promotes higher hydrostatic pressure in the weld,
which enhances stirring and nugget stability. However, it maycalsse greater tool
wear. The effect ofie tool design and tHeSWsetup configuration on the
microstructure and the mechanical properties wasiasstigated in the work of
Simoncini and Forcelled@5] in their works on DFSW of thin sheets of AA5754 to

AZ31. It was also found that@nned tool, rather than a piess tooljs advisedor

better surface appearance and better mechanical propérhes. pi n, whi ch pl &
i mportant role in the resunlitiimg jiwni nthei tue
sampl e. litss dyieroencettlryy rel ated to the vol ume

stirred. The | arger the pin, [2Béuldi ghdet hel
effect of different pin geometri esoionnt st he
usi ng -ap stpee dst age simul ation methodol ogy.
affected the resulting hfehtut gepenagedmandy
cause obsthowasfet patssmmdhyi bi t tohremijnogi.nt fr
According ft oMa thhael j veery 27thgead | i ty of t he wel d
to be i mproved by the taperiargeesful tlse pin

previously reporféfaobyF 8Wmaip oalgositenoavie.rt o s
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two additional parameters have to be taker
geometry idfsetlife btuaolr at her ttoh e ttsialste tadurpgelaen
of fosfett hee gtna d b rctamith wt &€& hdnéebe. wAtdosoiung t
[28¢fects tend to appeaclinathenwef dmbatt 6
for an i nicAs nfaori otnheo fo f2f set , i tff 18ehsl I nvest
Dehghahitdé¢ti ab the welding of aluminum al/l
| arge offset of the tool i nt o Ftimealdtyeelt hei
t ool amatadrsio presents another parameter to
where the friction between the tool and tt
varies not with the tool materi al but al sc
aspeacst aw pr o aBcahdeodu [b2y@thAda ke an i ncrease of tl
coefficient resulted in | ower defects and
geometric configuration together with the
in ter mh a@fndstorvenmaqtl | weld quality accordi

[ 3.0]

On another handhé material flonbetween the advancing and retreating sides,
is one of the essential information to be tracked during the process of FS\taras it
provideclearevidence of the mixing between the two regions and thus reflecisirt
integrity. Different trackingroutesmethodsare reported in the literature such as the
technique used byu et al[31] where thin copper sheadseemployed as markers to
track the flowof materialduringFriction Stir Processing=GP) of aluminum 20241n
this work,the mixing resultsvere utilized to develop numerical modekhichis able
to predict the nugget size and the flow close to the pin. This model revealed that the tool

rotational speed has thargereffect on the flow across the weld line. As for Pourahmad
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et al[10] the tracking of material flow waachievedusing steel shots embedding in the
advancing and retreating sidegually. The angldJby which the steel shots placed in
the AS moved is larger than then g Ibyewhibh the steel shots placed in the RS
moved. Addtionally, the beads placed in the AS were able to cross the centerline and
into the RS whereas the opposite was unachievable. The position of the beads was

verified usingX-rayimaging on thesampledefore andafter the welding was done.

B. FINITE -ELEMENTS MODELLING OF THE FSW PROCESS

The complexity of the FSW process lays just as in the accurate choice of the
process parameters as in the understanding of the flow and mixing of materials in order
to create strong and sound joints all while avoiding the difféh@@tthat are likely to
appear at the interface. After taking the time to understaneberimentally accessible
details of the process of FSW and DFSW, numerical modelling was exploited in an
effort to reproduce the long and costly experiments and investigate more suitably the
different state variables that are hard, and sometimes impossible, to measure during the
experimens. Therefore, it is imperative that accurate modeling of this complex process
is available to provide proper guidance for selecting the best combinatigoubf i

parameters.

Much effort was expended in the last decade to simulate welding operations
using FEM. Several commercial software packages are available for this purpose such
as DEFORM, ABAQUS and ANSYS. Some of the first numerical simulations of FSW
usel thermal models where the tawhs modeled as a heat source without calculating
mechanical stress and strdimet al [32], and usingABAQUS, developeda model for

Al/Fe dissimilar FSW based on functionally graded materials (FGM) principles.
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However, only thermal stresses were taken into ac¢gugiting results in fair
agreement with experiment their subsequent work, these same autf33kused
againthe FGMmethodto createAl/Fe DFSW joints wherghetool was modeled as a
heat sourceOnce morethermal stresssand strains were investigatetlvariation to
this model was also added later on and in wthehvoume of the nugget zone

increasedvith time usinga time varying=-GM method[34].

Later, more accurate models uscwpledthermemechanicabasedinite
elementsimulationsstarted developing where both thermal and mechanicalteffe
were accounted foihese thermanechanical methods howe\ffer from one
another by the different adopted theories used to compute the results such as
computational fluid dynamics (CFD), computational solid mechanics (CSM) with
Lagrangian and/or Eulerian formulations. One of the first CSM models used to simulat
the FSW process in similar Ali alloy plates is proposed by Xu et [85] in which the
material flow is also tracked and compared to experimental findings. ot her
publ i cSacthirodst, pBd$ élatael arbi-Euleyi dmagftAbg)
formul ationitrto2d®dRpleecthanimoal |y coupl ed mo
the steady FSW process and provideAli nsi ght
Badour[ 28t} oplo.sed a Cbagt ad@Efiajghremulaant i on whi
provides a | i mitsehd idH SWwhoediwrd eodh tolf e t haes eneo f
di ssimilar alumOntuon AlbBOFE AL BWABIBied atr eed C ¢
their amad elsd eJansldi at ajE/ jconstructed a thermo
mechanically coupled simulation und&BAQUS toinvestigatehe behavior and
microstructureevolution during the welding of two types of aluminum alloys namely

AA6061-T6 /AA5086-0. It was found that placing the AABB in the advancing side
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resultedn a more effieent mixing at the weld nuggetupta etal. [38] also developed a
thermemechanically coupled model und&kSY S whereAl/Cu bimetallic lap joints

were createdlhe temperature prdéis were monitored in the advancing and retreating
side making sure that it does not exceed the melting temperature of the base metals in
addition to the monitoring of the stresses developed by this deformation process, unlike
Hamilton et al[39] where the temperature in their model exceeded the melting
temperature of the materials investigated. In their work, Hamilton [&S4l.

successfully modetkthe three stages of the FSW process namely plunging, dwelling
and traversing. Several field variables were developed such as temperature and stress
and strain fields in the welthe. Additionally, material movement was visualized by

defining tracer paitles atpositions ofinteresBased on t hi § 4Wwdr k, Ga«

proposed a novel finite elements model de\
flow in a FSW procalslsopdg . rsda we |l tay afl utnmh insu mr
t wo stage meshing method applied; a Lagrar

wor kpiece during the plunging phase as opfy
i nvestigate the material fTemwedatung phefE
key | ocations in the workpiece were tracke

vadati on.

Using the FEM software pdiéven|l opmhoand
testreed aai onship based on a power | aw to p
process padamet-meshasmoecal |y coupled finite
FS®f AZ31B magnesium all oy. The obtained n
profiles were validated using expé¢ri2ihent s

I n other subsequent wo4,Xjtold Aommouiri utainde He
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were compared to the dlld48b@wadaudeadmosdéeng of
simul ations of these procesmeaetser iAdldiftli owm ad
was i nvesthk@gaaft eMdg fAdd3ltBheand the best fl ow
[ 49he modelling of the FSW process in the
el emseonftt war e i s a tv abreieant iwo nd éthisyia pdriyhdasskoonpoe d .
the complexities which take place duringdiprocess, including, but are not limited to,
thecomplexmaterial flow and the high probability of generatiolMC as a result of

thesevere plastic deformation and increased temperature

This dissertation comes as @anpreexvieouss|oy
repowdrekdsch that dissimilar materials coul
el ements softwarenDAFommnwmt 8t aefFocaoser f ac
study of the effect of the friction coeffi
temperature and miXxi ng e VielpropopsedREMwartkd on t
paves the way towards a precise predictf the locus and quantity of the resulting
IMC at the interface betvemdissimilar materialsyhich constitute the primary source
of weaknesses and brittlenesghe joints. Moreover,the modela s v al i dat ed ac
experi ments condtuernieall ©nandeusiamge tmae s ame

the FEMomgaowasobhased on tppermpfeirbadallrgsadmn .Xi ng

C. MOLECULAR DYNAMICS OF INTERMETA LLIC COMPOUNDS

A prerequisite for IMC formation is material intermixing. Sedihte mixing in
metals is accelerated by heat according to the Arrhenius relation. Also, mixing may be
aided by highkstress mechanical loading commonly known as mechanically assisted

mixing. Under specific conditions of temperature and pressure, IMC are likely to form
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in interfacial systems. Fundamental aspects of IMC formation can be studied via
atomistic simulations and MD#®ID is a numerical computational method which

studies the interaction between atoms/molecules under different dynamic conditions.
Several studies havailized it to predict the creation of such compounds especially in
multilayered systems as well tisunderstand the nucleation mechanism of the IMC at
the molecular level. MDS is very sensitivethe potential adopted, thienestep andhe
computing tines butstill provides a powerful tool for the investigation of this

interfacial behavior. It is used in the literature for single and poly crystalline Al, Fe, as
well as many other systenidoreover,understanding the mechanical response of
metallic mateials subjected to extreme thermmeechanical loading is of great

importance in many engineering and technological applicationsasusblid state
weldingand explosivéorming. Forcharacterizinghe behavior of metals under such
ultrahighstrain rates anttmperatures, shock and impact techniques (including shock
compression and laser driven experiments) have been used to investigate the different
aspects oplasticdeformation. However, and due to the extremity of the loading and the
very short time involed in these experiments, the level of uncertainty in the results
cannot be overlookedlVhile a persisting challenge lies in linking Mibtained results

from ideal simulation setups to those of experiments, MD presents an advantage in the
attainable hightsain rates that it mimics. As such, MD offers a powerful simulation

tool for investigating materials plastieformationthatis governed by the nucleation,
multiplication, and motion of dislocations. The mechanism of induced plasticity is
believed to be largelgependent on temperature and rate of deformation whereby
thermal activation or phonon drag mechanisms may dominateeaist depending on

the loading conditionpi6].
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The work reported in this dissertation investigates firstly the probability of
creation of an intermetallic compound in solid state at an incoherent interface, formed
by Al (FCC) / Fe (BCC)under diverse mechanical loading and prescribed temperature
conditions Intermetallic compound® such systems were shown to form by
mechanical alloying of elemental aluminium and iron pow§€fsor by other
deposition techniques such as physical vapor deposition of aluminium thionfilow
carbon steel substrai@8]. One engineering application of such a system is that of
friction stir welding of aluminium AA6061 to low carbon steel where intermetallic
compounds, F&ly (e.g., FeAl, FeAl) were shown to form at the abutted surfaces
[14,18] The creation of such compounds in the interfacial region between dissimilar
materials may have detrimental effects on the structural integntglaed joints.
Therefore, understanding the mechanisms of formation and conditions under whi
FeAly compoundvolve is of paramount interest. A considerat@untof work
exists in the literature on Al (FCC) / Fe (BCC) systems. Employing the EXidng
and Chund49] simulated the growth of Al (FCC) thin film dre (BCC) substrate and
vice versa. Utilizinghe Radial Distribution FunctiolRDF) analysigo determine the
structure of the evolved FeAl intermetallic compound, it was found that kinetic energy
did not have an effect on the intermixing of the two conmols and the evolution of
FeAl intermetallic while temperature did. Depositing Fe on Al substrate was found to
result in the creation of FeéAntermetallic compoundncluding at room temperature
and at low kinetic energy values, whereas depositing Alfem substrate shows no
intermixing under these conditions. With the aid®% Mossbauer spectroscopy with
respect to crystal orientatioBule et al[50] reported similar asymmetrynfdings to

those reported b€hung and Chunp#9] regarding the growth of Al/Fe interface
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during mixing between Al and FEonda and Travergé1] showed ewdence of
intermixing between iron and aluminium and, consequently, the formation of iron
aluminide intermetallic compound using physical vapour deposition of Al/Fe at room
temperature but the exact structure of the formed compound was not idehtibeder

to validate the potential used in the Modified Embedded Atom Method (MEARY,
and Lau[52] employed the second nearest neighbour to examine the interaction of
deposité Fe on aluminiumLiao et al.[53] investigated the interaction between a
prismatic plan and the MgAl12 precipitate which was studied in MD using the
modified embedded atom method potential for theAliglloys. The initial properties
for the Mg7Al12 can serve in the comparison the results of future work when creating
this IMC between Al and Mg system, libts was the closest work that can be found in
the literature regarding MD of IMC between-Klg. One of the objectives of this the
study is to investigate dislocation IMC interactions and its effect on the mechanical

response of the weld.

Other systems &re also simulated in molecular dynamics and reported in the
literaturesuch as in works of Chang et @4]. The sensitivity of the yield stress in a
Titanium single crystal under tensile deformation strongly depends on its orientation
and at a given orientation and the yield stress drastically increases with increasing strain
rate for- p i while it increases but at a slower rate for a strain rate lower than
this value. In other work, El Ters and Shehal@j investigated the mechanical
response of single crystal BG®n under compression over a wide range of
temperature (3004000K) and strain rate (¥©'-10’s?) using multiscale discrete
dislocation plasticity (MDDP). A power model for the yield stress as a function of

temperature and strain rate was then propdsewisg the temperature softening (with
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a coefficient of n=0.61) as well as the strain rate hardening effects (with a coefficient

of m=0.184) Additionally, Hassani et a[56] used the Embedded Atom Method

(EAM) in their MD simulations to study the structure and growth of the interfa@mwh
depositing alumirum (FCC) on a nickel (FCC) substragmilarly, Wu et al[57]
studiedtheintermetallic compound formation aNi (FCC) / Al (FCC) systencreated

via physical vapoudeposition Other system such dset Ti (HCP) / Al (FCC) system

studied byKiselev and ZhiroJ58] investigatedhe formation othe TiAl intermetallic

compouncat a thin interfacetiizing the Lennard Joes potential and the RDF post

processing tool in OVITO which showed ttesuleintLlos t r uct u-Tial of t he o

intermetalliccompound.

Another aspect of MD studi@s multi-layered systemspart from the
interfacial structuresnvolves thenvestigation of dislocation nucleation mechanisms.
In this regard, coherent interfaces formed of sinttgstalline lattice systems (e.g.,
FCC/FCC) are typically studig89] under the same crystalline orientati¥vhile much
work has been reported on simulating the plastic resporsseghé and polyrystalline
Al and Felittle can be found on multilayered Al/Fe systei@hen et al[60]
investigated the mechanical properties of a Cu (FCC) / Ni (FCC) interface with respect
to the twist angle and found that yieldests decreases with increasing twist angle
accompanied by increase in the misfit dislocations der&ityu et al[61] studieda
coherent interface between two materials of the BCC crystalline lattice type where crack
propagation was assessed as function of loading conditions. Compared with coherent
systems,ncoherent interfaces (e.g., BCC/FCC systems) are stladiedThe interface
ofincoherat systems may b eactihgasabaiidstodipas dopaqu

transmission as dislocation trgg2,63] Such a system is that of copper (FCC) and
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niobium (BCC) which was reported on Bhaoet al.[59], Wang, et aJ64], Hoagland

et al.[62], and Abdolrahim et §63]. The Kurdjumovand Sachs (KS) crystallographic
orientation was adapted for this mixed FCC (Cu)/BCC (Nb) interface system whereby
the [111] plane of the BCC material is placed parallel to the [110] of the FCC material
[64]. Such crystallographic orientations offer the leasiorientations between slip

planes of the two structures thus allowing the highest chances for dislocations
continuity and movement across the interfig®65]used the KS relationship for a Mg
(HCP) / Nb (BCC) system by adopting the crystal orientation using the generalized
stacking fault energy method advancedvitgk [66,67] Partial dislocations were
detected at the interface instead of the more commonly arising full dislocétiohes.

work of Gerlich et al[68], the microstructure and stress strain response of aluminum
poly- and bt crystak was investigated using molecular dynamics (MD) simulations.
The system walwaded in compression at high strain rate §61@nd temperature

ranging between 845K and 910K (just below melting) ancteeagdlow stress

during the final 5% straiwas fitted to @hermally activated\rrhenius equation from
which the activatiomnergy was then founth [69] high strain rat€10°s* and 10%?)
tensile deformatiomvas appliedat low temperatured 50K and 250Kto an
aluminum/Metallic glass interface to study its strength and deformation mechanism. It
was found that Shockley partial dislocation motion was the dominant deformation
mechanism which appesin the aluminum region close to the interface although their
activation energy is considerably high. It was also noted that the strain rate has a
positive hardening effect on the strength of the interface unlike the temperature which
has a softening effecgignificant amount of work has been reported in the literature for

iron and iron based systems under compression and tension usiriguiti&].70]
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showed an accentuated effect of the temperature at high strain rate uniaxial compression
of an iron nanopillar unlike what was reported7f] for both FCC and BCC metals

and which highlighted the effect of strain rate over that of temperature. Also studied in
[70] was the deformain mechanism in an iramanopillar at 18! and temperatures

ranging from 50K to 500KFor the chosen Fe cryswailientation, i was found that

increasing the temperature altered the deformation mechanism from dislatigtion
mediated plasticity tslip plus twinning deformation. Similarly the deformation

mechanism was compared[ifl] between FCC and BCC metaNickel and tantalum

were chosen as the samples respectivelyjtamas reported that the work hardening

and cross slip are dominant in both cases over the thermal activation deformation with

an addition of phonon drag in the case of the BCC metdHditional molecular

dynamics work reported by Sainath et al. and &hiand Choudharyespectivelyin

[72i 74] studieda nanowire system formed of iron and loaded in tension at high strain

rate. Next to the deformation mechanism which was found to be governed by full
dislocation slip, the effect of the nanowire size and orientation on the flow @tess

15%, 20% and 30%train) yi el d strength and Youngds mo
details.It was found thatheYoung6és modul us and the yield
orientation of the nanowire whereas the flow stress decreases with the increase in the
nanowire size. st of the wark reported in the literature focuses on a single material,

and even sometimes single crystals, and the investigation of the deformation mechanism
under a specific type of loading5]. Themechanical response of single crystal BCC

iron under compressiomassimulated55] over a wide range of temperature (360K

900K) and strain rate (#©*-10’s?) using multiscale discrete dislocation plasticity

(MDDP). A powermodel for the yield stress &sction of temperature and strain rate
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wasthen proposed showing the temperature softening (with a coefficient-6f61H as

well as the strain rate hardening effects (with a coefficient 00rh84).

Experimentally, only few tests can achieve high strain ratesohapare with
the Split Hopkinen pressure bar test or shock compression and other laser driven
experimentsDeformation mechanisms in such experiments can differ from those
conducted in strain rate controlled uniaxial compression. t8sigh et al[76] studied
the response of the peak elastic stress at the onset of plastic flow for FCC aluminum,
aluminum 6061 as well as BCC irfor astrain rateof 10°s™. The results were also
compared to other available literature models and it was founthéhpeak elastic

stress, is proportional to 8 for both Al and Fe. As in many other references

mentioned in their work, a general form for BCC metals modeling predicts a linear
correlation between the stressnd the strain ratein the thermallyactivated regime

(- pm pm )thatdrastically changes to a power la® - for higher strain
rates[77,78] Two regimes were differentiated; the first is at low dislocation velocities
where the teperature has the major effect. This is usually translated in the thermal
component of the model. The second regime is for high dislocation velocities where the
effect of temperature is much less pronour@®jl The multiscale modeling approach
was mainly employed in few difie available publications in the literature such as in the
case of Shu et gi80] where the stress was fudito depend on 8 for steel and iron.

In other shok experiments conducted on materials at very high strain rates, Armstrong
et al[81] performed arexperimenbn an iron plate and tracked the response of the flow
stress at different strain rates beyonés10It wasfound to increase exponentially after

the threshold of u8t p m  with a trend proportional te 8 .
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On a final note, and given that the focus of the engineering applications has
shifted in the most recent years from maprocesses to micro and nano processes with
more extensive anelaborated research on micro electromechanical systems (MEMS),
nano electromechanical system (NEM&)i 84] andthin films characterization such as
nanoindentation of multilayered mater{8si 88] and Atomic Force Microscopy
(AFM) [89,90], a concluding test was conducted in MD to shed some light on the
mechanisms afleformationand the dislocation generation and propagation in the FSW
processwhich remain unchanged with the diffecerof scalegyoing from nano to
macro. The main disadvantages for using these numerical simulations to reproduce
macroscale processegassociated mainly to the system size, the method pre[3$ion
and the large difference between the timescale and the deformation strain rate range.
However, many researchers were able to correctly reproduce the details of many

processes by using numerical simulati{#is92]

Nano joining is one of these processes going from diffusion boif@@4] to
explosive welding95] to friction stir welding (FSW)3]. This processas been
modelled over many years using finite element simula{@®@®®7]and more recently in
more limited research using MD methotisthe work of Konovalenko and Psakhie
[98] and Konovalenko et gl99] the effect of process parameters such as tool depth and
the effect of an addiinal auxiliary vibration on the tool were investigated on the
intermixing of the two regions respectively. It was found that increasing the tool
plunging depth results in more intense heating and reduces the mechanical resistance of
the plasticized metahtis increases the intermixing of the two regions. This however is
accompanied by the increase of structural defects in the weld line, therefore a

compromise on this specific process parameter is advised. Moreover, it was found in
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[99] that adding an auxiliary vibration action to the tool increases the intermixing of the
two regions involved in the mixing. This same result was also supported by Nikonov et
al. [91] in the MD simulations of different modes of FSW. In their work, Nikonov et al.
showed an improved mixing when a conicallt@placed the spherical one and when
vibrations are added to the tool at different frequencies and amplitudes. Using these
improved process parameters structural defects are reduced and a higher penetration is
achieved in the case of similar materialsstnilar materials and similar solid solutions
occupying the two regions. Additionally, lattice rearrangement was observed when the
conical tool was applied at the Cu/Fe interface, with copper atoms substituting iron
atoms in the original Fe BCC latticEhis resulting structure is also supported by
experiments. The optimization of the process parameters adopted during FSW, such as
increasing the rotational speed or decreasing the advancing feed of the tool, aim to
improve the mass transfer and intermixbejween the two regiorf$00] but also

decrease the total volume of structural deff2$typically found at the irdrface

following extreme plastic deformation such as in the case of FSW. Validation of the

MD simulations may be obtained from the comparison between the resultant
microstructure of the welded samples with experimg@#E Once validated, such
simulations would present new apicctical ways to obtain information regarding non
equilibrium dynamic variables and sabrface thermodynamic data that are usually out

of reach during experimenfd2,101]

MD simulations are conducted throughout all this work using the Lsogke
Atomic/Molecular Massively Parallel Simulator (LAMMPR)02]. Characterized in the
first place,is the mechanical response of Al (FCC) / Fe (BCC) bi layer system under

uniaxial compression loading, at constant strain rate of S%Hhd over temperatures
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ranging from T=150K to T=900K (just below thestting temperature of aluminium).
During these simulationdh¢ Mean Squared Displacement (MSD) methaehgployed

to evaluate the resulting mixing of one element in the other (across the two regions of
Al and Fe).The conducted simulations aimedratestigating the conditions of IMC
formationunder imposed compression and prescribed temperatuzdikely

composition of the formed k&ly intermetallic structure after loading is determined to

be FeAl as evidenced by the coordination analysis atdeoRDF.Due to the wide

range of its engineering applications, the Al/Fe interface has received much attention in
recent yearsThese include the FSW process wherstprocessing ofriction stir

welded aluminum/ irosampleshad shown in several studige formation of FeAl and

FesAl IMC [14,18]

In the secondests, MD is utilizedto investigate the mechanism of deformation
in bimetallic Fe/Al interface compressatistrain ratgof 5.0¢<107, 5.0¢<10°, 1.0x10°,
and 1.10'°s! andover the sameemperatureéange employed in the first tests(-
900K). The yieldstreses (first and second yield points well as the flow stress the
system as obtained from the stress strain platemodelled with respect to
temperature and strain rate for these extreme condifibeg.are found to follow a

thermally activéed model.

On the other hand, the focus of the engineering applications has shifted in the
most recent years from maepoocesses to micro and nano processes. These application
come with more extensive research on micro electromechanical systems (MBRIS), n
electromechanical system (NEM[BRi 84] and thin films characterization such as
nanoindentation of multilayed material$85i 88] and Atomic Fote Microscopy

(AFM) [89,90]out of many others. Therefore, the final MD simulations propose a
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concluding numerical approach to model extreme rotational loading conditiocis
result in the mixing at the interface between Al and Fe regions at the nanometric level

through the use of a rigid undeformable tool at different process parameters.

Eventhough the connection between the different scales, going from macro to
nano,is not always straightforward, however understanding the mechanisms of
deformation and the dislocation generation and propagation, which remain unchanged
with the different scales, has led the researchers to apply and develop numerical
methods such as malalar dynamics (MD) to reproduce and understand the desired
processes. The main disadvantages for using these numerical simulations to reproduce
macroscale processes are associated mainly to the system size, the method [3jecision
and the large difference between the timescale and the deformation strain rate range.
However, many researchers were able to correctly reproduce the details of many

processes by using numerical simulat[@as92]

Nano joining is one of the investigatptbcessestartingwith diffusion bonding
[93,94] to explosive weldingO5] to friction stir welding (FSW)3]. FSW has been
more commonlynodelled over many years using finite element simula{@®97] but
somerecentlypublished research has shown prelimynarestigations of this process
using MD[98,99] The reported publications investigéte effect of process
paameters such as tool depthd tool geometry along withe effect of an additional
auxiliary vibration on the toolt was found that increasing the tool plunging depth
results in more intense heating and reduces the mechanical resistance of theeplastici
metal thus increases the intermixing of the two regions, Mbigever is accompanied
by the increase of structural defects in the weld line, therefore a compromise on this

specific process parameter is advised. Moreover, it was foy@@8]ithat adding an
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auxiliary vibration action to the tool increases the intermixing of the two regions
involved in the mixing. This same result was also supported by Nikonovieijah

thar MD simulations In thiswork, Nikonov et al. showed an improved mixing when a
conical tool replacethe spherical one and when vibrations are added to the tool at

different frequencies and amplitudes.

Additionally, lattice rearrangement was observed when the conical tool was
applied at the Cu/Fe interface, with copper atoms substituting iron atoms in the original
Fe BCC lattice. This resulting structure is also supported by experiments. The
optimizationof the process parameters adopted during FSW, such as increasing the
rotational speed or decreasing the advancing feed of the tool, aim to improve the mass
transfer and intermixing between the two regid¥] but also decrease the total
volume of structural defec{92] typically found at the interface following extreme
plastic deformation such as in the case of FSWidsition of the MD simulations may
be obtained from the comparison between the resultant microstructure of the welded

samples with experimenf82].

These final simulationsome as an extensidothe previous two experiments
using MD where a pristine Al/Fe interface is modglisder compression of different
conditions of temperature and pressditee nucleation of dislocations as a result of the
severeplastic work induced by this tool is observed and analyzed and the structure of

the subsequent mixed region between the diksimaterials is investigated.

To the best of the authorsd knowl edge,
been conducted on mechanically stressed Al/Fe interface instate&lin order to assess

the evolution of the IMC formed between these two mateédseover,the modeling
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of yield stress and flow stress a multilayereccrystallinesystem as function of strain
rate and temperature at high ranges ahd T such aaddresseth this studyis also
original to the literatureSuch studies, although focused on the Al/Fe systeniq earll

be extended into different systems, especially those that are commonly used in FSW

such as Al/Mg for example.
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CHAPTERIII

EXPERIMENTAL FSW OFDISSIMILAR WELDS

In the context of problem definition and understanding of the FSW process and
the effe¢ of many process parameters involved in this processa nt er nal exper
setup was arranged in order to produce fri
machine and an el aborated LabView code. Di
and adjwesrtreneptesgressively i mplemented to t
the welds. The integr it ymeohhnicaltesingjarmi nt s wa ¢
microstructural characteristids.n t he f ol | owi ng secti on, det

their results are presented.

A. METHODOLOGY

The process of FSW was achieved using
HAASESMI | I i ng machining center with ta CADA4(
types BigtinelManly process parameters were
experiments in order to Iimprove on the quece
par ameters iancd urdet atoiodndleesdpeed, plunging
of fosfett he t ool among ot her parameters. The
all the tests were 95mm x 45mm with a thioc
the welding tool. The fixing of these spec
pl atwere brought t ogeat her iamdtiald podi tai ovre
on it was decided to fix the ploat eirsarnido rCes Or

tool steel ( Uduseihmd .M Shveelrtkser 2 1)
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During the two,phaseetbsd8W pootaees i n a
first plunging between the two plates to ¢
two sides together as a result of the fric
i ncrease i n templéreatpdrad ei n nt hwehi scyhs theame. r ot

advancing feed have the samdg Adai)rde ctthieo no tihse

side is the retreating side (in which the
opposite). Temm@mdr stewreg arhoniotcartiimogqns was ac|
thermocouples and infrared (I R) sensors. T
top of the backing plate, thus maintaining

pl aced at N5mm fr om ntchien gwealndd Irienter eianttion gt hse

Two other thermocouples were placed in the
and finally, two infrared sensors were emf
tool; the firstolRiseprsdr apdi hthetioctrtobnet t o

of the tool

Figure4 Experimental FSW setup
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The FSW experiments were performed on e
magnesium to aluminum to steel; The first
materials welding and | ater on welraebldeev el c
1 summari zeasl thempdhsimii ons and nomencl atur

used at any point during the experiments.

Tablel Chemical composition of the different materials used at any point during the

experimens [103]
% wei ght
Al l oy .
Al Fe C Mg Cr Cu Si Mn Zn Ot h¢
AA| 99.
0.1 Bal
Al L1110 Min
I nu AA
97. 1./0. 0. 2z0. 0.0
606
Ma g-r AZ
_ (0.0 97 0.CO 0 1 0.0
esi | 31E
Al S 0. C 0.
St e Bal 0.0
100 Ma x 25

Moreover, different tools were also utilized during the experimental welding in
an effort to understand the effect of the o | geometry on the resul
Part of these tools was supplied by tteBj i ng FSW Technol ogy c¢om
whereas the othmanphattwasediateondl hyg t o ¢
standards. A lIpirets enft etdhietshe Bigpdedcle sf Aicsat i ons

mat erials, shape and geometry.
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Table2Tool sé6 geometries and di mensi
Name/ ShoulcPin Upper pLower pConca
Designdi ametLengdi ametedi amet e
( mm) (mm) ( mm) ( mm)

HTS 12 3 3.9 2.8 Conca
Carbidl5s 2 9 4.5 Conve
Concav20 tape8.5 3.5 Conca:’
t ool 4

Figure5 Geometric diagrams and dimensions ofdifeerent FSWtools
B. MICROSTRUCTURAL CHARA CTERIZATION OF FRICTION STIR WEL DED SIMILAR
AND DISSIMILAR JOINT S

Mi crostructural analysis of the wel ded

and el ectronic micrroasy ogiyf forna otnieo m a(nXiR&x)n do
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secbspen iweens$ rcaurs gtonianntdla ch was rewor ked to f
reqguirements of the different analysis tec
mi croscopy were polished and etched before
di f feraints and compounds. The optical mi cr
the Ol ymp-uEDBXMaMeover, t hvei aCSssc awmenrien ge xeal mei
mi croscopy (SEM) epsprvewdXdeot enteomgegr @D 6)p. T
e qui p mdBICAN Vega 3 LMU SEM with an Oxford EDX detector coupled

with INCA XMAW20. This analysis resulted in eee nt a | c 0o mpeovsail tuiaa re dp |
atdi f fppasxintti ons al ong r rtedsesc tt iho ct&kln espe oif md .
ray diffractiomn dmRDgy ech ad ry sti e vigaod k edr s@8np
Di scowvaey Riffractometer to characterize ar

formed throughout the weld I ine.

Figure6 Location of CS specimens cut from plates

Twoi nt er met al | i ¢ -phlase 6ARMD;7) naamuphase (Mo, U

were identified in the weld line of aluminumagnesium friction stir welded joints.
These were created using the sverker 21 conical tool and the process parameters listed
in Table 3.

Table3 FSW process parameters

Retre Rotat Advanc Depth Tool

Advancir side spee feed pl un of f s
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AA1100 1.5 n
AZ3111400 300 mm 2.8 |
AAG6O06 1 AS

The EDX analysis othespecimengut from thee jointsexhibit some state of
elemental crosmixing between aluminum and magnesiamthe surface and in the
CS.The elemental composition results presentedn Figures7 (a and b) and Figures
8 (a and b) where surface and crgsstionaknalysis of the variation of Al and Mg
content are investigated for the AA6BBZ31B ard AA1100-AZ31B joints
respectively dlongadistance of 30mm starting at 35mm and ending at 66Mscan
be seen in trseprofiles the results show some mixing across the weld line on the
surface of the joint due to tts#irring action pressure and hesmhposedby the shoulder
of the tool. The mixing is shift towards the aluminum side in the CS and closer to the
magnesiunside on tle surface irbothspecimensThe elementagblots suggest that
about 80% Al to 20% Mg ratio was reached upon conclusion of weld. Figaret3
have shown that the mixing at the surface does not different considgradtythat the
two samples are weldedth the sameool; which shoulder is responsible for the
majority of the work found at the surfadeis also noticed that the mixing at the surface
Is greater than that found in thalk which could be due to the unthreaded nature of the
pin used duringhese experiments. Figure &, the Stir Zone (SZ) extends below the
shoulder for 20 mm (from 37mm to 57mnthis zone is found to constitute of around
80% aluminum an@0% of magnesiunmAcross this part of thepecimen, the aluminum
weight greatly largr thanthat of the magnesiumalidatesthe notionof the superior
movement from the AS to the RS than the opposite direcTiois is due to the
engagement of the concave shoulder which induces the largest peaks of mixing at
around 40mm from the aluminuAS in both joints. This shoulder type contributes just
enoughin the surface mixing process but most importantly its concavity reduces the
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stresses on the weld line. Across this same distance (37mm to 57mm) the CS elemental
profile (Figure7b) shows mucless mixing. However, the mixing between the two

alloys occurdrom 44mm to 52mm which is the distarm@respondindo the pin

diameter. Thesplotsconfirm thatthe shoulder is responsible for the mixing at the

surface and the pim the bulk of theCS.

On the other hand, although the mixing on the surface of the AAAZGQB
is similar to the previous sample, with approximately 85% of Al versus 15% of Mg
weightpercentage on the surface, limited mixing can be noticed in the bulk of the weld
(Figure &) with an abrupt change in the composition resulting in steep concentration
gradients. Theseesults are definitely due to an incompatibility between the two alloys
in place, with the AA1100 containing at very high aluminum content and very little

addition éements.
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Figure7 AA6061-AZ31B specimen and elemental mixing plot of its surface and CS
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Figure8 AA1100-AZ31B specimen and elemental mixing plot of its surface and CS

In other netallurgical analysisf the aluminum magnesium joints, XRias
executed on the top surface awtoss therosssections of the specimens. Thea§
beam was focused orspot of 1mm radius on the surface center. A similar spot was
also located on the CS center (Figlrghows the XRD setup with the specimen
mounted in the middle). This analysis shsatlvat intermetallic phases are more

abundant in the crossections than othe surface and pure aluminum and magnesium
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phases are detected thesurface Figures 1@ andl0b andlla andl1b). The

identified intermetallic phases are thought to induce brittleness and reduce the strength
of the joints. -phamAtiMgitarnadt i-pblasesAlkigfwere he U
spotteda s wel | as t hpbhasd AdMgss. Spch intemmeataicacompounds

are favored to form according to phase diagrams and are in agreement with what was

reported by Sato et diL1].

Thehigher content inntermetallic phasefound in the CS is due to the larger
mechanical deformation and plastic work induced by théngine bulk of the
specimengven though less mixing istaally detected in the bulk. In this regard, most
of the work generated by the shoulder is considered as heat resulting from friction

unlike most of the work generated by the pin which is mechanical.

Figure9 XRD setup showingpeam focused on the welded section mounted on the stage
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Figurell XRD pattern of AA1100AZ31B (top) surface and (bottom) CS

|l ot her experiments, aluminum was wel de

fferent FSW to

mensi ons ar e bc naldide attheed fiinrfs/Ro giuohoal r di esn enda ds
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and resemeedi ngr of h&8mm samples whereas t h
carbide and designed for ®elbdral ofo2mmst |
parameters are tested such as tool rotatic
was tr ackecur ttehoerpmjde sf pl apesli atons fiferteme ¢
pl at ewoamahftr apednstelneg dthaeo Is.t eel al l oy used
has very |l ow carbon content and is often r
Such an alalnoy veo atgeea mMsoON8 % nofwei ght . The al
t he -ksnedwn AA6061 which contains several ad
magnesi um, ntaonpgpaenre.s €l haen dc hemi cal composi ti
alumi num all oys i s pppreeasresn tiend[ tilhe |TIdibteeersdlteuark
pl ate was placed imanal lafdxppdr iwaeh tagpppd & ieth ¢
suchovérmrheati ng 0 aVa@idddnd mi mgmbet ween t he

i ncreased.

Table4 Combination of process parameters for alumirgieel FSW joints

Desi gn(SISF?I:( rljlr?]/er: at I(D?n?n'?fof DV\(/esl)lTor:‘I Cpkl
( mm ( mm)
D1 180 120 15 2.8 0.7 20 3
D 2 180 120 15 2.8 0 15 3
D3 180 120 15 2.8 0. 2 15 3
D4 140 100 14 2.80.2 15 3
C1 800 130 6.1-1.8 1 0 2
Co 800 200 4 -1.8 1 0 2
c3 800 200 4 1.9 1 0 2
Ca 400 100 4 -2 1 0 2

56



The

chemical

anal ysi s

§ EOXI GEM, o XRDhe o

resulted in the EFigméaihdD anodf

Smini gl @ kapd abesf amd2mm t hi ck

P

il e was studi,edmiaddItehraend

mm sampl es, dades:prodpdre

hal f. The intermetallic phases

materials and therefore seuch a

such phfastelrse ajtoidntf.f er e

3mm sample analyzed hereafter,

op and in the midtd e th
shoul der andthkeepaofiV
top and the middle, an
centage of &S dfhitsh ens
a distance odi ampetrerx ianfa
shape of the pinfis re

well as the threafding f

a known zone whéeeshaimghtdekot

AlFe joints

c) for the

samples, the prof

bottom. For the 2

and | ower

i n either

or the absence of
I n the

stressed at the t

engagement of the

especially in the

as the atomic per

i's spread across

pin. The threaded

of the sample as

the pin is

that this regi ol

faveeryheamr onwndokesent he

57

hv

I..

n

nt

ar

et

& |

t te

ST

oL

im &

k



Tool Shoulder Tool Shoulder

100 ! 100-7—-\v
[
[

o
5
z , Pin
=

40 Tool Centerline 40 4
Tool Centerline

(a) C x-Coordinate (mm)

100 -‘VM

80

60+

% Atomic

40 -

Tool Centerline

20

(©) x-Coordinate (mm)

Figurel2 Al and Fe elemental compositions in D4 3mm sample at the (a) Top, (b)
Middle, and (c) Bottonas obtained from EDX.

The carbide tool which was used to pro
unt hreaded shoulder and a | arge pinewhich
two sides. The mi xismgnpilre st h e atad pp bpasbrett nhoeft ht
|l ower part just | ikeld nobnd@) prelvé owsl dmenpt
these samples i s made potshsd bflrei cbtyi arh eb ehtevaa

and the plates mainly if pmomm. merely. The |
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Figurel3 Al and Fe elemental compositions in C4 2mm sample (a) in the upper and (b)
lower sections as obtained from EDX

At different positions in the CS of th
composi ti dms moeb tdEabail, & & ind er met al | i ¢ phases
formfoTHdavlngg 5 summari zes the types of pt

the joinasds@MmphesDWwi th respect to their

Table5 Intermetallic phases formed at different position in the CS of samples D4 and

C4
Sample = x (mm) Al Fe Expected IMC | Position in CS

16.2 20.2 799 FesAl Top
166 16.9 83.1 FesAl Middle
16.2 582 41.8 FeAl
16.7 138 86.2 FesAl Bottom
16.9 236 76.4 FesAl

D4 17.1 583 41.3 FeAls Middle
177 623 36.5 FeAls Middle
177 38.2 61.8 FeAl Bottom
182 408 59.2 FeAlk
193 21.4 78.6 FesAl Middle
19.7 15.0 85.0 FesAl
20.2 373 62.7 FeAl Bottom
18.9 6.35 93.65 FesAl Upperhalf

ca 19.4 6.21 93.79 FesAl Upperhalf
19.8 43.4 56.6 FeAl Upperhalf
21.7 59.01 40.99 FeAls Upperhalf
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Considering that the sample tested in
consideriofd stthhe tde@el i ntermetallic phases
sampl e,eladtmetnhte pWwtsa y i foinr st f orm and devel o]
rather than ithewheér sidlee whhefcdhr mati on i n th
hi gher. Qual it &athilvwel5y saimdmafrryamitthe an be f
intermetallic compmmndasm@mlre. fPOhind iisn dhe t
i nduced by t e sthtorud alldfdbdoodi ri Imeenc ompar i son t
generated by the,ictarchaindebet odoeld u cTehde rtehfaotr eme
iI's the primary source of intermetallic cor

i's the heatfnompuftr igetnieocrat ed

Moreover, XRD anaonystihse wGaSs opfe rtfhoer nweed d e
vali date the presence ofla taled slhows mehal XRI
pattern of the D1 and C4 sampltehse rpasfEpemtcien
Fedl Fe Akleand Al Fe inter meti@2 hegayihtaiserss a't

next to puFe phaand.
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Figure14 XRD pattern of the CS of (a) D1 and (b) C4 samples

C. MECHANICAL CHARACTERI ZATION OF FRICTION STIR WELDED SIMILAR AND
DISSIMILAR JOINTS

The integrity of the joints was also evaluated mechanically through tensile and

impact destructive tests and midrardness nondestructive tests.

It is postulated that forming of intermetallic compounalsiig with grain
recrystallization) under the shoulder of the tool and in the heat affected zone (HAZ)
woul d resul t i n Thapregemae ofineemmetalliessvas swbstdntinteds .
using Vickers hardness measurements yielding profilesaluminum magnesium
joints discussed in the previous section underwentoanardness measurememisich
confirmed the presence of clusters of hard intermetallic in the stir zone with hardness
values approaching400H\hdent ati ons wer eep Hiofteas mald oal
the cross section and referred to as Top,
s u r f Haodeeys.measurements vs. distance (from the Al side) can be Seguras

15a and 1b for the AA6061AZ31B and AA1100AZ31B welded joitts.
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Figurel5 Vickers Micra-hardness for the (a) AA606AZ31B and the (b) AA1100
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i nt
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hav

AZ31B welded joints

Peaks of high har dndeisfsf evrael nute sl oacraet ioobnsse
ci mens with a clear shhifguate wdatGadrst itnhge r
kers hardness values are close, ttohd 00 F
er metall i c c¢omporuemdwsh é¢wshei rchhit gahr eh(amtnbdanuegshst
t under 400 HV) adlaenmdorhm®td wuhn dadret idom st t

se argilbeaavily affected BbBhet har deaessi pog

0O suggests that abktbé fhecmad sauilrdad of 0 ¢
t het we,mpiref i nter metallic tclhimpaginldist yar an
ittl eness is expected to appear.i «Closer

evidenced bpyedkevdlesse)y haendntes shave f

oth transition between the two materi al

Fi gubesliédws t hatAZ3nl Bt hwee | AdAeldl OjO0i nt , st a
ues are in close to 40 HV wiwiewolkris al sc
ermetallic compounds are found to be pr
approxifmaocml tyh & $entine m¢ awibh imc h ¢ &l seefkige h o f

.Tphhen)peaks attributedetsahlatmdime snetadl o es

I mgx iamdm200 HV, which is considerably |
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of t he-AAXRBG®B6 Wel ded joints. This is probahb
i ntermetallic compound that hwum dlolroned bet
(AA1100) and magnesi um-AaZs3 1cBo mpoarned t o t he
I n other mechanical characterizati on,

samples was evaluated wusing standard Char g
tests wermenmS55mMBmm,1l as per the ASTM E23 st
were fabricatwed doyaMyf:r (Mgt mioha st i@t er i al s) &
(di ssi mi | @&l itmautgehrnieaslss )was compalrdddtorit gian
mat e Al amgxeerniamen est matri xt woanpudowvatrn adt
rotational spindle speed (ranging between
(varying betweenmibii min/ mTheandmbb@ati on ¢
parameters used f owneanh Tabdbl @ed .| dihet tios g4
magnesium AZ31B original metal was found t
alumi num AA6061 equaHi gtuoa é1s6b.69s5hJo. w Ttathd ep &r @
the recovered toughness of the wel ded si mi
ori gi-walldad al umi num AA6061 and AZ31B met a
combinations of speed and feetheptacgsestpat
of mpact toughnesvsy, wedodsdess g dmié® Maard Al

B hm/ minol speed andhifeedomiispatctitovedlyso r e
values of tempepladawedksi mtt ad | b saveknikmpg epcleat e
I n the dagwel dé& dMpoisntnms | ara tctoatidneuds;iecro vea £ d
i mpact treagthrass!| ose to 100% for the combi

which yielded tbmpeowicpotemeesor ded
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Table6 Process parameters and impact toughness of similaMy)gand dissimilar
(Al-Mg) friction stir welded joints with respect to the originalwalded metals

MgMg A Mg

1200 1400 1200 1400 1400 1400
M M M M M M
150m 300m 150m 300m 350m 450m
mi n mi n mi n mi n mi n mi n

Toughne 5.3¢ 6.1¢ 4.2¢ 3.7!' 6.4¢ 3. 6¢

% of Mg
met al

(%)

85.¢ 98.7 68.4 59.8 103. 58.

% of Al
met al

120
100
80
60
40

20

1200RPM 1400RPM 1200RPM 1400RPM 1400RPM 1400RPM
150mm/min  300mm/min | 150mm/min  300mm/min  350mm/min  450mm/min

Mg-Mg Al-Mg

% of Mg base metal % of Al base metal

Figure16 Mg-Mg and AFMg weldedjoints toughness percentage recovered with
respect to that of the original wwelded metals and to process parameters

Final ly, t hel oswvantea rablounmisntuenel sampl es me
s e c t i MianostrudBural characterization of friction stuelded similar and dissimilar
joints) were tested in tension in order to evaluate their strength againstureddaa
originalmetalsA t ensi |l e speci men weaed deuwt afnrdo wed ade

sampl es accobDd9I & gsttan ASITWsda asnpd atceesnteendt wciotn:
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Figurel7 Stress versus strain of uvelded (a) low C steel and (b) aluminum AA6061.

|

Figure18 D4 sample after welding and after preparation for tensile testing
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Figure19 Sample C1 after welding and after tensile testing

Table 7 summarizes the resulting percentage of strength of the welded
specimens with respect to the-welded material. Similarly, the stresgain behavior
of these joints is shown in Eig0a and Fig20b for the 2mm and 3mm thick metal
sheets respectively. The behavior of the 2mm thick welded joints showed an increased
plasticity and a globally closer behavior to a regular ductile metal in addition to higher
strength when compared to the 3mm thick mifithe best results in termstefsile
strength were obtained for the C4 sample which recovered almost 55% in strength of
both original uawelded materials (Ultimate strength =175.4MPa). As for the 3mm thick
samples the highest strength was obtained fowidh a recovery of close to 47% of the

strength of the original uwelded metal (Ultimate Strength =148.4MPa).

Table7 Percentage of the recovered strength of th&takl friction stir welded joints
with respect to bothin-welded materials

Samp Ultimate % with rey % with res-p
# ( MPa) AAGOBAp C-St eEexIp
D1 89. 78 28. 33 28. 01
D2 90. 78 28. 64 28. 32
D3 119. 03 37.56 37.13
D4 148. 44 46. 84 46. 31
C1l 156. 2 49. 29 48. 73
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C2 172.65 54. 47 53. 86
C3 76. 13 24.02 23. 75
C4 175. 37 55. 33 54. 70
175 150 ~ Py
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125 4 < e
w 75 1004 E s
o o s e
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Figure20 Stress strain plots of (a) 3mm and (b) 2mm welde&t&kl.
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D. MATERIAL FLOW ANALYS IS

of t he
e tool

hwel dbr it

anal ysi s

On another handhe material flow between the AS and RS during the FSW

process was considered and investigated through the steel shot ttackimgque

[31,104] . This was also later on used for the comparison and validation of the finite

elements model against the experimentbsee x p e r ie Mm@ h & gve ch  r

3mm tnmaigcnrkesi um AZ31B

pl at es

str ai gshhto whd aqjlus e b&aneanded
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Figure21 Sketch of the position of steel shots embedding
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In Figure 3, the position of the beads (black dots) was obtained ¢ammonly
availableX-Raymedical machinesnaging of the sample and was compared to their
position before the welding (white unfilled circleShe image of the equipment used in
shown in Figure 22The movement of these beads was evaluated as the total rotational
angle for each of them which reflected the material flow and mixing that has taken place
during the process&igure Ba represents the experiment obtained using the straight tool
andFigure 23b the one using the concave tool. In the case of the first experiment using
the straight tool (Figur23a), all the steel shotselow the pin and the shoulder have
moved considerably. Only those outside of the tool area (at 9mm and 11mm from the
weld line) have not moved at all thus indicating that the area that has been plasticized is
limited to the stirring zone (SZ) below the tool. In the case of the second experiment,
using the concave tool, only the points that are on the path of the pin have Mozed
flow below the straight tool is much greater than that below the concave tool which can
also be noted from the angles (distag)d® which the steel shots have moved
indicating an oveengagement of the straight tool or otherwise an uadgagemenn
the concave tool. The area of contact between the shoulder and the plates is greater in
thecase of the straight tool. Thiscreagsthe frictionbetween the tool and the plates
and theresultingtemperaturén the joints andeads tca smoothemixed material and
thinnerflow. Nonetheless, the concavity of the second tool and the tapered shape of its
pin are also two factors thate thought tancrease the flovof materialsvithout
increasng the temperature as muak the first type of tools. Moreayen both
experiments the effect of the tool shoulder and pin is aggravated at the surface and
decreases gradually as the depth increases. The closest points to the weld line (Imm)

undergo a doubled effect from the pin in a first place and from the shaftdrwards.
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This effect is even clearer in the case of the second tool where the tapered shape of the
pin favors the flow near the surface which then gradually decreases with the increase of

the depth.

(b)
Figure23 X-rays from experiments using (a) straight and (b) concave tools.

As a conclusion, it can be noted that the flow under a straight tool is larger than
that under a concave tool, due to the increased temperatures generated by this geometry

and from the large friction area and heat. However, the effect of a tapered pireis m
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observable in the depth of a material leading to larger flow closer to the larger pin

diameter which in this case is right below the surface.
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CHAPTERVI
FINITE ELEMENTS MODH.ING OF THE FSW PROESS

Many considerations have directed this researdh®®SW process of
dissimilar materials into numerical modelling and finite elements simulations. These
considerations include the avoidance of long and costly experiments and the prospect of
reading the different state variables that are normally difftoulead during the
experimental analysis. In order to do so, finite elem@d& F ORM M3 D e+ mo
me ¢ h d l iyc a modegis pragposed and measurable variables, such as temperature

and volume fractions, are compared with the experiments for the sake of its validation.

A. FINITE ELEMENT MODEL SPECIFICATIONS
The mnmxoenponents comprise of tctkka ntgool ,

plate (BP) sucl24 ad hehdawml|i mniEi 4 lhree BP ar e |
def ormabl e bodi es mumhk ehitdteae mr WHBaer tt htahte ecsfs
WP and the BP wehewimtsh e4 e tisOuarsf6atcimanchad ¢ a.g M
t he WRoaepar aties modi dsceasesbdabet acnhcendtabil i
i ssues in the convergéehee WBfdet leal x| W@t iso m.
pl astic oljwectphiars ehiaclke defenednpngeanbbd bwo
materials in the AS and-nRStedo radeddbamaedndt sf or
arues €ed mehseh modelo a@dt sgd tortbeme s hiienognesriedd f or
all threeAcoimpe® nreattiso of 5 and man rairrei memn d
the differ darmte ddoroud hosmtmBtPanisnn.ed 156000 and 20
r essept Lavteltyhe st ar ts oTfh e hwo rskipmue caet iooltn t he ot

di vided initially intd glonecCehO nealsedndenngtns at h &
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window just below the tool armd pormgtirlees swerlec

coar sewasmeusthi | i zed.

»~ v  Advancing Side

Figure24 The FEM model showing meshed tool, workpiece (WP), and backing sheet

(BP)

Repr oducseidmulnattihoen are the exact tool ¢
propassameters (tool feed, rotational spee:
of fset). The FSW tools used during all the
I mported intowbhe ®Oemorati Mersatleat|] oabkl t of

pl ace i n tpwou nsgtti emgpeswthh(elHt ool dr ops progres
t hseh g(eitnizt e r ac(dX)e e gbit mgne whi ch t hei hobheay\
di rectidoens)i gantattehde r ot at i onal isnpueleadt iaonnd taidm
step was calculated based on the tool rot e
such that the rotational di sboawmacrekpgirawvel ec

el enmemtgt h
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B. ALumiNum TO Low CARBON STEEL DFSW FEM

The proposed mddace |AMiosw fQacrubsoend Sotne etl FSV
experimentsttwbi bbsyi wketddd in terms of sour
were previously discussepecindiC8asp&seerdli nTtl

dethel sw.

As mentioned previously, the simulatio
reproducexpkei enmeattl details employed in t
HTS and Car bi dd gtur cebdsd (sChoaynt e rn iln) GaeTrleA dr a
and i mported for the respective simulatior
i n Table 4 (Chapt émbl() h&anpdt erre c2a)p iweun ea tael ds oi

the respective simulations.

Table8 Combinationof process parameters for aluminsteel FSW joints

of f Thi ck
. Spet¢t Feed Dep 'Dwel | ss ¢
Design at to
( RPN( mm/ m ( mm (s) shee
( mm
( mm)
D4 HTS 140 100 14 2.80.2 15 3
C4 | 400 100 4 -2 1 0 2
(Car bi

Al $t113 hatdehedt eel (HTS) and carbide (
assi ginideb Wacsondt er i alls3. hAlrSllentd st eel al so a
backing sheet. Due to numeri cal di hf i cul ti
t he numer i ctahle swiomuklpa teicoen ,wapi aseumed ht a Ime
material formed from two Ghalslesswar dmoenl ys taelel

Each of these phases is assigned t6&6 a side
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STy
x

Figure25 Volume fractions of the WP elements at initial step

The mixture materi arli gpihdaw|ek avaatst ce nfsli ave r
»,1 S modell ed as-,at f ainantdetneeolfda habtir fied iem e n t
materials available in the Deform | ibrary
experimental data available in various har
of At abalk)i5 vehti caH .descr i be ttheer ifallowa ss tar efsusn ¢
temperature, sTheinhhantaktaadnmeahani cal ¢
steel ( s d@sc hmoadsu | Ywosuxnpgéd meir onm ] t h & ygmavle nc of nrdount
the Deform materi al |l i brary are aofl tahé unc
alumi num AA&G@BGEr tgheen as constants by def .
acconai ndse rved airefed G3pdn HBw dAlul 2®H adktter
reproduce btelhavmatreraitalhi ghr ¥ eonfpetrlae upreop &r t

the materi al sTalbbded 9are | i sted in
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Table9 Material properties

S

Al umi r
AAGO(CHE (LS(;)(;Ni eCnatr ibfoir
Fundad)l
Technol oc¢
Badour .
Corporatio
al .,
2 7TA169.4
Youdg modul us E 68.9
T =1 0401500
Poi gss oRat i o 0.3 0. 3

1. OBA1.49E05
T =1 0406 0 0 (
41.7 f €
Ther mal ComM/u<€g ¢ A 180 43.4 fo€) 1
34.1 forC)T

Ther mal Expl)ansi 23.-&

2.M84d11
Vol umetric heat CQs 2. 4
T =1 0A0600
Emi ssivity 0.25 0.75
Mass Dens3)ty ( 2700 7800

The conductive heat transtempcocoehfscoter

i mu lwaatsi osnet ZaQ)f Bl IkoMki(nmg an optimization of

by Ammou[rd8&ihedt raelcommendati ons oHa dadwuer reatn geel

[

c

2€)nvective heat tthezmfehelée s ee envi r onme
onsi dered. The envs aito m@rbeanntd ttehnep ecroant vuercet iwe
ransfer coefficient at 0. @2fNhsag/ mimeUC r
oefficient isn nmalfaitniotne iesl eatmeckhtas |iemtga nagc dc
evaspakcts including but are not | imited t
shear ,é)cTdel omabi ati on of conditions of te

he wel dedsrtegi bmeachall enges of defining
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Congiidhg t hat t hel evdra&ksg i ®mdepiebs] eroidoen coef f i
was al |l owedb dtowden dtef @ ntealo | -meart ce rti ad WR uinnd
condi ti onsWR Icohnotuagihn st htewo( ali U rhier temAtta mda t ierr @
Badour 29t} eslh@aar fricvabnecoéf DdéitedvtdbsEeh w:

neaero when temper at uGleha nefrfeeacste do fb etyloen df re

coefficient was evaluated through sever al

C. VALIDATION OF THE FEM VERSUS EXPERIMENTAL RESULTS

Temperature evolution and material mixing of the materials in dissimilar FSW
joints are two key indicators of@érsoundness and reliability of the joints. Therefore, the
effect of the configuration and tool/work friction coefficient on the evolved temperature
profile in the aluminum and steel sheets and on the mixing between the two materials

were investigated.

1. Effect of tool configuration and tool/work friction coefficient on
temperature evolution in the FSW joints

Temperatu(prbivekeaplkees ment al |l-yypeacked 1
thermocoupl es atFi @) e 2pploaicnetds doufr tihngt earbetstto hie
of the sheets. Similarlytfhel tewprieg aed aante FE
profi lFEMdddshecorresponding to theviher moc
post ptr o déososridnign atpes andefs NtShrens & r o m nt hteh ewexl d
direcnhitodrhp t he advancing (a¢é¢elmi naimjeandr e ®)
Experimentally, the tempenapattleadsvaspoiencbdDs c

dur i nvee | tdpirmogcTeos ss.nvesti gate it spreofffidcets,ont htel
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friction coefficient values between the toc

numeri cal simul ations between 0. 3, 0. 61, (
a. HTS tool
An exampHegeonfertahtei on capability of the

coeff>01i 8nti s TalblluesTlnOat edol hWP contact ar €
equal t@n4d42 hmmheaFaea B7uanidn 131 bawd mmnt i vel
The samhmat ismeggenét at ed odnbd ntead tefd ect s of
and fwhict@eonunni ng at t heTapbrlwecteds sa mp ainlalme g te
of the distribution of the temperature bet

Table10 Contact area between HTS tool and WP and resulting heat flux in Al and Fe

Heat Flux | Heat Flux

Contact in Al in Fe
Area (mnf) | \mm?) | (wimm?)
442 27 135

At t he Dnonmil aovoiiomg points and for the ¢
HTSool, thempeobavede profiles obtained fr
coefficients versus those obtained from ex
are shown28 na26bd guesepectively. The initial
experimental S&t Wpuewbabecboeseeessi on of expe
therefore heating of the backing plate, hc
simulations wasxCarThée itcwal $fyplgern giamg I2a@h d on

feeding) are di statnicng icnurtvhee isn ogplelo ptéehse hsei
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of the heating curves, which correspond tc
monitoring points, in case of Dboth al umint
as tabree sl opes ofr etshuéd tesx p Hoiweeretral on t he co
I n ttehneper ature in case of the FE simulatio

experi ments which shows a progressive cool

©
—

obably due the ehviempmentalecapgdglitiednir

the WP which acts as a heat reservoir dur i

experimentally. It should however be notec
similar final 't empaerrtatoufr etsh,e 1cOosoelci nagf tperro ctet
350 350
300 - 300 | Rary
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- o
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g
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Figure26 HTS tool: temperature profile comparison between experimental data and
FEM results for different friction coefficients: (a) aluminum side and (b) low carbon
steel side.

Fightempares the maxi mum temperatures

versus those in theasdiffuinecrteinotn FoEFEM fsriinctutliaotni
for both aluminum and steel si des. The ma)
i ncreasinogffrccenbas tn both materials. Cor
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experiments suggests a friction coefficier
error between the two techniques. This val

and sta¢dél tihe walue re-padoed 289tijFahet Wos kf Di

coefficient val ue, the difference between
experimentally and in the FEM simulation i
|l ow carbon steel si de. The overall i ncr ea s

pl ateaus around O=0.9.

350 317.93
315.03 304.81 '

300 283.34 290.63

272.2
255.77

250

211.49
196.51
200 180.68

150
100
50
0

Exp 0.3 0.61 0.9 1.2
AA [1Steel

Figure27 Maximum temperature observed in aluminum and low carbon steel at the
monitored points versus friction coefficient values.

b. Carbide Tool

Simiharmlty gener atti pen «eopddibddsfialyine f 11

alongside an il lustration of the heat dist
coeff>01i 88nt This table Iists the calcul at ec
we l | as the heat flux genefagedméueyt andh
while running at the cor r eTsapbolnedUindyerpe oCc e s ¢
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Figure29 Maximum temperature observed in aluminum and low carbon steel at the
monitored points versus friction coefficient values.
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referred to in Chapter 1.
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Figure30 Volume fractions of the cross section of Al/Steel FSW D4 3tiick joint as
obtained from FEM
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Figure31 Al and Fe elemental compositions in D4 3mm sample at the (a) top, (b)
middle, and (c) bottom as obtained from (left) EDX and (right) FEM, respectively
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b. Carbide
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Figure32 Volume fraction of the crossection of Al/Steel FSW C4 sample as obtained
from FEM
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Figure33 Al and Fe elemental compositions in C4 2mm sample (a) in the upper and (b)
lower sections as obtained frdieft) EDX and (right) FEM, respectively (values in
legend refer to friction coefficient).
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The geometry of the HTS tsohoolu lwdlheirc ha ncdo nts
taperinedai ded the observed movement of the
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the plate. Whereas points Be piandnd wet at
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shouOdetrhe contrary, the 5 points tracked
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shoul de&€rar ®dfi dtehd ool . As shown in the diff el
Tabll2e points 2 to 5 contoured the Ildenits o
of the sample. This al soskawphaidhzZbbher @r e s

and the theory of the materials being pust
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Table12 Side view comparison of the tools behavior on the mixing in the WP

Step HTS Tool- D4 Sample Carbide Tool- C4 Sample
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4
5
Table13 Top view comparison of the tools behavior on the mixing in the WP
Step HSS Tool D4 Sample Carbide Tool- C4 Sample
Feeding Direction
1
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The inter met aldiisct icnocnip ocuonndpso uanrdes of pr e
compositions normally formed foll owing t he
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D. MATERIAL FLOW ANALYSI S
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to deformation and heat transfer. The mat e
the Sellars and Tegart (,)STo) tleawp ewhaitculr er e |Te

strai-h watet e f dl4159mi0O6g equati on

y -

, -OEl E-~ (1)

WhetUA and n are not érsi dlhec arcdtiamtts ,on e
uni v ercsoanls tgaarktd. u nTnadrliez es pama meit efrsr ested 1 n
model i nESW fprtblaiessd on t he work rlelpGlted by
ot her repdadpbiiehe wBT kmodel JIwmahsnGoomotkp drJeCd tam dt
Zer-Almstrong {dA) FBIBdel smulodtlieadn sc acsft tAWI3n B.
model was capable of prediction the stress:s
strain hardening was not peefetcttadiynsepawvd!l
saturated. The mixing and movement of the

compared in the case of these three model s

Table14 Process Parameters in Deform for FSW AZ31B mod¢liog]

Par ameter Rat e
Youddg Modul us 44830 M
Poi gssornati o 0. 35
Coefficient of The 2 . 6055e
Ther mal Conduct 96 N/ (s
Heat Capacity 2.43 N/IC)1
Emi ssivity 0.12
Material const a 27 .15 s
Mat erial Uconst a 0. 052 MF
Activatiagd Ener 130 kJ/
Mat eri al const a 1.8
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z
W~
Figure34 Deform meshed model with (top) straight and (bottom) concave tools

Using the point tracking option in Deform, it was possible to track the positions
of several nodes befoemnd aftetthe passage of the FSW tool. These nodes représent
same positions of the steel shots-pl&ced in the experimentisat were placed the
closest tahe surface (0.5mm deep from the surface). The comparison between the
experimental and FEM results for thepess led by the straight and concave tool are

shown inFigure 3 and36 respectively

Using the straight tool, it was found that the angular movement of the first two

points (from the weld line) is reproduced more or less well enough in the FEM with
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approximately 75% of the full turn. The third point experimentally also turned almost

295 whereas in the FEM it did not go around the tool and stayed in the AS. This could
be the result of the size of the mesh (in the tool and the WP) or of the distdrtiis

mesh due to the movement of the tool at the interface between the two sides. On the
other hand, in the case of the concave tool, the movement of the steel beads was limited
to the first two (from the weld line) and is fairly reproduced by the FpEdposed. The

first point rotated approximately half of the full turn and the second 25% of the full turn.
The better reproduction of the material flow in the case of the concave tool is due to the
fact that this tool induces less distortion of the mesbsacthe weld line when

compared to the straight tool.
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CHAPTERV

MOLECULAR DYNAMICS SIMULATIONS OF AN
INTERMETALLIC COMPOUND FORMATION AT THE
INTERFACE BETWEEN ALAND FE
Another aspect of the FSW process resides in the creation of the brittle IMC at

the interface between the two welded plates. The mechanism of creation of these
compounds was investigated at the molecular scale using Molecular Dynamics
Simulations (MDS)The considered interface is formed from aluminum on one side and
iron on the other. The mechanical respoase interfacial mixing of Al/Fe system
loaded in uniaxial compression at a constant strain rate of $1dnd five
temperatures (150, 300, 500,07@nd 900K) was accounted for. During the
simulations, the temperature was kept below the melting temperature of aluminum
(~933K) so that stress assisted solid state mixing is examined. For that purpose, the
accuracy of the AFe.eam.fs potential was v@dited though static simulations of pure
Al and Fe crystals separately. Then, the mechanical response of Al/Fe system under
compression was simulated. The onset of nucleation of dislocations in both materials

was observed shortly after relaxation.

A. METHODS
A prerequisite for intermetallic compound formation is material intermixing.
Solid-state mixing in metals may be activated by high levels of mechanical stress and is
accelerated by heat. Given mixing, and under conditions of temperature and pressure,
intermetallic compounds are likely to form in interfacial systems. Such fundamental
aspects of intermetallic compound formation can be studied via Molecular Dynamics
(MD) simulations. This work investigates the mechanical responseadidestateAl
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(FCC) / Fe(BCC) bilayer system under uniaxial compression loading (constant strain
rate of 5x10s?) and five temperatures ranging from T=150K to T=900K (just below

the melting temperature of aluminum). Also examined is the evolution of intermetallic
compounds ahisincoherentAl (FCC) / Fe (BCC)nterfaceunder same conditions.

MD simulations utilizing Largescale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [102] are conductedlhe Mean Squared Displacement (MSD) method is

used to evaluate the resulting mixing of one element in the other (across the two regions

of Al and Fe).

1. Setup

Figure 37shows the simulation domain to consist of two regions each
containing one of the two original elements: Fe (blue atam8,X26 nm) or Al (red
atoms, =0.143 nm). The structures of both materials were arranged in perfect; defect
free lattice. The adoptd interface is that of the Kurdjume®8achs (KS) Al/Fe such that
the (111) Al plane is aligned with the (110) Fe plane as indicatédjure ¥ [59,62
64]. The diference in the crystal structures (FCC vs BCC) of the two matéz&ds to
an incoherent Al/Fe interface. The large difference between the Fe and Al lattice
parameters (%2.867A[107] and a=4.05A[108] respectively) facilitates the creation
of misfit dislocationg109]. The overall domain dimensions were obtained as a result of
this crystal orientation as a x b x h = 10nm x 10nm x 23.7ma.aluminum (atomic
structure: FCC) region is defined over the entire spread of tpdaxye and ranging
from-11.9nm to-0.1nm in the direction. The iron (atomic structure: BCC) region
covers the entire xplane and ranging from Onm to +11.8nm in zhdirection. The
model constitutes of a total of 12 aluminium lattices and 41 iron layers, leading to a
total of 176226 atoms (103443 Fe atoms versus 72783 Al atoms) and during all
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simulations, periodic boundary conditions were applied along the x, ¥ bodndaries

to ensure continuity of the system and repeatability of the simulation cell.
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Figure37 The simulation domain: Fe atoms (top; blue) and Al atoms (bottom; red)

All the simulations were conducted in three steps: (1)mization phase,
originally intended to run a maximum of 50000 steps, was stopped by one of the
LAMMPS stopping criteria after the entire system energy was brought down to its
minimal value and thus the system brought to its most stable configuration, (2)
equilibrium phase in which a thermostat is imposed on the system thus taking it to
equilibrium at the designated temperatures (ranging between T=150K and T=900K)
over 150ps (or the equivalent of 30000 steps), and (3) loading phase in which a uniaxial
compeession is applied in thedirection at a constant strain rate of 5%&®over

4.500ns (or the equivalent of 1500000 steps). During this last step, the internal stress of
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the system is computed in all three, (%, and 2z) directions. The stress strgtots as
well as the resulting structure of the intermetallic at the interface were obtained using a

timestep of 3fs in order to optimize the computational time.

2. EAM potential testing
The Al-Fe.eam.fs potential was introduced by Mendelev ¢140] in order to
describe AlAIl, Fe-Fe, and Fél interactions. In their treatise of the embedded atom

method, the total energy of the system is calculated as:

O BO B'OB " i B e i (2)

where the systembs total energy is the
atom energyQ , is the sum of the embedding ener@y, (function of atomic electron
density J ) and pair potenti al intergafti on, a
atomi within a cutoff radius value. This potential was found suitable for pure Al, pure
Fe, and for the intermetallic compounds resulting from these two elemettis; Al
AlsFe,AlFe, AlFex and AlFe. All the possible crystal structures for each of the
intermetallic compounds were considered when calculating the cohesive energy. The
accuracy of this EAM potential was tested by performing static molecular simulations
to obtain the elastic propertiesmire Al and pure Fg52] the findings of which
compare favorably to those reported previo(isiyl,112] In this work, this potential
wasutilized under similar compressive loading conditions and thermostat and based on

recently published work by the auth¢i4 3].
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B. EVOLUTION OF MECHANICAL STRESS

For LAMMPS-simulated mixing and intermetallic compound formation in the
Al/Fe system, several loading types and parameters were tested before deciding on the
tests describeldereafter All simulations were conducted at temperatures below
al umi nu mtmperatlré so that system constituents remain solid. The internal
system stress agell as temperature was monitored during loading in both aluminum
and iron regions. Figur@Ba presents an evolved strestgain diagram of the system
subjected to uniaxialompression ithe zdirection (at strain rate of 5x1€' and
temperature of 700K). Initially, the mechanical response ésfielastic with a slope of
108GPa.The deformation is then accommodated plastically via different mechanisms of
dislocation nuaation and growth in both materials. Given that the system is taken into
the loading phaseith the preexisting misfit dislocations observed as of the very first
steps after equilibriunFigure 3®-1), plastic deformation is expected to take place at a
stress level lower than what would have been the case without the presence of these
misfit dislocations. The first noticeable plastic relaxation seen on the-strassplot
occurs at approximately 4. 7GPa correspondi
dislocations on the (111) planEigure 38b-11). Employing the dislocation analysis tool
provided by OVITO, the significance of relaxation points becomes apparent upen post
processing the simulation results. The loop expands into the bulk of Al leading to a
minor drop in the stress to 4.4GHRagure 3®-I111). In agreement withhe findings of
Zhang et al[114], the nucleated partial loops appear tatéram misfit interfacial
dislocation sites (considered as high distortion sites). Expanding partial loops encounter
another interface on the lower surface where their mobility is hindered. The system then

undergoes pronounced strain hardening with almmsstant dislocation density until a
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stress of 7.2GPa is attained. At this level of stress, bulk nucleation is detected in Al and
significant drop in the stress to a value of 3.9GPa is encounigliedting a proper
relaxation mechanism associated wiiklging in the FCC aluminunf{gure 3&-1V).
Following the stress relaxation to 3.9GPa, strain hardening ensues. Dislocations
multiplication in the FCC crystal combined with an incoherent interface (obstacle to
dislocationamotion), induce hardening of tloeystal. This is generally detected by

system stress increase up to a critical stress value in the BCC constituent where
dislocations start nucleating. This hardening is also related to the types of dislocations
found in this region which contain a rattsggnificant amount of junctions and jogs
(highlighted in Figure 3a). At stress of 6.9GPa (strain approximately 11.2%),

nucleation in the Fe region progresses emanating from the intefigoes( 8b-V).

This is accompanied by a large increase in thechsion density. It appears that the
dislocations in Fe are predominately extended straight lines of predominately screw
character. These extended dislocations annihilate after their brief appearance and
shortly before yet another hardening behaviorgivdne i r opposi te Burger
This multiple relaxation followed by strain hardening dominates at all temperatures
reflecting the same underlying mechanism of misfit dislocation movement followed by
nucleation in Al followed by interface nucleation ia &Bnd annihilation. A similar
stressstrain behavior was reported lgng, et al[115] for multi-layered Ti/TiN

system where 3 peaks were observed: the first was shown to correspond to full
dislocation dissociation to two partials whereas the second and third peaks correspond
to yieldingin two layers, respectively. Dislocations nucleation occurs in the more
compliant material of the twds@lehinia, et al116]), hereit is the aluminum

constituent.
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Figure38 (a) Evolution of Al/Fe system stress (GPa) (LefaXis) and temperature (K)

(Right Y-axis) versustrain during uniaxial compression at T=700K. (b) The different
drops in the stress seen on the plot correspond to the different relaxation mechanisms in
the two regions of the system such as movement of the misfit dislocations and
nucleation of dislocatiws. This is accompanied by a minor and transient temperature

Dislocations found in the FCC crystal are of different types at each step of the

increase.

simulation;edge, screw and mixed dislocations are present. Most are found to be

Shockley partials wita burgers vector equal +d@p p@Other types of junctions and

jogs were detected including few perfect dislocations with a burgers vector equal to
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-& pGiFigure Pa). However, in the case of the BCC crystal and as the stress

increases, it is observed tletge components of the nucleated dislocations in Fe move
at high speeds leaving behind trails of extended screw lines. The dislocations in Fe are
found to have nucleated on the {110} family of slip planes alongptheGlirection

(Figure 3b). The extendesdcrew microstructure is commonly observed in BCC metals
deformed below certain temperatures (for iron this temperatuke 80K, defined as

the critical temperature at which the flow stress becomes insensitive to the test
temperature and screw and edg&ocations have the same mobilifgp]. Albeit in

small density, an unusual dislocation type with a burgers vector in the <100> direction
is identified at the free surfaces of the BCC iron and at the interface. This slip system
was also detected Byalaei et al[117] upon indenting an Fe {airystal. This direction is

not a reognized slip direction in BCC metals but is likely the restih junction

between two perfect gliding dislocatiofid 8].

<100>

el e

P

Junctions of
different
directions

Perfe¢t Dislocations
A<110>

Shockley Partials ®)

Ve<112>

Figure39 Perspective view of the different dislocations types in the (a) FCC (at 8%
strain) and (b) BCC (at 15% strain) regions of the system at T=700K
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C. TEMPERATURE EFFECT ON EVOLVED STRESS

The system is mechanically loaded at tempeestwanging from 150K
(<T¢) to Ts=900K (<Tm) including T2=300K, Ts=500K and %=700K.Figure 40
illustrates the effect of temperature on the values of key evolved stresses obtained from
the stresstrain curves, namely: (1) interface nucleation stress in aluminum, which
seem to emanate from misfit dislocation sites when present, (2) bulk nucktedEsin
aluminum, and (3) interface nucleation stress in iron. Multiple striations are observed
for all temperatures demonstrating the multiple dislocation nucleation and movement
mechanisms in both materials. These striations can also be explaineddogsbnce of
the incoherent interface which acts either as a sink or as barrier to dislocation
movement$109,119] For all temperatures below 900K, coherency stresses were
observed on the stress strain plots and are reflected in misfit dislocation observations
(via OVITO). At 900K, the stress atrrestrain starts from zero due to thermal
agitations at temperatures approaching aluminum melting. Dislocation transmission is
another phenomenon observed at this temperature (expected observation especially
using this specific crystal orientation). Afteulk nucleation takes place in aluminum,
dislocations are found to cross the interface into the iron region aided by thermal

agitation and mechanical load.

108



Dislocation
transmission
from Al to Fe

g “‘“i/\/

Stress (GPa)

—m— |nterface Nucleation (from misfit) in Al
—m— Bulk Nucleation in Al
—m— |[nterface Nucleation in Fe

T T T T T T T T T
T=150K T=300K T=500K T=700K T=900K

Figure40 Effect of temperature on the Al/Fe system stress strawves. Stress drops
correspond to different relaxation mechanisms in the interface system.

The stress required to initiate dislocation nucleation and movement in the iron
crystal alow temperature is expected to be large in order to overcome the ldige la
friction which is strongly sensitive to temperat{t20i 125]. As temperature increases,
the magnitude of lattice friction decreases. This is partly the reason behind the decrease
of yield point associated with nucleation of dislocations in the BECTEmperature
increase in BCC iron is also associated with an increase in phonojd@ya2g6 129].

These competing phenomena, namely the softerghgwior due to a decrease in
nucleation barrier and lattice friction and the hardening behavior due to the increased
phonon drag, result in the overall weak temperature sensitivity of yielding behavior in
Fe above the critical temperature defined as 3&iKilarly, the relaxation stress,
associated with dislocation nucleation in the FCC aluminum region, from the misfit
sites as well as from the bulk, also decreases with increasing tempgra&jréhis is
largely attibuted to the effect of thermal fluctuations in the crystal which facilitates the

nucleation of dislocations and their movement. The mechanical contribution to the
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energy barrier is compensated by the thermal energy. Finally, the interfaces and their
types have been shown to play a major role in strain hardening and strain hardening rate

as they were found to increase in incoherent interfi®3s

D. INTERFACIAL MIXING

Interfacial mixing of Fe and Al atoms is studied at several temperatures using
the Mean Squared Displacement (MSD). This method indicates the displacement, in the
X, Y, and z directions, of Fe (or Al) in a predefined region which will be referred to
hereinas the close interface. This displacement is perceived on thepld&Figures
41a and41b) as a straight line following the start of mixing between the two regions
which is associated with the minor overshoot shown in the plots. This close interface
region contains the first 7 layers of Al and 7 layers of Fe away from the interface.
System temperature ranges are selected to range from 150K to 900K to ensure solid
state mixing. Thaimulations ran for a total time of 4.5ns at the designated strainfrate o
5x10’ st. In Figures41, displacementare reported on the-gxis in angstroms (A)

versus strain.
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Figure41 The mean squared displacement of (a) Fe in Al and (b) Al in Fe versus strain
at all temperatures from 150K 890K

Each of the minor jumps is associated with stress drop in the-stragsplot.
This is also referred to as a relaxation in one of the materials. As such, the displacement
of the different atoms only occurs after system relaxation and as a febgt o
nucleated dislocations. The time corresponding to the start of the displacement of
atoms, therefore the mixing, occurs at considerably low strains. As temperature
increases, strains are also found to decrease. This is associated with increase in the
thermal fluctuations at higher temperatures. The energy barrier needed to initiate
interfacial mixing between the two materials is partially overcome by the mechanical

load applied to the system with balance provided by the generated heat.

The MSD figures suggest that as temperatures increase, the slope of the MSD
curve, which corresponds to the displacement velocity of the atoms, also increases. This
is in accordance with the wedistablished temperature effect on displacement and
diffusion coefficients. Due to the presence of misfit dislocations at the interface,

creating defects in the structure, and making room for atoms to move, the displacement
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initiated at the early stages is detected in the systemostructure irFigures 2 (a and

0). As strain increases, an interphase region appears quickly as atoms of Fe circulate in
the Al region (and vice versa) with more noticeable visual mixings@2 (a-f)).

concurrently, the movement of aluminum (red) and iron (blue) atoms is accompanied by

the increase of dislocation density in both materials across the intdfigsdZ (g-1)).
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Figure42 Interfacial mixing (af) at T=500K and different strain values and
corresponding dislocations-(j Red dislocations are screw, blue are edge, and grey are
mixed. Dominance of the edge dislocations is noticeable in the aluminum FCC crystal
whereas anuchlower density of mostly extended screw dislocations is visible in the
BCC Fe crystal

22.5%

These findings imply that the dislocations nucleation induces or facilitates the
migration ofthe atoms at the interface. As per their definition, dislocations are line
defects in a crystal, and any type of defect is considered as the original source behind
any eventual mixing., The dislocations created in the Al FCC region pile up on the
interface and aid the nucleation of dislocations in the Fe BCC from the interfaduoe on t
other side. The dislocations in Fe, although much less dense as cotogaces in Al,

first appear at the interface and grow into the extended screw dislocations (Pigure 3

Figure 43shows interfacial mixing and dislocation patterns over five

temperatures ranging from 150K to 900K. The effect of temperature on the number of
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migrating atoms from both layers at the interface can be seen in the left column and are
indicative of atomic intermixing. Visually, the mixing between the Al and Fe layers

does not seem to be largely affected by initial temperature. This observation will be
further corroborated below by the RDF results. The initial temperature can, however,

affect the thermal expansion in the bulk of the material.
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Figure43 Effect of temperature on the mixing at the interface at the last simulation step
corresponding to 22.5% strain.

E. RADIAL DISTRIBUTION F UNCTION AND INTERMETALLIC COMPOU ND FORMATION

During loading, the RDF is computed at different positions in the system. RDF
defines the positions of different neighboring atoms to each of the system atoms. The
distance of these neighbors is stored in the RDF thudirgsin a global picture of the
structure of either material at a given time in the simulation. The system is divided into
N bins over which the distribution of the atoms is considered. This distribution is then
averaged over time (or number of steps)eAlbading of the system, the RDF is
assessed for the interface at different temperatufégime 41. All these temperatures
are below the melting temperature of aluminum so that materials remain solid. The RDF
was plotted in Figure45a and 4b at diffaent regions in theystem, namely in the bulk

of the Al and the Fe regions and at the interface between the two materials.
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r (A)
Figure44 The evolution of the RDF of the interface structure at different temperatures.
The first twopeaks of the RDF merge into one larger peak due to temperature

increasing (T=700K and T=900K). Positions of the first four nearest neighbors are
preserved.

Peak positions are investigated at the last step following load application and
compared to the indl RDF for T=300K Figures45 (a-c) show positions as compared
to the original structures of Al and Fe separately. The atomic arrangement at the
interface, such as the one shown in Figd&-f), indicates a transition from a sharp
interface into a dftised interphase region with noticeable mixing. The RDF in Figure
44 corroborates these resudtisdifferent temperature$his evidence suggests that
solid-state mixing is achieved at relatively low temperatures provided the high
compression |l oading. Similar to the findir
temperature on mixing between Al and Fe, RDF showed a strubaires relatively
independent of system temperature where the four identified peaks are in accordance
with the FeAl intermetallic CsCl crystal structure (Tabbeahd Figureid).
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Tablel5The evol uti on of itiords withfespecstd temperature. p e a k s
The positions are rather unchanged except for the fourth peak which tends to shift to the
right as temperature increases due to the thermal expansion.

Peak Positions (A)

Peak 1 Peak 2 Peak 3 Peak 4
T=150K 2.482 2.827 4.047 4.801
T=300K 2.478 2.825 4.050 4.811
T=500K 2.464 2.803 4.047 4.830
T=700K 2.445 2.768 4.037 4.833
T=900K 2.467 2.807 4.043 4.849

The RDF is expected to display peaks at positions where a high concentration of
atoms is found. These peat@respond to the’12™d and ¥ ( é) near est nei gh
(NN) in each crystalline structure. For example, when an atom belongs to an FCC

crystalline structure the 1st NN to this atom are expected to appear at a distance of

2 ¢, whered is the latice parameter of the crystalline structure. The 2nd NN would

then appear &t ¢ and the 3rd NN a - ¢ . This explains the peaks that

appear in the RDF of the Al region which translate an FCC crystalline structure with
® T18tv B1=2.864A, B=4.05A and B=4.96A). This structure remains unchanged

even following the large deformation reached at the end of the simulation. Similarly, in
the case of Fe BCC structure, the first three peaks are repodted é(-'t:w 8 g B

0 & cPoahdd WO 181 v.Bhe RDF plots suggest that the crystalline
structure of Al and Fe is preserved throughout the loading process and that the peak
positions correspond to the theoreticalculations (Figurd5a and45b). The RDF was

also plotted (Figurdsc) for the region definedinthecr i pt as the O6cl ose
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represents the neighboring atoms most likely to interact and mix under the given

conditions. The RDF found for this region shows four peaks that overlap at some levels.

A postanalysis deconvolign demarcates the precise positions offitts¢ four peaks of

this RDF as the colored peaks located akyrs and n (values listed inrable 16.
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Figure45 RDF at first and last steps for (a) Al, (b) Fe, and (c) Al/Fe interface (all at
T=300K) indicating the preservation of the Al and Fe crystal structure during the entire
loading process and showing the structure of the interface reflected by thaufirst
peaks corresponding to the first four nearest neighbors.

Zhang et al[130] found that the FeAl intermetallic compound has a CsCl
structure with a lattice parameter o£2.893A. Such a structure rese
structure but contains an aluminum atonthi@ center of its unit cell instead of an iron
atom. The aluminum atom which has larger radius than the iron atom slightly distorts
the cell and expands it when compared to the Fe BCC perfect crys@aB@rA).
Based on the crystatructure of this irdrmetallic compound, the theoretical positions
of the first four peaks of this structure would be located &2 BO5A, B=2.893A,
Ps=4.09A, R=4.797A. Tablel6lists the positions of the peaks identified from lattice
parameter values published Blgang,et al.[130]. Following slow relaxation of the
system and cooling to room temperature, these values cofaparably suggesting

that the generated structure at the interface is likely FeAl intermetallic compound.
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Table16 Expectel peak positions according to Zhang, efE30] versus found peaks
position (this work). The most likely intermetallic to form is predicted by the positions
of the neighboring atoms found following mixing.

Expected position
Peak positions (A)

Peak Number (A) according to Difference %
(this work)
Zhang, et al.[46]
r 2.505 2.478 1.08
ra 2.893 2.825 2.35
rs 4.09 4.050 0.98
ra 4,797 4.811 0.29

These results support the theory which limits the effect of temperature on the
structure of the formed intermetallic compound in the case of (1) quench cooling from
high temperatures (past melting) and (2) an unstressed (or uncompressed). systems
However, in these simulations, the structure of the intermetallic compound is dominated

by theeffect of the compressive stress rather than the temperature.

F. DISCUSSION

The sameMD simulationswerealsoconductedn other interfaces and yielded
similar results in terms of the crystal structure of the intermetallic compound formed. In
this seond orientationhe different atoms were stacked in théizction [001] thus
creating an interface of this same direction with respect to both materials. The
difference in the crystal structures (FCC vs B@&ults inan incoherent Al/Fe
interface and thiarge differencdetweerthe Fe and Al lattice parameters<a.867A
[23] and a=4.05A[24] respectively)gives rise to artificial internal stressghen

periodic boundary condities are usef22]. In order to minimize the misfit between the
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two materials, the aluminium crystal was rotated byattout the zaxis. The spacing

thereforebetween the Al atoms was reduceg'—td) ¢& @ taBd the lattice

mismatch between Al and Fe was reduced to 0.11%. Due to the minimal mismatch in
the spacing between the interface layers misfit dislocations are not automatically created
and strains need to be added to the different layers in order to creaf@Shefidter

having taken into account the orientation of the crystals such that the internal stresses
due to the mismatch of the lattices are minimized, the position of the Fe atoms with
respect to the Al atomsas then investigated his wasdoneusingthe generalized

stacking fault interface energy as a function of the offset of Fe with respect to Al in the

x and y directions designated by dx and dy respect[2ély

This study was performed as aneépeéndent step in one of the simulations prior
to minimization and its results were adopted for the rest of the simulations. The surface
plot presented ifrigure 4@ indicates that the lowest energy of the interface is obtained
forQw Qw mwhich in other term means that the origin of the Fe lattice should not
be offset and thus the Fe atom would be placed midway between the two neighbouring

Al atoms of the adjacent layer as shown in Figlgle
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Figure46 Al (FCC) / Fe (BCC) [001] interface: (a) generalized stacking fault interface

energy surface plot showing the most stable position of Fe atoms with respect to Al in

terms of dx and dy. The corresponding configuration of Al/Fe system in (b) side view
xz plane and (c) top view xy plane.

Unlike in the case of the original KS orientation, the case of the new theoretical
interface orientation, and as expected given the minimization of the lattice mismatch,
misfit dislocations were not generated in eithetenal and for any of the temperatures
tested.The mechanical response of the systdsoreveals a stresstrain behavior vth
two relaxation stresses the first one correspondingetadicleation of dislocations from
the bulk in theAl regionand the seondcorresponds to the nucleation of dislocations

which took place from the interfagethe Feregion

Also similar to the previously reported simulation resulisipcations on both
sides of the solid Al/Fe system are observed to multiply and grosthshbthe same

strain levels corresponding to concurrent relaxations in the -stiress plotsThe RDF
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analysisagainindicates that the most favorable posititims mixed Al and Fatoms

would assume are that of the FeAl intermetallic compound (Gg€lat structure).
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CHAPTER M

YIELD AND FLOW STRESS MODELSFOR AL/FE
INTERFACESUBJECTED TCEXTREME LOADING AND
THERMAL CONDITIONS

In further analysis, MOvas agairemployed to simulate the mechanical
response of Al/Fe interface under compressi@xtteme conditions of seven
temperatures and four strain rates ranging between 150K and 900K and'§'GuitD
1.0x10%?, respectivelyYield and flow stress models are proposed for this range of
temperature and strain rate based on the MD generagedttassstrain histories show
two distinct yield stress points for simulations at temperatures below 500K, which tend
to merge into one as the temperature increases. Microstruahalgisisshowthat
nucleation of dislocations, which occur in the bulkkhee aluminum region, is associated
with the first yield point. In the iron region, dislocations nucleate at the Al/Fe interface
and are associated with the second yield point. The incoherent interface employed in
these simulations contributes to the hegeneous nucleation in iron by creating a
defected area favorable for this nucleation from the aluminum side. The competing
mechanisms between dislocation motion and phonon drag driven deformation are also

simulated and modeled.

A. SIMULATION SETUP AND POTENTIAL
Similar to the simulations reportéu Chapter 3, LAMMPS was employed to
investigate the mechanical response of the Al/Fe intedgstemunder extreme
conditions of compressive loadimgth focus on the effect of strain rate and
temperature on the mechanical behavior of this mixed sySteeninterface orientation

was chosen such that the difference between the atom spacing in the Al and Fe regions
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is minimized. This interface places thaxis in the [001] direction for both crystals. As

elaboratedn Chapter 3F,he rotation of the Al crystal by #&about the zaxis[131]

reduces the spacing between the Al atoms to beéothe C& @ tthus resulting in

negligible lattice mismatch between Al andd¥é.11%. The position of the iron atoms
with respect to the aluminum atoms was chosen based on the surface energy

calculations as reported previoughigure 46.

The EAM potential developed by Mendelev efldl0] was adopted once more
during these simulatiorte describeéhe Al-Al, Fe-Fe, and F&l interactions. The

detailed equations of this potential are all reported in Chapter 3A.2.

B. EFFECT OF TEMPERATURE AND STRAIN RATE ON MECHANICAL RESPON SE OF
AL/FE INTERFACE

Figure47 shows the stress strain behavior of the simulated Al/Fe interface at
temperatures of (a) 150K, (b) 300K, (c) 600K, and (d) 800K all at the strain rates
5.0x10, 5.0x16, 1.0x106, and 1.0x18s?. Initially, the response is linear elastic with a
sl ope corresponding to the AIFg&aeshosvy st emo
that for deformation temperatures well below the critical temperature (Tc=340K for
iron), two distinct yield points ar@fmed. The lower yield point corresponds to the
nucleation and generation of dislocations in the Al region leading to stress relaxation as
manifested in the change of the slope or the drop in stress. Following that, a strong
hardening effect is displayeddding to a large increase in the stress until the nucleation
in the Fe region ensues. We can also see that as theratesincreases, slight increase
in the nucleation stress in Al is detected especially fd50K (Fig47a) and T=300K

(Fig 47b). As tre temperature increases, the sensitivity of the first yield stress to strain
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rate decreases. However, it appears that at this very low temperature, yielding in Fe is

somewhat strain rate insensitive.
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Figure47 Al/Fe system stress versus strain curves for (a) T=150K, (b) T=300K, (c)
T=600K and (d) T=800K ank= 5.0x10s?, 5.0x16s?, 1.0x10s?, and 1.0x18s?

The strong hardening behavior in the system is attributed to the dislocation
accumulatiorat the inteface in addition to the ability of the interface to partially absorb
the blocked dislocatiof2] leading to their annihilationhis strong hardening
behavior disappears at higher temperatures (greater than 400K). This is depicted in
Figure &4c and Zd where only a single yield point marks the plastic relaxation process
indicating that above the critical temperatafeéron, thenudeation stresses in both
metals are very close. To connect the different aspects détbemation process and

mechanical behavior with the underlying physical phenomenon causing them, detailed
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microstructural analysis showing different features of tseldo c at i onsd nucl

interactions are discussed below as obtained from thgopastssing tool OVITO
[131].

Following the effect of strain rate on the nucleation stregd and Fe, the
deformation temperature affects the two materials in a very differgntiw&igure47,
the nucleation stss in Al decreases from aboutBa at 150 K to around 5GPa at 800
K indicating a modest temperature sensitivity in Al. This can be explained by the
balancing effects of the temperature softening on the banmaéeggfor bulk nucleation
in Al and the opposing temperature hardgreffect of phonon drag.adpetition

between these two factors results in relatively small drop in Al nucleation stress.

For iron, nucleation stress at 5.0%¢bis found to decrease sharflpm 8GPa
at 150 Kto 6GPa at 300 K. Stress then drops smoothly to 5.5GPa and 5GPa at 600K
and 800K respectively. This behavior is attributed to the much more pronounced
temperature softening effect on lattice frictmmmonly reported for BCC, especially
at temperature below tlogitical temperature when compared to a modest temperature

hardening effect of phonon dr§46,55,132]

Since the simulations are carried out on pristine Al/Fe interface at extremely
high strainrate, elastic overshoot in the stress is unavoid&bolehbehavior has been
reported for pure metals simulated at wide range of temperatures and strdinljates
In pure metals, the elastic overshoot is followed by abrupt drop in stress due to plastic
relaxation associated with homogeneous, and a single yield points marks this event. In
the case of the simulated Al/Fearflace, the combined effects of temperature, stress,
and the presence of the interface itself, add up to a complex picture that requires

detailed analyses of the microstructure evolution. Plastic relaxation in such incoherent
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interface with no preexistingislocations may take place by the nucleation of

dislocations homogeneously from the bulk, or heterogeneously from the interface. In
BCC metals, the core of screw dislocation is compact unlike that of the edge and mixed
dislocations. As a result, the latifriction of screw segments is much larger than that

of other dislocations. This behavior changes when the deformation temperature
approaches the critical temperature of the material (340 K for iron), where lattice
friction for all types of dislocationsecomes almost the same, and thus the mobility

becomes isotropi!6,132]

Effective modulus values are calated at all simulated temperatures and stain
rates and plotted iRigure 48 The effective elastic modulus decreases with temperature
in a linear fashion. This may be attributedhedrop in the atomic bonding strength
with temperature allowing easiatlice deformatiofil33]. The elastic modulus appears

to beinsensitive to strain rate at all simulated temperatures

o

Strain Rate = 5.0x107s™

[m]

Strain Rate = 5.0x103%s™

<

Strain Rate = 1.0x10%s!

>

Strain Rate = 1.0x10'%s!

Figure48 Variation in the effective modulus with temperature at different strain rates
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C. MICROSTRUCTURAL ANALY SISOF DISLOCATIONS NUC LEATION AND EVOLUTIO N IN
AL/FE BIMETALLIC SYSTEM

During the mechanical analysis of the Al/Fe system it was found that,
depending on the combination of the strain rate and temperature, two distinct yield
points with different magnitudes a single yield point is formed the stress strain
plots. In order to explain some of the behaviors observed in these plots of FHigtie
effects of temperature and strain rate on dislocation microstructure evolution in the

Al/Fe bimetallic systens investigated.

The large stress required to relax the Fe crystal at temperature below the critical
temperature ipredominatelydue to thevery low mobility of the screw dislocations at
low temperaturedn order for yielding to occur, the applied ssehould surpass the
nucleation stress. The latter is cayspd of a thermal part and a constant athermal part

(, )as

” ” z ‘a ‘HZ (3)

where T refers to the temperature (K§jks Bol t zmannés const at
activation volume and and- the strain rate and reference strain rate respectively. As
temperature increasas constant strain rate, the ratio betweemd- decreases and
thus the logarithm eventually becomes negative leattiegeforeto a drop in the yield
stress with temperaturk.is to be noted here, that in this system, dislocations are
nucleated in Fe from the interface in Fe, which is expected soraller than its
homogenous nucleation stress which highlights the effanterface on the overall
yielding behavior. The analysis of the microstructure presented in F¢@ré8and 3

illustrates that after relaxation occurs in Al, it becomesaratlasier for Féo follow due
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to the creation of favorable nucleation sites located at the interface after dislocations

have accumulatedbsorbed from the Al sidé31].
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Figure49 Dislocation microstructure evolution for a strain rat®& ®x107 and T=150K
(a) 8.11% nucleation of the first stable dislocation loop in Al from the bulk (b) 8.13%
dislocation multiplication and growth. Screw (red), edge (blue) and mixed (grey)
dislocations presence with no preference between the types (c) 8iddeations in Al
migrate and get pinned and partially absorbed at the interface (d) 9.90% nucleation of
the first stable dislocations in Fe from the incoherent interface (e) 9.98% dislocation
growth in both Al and Fe regions with dominant presence teinebed screw
dislocations in Fe (f) 15% growth and multiplication of dislocations in both regions (Al
bottom half; Fe top half)
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Figure50 Dislocation microstructure evolution for a strain rate of 5.0x107 and T=500K
(a) 8.38% hlk nucleation in Al (b) 8.56% migration and pinning at the interface after
getting partially absorbed (c) 10.2% heterogeneous nucleation at the interface in Fe (d)
13.4% multiplication and growth of dislocations (e) 15.6% absorption of dislocations
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createl in the Fe region (f) 18.1% new nucleation and growth in both regions (Al
bottom half; Fe top half)
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Figure51 Dislocation microstructure evolution for a strain rate of 5.0x108 and T=500K
(a) 8.35% nucleation of the first stalolislocation loop in Al from the bulk (b) 8.63%
dislocation multiplication and repartition in screw (red), edge (blue) and mixed (grey)
dislocations with no preference between the types (c) 9.88% dislocations in Al migrate
and get pinned and partially abked at the interface (d) 11% nucleation of the first

dislocations in Fe from the incoherent interface (e) 13.5% dislocation growth in both Al

and Fe regions (f) 18.8% growth and multiplication of dislocations in both regions with
a clear dominance of ext@ed screw dislocation in the Fe region (Al bottom half; Fe

top half)

Considered areepresentative cases of strain rates of 5.6518nd 5.0x18s

and temperatures of 150K and 50@%gure 4 shows snapshots of ti@crostructure
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formed in a samplsubjected to Bx10’s? at 150K. Dislocation nucleation is initiated

in the Al region. Small loops of Shockley partials are nucleated in the Al bulk which
soon multiply and migrate immediately after that toititerface (Figs49a and49b).

The dislocatios appear to be partially absorbed by the incoherent interface leaving
behind debris of small dislocation segments and half loops as illustrated4@ckibhis
leads to the hardening behavior seeRigure 4a. Once the applied stress becomes

high enoug, dislocations nucleate in the Fe region from the interface which constitutes

a favorable site to this nucleation as seehig49d.

The hardening behavior observed in the stress straingdlbtgure 47can also
be correlated to the different typessefssile dislocations that are formed in the Al
region as depicted in Figs2a-d. For the Al/Fe interface system, the figures plot
hardening mechanisms and dislocation types such as Stair Rod, Hirth and Frank locks,
which limit the movement of the Shockleartials, thus, contributing to stress
hardening. Once nucleation stress in Fe is attained, the first dislocation appears in the Fe
region from the interface and extended sessile screw dislocations are formed, due to the
movement of the highly mobile edgegments (Figgd9e and 4f). The edgesegments
get absorbed at the interface and the screw lines remain sessile or slightly moving until

the stress becomes sufficiently high to allow them to move.

When deformation temperature increases to 500K, whiahase the critical
temperatur@f iron, microstructure evolution in the Al regidiecomesimilar to that
observedat 150K. Once the appliesiress exceeds the sstfess of the first dislocation
loop, the dislocation bows out and expands (F38s, 50b). In theFe region extended
screw dislocations are no longer present indicating isotropic mobility of edge and screw

segments.
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(d)

Figure52 Hardening mechanisms and dislocation types in Al/Fe interface system at (a)
£ =5.0x10st and T=150K (b = 5.0x10s! and T=500K (ck = 5.0x1Fs* and
T=150K and (dt = 5.0x1(¢s? and T=500K and 17% strain. Al region: Perfect
dislocations (navy), Shockley partials (green), Stair Rod (pink), Hirth (yellow), Frank
(cyan) and Fe regio2<111> mobile dislocations (orange) and <100> sessile
dislocations (purple)

The same process of stable bulk nucleation in Al followed by multiplication
and migratiorof thedislocations to the interface is again observed at a higher strain rate
of 5.0x1@s! and T=500K (Figs51a, 5lb and 4c). These dislocations are again
partially absorbed by the incoherent interface and thus form a favorable nucleation site
to the dislocations in Fe (Fidl8). The unique effect of the increase in strain rate is
observedn the presence of extended screw dislocations in the Fe region even above

critical temperature. This is also in accordance Wwiture 52where the quantitgf
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<100> sessilélislocations in BCC iron increase with increasing strain rate at fixed
temperatue (Figs.52a ands2c for T=150K and Figs2b and 2d for T=500K). This is
not the case for aluminum where the different junctions and jogs are not found to

change much with strain rate at fixed temperature.

In addition to the microstructure evolutiobsrved in Figured9, 50and 4,
another important mechanism is highlightedrigure 53where two dislocations in the
Fe region with the same bur ger dodowmgeact or ar

double cross slip commonly reported in BCC defdromamechanisms.

Figure53 Annihilation mechanism by double cross slip in BCC Fe regidn at
8 v and T = 300K and strain of (a) 12.4%, (b) 12.7 %, (c) 12.8%, and (d)
12.9%

Complementing the microstructuinéstories evolution and the mechanical
response of thAl/Fe interface system, the effect of temperature and strain rate was also

considered on the dislocation dengtyolution inFigure 3l at a constant strain rate and
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