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Abstract

The automotive industry is adopting the application afjmesium and magnesium alloys in order to produce
light-weight autebody structures. Therefore, it is essential to evaluate theldeadng capability of these

metals in spot welded applications, since spot welding is widely used to assemble the bazheotsnp

Failure of spot welslis one of the major durability issues of aledy structures in monotonic, cyclic and
impact loading conditionsSpot weld performance is a special concern becaue afperation of a localized
stress field at the edge efich welchugget. The loathearing capability of a spot weld depends strongly on the
toughness of the microstructure existing at the edgieesfugget including fusion zone and heat affected zone.
Therefore, any microstructural feature which deteriordtes toughness properties is considered to be
detrimental to the structural integrity aspot weld. This study attempts to assess the effects of microstructure
on failure characteristics and mechanical performance of magnesiurwvedget! structures in nmotonic

loading.

Microstructural evolution in resistance spot welding of AZ31, AZ61 and AZ80 magnesium h#eylseen

studi ed. The r esul tMgiAAl,InYlidicoecédesatectic phagse attthie grain bouindaries of
bothfusion zone and heaffected zone. As the Al content of the magnesium base alloy increased from 3 wt.%
(AZ31) to 6 wt.%(AZ61) and 8 wt.%(AZ80), thevolume fraction ofb phaseincreasecdoth in heat affected

zone and fusion zone. It was found thdth increase in volume fraction tfie b phase, tensile shear properties
ofspotweldwer e adversely affected. Mi crostructur al e X ami
sites for micrecrack initiation in monotonic loading of spot weldt was found thatsthe Al content of base

metal increased from 3 wt.% (AZ31) to 6 wi(%Z61) and 8 wt.%{AZ80), the loadto-failure and elongation

to-failure of spot weld (with almost identical nugget diameter) decreased. At the samettiefajlure mode

changed from interfacial (in AZ31) to nuggetpalut (i n AZ61 and AZ80) . Removal
via postweld solutionizing treatmentas found tdncrease theveld strength and ductility of high Abearing

magnesium spot welds (i.e. AZ61 and80). Failure mode also changed from nugget-pull to through

thickness.

With the absence df intermetallics inthe microstructure of posiveld heat treated weldplasticity occurred

near the edge of nuggetinder loadwhich introduced resistance awgt crack initiation.The pastic zons

could be identified by observation of heavily twinned microstructure near the crack region. Inspection of
misorientation boundaries between the parent and twinned segments revealed theprole pf- p TT1p ¢

doulde twinning, which essentially involved rotation @ ¢ p nQfo ® JXelative to parent, on formation of

transgranular micraracks. This twinning mode intensified the shear stresses resolved onto the basal slip



systems, leading to early shear localization @&mnsgranular void/crack initiation. It was argued that the
susceptibility of an individual grain to transgranular cracking depended strongly on its orientation relative to
the stress condition. Those grains in which the stress field created a higlstsbesas onto theip 1tp p

twinning systemsvere more susceptible to transgranular fracture. The prin@ryp p twinning mode was

found to follow a Schmidype behavior in most of the studied grains.

For AZ61 and AZ80 magnesium sheets with sharp basalre, the stress conditiamder loadingat the
coarsegrained microstructure othe heat affected zone resulted in high activity @frtpp twinning.
Therefore, the heat affected zonestloéseAZ alloys were susceptible to transgranular fracture. Nbat
affected zone in ZEK100 sheet, demonstrated higher toughness. Due to-gsaiimedl microstructure along

with more randomized texture, heat affected zone of ZEK100 exhibited lower twinning activity. Therefore, in
tensile shear loading of AZ80/ZEK1Gflssimilar spot weld (in posteld heat treated condition), fracture
occurred preferentially irthe heat affected zone of AZ80, while the heat affected zone of ZEK100

demonstrated high resistance against fracture initiation.

From the experimentalumeri@l work on fracture study in tensile shear loading of magnesium spot welds, it
was concluded that the toughnesghe material was associated with combined effect of stress condition and
microstructure. This combined effect was further investigated byhamézal testing of magnesium sheet
metals using doubledged notched tensile (DENT) specimens. In order to evaluate the effect of texture on the
notch sensitivity, DENT specimens were made with
direction(for ND specimens) and transverse direction (for TD specimens). The mechanical test results for AZ
alloys indicated that the strength and ductility of specimens with notches along the normal direction were
lower compared to those with notches along thasverse direction. Schmid law numerical calculations were
conducted based on the notch stress condition and crystallographic texture of the alloys to predict the activity
of different deformation mechanisms (i.e basal slip, prismatic gimp ¢ twinning and ptp p twinning)

at the notch root. The difference in notch sensitivity in ND and TD specimens was associated with an activity
competition between prismatic slip amqutp p twinning. The numerical results predicted higher activity for
pTIppP contraction twinning atthe notch root of ND specimens than that in TD specimens. The easy
activation of pmtpp twins in ND specimens, led to transgranular shear localization and early fracture;
however in case of TD specimens, prismatic slip was more adtiteeanotch root which led to more
homogeneous deformation and delay in shear localization. Owing to its more randomized texture, ZEK100

alloy appeared to be less sensitive to the notch orientation.
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Chapter 1

|l ntroducti on

With the growing demand for increasing the fuel efficiency and iaduaf pollutant emissiors,
production of lightweight structures has attracted much interestthe automotive industry.
Magnesium alloys owing to their low density combined with high specific tensile strength, are
potentially good candidates to replace the steel aumghinum alloys in structural components of
automobiles. Magnesium is the sixth mos abundant el ement in the wear
approximately 75% less thanatiof steel and 33% less than the density of alumifilimAccording

to U.S. Automotive Materials Partnership (including Chryslégrd and General Motors),
Magnesiumbasedcomponents should contribute to 15% weight reduction per vehicle by[2D20
Recently, magnesiumlloysin the form ofrolled sheet metal is being considered use in the auto

body componentf3]. The sheet metals are assembled by resistance spot welding for manufacturing
of automotive body components. A modern car typically contains -8000 spot welddq4].
Therefoe, having the science and technology for production of magnesium spot welds with high
load-bearing and energgbsorbing capabilities is essential to expand the application of magnesium

materials irtheautomotive industry.

1.1 Motivation

Over the past decaddésading automobile makers have used magnesiased materials in their
automotive parts such as gearbox housing, steering wheel, fuel tank cover, air bag housing and
suspension systeniit], [5], [6]; however its role as a major material for abtaly manufacturing is

still challenged. Therefore, it is essential to examine the mechanical performaspetafelded
magnesiunsheet metatomponents under static and cyclic loads.

Failure in resistance spot wsltlas been identified as one of the major durabddpcers in aute

body componentg7]. Due to presence of a sharp notch at the circumfereneeeny spot weld, the
material is subjected to complex multiaxial loads during service. Due to the restrictive nature of spot
welding assmbly, the design process is not able to do much to alleviate the stress condition.
Therefore, strength and integrity of a spot weld depends strongly on the quality of the material at the
vicinity of the spot weld notchThe failure locationand modecan sgnificantly affect the load
bearing capability of spot weddhs well agheir energyabsorbing capacity in a car crash. For a spot

weld under service, with low ratio of nugget diameter to sheet thickness, interfacial failure is the
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dominant mechanism o#ifure[4], [8]. In case of a spot weld with high ratio of nugget diameter to
sheet thickness, the materialstire fusion zae, heat affected zone and base metal experience high
stresses. Therefore, fracture can occuarig of these region§8], [9]. The local notch toughness of
materiak determines the failure mode and mechanical properties in the large sge{1l Notch
toughness is an indication of capacity of materials to absorb strairydrefoge fracture and depends
strongly onthemat er i al 6 s st r[]n[d2]. Wheraforal ay dnicrodtriciural tfeptures
which affect the strength and ductility of material, substantially contribute to failure mode and load
bearing capability of a spot weld.

Ductility of magnesium alloys depends strongly on the microstructural features suatoadase
phase(s), grain size and crystallographic texture. When magnesium material is subjected to a tensile
stress, brittle fracture of intermetallic compoumasy lead to early fracturfl3]i [16]. Elongationto-

failure is significantly affected by grain sige7], [18]. Wrought Mg alloys normally take up a strong
basal texture during mechanical pessing[19], [20]. Due to lack of active slip systems time hcp

lattice at ambient temperatures, these alloys demonstrate anisotropic behavior during plastic
deformation. The conventional magnesium sheet metals lack the ductility for energyiabsamgt

shear easily2].

1.2 Objectives

The major aim of the current research is to understand the microstructural effects on fracture
characteristics of magnesium alloys, subjected to a localized stress field, operating due to presence of

a stressaiser. The major objectives in this work are as follows:

U Characterization of microstructural evolution during resistance spot welding

Since both heat affected zone and fusion zongre®entat the edge oé nugget, they are both
subjected to intensified stresses wiagpot weld is in service. The significant effects of welding
thermal cycle orthe microstructure of fusion zone and heat affected zone must be studied in

order to predict the mechanical strengtid energyabsorbing capacity @ spot weld.

U Microstructure -property relationships in spot weld
In the majority of previously published works, the mechanical performance and fracture mode of
spot weld (in static and cyclic loading conditions) were istigated using solid mechanics

approaches and microstructural factors (such as intermetallics -taittwe and grain size) were



mostly neglected. This study aims to understand the contribution of such microstructural features

to mechanical performancedfailure mode of spot wedd

U Characterization of failure micro-mechanisms

Before general fracture, microstructure is damaged locally by certain types of mectaunisims
loading A major part of the current work is to characterize such mmeohanismsrad find a
correlation between their activity and microstructural fractures. Reduction of the activity of such
micro-mechanisra (by microstructural modification) leads to delay in fracture and consequent

improvement in mechanical properties.

U Modeling the combined effect of micratexture and stress condition

There has been a lack of data on how magnesium alloys respond to a complex stress field,
operating ahead of a stress raiser. It is of great importance to understand how the localized strain
energy is retased inthe microstructure. A modehas beerdeveloped in the current research,
accounting for both micrtexture and stress condition, in order to predict the activity of
deformation mechanisms. Having the fundamental knowledge of the effects of stréis®e on
deformation activity in microstructure, enablbe design engineers to alleviate (or change) the
stress state in order to exploit the desired mechanical performance webdrfabricated

magnesiunalloy structures.

Organization of the Thesis

The current workis subdivided into eight chapters. Chapter 2 prowidackground information
regarding fracture in magnesium and microstructural effects on its fracture strength and fracture
characteristics. This chapter algwwesentsbackground informatin regarding stress and strain
conditions in spot weklsubjected to external loading. Moreover, the impacts of microstructure
(including fusion zone and heat affected zone) on the failure mode anbdasdg capacity of spot

weld arediscussed.

In chagter 3, the materials, conditions, experimental methods and test equipment used in the current
work are explained in detail.

Chapter 4discussed in detaihe effects of alloying elements (in chemical composition ofAlgZn

alloys) on the mechanical propies of spot weld The effects of welding thermal cycle on
microstructure in fusion zone and heat affected zpag@resented. The weld microstructhias been

characterized by optical microscopy (OM), scanning electron microscopy (SEK) iffraction
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(XRD) and transmission electron microscopy (TEM). This chapter demorssthate ductility of
magnesiunis adversely affected by the formation intermetallic compounds during welding. Fracture
micro-mechanismsare also characterized in microstructures witlyh volume fraction of the
intermetallic compounds. The capability of post weld heat treatnfientimprovement of
microstructure and mechanical properties of the wgalliscussed.

In Chapter 5 attemptare made to find a correlation between fracturgation and twinning activity

in magnesium subjected to intensified stressdleaticinity of spot weld notch. This was achieved

by experimental investigation of mictexture, along with numerical modeling using Schmid law
combined with finite elemeranalysis. In order to characterize the twins, miexdure in the fracture
zone was studied by electron backscattered diffraction (EBSD). The dislocation activity within the
matrix and twins were investigated by TEM. It was demonstrated that local tguctiinagnesium
material depergistrongly on the micraexture and grain size.

Chapter 6 presemtexperimental approaches to confirm the claims made in chapter 5. It was
demonstrated that the spot weld toughness and ductility were significantly affeqjesirbgize and
crystallographic texture at the vicinity of notch. This is due to the fact that a magnesium
polycrystalline material, with finer grain size and more randomized textuable to accommodate

the localized inelastic strains more effectively

Chapter 7 discussdhe effect of micreexture on the notch strength and notch sensitivity of the
magnesium materials. The justification for the notch sensithdiy been calculatatsing a Schmid
based numerical analysis combined with finite elera@atysis at the notch root.

Finally chapter 8 list the major conclusions and contributions made in this work and m®vid

recommendations for future research.



Chapter 2

Background and Literature Revi

In this chapter, baground information regardinghe materials and processes used in this study are
presented. Firstly, magnesium and magnesium aléwgsntroduced with focus on their fracture
characteristics and the effects of microstructural features on fracture strength and dScidlity.
informaton has beerutilized in the current work to understand the migrechanisms leading to
failure in resistance spot wetif magnesium alloys. In the second section, resistance spot widding
presented with focus on failure modand mechanisms, when spot ldge are subjected to a
mechanical loading. Background informati@ssociated witlstress and straiconditions inspot weld
under mechanical loadirig presented as well. Having a good understanding of stress and strain field
in spot weld is necessary to understand the failure mimechanisms. At the end tfis chapter, the
literatureassociated with processructureproperty relationships in welding of magnesium allayes

presented.
2.1 Magnesium and Magnesium Alloys

2.1.1 Deformation and Ductility of Magnesium Alloys

Despite their industrially desired properties such as high specific strength (strength to weight ratio),
good castability and machining behavior, the wrought magnesium dieysdemonstrated poor
formability and ductility at roontemperature, whicthassignificantly limited their applications in
autobody production. The theory proposed by Ty@t], following von Mises[22] suggested that

five independent slips systems are necessary to be activated in a polycrystalline material in order to
have a homogeneous deformation. Those crystal structures lacking five independent slip systems are

more prone to premature fraceé and thus considered to have poor ductility.

Magnesiumhas a hexagonal close packbdp) crystal structure with the lattice parameters of at3.2
A andc/a ratio of 1.62423]. Basal and prismatic slip systems wiOBurgers vectors, offer only
four independent modder deformation Slip on the close packedimirtp planes of Mghcp lattice

is energetically more favored than the other slip systems. Although thelosmpacked prismatic
planes possess greater Interplanar spattimg the basal plas, prismatic gti is more difficult to be
activated due to production of stacking f§24]. The four pyramidal slip modes witfXOburgers
vector cannot be considered as independent modes as they are the product of-glip dretsgeen
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the basal and matic slip modeg25]. It has beerargued that the pyramidal slip wifllo ¢
Burgers vector also provides further five independent slip m{@is [27]. Therefore theTylor
criteriawould apparentlybe fulfilled; however activation ofy ¢Opyramidal slip modes at room
temperature is of argument in the previous researdiese thecritical resolved shear streSRSS)
for the pyramidal slip is at least two orders of magnitude larger than that for basg8lim

magnesium single crystal

It was proposed by Kocks and Westlatkeat ductility of polycrystalline hcp materials can be
improved by localized deformation produced by the twins which are nucleated at thedtigh$ed
grain boundarie$29]. Twinning takes place via small atomic translation (known as shuffling) for
accommodation of deformatiof30]. While slip deformation is a reversible procetse twinning
possesses a ofirectional character. Therefore, twinning is considered as only 0.5 independent
deformation mode; however study of twinning behavior is of great importance. Two different
twinning systemdave beendentified in magnesium. A twinning system leading to accommodation
of tensile strain along theaxis is known as extension twinning whicashshown to be activated and
propagated easily whea crystal is favorably oriented. The twinning which accommodates the
compressive strain alongaxis is known as contraction twinning whidch of great important in
fracture studie$19], [31]i [34]. Figure 2-1 schematically presents the possible slip/twinning systems
in magnesiumTable2-1 lists the reported CRSS values for the slip and twinning systems. Twinning

and crystallographic reorientation by twing is discussed in more detailchapters.

¢ T
Basal Slip Pl Pyramidal m2 Slip
_ a = d
{ooo1} (1120) o {hkil} (1123) =l
— 85.22°)
¢ &t
Prismatic Slip 5 Extension Twinning @
a
{1100} (1120) L {1012}-(T011)

J

2 57.05 ‘
Pyramidal 1 Slip : \ Contraction Twinning @
a
{1101} (1120) B2 {10T11}-(101 2) 1

Figure 2-1 Plastic deformation systems inmagnesium single crystal
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Table 2-1 Estimated CRSS values (MPa) of deformation mechanisms i.e. basal slip, prismatic slip,

extension twinning (Etwin) and contraction twinning (C-twin), reported in the literature for magnesium

alloys
Material Method CRSS.sal CRSSism CRSSwin  CRS&.win
Mg sc 0.81[35]; 39.737]
0.7636]
0.4538];
0.6439]
0.52
AZ31 scC
AZ31 PC, VPSC, |4540] 11040] | 15[40]
XRD*
AZ31 PC, EBSD, | 10/20] 55120] | 30[20]
ND°®
AZ31 PC,SF,EBSD 10032]
AZ31 Numerical
AZ31 PC, ND, SF 25
35(41]
AZ61 PC, XRD
Mg 7.7 at.% 65
Al 75(42]

2.1.2 Microstructural Aspects of Fracture in Magnesium Alloys

A cleavage fracture normally occurs in a brittle or poorly ductile material due to significant increase
in the elastic stresses. A ductile material is capable of relieving the stresses by the generation and

motion of dislocations. Fracture in a ductile material is associated with shear localization and

! single crystal

2 poly crystal

3 visco-plastic sekconsistent model
* X-ray diffraction

® Electron backscattered diffraction
® Neutron diffraction

" Schmid factor



subsequent void nucleati¢#3]. Therefore any metallurgical factor which limits plastic deformation
or promote early shear localization is considered to be detrimental to fracture strength and ductility

of Mg alloys. Such factors can be divided into three categories as follows:

2.1.2.1 Intermetallics

Aluminum is the major element added to enhance the strength of the magnesiunfhllojsum is

also added in order to improve the corrosion resistance ini@aloredig44]. Figure2-2 shows the

Mg-Al binary phase diagram. The room temperature microstructure of the magnesium alloys is
composed-Mgf a tvil:eAlR, With the Strukturbericht A12 lattice structure (spageup

ITom and a 1.06 nm[45]). The strength of alloys based tire Mg-Al systemcomes from both Al

solid solution hardening and Mg, precipitation hardeningnechanismg46]i [48]. Figure 2-3

shows a lowenergy orientation relationship (OR) normally established betvigihg and b
Mgs:-7Al 12 during isothermal aging procedghe aging response of the magnesium alloys based on the
Mg-Al systemis small compared to thetherage hardemble alloys such as ATu and CeBe. The
problem is associated with the nature of the precipitation ppogkih is based on formation of only
equil i br i bDoe tobhighehenargy .barrier of the equilibrium phase(s) compared to the
transition phase(s), the nucleation rate of the equilibrium phase(s) is lower during isothermal age
treatment. Thus, resultant inplate spacing of the particles is not small enotgirequire the
dislocations to sheg49].

Temperature °C

] 10 20 %0 40 50 %0 0 %0 %0 100
Al Atomic Percent Magnesium Mg

Figure 2-2 Al-Mg binary phase diagram[50]
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® Al @ Mg
(a) () (c)

Figure 2-3 The crystal structures of the two phases (a) Mg and (bp-Mg17AlI12 and (c) Schematic
diagram showing the lattice correspondence between hcp and batructures described as Pitsch
Schrader OR[51]

The ascast structure of the magnesium alloys demonstrates poor mechanical properties in tensile
loading. In nonrequilibrium solidification ofa Mg-Al-Zn system solid solutio:Mg is formed

depleted in Al pushing the remaining Al to tinéer-dendriticregions. The solidification is completed

by the formation ofe ut ect i ¢ -Ngh+absMe,(Al,Znk,. Theé mor phol ogy of b
solidified nicrostructure depends strongly on the Al content of the alloy and cooling conditions. The
phase shapehanges from scatterdithe particlesto dense large partides Al content increases. In

low and moderatsolidification rates (such a casting proce s e s ) , | amel |l ar ,U+b eu
whereasat higher solidification rates, the divorced eutectic phas#s beemostly observed14],

[52]i [54]. This is due the fact thahsufficient timehas been providetbr diffusion through both

liquid and solidand thusthe condition forintimate contact between thedveutectic forming phases

is not provided55].

The presence of divorced eutedtigghasehas been shown tdeteriorate the ductility and fracture
toughnes®f as cast magnesium allojs5]. The fracture modén the as cast microstructure Mig-

Al-Zn alloys was intergranular[13]i [15], [57]. Micro-cracks have been observed at the cell
boundarieo f B phase near t he p rsitunfractuse test of ghe & cadtlAEZS1I ng t h
alloy [58] as shownn Figure 2-4a. Addition of alloying elemestsuch as Sn was demonstrated to

improve the mechanical performance since mechanical twinning was aciitetad of propagating

cracktips as shown irFigure2-4b.



Figure 2-4 SEM micro-graph near acrack tip of (a) AZ51 and (b) AZ51+3wt. %Sn [58]

1.1.1.1 Crystallographic Texture

Magnesium alloys generally take up a strwagal texture durinthermemechanicaprocessegsuch

as rolling and extrusion). The mechanical properties of a magnesium alloy are significantly affected
by a sharp texture. Failure in wrought magnesium alloys occurs in shear mode with very small
reductbn in the crossectional area when contraction along thexis of crystalis needed to
accommodate the imposed strajg8] (i.e. tension perpendicular teaxis or compression along the

c-axis).

Several previous researchers have claimed that theredeelation between twinning activity and
cracking in magnesium alloys. It was first proposed by T&8} that both twinning and fracture
possess a cataclysmic nature in releasing the elastic strains. Thus a cosulitdae for the
formation of the former might be ideal for the formation of the latter. [60ddeveloped a model to
evaluate a critical stress state for the kraxtension or twin extension as shownFigure 2-5. He
argued that as long as the parameters involved in equilibrium equations are provided, such as surface
energy, twin boundary energy and lattice resistance tanimgrdislocatiors, it is possible to predict
whether the elastic strains are to beleasedvia twinning deformation or cracking. A simple
expression was defined based on the ratio of critical stresses:

— E - eq.1.1
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whereA andA are the critical stresses for activation of cracking and twinning respectivatythe
surface energy and is the twin boundary energi.is a function of axiatatio and elastic constants

of the material When a propagating twin intersects a boundary, crack initiation is possible due to
production of stress concentratidrigure 2-5a). On the other hand, when a crack intersects a twin
boundary, its path might change either based
boundary Figure2-5b).
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Figure 2-5 (a) 2D model for crack and twin nucleation at the region of stress concentration; (b) basal

crack blunting by two symmetrical twins; (c) accommodation of slip/crack aheadf twin tip [60]

Microstructural euwilenceconcerning twirAnduced fracture in magnesium was first presented by
ReedHill. He demonstrated various twin traces ommot , pp¢T, PTPT and PTpUL
crystallographic planes near fracture locat[8i]. Barnett for the first timg19] found a strong
evidence correlating th&acture during in-plane €ension to the activity ofptp p contraction
twinning (Figure 2-6a). He argued that these twinned segments are unstable and immediately
transform o double twins via a secondarp tp ¢ twinning. He further demonstrated traces of
different variants of double twins within the vicinity of fracture surface of AZ31, subjected to tensile
loading perpendicular to theaxes of the graing31] (Figure 2-6b). Ando et al. found large surface
steps near the fracture area caused by double twinning a¢8#ityThese surface steps were further

shown to beble to act asrack nucleation sites in fatigue failJ&3].
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Somekaweet al. performed an extensive research on the effects of texture on the fracture toughness
of magnesium alloy$61]. They arguedthat having a sample with a pceack normal to the basal
plane resulted in higher value of plane stfa@cturetoughness than having a sample with ageek

parallel to the basal plane. They correlated such differentte ifracture characteristic to the surface
energy of different crystallographic plané€3ue to lower arface energy, free surfaces afmtmp
werecreated easily. Thushe stretched zone ahead @track frontis small and crackremain sharp

during propagationHigure 2-7a). When new surfasef the nonbasal planesvereto be formed, a
propagating crack faced more resistanod thus the stretch zone ahead of crack fwas larger
(Figure2-7b)

Somekawa et al. showed high activity @ftp ¢ twinning ahead of the progating crack[62]
during a fracture toughness test of conventionally extruded AZ3hey found significant
improvement in fracture toughness for the same mateheh it was subjected the equal channel
angular processg (ECAP). They found reduced twinning adtywdue to rotation of the basal planes

to an orientation favorable for slip.

+(1010), (1010),,,

(001

® .
- ¢ - ‘
o), " 10001),."
.

»(1010),, X (1010)

Figure 2-6 (a) SEM images of voids in ZK60 at failure with the EBSD map showing and
twin boundaries [19]; (b) TEM analysis of the near the
fractur e surface of AZ31[31]
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1.1.1.2 Grain size

Grain refinement in magnesium was reported to increase the fracture strength in monotonic and cyclic
loading [62]i [64]. The effect of grain size was associated witreduced twinning activity at the
stress concentrated zone due to activation of-bemal slip. Koike[65] showed that the yield

anisotropy decreased in magnesium via grain refineiiéht Yield anisotropy is defined as— ,

where (s and Ugs are the CRSS values for basal and -basal slip respectively. The room
temperature activation of ndrasal slip systems was reported in fine grained AZ31 6y The
reason was attributed to the increased operation of the compatibility stress at the grain boundaries

(GBs)as shown schematically Figure2-8.

Other than notbasal slip system&B sliding was reported to occur in a figeained magnesium due
to the increased diffusion rate and also fuife of lattice dislocationf66]. The critical grain size for
the change of dominant deformation from twinning to slip was estimated to hem20 The

mechanical asymmetry was reported to disappear for grain sizes of lesquthdfn 7.

a <NOR-sample> b <PAR-sample>
basal plane basal plane
pre-crack 3_ inclusion; dy pre-crack inclusion; dj,
(i) —_—e i
<), <€ >y
1 ) ) 1
(ii) O qu nucleaﬂoq
; (dimple formation) : void niicleation
. ' (dimple formation)
(iii) D, |
CTODC; hy ' c
(iv) v Dp
i r
da=dp- ha= Ay CTODG; hy,

hg < hp, Dg < Dy,

Figure 2-7 Schematic illustration of crack propagation and dimple formation in (a) precrack parallel
and (b) pre-crack normal to the basalplane d i s t he isihe spacsg foom precrack o, &

inclusion and D is the dimple siz¢61]

13



(b)

basal
glide
J

~
“non-basal
glide

Figure 2-8 Schematic drawing of stress state in a kirystal: (a) before deformation; (b) deformed grains

without any bonding; (c) resultant stress state in order to maintain the grain boundary bondig[62]
2.2 Resistance Spot Welding

2.2.1 Heat Generation and Welding

In the resistance spot welding (RSWjocess, the heat (Q) required for melting of the metal
sheets clamped togethés generated based on the principals of Joule heating, pfiieationof
an AC or DC electric current through the two electrodes on the either sides of the two stle@tmas
in Figure2-9[67]:

0 'OYo eq.2.2

Where | is the welding current, R is the electrical resistance of the circuit which is comprised of the
contact resistance at electrode/sheet interfaces (R1, R3), the bulk resistance of materials (R2, R4) and
the contact resistance at the shegttactinterface (R3), and t is the time the current is flowing.

-

/—

R2

Figure 2-9 Schematic drawing of resistane spot welding in a sheet staekp [67]
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The contact resistance and heat generation at the interface are determined by the surface roughness,
hardness and cleanliness of the sheets. The actual contact between thentylyp smoothed surfaces

slightly pressed together is a small fraction of the apparent contact area. The contact area is developed
in the form ofa number otlusters of micrecontactd68]. When the electrical current is applied and

the temperature rises in the contact area, the sheet surfaces become softened and the actual contact

area increases due to increase in the plasticity. Consequentbsthtance decreases.

The surface properties affect both the quality and shape of the weld niliggetontact area is
reduced byexcesscontaminats, mainly oxides, which results in excessive heat generation and
expulsionof liquid metal Due to metaloss in the weld pool, solidification shrinkage intensifies
tensile stresses leading to pore/crack formation in the centeewfeld nugge{69], [70]. Chemical

cleaning of the surfaces reduces the chance for metal expulsion and increases the weld soundness
[71].

RSW has been mostly performed by the application of AC current; however, due to demand for
energy conservation, the new technology of DC spot welding known agegigency DC (MFDC)

has been recently developpt®2]. Welding current, welding cycl@éime) and electrode force are the

three major parameters in RSW to be adjusted appropriately based on the material and thickness of

the sheets.

According to eq.2.2, thgenerated heat is proportional to the square of the electrical current.
Consequently, changes in the electrical current results in more significant changes in the heat input

than the other two parameters i.e. resistaanrtd welding time.

The RSW welding time is generally defined by cycles (=1/60 sec.) and determined by the electrical
constants of the system. In case of materials such as aluminum and magnesium with high thermal
conductivities, the nugget diameter infiyaincreaseswith welding time,but levels offwith further
increase[10], [71]. Generally, higher welding currents and shorter welding time are needed for

welding of magnesium and aluminum alloys tf@nsteels.

The functions of the electrode force are: (1) to bring the interfaggs)intimate contact; (2) to
reduce the initial contact resistance at the interface; (3) to suppress the expulsion of the molten metal
from the joint and (4) consolidate the weld nugget. Large expulsion and cracking can be prevented

when more constraigare applied against the escape of liquid from the nygg@ét
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2.2.2 Mechanical Testing and Failure Modes in RSW

Due to geometric characteristics of spot vgelohechanical loading results in creation of a-non
uniform stress field. The weldment is usually considered a unit and its mechanical response is often
expressed in terms of load vs. displaeat instead of stress vs. stralin evaluate the mechanical

performance of the joint under the static and cyclic loaxdingetypesof testsaregenerally used:
a.Tensile shear testing

b. Cross tension testing

c. Coachpeel testing

Tensile shear (TSesting is most commonly used to evaluate the-lweating capability of the weld
due to its simplicity in specimen fabrication and testing. The most important monitored variable in TS
testing is the loado-failure; however the elongation at the letefailure also helps in determining
the energyabsorbing capacity of a weld0]. The schematicdrawingsof the specimens and the

direction of loadingn the TS testare illustrated irFigure2-10.

: O
4—

I . !

.

}

y [
|
o

Figure 2-10 Schematic presentation of the spot weld under tensifghear force F

Since the mechanical performance of RSW is not solely determined by its fusion zone (FZ) but by its
surrounding i.e. heat affected zone (HAZ) and base mateBM), understanding the properties of
these regions leads to better interpretation of testing results. Failure mode in TS testing is a strong
function of the nugget size, sheet thickness #mdture toughness of material existing at the
circumference of t nugge{10]. Such dependence has not expliciienformulated mainly due to

the compicated relationship between the weld size (d) and specimen thickng3lsa@) claimed that

there is a competition between two failure modes for the TS specimens i.e, interfacial and-through

thickness and defined a teJy[dh Acritical weld nugg

A me— 7O eq.2.3
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where Ois thickness z is the shear strength of HAZ and is the fracture toughness of FZ.
Specimens with small welds tend to fail in interfacial modehich the crack propagaérough the

joint area and hence separated the two stadtr final fracture In large nuggets, ehstress state is
changed and normally crackill propagatealong the thickness of the shediased on eq.2.3, as
thickness of the sheet(s) increases, ftheture toughnessof FZ, required to avoid the interfacial
failure, must increaseThe low value othe hardness ratio of FZ to pwut failure location (i.e. HAZ

or BM) and the high tendency to shrinkage void formation are the two main factors contributing to
high susceptibility of a large nugget to interfacial faily8d, [73]. Figure 2-11 schematically

illustrates the possible failure modes in TS testing of spotsveld

—— HAZ low toughness
—— FZ low toughness

—— Small nugget/FZ low toughness

HAZ

/
F e— % MM&M A
VR
Metal BM g_, F

\ Notch / /

Figure 2-11 Schematic drawing of a spot weld and possiblilure modesduring TS loading and their
reasons ésreported in [8], [9], [74])

Under cyclic load applicationsnode Istress intensity factor conteothe crack growth rate in the
tensileshear spot weldg’5]. Failure has been shown to ocdbirough the thickness of magnesium

sheets when TS coupons were subjectedl iggh cycle fatigue (HCF) condition; however interfacial

failure occurred in low cyel fatigue (LCF) conditiorj76]. In the HCF condition since small load
wasapplied the joint areavasbents | i ghtl y, hence the cohpomdnt P of
shown schematically irFigure 2-12a) dominatedand crack propagadefaster on the 1plane

compared to the-plane. In theLCF conditionwhere the applied loadaslarge, bendingccurred

more and the load component on thglane (F) beamecomparable to that orhé nplane (R)

(Figure 2-12b). Therefore stress intensity factors for the two plamesre similar and the crack gw
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with the same speed in badirections. As the applied load incredsthe stress intensity factor on the

it 0 p lameamer bnd racture mode change interfacial.

n-Plane b
a N

_,4%

e —
n-Plane |

Figure 2-12 TS coupon(a) in high cycle regime andb) in low cycle regime[76]

2.2.3 Stress and Strain Analysis at the Edge of Nugget

The unique shape and geometry of Eerelative to theBM has made the resistance spot weld an
interesting subject for studin the field of fracture mechanics. The sharp slit between the two
overlapping BM plates joined by the spot weld nugget can be considered tansio three
dimensional crack or notclPook[75] considered the circumferencetbe spot nuggeasa cracklike

flaw andproposed maximum global stress intensity solutioriap shear specimens based on fracture

modes | and I{+ and+ ).

8
== T @ = eq.2.4

8
+ TT[S(Q)LIJT[S v W eq.2.5

where d is the nugget diameter and t is the sheet thickness.

Zhang[77], [78] utilized the Jintegral method to determine the maximum intensity factors at the

nugget edge of S couponsgn order to predict the life of spot wealdubjected tayclic loading

+ / — ht —ht VI—_ eq26

The equivalent stress intensity factorivas derived for different spot weld specimens:

+ + 1t [+ eq.2.7

where U and b are the constants depending on t

Zhangos nsitysotusons were further validated using finite element (FE) andly8]sIn
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most caseghe circumference dhenugget was assumed to be an initial crack in the publications on
fatiguelife prediction of spot welgl however microstructural observations from cresstiors of

spot wetls after TS test revealed notch blunting as shoviigare2-13a. Ithas also beefound that

the throughthickness crack did not initiate exactly from the edge but at a distance away from it
(Figure2-13b). Pan[80] utilized such observations and calculated the stresssitydactor based on

apre-existing througkthickness crackn orderto predic the fatigue life.

Stressandstrain analysis confirmed that local yielding occurred near the nugget circumference which
affected the stress intensity and therefore fatigue[3i@di [82]. Based on [8ewhdner 6 s
yielding occurs ahead of a stress raiser, the stress concentration fagtandkstrain concentration
factor (K9 no longer stay constant and equal to each offier.maximum stress ahead of a notch is
reduced by local plastic deformation. Unfordigly, an analytical elastjglastic solutionto estimate

the strainsandstresses at the edgeaifugget is difficult to obtaifi9]. Therefore, numerical methods

are the moswidely used approaches. Elaspitastic analysis showed that the strains within the
nugget at the plane of symmetmeresmall and maximum plastic strain occurred in the HAZ under

low-cycle fatigue conditin [9], [74].

The FE analysis results indicated that during loading of TS coupons, the maximum principal stress
was introduced exactly at the edgetlud nugget in the plane of symmetry and its direction was close

to the direction of the applied loa&ifure2-14) [84], [85]. Pan et al. investigated the mechanisms for

the througkthickness failure of spot nuggathen the ratio of nugget diameter to the sheet thickness
was high[9], [86]. Using FE stressstrain analysisthey demonstratedhat the maximum strain
location is not at the notch root but up to the root during TS loading as shdviguine 2-15. Their
elasticplastic FE modeindicated that necking failure occurred at the base metaliatance in order

of thethickness away frorthe notch root (i.e. nugget edge). Necking occurred due to localized shear

bands as shown figure2-16.

Figure 2-13 Typical fatigue failure mode of spot weld80]
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Figure 2-14 Stress distribution in spot weld alonglongitudinal direction for upper and lower plates; (b)

Stress distribution in plate thickness direction, both in plane of symmetr{84]

Figure 2-15Maximum principal strain contour for a spot weld of steel subjected to shear load of 1446 N

Localized necking

|

Shear band

Nugget —

Lii b (b

Figure 2-16 (a) Schematicdiagram of shear necking in spot weld(b) Contour plot of plastic strains at the

edge ofspot weld[9]
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2.3 Microstructure-Property Relationship in Welding of Magnesium Alloys

There hae been numerous publicatismegardingweldability of the magnesium alloys in fusion
welding processesn this sectiona brief summary of the repoifs4], [56], [871 [91] concerning the
fundamental understanding of the microstrucfan@perty relationships in weld of magnesium alloys

is presented

2.3.1 Heterogeneous Nucleation and Mechanical Properties of Magnesium Spot Weld

Interfacial cracking is the most prevalent fracture mode during the monotonic loading of AZ31 spot
weld with a high rab of nugget diameter to sheet thickng®%], [90], [92] The morphologyand

grain size of solidified microstructure significantly affect the mechanical propertiepatf weld

[90], [93]. A refined and uniform grain structuneay be formednside the RSW nugget of AZ3A

fast cooling rate as well as dendrite fragmentation dueotoedfl convection of molten pool
contributed to the refined grain structure. In the nugget, normally-sequi dendriteexisted
however a columnar dendritic structwasdeveloped near the fusion boundary due to ltighmal
gradient Figure2-17a). Liu at al. investigated the effect of columnar dendritic structure on the nugget
strength during monotonic TS loadifi@0], [91]. They reported that the nugget strength increased
significantly, if the development of columnar structuvas minimized. It was found that the size of
Al-Mn particles pre-existing in the base metahffected the heterogeneous nucleation rate during
solidification: large particles contributed more efficlgrih crystallization and a more refined grain
structure withsmall columnar dendrite zonevas formed as shown iRigure 2-17b. Significant
improvemat in the weld strength was achieved. The effects of refined-aged grain structure in

the FZ was claimed to be due to the following factors:
a. More isotropic behavior of the eemied grains compared to columnar dendrites
b. Reduced segregation of thkoying elements

c. Enhancement in the fracture toughness of the material due to reduction of the grain size.
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Figure 2-17 Microstructure variation across RSW of AZ31 (a) Alloy 1 with sub-micron Al-Mn particles,
(b) Alloy 2 with micron-sizedAl-Mn particles [91]

Xiao et al.[87] investigated the fatigue life dfS spot weldf AZ31. The resultslemonstratetetter
fatigue properties of the spot weld with finer microstructure at. @€ condition Using transmission
electron microscopy,hey analyzed theleformedsubstructure to understand the difference in the
mechanisms ofleformationbetween fineejrained and coarsgrained FZ microstructurduring TS
testing. They claimed that the better performance of the weld with a refined grainvaidue to
activation of norbasal slipdeformationand thusmore effectivestrain accommodation at the notch
root. On the other handhighertwinning activity was observed in a deformed weld with larger grains

as shown irFigure2-18.

While heterogeneous nucleation led to improvement of ftaeture toughness in wek] it
significantly reduced the yield strength of the material in the weld. This reduction was associated with
the texture change in the fusion zone comparebabin base metgf4]. Figure2-19 shows that the
strong basal texture in thesrolled sheet metalvas turned into a randomized texture in the fusion
zone. In this condition, more grains are favorably orientated for basahrsliptherefore, plastic

yielding starts more readily.
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Figure 2-18 Twinning in the fatigued spot weld of AZ31, incident beam //[0 1 0] [87]
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Figure 2-19 EBSD inverse pole figure map across the laser weld of AZ[2Y]

2.3.2 Liquation and Grain Growth in HAZ

Recrystallization and subsequent grain growth was reported to ocabe HAZ of Mg alloys
subjected to a strain hardening process (cold/warm rolling) before w¢idihgrhe recrystallization
temperature of the wrought AZ3&as reported to ben the range of 25@50 °C [95], [96]. The
maximum temperature in the HAZ of magnesium was measured to be arout@[9%Q Therefore,
grain growth inthe HAZ is expectedBy increasing the solute content, the mobility of BBs
decreasd#, hence the grain growtlhasreducedWhena GBmoves, the solute atoms migrate aldng
and induce a dragforce which reduces the boundary velocity. The magnitude of the tege
depends on theoluteatom/solventatom binding energy and the solute concentration in @is
Graingrowth is also inteupted by the existence of second phase pastittitributed along th&Bs
[98]. The particles exert a drdgrce on the GB restricting its motion. The driving force for grain

growth (i.e. energy reduction due to decrease in the GB area) might be insufficient to overcome the
23



drag of the particles and grain growth stagndtethe microstructure is exposed ademperature
abovethe dissolution temperature of the secagpltase, abnormal grain growih possible tooccur
[99].

Along with grain growth, liquatiorhas been observed the HAZ of MgAI alloys [100], [101]
Liquation predominantlpccurredat eitherGBs where maximum solute content egdtor interface

of matrix/eutectic phase(s). The HAZ liquation is a+eguilibrium process and results in significant
damagein properties of the weld. In some cases crack nucleation was observed due to transient
thermal stresses at the lifjad regiong489], [102].

2.4 Summary

The majompointsfrom the reviewed literature are as follows:

1. Microstructural features such as intermetallics, texture and grain size substantially affect
fracture strength, ductility andeformationcharacteristics of magnesium alloy&winning

activity was repded to be correlated with fracture process in magnesium alloys

2. Several factors such as sheet thickness, nugget diameter and fracture properties of material in
fusion zone and heatffected zoneaffect fracture mode and mechanical properties of spot

weld subjected to tensile shear loading.

3. A highly localized stressdid exist at the edge of nugget whera spot weld is subfed to
mechanical loading. Mechanical performancehafspot weld is determined by tHiecture

strength and ductilitpf materia) existing at the edge tlienugget.

4. For a spot weld with high ratio of nugget diameter to the sheet thickness, plastic zone is more

developed into the heat affected zone timatme fusion zone.

5. The welding thermal cycle bkels to severaforms of microstructural evolution such as grain
refinement and texture randomizatiorttie fusion zone and grain growth and grain boundary
liquation inthe HAZ.
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Chapter 3

Materials and Met hods

3.1 Materials

AZ31, AZ61, AZ80, ZEK100 commerciahot rolled sheeat all 2 mm in the thickness were used for

the currentresearcihe AZ seri es al | oy s Resaanmchestitpte af mdustrield by P
Science and’echnology(RIST) and ZEK100 alloy was provided by Magnesium Elektron of North

America (MENA).Table 31 lists the chemical composition and tensile propertiaghe asreceived

condition) of the alloysThe stressstrain curves of the materials (in different heat &dabnditiors)

can be found in Appendix ARectangular specimens of 100mmx25mm were prepared for the

resistance spot weldiragcording to AWSD17.2 standard103].

Table 3-1 Chemical composition (wt. %) of the three AZ alloys and EK100 and tensile properties (along

sheetdés rolling direction) for trécevedrcangliioasi um al |l oys |
Material AZ31 AZ61 AZ80 ZEK100

s Al 29 6.1 7.7

g 9 -

R Zn L1 1.2 0.7 1.25

B =

© Others 0.3 Mn 0.5 Mn 0.2 Mn 0.5Zr, 0.22Nd
A 0.2% offset yield strength (Mpa) 200 200 243 178
L
gn. Engineering tensile strength (Mpa) 287 306 351 243
&
%’ True Tensile strength (Mpa) 335 355 389 273
5
& Elongation (%) 19.8 16.9 11.1 16.8

3.2 Resistance Spot Welding and Heat Treatment

Resistance spot welding was performed using a mddgnency DC spot welding machine
(Centerline Ltd., Windsor, ON, Canad@hewelding parameters used for the RSW of all the eeld
samples were selected based on the maximum strength of the weld nugget and prevention of
expulsion during the welding proce$s.the whde study, welding time and electrode force were kept
constant as 8 cycles (133 ms) and 4kN respectivagtweld heat treatment was performéd air

and atmosphere protected (for temperatures more than 400P@)ces The heat treatment
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temperature waselected based on the thermodynamic calculatlmn FactSagg104] software

packagdor dissolution of te Mg-Al phasdan AZ alloys and MgZn phase in ZEK100

3.3 Microstructural Examinations and Mechanical Testing

The specimens were cfrom cross sectia) hot mounted, ground and mechanically polished. Two
etching solutios were considered for revealing thaicrostructure: 5% nital was used for revealing
the morphology of the microstructure in case of coluratpriraxed dendrites under the optical
microscope. The acetic picral solution (4.2 g picric acid, 10 mL acetic acid, 70 mL ethanol, 10 mL
water) was usk for revealing the5Bs and the secondamphasesThe microstructurs of the weld
samples were examined by optical microsc¢P) and scanningelectron microscopyYSEM). A

LEO 1550 scanninglectronmicroscope equipped witlield emission gun (FEG) anaicroanalysis
system by energy dispersive spectroscopy (EDS) was used for the phase characterizatjon. X
diffraction analysis was performed using Rigaku AE@iffractometer with C&k U -rd§ generated

by 50kV acceleration voltage and 40 mA currenteTimicrahardness profiles of the welds were
measured on the cross sections using a HMUO0 Vickers micrehardness apparatus. Testing was
performed with 100 g force and a holding time of 15 seconfispecimens were prepared f&ach
condition (i.e. aswelded and the hedteatedconditiors), to evaluate the mechanical properties
(Figure 31a). Thefractography of the fractured samples was performetyudkOL JSM6460 SEM

with an Oxford ultrathin window detector EDSTo study the crack propagation pate TS testing

was stopped immediately afteeaching the loadto-failure (Figure 31b). The crackbearing
specimensvere afterwards examined by &1, SEM and electron backscattered diffraction (EBSD)

to investigate the location and causes of crack formation.

a

. +
Load direction 2!

100 mm "
5 mm > Y 3
|

| RD

Load direction

D

‘ RD

Figure 3-1 a) Schematic diagram of RSW specimens b) Schematfot of the tensile shear test for

assessment of the crack location
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3.4 Advanced Microscopic Analysis

3.4.1 Electron Backscattered Diffraction

EBSD Sample preparation for Mgaterials is a difficult task. Several factors affect a successful
EBSD analysis. The main issue is very high sensitivity to oxiddfios]. Thus, the last stage of
surfacepreparation shoulddbodone immediately before EBSD. Also magnesium demonstrated very
high twinning activity when a low tensile force is applied aldhg c-axis. This would result in
significant change in the micttexture. Since the EBSD samples should be thin, they mimsirized

very carefully during surface preparation from cutting to final polishing. The applied force during
grinding/polishing should be kept very low to avoid large-sulface damages. Any attempt using
automatic polishers available -wampus, was unsuessful due to high force applied by the loading
frame. The preparation procedure used in the current work was arranged according to reports
(unpublished) from Dr. M. Danaei (Canadian Centre for Electron Microscopy) and Btaiford

(Deakin University).

The samples were first cut from the cross section by a precisiesffamachine. A cutoff wheel
(Struers 10S15) appropriate for soft materials was used. Normally a thickness of 1 mm material was
cut. The samples were not mounted since experience shbatethé space between the sample edge

and mount is a place idealrfahe grinding media buildip. Ejection of these particles during
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polishing leads to introduction of scratches. The samples instead were fixed on the surface of a mount
using an instant adisive as illustrated ifrigure 3-2. A conductive mount was used to provide
electrical conductivity for the electolishing process. Two small pieces (of the same

material/thickness) were used as support to balance the surface during grinding/polishing.

Specimen

Support

Figure 3-2 Assembly of specimen on mourfor surface preparation for EBSD

Coarse grinding was performed by 600, 800, 1200 and 4000 grit SiC papers in a fashion to remove
the previous scratches by the forthcoming grinding stages. The sampte afterwards electro
polished for the first time using 5% nitric acid in Ethanol in order to remove any possikderface
damages imposed by cutting/grinding. A Buelitirctromet4 electrepolisher was used for electro
polishing. The sample (anddwas fixed faced down and a pin connecting to the negative terminal
touched the surface of the moutitigure 3-3). The electrepolishing parameterévolt/time) were
selected based on specimen surface area and type of material. From the experienepoktbatiep

was successful when a current of 0.2 A was achiéwea rectangular area of 4 mmx 15 mm

The samples were afterwards cleaned by ultvigseibration in a bath of Ethanol. Mechanical
polishing was performed using 3 pm and 1 um diamond sprays. Anhydrous Ethanol was used
throughout the polishing process. Chemechanical polishing was performed for 20 minutes using a
mixture of colloidal silca (1/3) and ethylene glycol (2/3) on a Struers-&Bem polishing cloth. The
samples were immersed in a bath of ethanol and ultrasonically cleaned immesdtatgbplishing to

prevent formation of a solid film of silica on the surface. The polished Isampere polished
electrolytically for less than 10 seconds, no more than 5 hours before the EBSD analysis. Experience
has shown that longer elecfpolishing time results in shadowing of the secondary phase particles as

shown typically inFigure 3-4b. From a welpolished sample, one should see the grain/twin
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boundaries under the polarized light tok opticalmicroscope as well as the SEM backscattere
image Figure3-4). Immediately before EBSD, the samples were ion etched under an Ar ion beam for
20 minutes. 4 keV beam energy and 150 pA current was applied with rocking angle of 60° and

rotation speed of 20 rpm.

Specimen(anode)

Insulator

Electrolyte

.A. BUEHLER
ElectroMet® 4

Figure 3-3 Electro-polishing module

EBSD analysis was performed using JEOL JBMO0Fequipped with é&chottkyfield emission gun

and an EBSD detectoAn acceleration voltage of 20 keV, with a working distance of 15 mm and a
sample tit angle of 70° were utilized. To characterize the twins, small step size@ (04 e m) wer e
chosen. The indexing fraction of 2% was obtained for the microstructures at the vicinity of the
micro-cracks. Fo analysis of general texture t e p s i zwas seldctedl The indexing success

for the undeformed specimens was-884 %. The maps were cleaned wusi
function via CHANNEL 5 software package and afterwards, the identities of the primary and

secondary twins were determined imtsrof their corresponding Euler angles.
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Figure 3-4 Polished surface appearance (a) viewed under polarized light; (b) viewed by electron
backscattered image (the particlewhich cause shadowing effect are highlighted by black arrows)

3.4.2 Transmission Electron Microscopy

For transmission electron microscopy (TEMyp methods were used to prepared samples:
a. Jet polishing followed by ion milling for characterization of FZ
b. Focused lon Beam (FIB) milling for characterization of HAZ and twinned regions near crack

For the jet polishing methodamples were cut on th&Z80 weld nuggetwith the thickness of
400um. Mechanical thinning of discs was carried out to a thickness girhO0he TEM foils were
electropolished in a Tenupol 5 (Struers, Ballerup, Denmark) double jet polishing unitbiBga
lithium chloride (LiCl), 11.16g magnesium perchlorate (Mg(ClO4)2), 500ml methanol, 100ml butyl
cellosolve at-45 oC. The foils were afterards subjected to 2 hron milling on aGatan 691

precision ion polishing system (PIPS) in order to remove the surface oxide layer.

The FIB milling was performed with a Zeiss NVision 40. The FIB-6fitmethod was utilized. A

thin layer of Tungsten as deposited on the specimen to protect it during the mpliogess. The

FIB was performed using Ga liquid metal ion source. A Ga beam operating at 30KV excavated the
specimen from both sidde a depth ofl2 microns. The bottom of the lamella was cut and the
lamella was then liftedut and attached to a TEM gri@ihe lamella was further thinned to electron
transparency using reduced voltage and current. Final thinning was performed at 1kV tcargduce
amorphous layer. High resolution transmissicecebn microscopy (HRTEM) and energy dispersive
spectroscopy (EDS) analysis was performed in a JEOL 2010F TEM (field emission gun with a point
to point resolution of 0.23 nm) equipped withEBDAX system operating at a voltage of 200kV.
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Chapter 4
Mi crostramdt Meehani cal Properties of
of AZ Al 1l oys

4.1 Introduction

In this chapter the experimental results prepared during the first two years of the curreniymaject
provided. The work presented in this chapter has bpesviously published by Niknejad et al.
[106][107]. The focusin this chapterwas to investigate how the presence of the intermetallics
deteriorated the mechanical performance of the wWaidtly, microstructural features in base metal
heat affected zoseand fusion zonewere presented The solidified morphologyn the three welds
(i.e. AZ31, AZ61 and AZ80Wwas studied by optical microscopy and discussed. The phase analysis
resultsby scanning electron microscop¥-ray diffraction and transmission electron microscopy
wereincluded.Secondly mechanical test rekisiwere presented whiclhad beerprepared by micro
hardness measurements and tensile shear tékisdly, fracture characteristics and miero
mechanisms were investigateHinally, microstructureproperty relationshipsvere discussed in
details.

4.2 Experiments

AZ31, AZ61 and AZ80 alloys were used for the resistance spot welding. Welding current was
selected to produce a nugget with a maximum ratio of nugget diameter to sheet thickness along with
minimum expulsion.The stress intensity at the edge of nuggesignificantly dependent on the
nugget diameterThereforecurrent was selected in such a fashion to produce nuggets with diameters
close to each other thethree alloys (AZ31, AZ61 and AZ80\elding current was kept the same as

28 kA for AZ31 and AZ6land 26 kA for AZ80. The nuggets formed in AZ31, AZ61 and AZ80
alloys had diameters of 9.12 mm, 9.85 mm and 9.38 mm respectively. The welded samples were also
studied in the posweld heat treated condition. Paseld heat treatment was performed in

atmosyhere furnace at 480 for %2 hr followed by cooling in the air.

4.3 Results

In this section, first the microstructural features in base metal, fusion zone and heat affected zone was
presented. Afterwards, mechanical properties and fracture characteristics of spot weld were presented

and finally fracture mechanisms were studied@seful microscopic examinations.
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4.3.1 Microstructural Observations

4.3.1.1 Base Metal
The base meta(BM) microstructures of AZ31, AZ61 and AZ80 are showrFigure 41. A single

phase microstructurdaving \ery few second phasparticleswas observed in the AZ3dnd AZ61

base allog (P1and P5in Figure 41). The EDS analys resultsindicated that thee particlesvere

enriched in Al(Table 41). Coarse globular Atich phase particles were observed ia ®Bs of the

AZ80 base microstructure. The average grain 6ifer om t he sheet s Wwasansver .
measured based on the linear intercept method according to the-E$T2D6 (2004) to b&l.8 um,

6.9 um and 4.3 um for AZ31, AZ61 and AZ80 respectivelyDther than MeAl particles, large

irregular shaped partidenriched in AlandMn werealsoobservedTable 41) in microstructure of

the three alloys (P1, P3, P4, P6).

4.3.1.2 Fusion Zone

Figure 4-2 shows the microstructure across the R8Uggetsof the Mg alloys. Microstructurein

fusion zone (FZxan be divided into two distinctive regions based on the morphology. A columnar
dendrite zone (CDZ) existladjacent to the fusion boundary. By advancing towards the center of the
nugget, the equaxed dendrite zone [&) existed comprised of the flowelike dendrites. The
average length of the columnar dendrite zone was measured to be 320 um, 170 um and 80 um for
AZ31, AZ61 and AZ80 RSW respectively. The solidification staftech theun-melted (or partially
melted) BVl grains requiring low undercooling, due to identical crystal structure of substrate and
solidifying material The columnar dendrites e fast along a crystallographic directidimed-up
favorably with the direction of the maximum temperature gradient. The thermal grdelieaasedy
advancing from the fusion boundary to the center of nugget, promoting formatiequexed
dendriteqas observed ifigure4-2 andFigure4-3).

Figure 4-3 shows typical microstructuseof FZ in the center of th@uggets. fie size of dendrites
decreased from AZ31 to AZ80. Theeragediiametes of the flowerlike dendrtesweremeasured to
be31 pum, 20 um and 16 pum for AZ31, AZ61 and AZ&@lds,respectively.
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Figure 4-1 SEM micrographs taken from microstructures ofasreceived AZ basealloys (gb) AZ31, (c,d)
AZ61, (e,f) AZ80. the EDSanalysis results for highlighted particles are shown iTable 4-1
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Figure 4-2 Microstructure sacross the RSW (a) AZ31, (b) AZ61 and (c) AZ80
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Table 4-1 EDS analysis results for the highlighted particles shown iRigure 4-1

Element P1 P2 P3 P4 P5 P6 P7
Mg (at. %) 42.3 77.8 65.3 61.85 83.2 12.3 67.3
Al (at. %) 36.2 17.8 24.3 24.8 16.8 58.1 32.7
Zn (at. %) - 4.4 - - - - -
Mn (at. %) 21.5 - 10.5 13.35 - 29.6 -

Figure4-4 shows the SEMnicro-graphs, taken frorthe center ofnuggetfor the three weldsAl-rich
phaseparticles(appeared bright in SEM micigraph$ were found in the intedendritic regions of
thethree welds. Based on the Mgl binary phase diagram, it-1is
Mgi7Al 1, phase. The volume fraction of tig-Al particlesincreasedrom AZ31 to AZ80.Figure

4-5 shows the Mgich side of MgAIl binary phase diagram thermodynamically calculatsthg
FactSaggFT-lite database)104]. In order to predict the solidification produd®m the alloying
elements other than Al, the averdg®ntent of zinc and manganese in the three alloysl{ue.% Zn

and 033wt.% Mn) were consideredn the systentor the calculationsThe most possibléig-Al
secondary phase to form in the welded microstructubglsgase The mechanism of solidification can
be explained as follows: At the first stage of the solidificatibfMg was formed with low
concentrations of Al, pushing the solute (Al, Zn) to the molten pool. Dueetgrbwth of UMg
primary phase and the lack of time for diffusion in the solid state, the solute contents in the remaining
moltenpool was progressivglincreased which led to eutectic reactamd formationof divorcedb
intermetallicsin interdendritic regionsThe volume fraction of the eutectic liqu{i) during non
equilibrium solidification of a liquid with solute concentration ad can be esmated by the Scheil
equation108]:

0 - (eq.4.1)

where™Qis the equibrium segregation coefficiersnd® is the solute coneeration at eutectic point.
According to eq.4.1the volume fraction of eutectic liquid during welding increases imitheasing
the solute contenbf base metal from AZ31 to AZ8@hich results in larger volume fraction of the

intermetallics

Zinc was also dissolved into tHe phase forming Mg(Al,Zn);, compound.Figure 4-6 shows a

typical microstructure of AZ80 at the fusion boundary. Viarge AFMn patrticlesexist at the fusion
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boundary (within FZ)n the three welds. Such Min particles existed within thBM microstructures
of the AZ alloys but with much smalledimensions Eigure4-1 a,c,e). Suclarge particles were also

observed within theenter of the nuggetsut not as frequently as along the fusion boundary. These

particles are likely to be formed as a result of chemicaticeam the liquid state.
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Figure 4-3 Optical micrographs taken from centerof the FZ in the center of nugget in (a) AZ31; (b)
AZ61; (c) AZ80

Figure 47 shows the solidification model of AZ80 based on the thermodynamic calculations by

FactSage[104]. ScheitGulliver equations[108] (O 1 were utilized for modeling of the
solidification The modepredicted formation of AMns at early stage of solidificatiorFigure4-7b).
Although the model also predicted formation ofiMn, phase, its weight percentage was
significantly lower than AMns. Similar predictions were made for the AZ31 and AZ61. It is likely
that the largeAl-Mn particles(formed due to chemical reaction of the Al and Mn atalusng

welding were draggedway from the weld pool to the fusion boundarpwever smaller particles
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remained suspended into the melt as observed typicalligare 4-4a. The equilibrium model
suggested the Ans phase transformation with decreasing the temperatsiréollows AlgMng©

Al1;Mn© AI,MNO  AlggMn,s. Such sequence of phase transformation is doubted since the present

system is far away from equilibrium condition.

Figure 4-4 SEM micro-graphs takenfrom FZ in AZ31 (a,b); AZ61 (c,d); AZ80 (e,f) The EDS analysis

results for the highlighted particles are shown inTable 4-2
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TEM studydetected the narsized AFMn particles in the FZFigure 4-8 shows a typial image of
the Al-Mn rich intragranularparticles highlighted by white arrow8s observed,hte nanesized Al

Mn particles frequently have elongated morpholodiesias confirmed by the previous studies (on
the AZ31 alloy with the same chemical compositas it is currently under study) that theselvii
particles are of AMns phase[91]. These particles remainaghmelted during welding since the
melting temperature of the Allns (1048C to 1192C [109]) is higher than the highest temperature of
the weld in RSW of magnesium alloys (around 7D[110]). A large b particlewasobserved on a
nanosizedAl-Mn particle inFigure4-8. During solidification, the nansized AkMns particles were
able toact as nucleation sites for the formation of the;Mb,. This is consistent with the previous
study [111] whichreportedk h at t he b prentialyen tiednricheackasp r e f e
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200 i
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Figure 4-5 Mg-Al phase diagram predicted by thermodynamic calculations (Zn: 1wt. % and Mn: 0.33wt. %)

38



(m—y
100 m

Figure 4-6 Microstructure at the fusion boundary of AZ80

Table 4-2 EDS analysis results for the highlighted particles shown iRrigure 4-4

Element P1 P2 P3 P4
Mg (at. %) 14.1 70.7 64.3 64.3
Al (at. %) 66.2 25.6 32.9 34.2
Zn (at. %) 3.8 2.8 15
Mn (at. %) 19.8 - -
100 F 1.0
Liquid
g-HC! a o
il Mg-HCP 08} = = b
2 |5 B
. 60 F °0,6 3 4 E'
z z AISMnS
40} 0.4}
20t 0.2
Mgl7A112
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Figure 4-7 Solidification model for AZ80 alloy (Scheil cooling calculations) (a) Overall solidification

behavior (b) Formation of AlgMns
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Enhanced columnar to egaxked transition and grain refinement, by increase in the solute content
from AZ31 to AZ80, could battributed toincrease in theonstitutional supercooling (CS) ahead of

solidification front As illustratedschematically irFigure4-9, the extent of CS can be defined by the
area | imited to the actual t her mal—)gmiehdis e nt ar

proportional to the concentration of the solute in the liquid metl[{C2]:
_ (eq.4.2)

where k is theequilibrium segregation coefficienn is the liquidusslope g is t he sol i di f
and D is the diffusivity coefficient in liquid stat€hus, the critical temperature gradient increases as

the liquid metal is enriched more in solute content. Assgriihat the actual temperature gradient was

the same in solidification of the three welds, it is expected thgts&SCSaze1> CSazan.

The CSdriven nucleation model proposed by Winegard and Chalmers suggested that the increase in
supercooling promoteché heterogeneous nucleation ratg.jNon the available substrate particles
[113]. In the current study, AMn particles (either prexisting in the BM or formed during the early

stage of solidification) were able to act as heterogeneous nucleation sites. The heterogeneous
nucleation was repordeto take place in the RSW microstructure by theVil particles,pre-existing

in the BM of magnesium alloy®1]. As the solutecontent ad hence CS increasédm AZ31 to

AZ80, it is expected that (N(AZ31)<NheAZ61)<N(AZ80).
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Figure 4-8 TEM image of the submicron Al-Mn and Mg;7Al, particle. The Al-Mn particles are shown
by white arrows
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Figure 4-9 Schematicdiagram of supercoolingfor solidification of imaginary alloys 1, 2 (G>C,)

4.3.1.3 Heat Affected Zone

The b intermetallics werdrequently observed asormtlike shape at the GBs ¢feat affected zone
(HAZ) in the three welds(Figure 4-10). The mechanisms responsible for the formation ofAllg
phase in HAZ are explained as follows:

AZ61 and AZ80During the strip casting of the high Al content base all@y61 and AZ80) theb
particlesgrew in the interdendritic regions. Due to subsequent themrmechanical treatmentheb

particles were partiallyd i s s o | Mg dnatrix;rhow&ver a fraction oparticlesremained un
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dissolvedas observeth Figure4-1 d,f. A high densityof thelarge sphericab particles was detected
in the GBs of the final hot rolled structure of AZ80 alldyigure 4-1f). During resistance welding,
due to very rapid heating of the HAZ, the intermetallic phaseelithe time for dissolution in the
matrix by the solid state diffusioihus they remained untransformetbove the solvus temperature.
Via further heating to the eutectic temperatureg)(Tthe remainingb phasereaced with the
surroundi ng (edliqudteutectic (GpabGBs. f o r m

AZ3I It appeared that GB liquatiom AZ31 (Figure 4-10b) was not triggered by particle/matrix
reaction during HAZ thermal cyclesjncefew b particlespre-existedin GBs of BM microstructure
(Figure4-1b). Itis suggestedhat the mechanism of GB ligtion inAZ31 wasdifferent from the one

in the high Al magnesium alloys. Huaergal.proposed a mechanism GB liquation in theHAZ of

the BM free of thesecondphaseparticles[114]: It was reported thaboth aluminum and zinhave
tendengesto segregatéowards theGBs, during magnesium sheet metal producti@i1]. Lippold et

al. proposed that solute segregation occurs during HAZ thermal ey dglid state diffusion which
leadsto further solute enrichment of GIBEL5]. The segregated atoms remained dissolved within the
matrix, lowering down the meltingemperatureDue to thermalkycle of HAZ, melting occurred
preferentiallyin the GBs of the BM microstructure while the intragranular regions remained -un
melted Melting and subsequenton-equilibrium solidificationled to the formation ofdivorced

eutectic phaseFigure4-10b,df also showpresence ob phase as globular particlasside the grains

Some of these particles were separated by thehiogjjob as their location was left as pores. Due to
inhomogeneity of the composition inside the grains, local melting inside the grain occurred which led
to formation of these spherical particles. Close observation revealed regions, essentially edjacent
the GB patrticles, free of the spherical particles. These particle free zones (PFZs) are highlighted in
Figure4-10b,d,f. During solidificationoft e s ol ut e rich GB mel t, fist
of the solute pushing the solute atoms to the remaining lifuiid]. Thus the b particles were

unlikely to form in this solutdree region i.e. PFZ.
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Figure 4-10 SEM micrograph taken from microstructures of the HAZ in AZ31 (a,b); AZ61 (c,d); AZ80
(e,f), the EDS analysis results for highlighted particles are shown imable 4-3
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Table 4-3 EDS analysis results for the highlighted particles shown iigure 4-10

Element P1 P2 P3
Mg (at.%) 70.9 70.7 67.9
Al (at.%) 27.3 25.6 28.8
Zn (at.%) 1.8 3.8 3.4

4314Crystall ographic Or i eMg/fEwectic-Bm-AlRel ati onshi p in

The eutectic growth orientation relationships were studied by TEM analysis for the AZ80 weld in FZ

and HAZ. The TEM samples from FZ were prepared bypgishing/ion milling.Figure4-11 shows

a TEM imageof both intergranular and intrgranularparticlesin theFZwhi ch wer e -i dent i f
Mg;7Al;, with the body centered cubic symmetry and lattice parameter of a=£0.68§ the
correspondingselectedarea electron diffractioSAED) pattern The analysis of the intgranular

phase using EDS indicated both Al and Zn in the chemical composition which is consistent with the
previous SEM observationBigure4-11b shows the high resolution (HR) image corresponding to the

area bounded by a white circle observedFigure 4-11a i.e.Ub interface The incident beam was

alongtheppp .From theFigure4-11b, danar OR was founds
pTipp I PP

Figure 4-11 (a) TEM micro-graphs from the inter-granular and intra-granular b particles in FZ of AZ80,
(b) HRTEM image for the area marked by white circle in (a), the incident beam was along [11],
direction
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Figure 4-11 continued

Figure4-12 shows anotheGB particleand itsHR image at the interfacéhe planar relationshifor
this interface cabedefined as:

MG § mpp

The TEM samples from HAZ were prepared by FIB procEggure 4-13 shows the location of the
FIB extracted samplézigure4-14 demonstrates fypicalintra-g r a n uHigare4-14b,cd show the
SAED pattens taken fromU, b and ltkspectively) with the alecion beam parallel to
vpto and ppp .From schematic diagram Bigure4-14 eit is clearthat the diffraction spot
of oot of bwassuperimposed with that oftp pp of U Thecrystallographic plaar relationship
between theb particle andU matrix in this site (zone 3 ifFigure 4-14a) was determined to be:

mppp || oom
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Figure 4-12 TEM micrographs from b particle in the FZ of AZ80 (a) TEM image of inter-granular
particle; (b) HRTEM image for the area marked by a white circle in (a) the incident beam was along the
[2 0] U/1]1b directions
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A divorced eutectic phase essentially grows fromrémaaining liquid in the intedendritic regions at

the late stage of the solidification. The growth of eutectic phase is done in such a way that certain OR
will be established with minimurmterfacialenergy[117]. It was proposed bghiflet and van der

Merwe that the minimum interfacial energy is obtained when the close packed or nearly close packed
atomic rows match at the interfafEL8]. Moreover, aset of close packed or nearly close packed
planes from the two phases should be arranged in such a way to abei@dge to edge matching

[119]. It has been found that the o1t (41.9% closgpacked) andt pp (44.6% closepacked) are

boththe nearlyclospacked pl anar types in b | af20][é2d] wi t h t
Figure4-15a s hows t he at om ceystalohthe aagm plane The onft cevdse b
reconstructed based on the position of the Mg and Al atoms as sh@wahle¥-4 [45], [122] In the

hcp structure, the most clepacked planes aratntm¢ (100% closegpacked) andgmpp (81%
closepacked). Congpiently, the determined planar relationships ianmn¢ s oomn and

PpTIpp S 00Tt are expected in order to minimize the interfacial energy. Faelue mismatch
calculations also predicted a fairesiredp | anar mat c hi nogng (Sloo# .aBd% f or
U=1. 3%mn@dpos oar). The crystallographic OR was determined for the HEM image in
Figure4-12 as follows:

¢cppm I¥ ppp hmnng IF moo OR.1

Figure 4-13 Area in which the FIB specimen waxtracted
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Figure 4-14 (a) TEM image from b particle in the HAZ of AZ80; (b) SAED of Mg matrix in area 1
(Incident beam // [ 1); (c) SAED ofb particle in area 2 (Incident beam // [ 1); (d) SAED of V73

interface in area 3 and (e) its schematic representation in [ ]OU/ 16 directions
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Table4-4At om position in b unit ceM8) (the values

Coordinates: (0,0,0)+ (0.5,0.5,0.5)+
Atom Multiplicity  Site Symmetry X y z
2 43m 0 0 0
8 .m 0.324 0.324 0.324
24 .m 0.3582 0.3582 0.0393
Al 24 .m 0.0954 0.0954 0.2725

L2 2
aqQ U U9

The interatomic misfit along the matching direction for.ORas calculated to be 5.3%. Thus high
atomic matching is expected to exist at the interface with low strain energy. This has been
demonstrated ifrigure4-15b. OR.1 is close to the OR defined by Pof1&3]. Such relationshigvas
previouslyreportedfor precipitation hardenelllg-Al alloys[124]. It was arguedhat such atomic row
matching satisfied the requirements for the edge to edge matching model in order to obtain a low

interfacial energy (i.e interatomic misfit 10%).

In the case ofthe OR corresponding td-igure 4-14, high interatomic mismatch exists between the
two parallel directions along the diffraction pattern zone axigitetr 60{9.97 A)of Mg andd p pO
oftheb ( 3. Ote dppj aOardnot considered as close packed directiom Mg lattice.
Consequently anothatirection pair matchinghould exist beteen the twophasesFigure 4-15¢

showsthe atomic arrangement oftippp and oot . Other than thearallelism of put o

and ppp , verysmall misalignment (17 exists between thig ppmjgand ppp . The ppp

direction is considered as a nearly close packe

can be proposed for this particle:

¢cppm S pPPpT hmppp s oom OR. 2

The interatomic misfit along the matching directions was calculated to be 54.8%. Based on-the edge
to-edge matching moddll19], this misfit value is significantly large. Therefore, the interflacia
boundary bet we elWmatrbhigexgected to betincahérent. a n d
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4.3.1.5 Effects of Post-Weld Heat Treatment on the Weld Microstructure

The welded samples were studied in the et heat treated PWHT) condition. The b

intermetallicswere patrtially dissolved into the matriin FZ andHAZ after PWHT as observed in
Figure 4-16. The continuous networks df particlesat the GBs of the HAZ wereadisrupted and
changed tdsolated particles (sefeigure 4-16). Few GB patrticles werstill remained after PWHT.

This indicated that the time for the complete dissolution efinéetallics was insufficient.

It is interesting to note that significant grain growth occurred in HAZ of AZ61 and AZ80 in such a
short time of heat treatmerfigure4-16 d and f) Figure 4-17 compares the grain size in BM,-as
welded HAZ and heat treated HAZ microstructurBise HAZ was subjectedo grain growthfor the

three alloys Grain growth was more pronounced in HAZ of AZ31 (x2.3) than in the HAZ of AZ61

(x1.2) and AZ80 (x1.5). Such an observation can be explained as follows:

During welding process,rgin growth occurred in the HAZ at tempauresabove the effective grain
coarsening temperature (i.ce. the single U phase
retarded further grain growth. The sohuieh liquid film penetrated to the GBs and pinned them due
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to wetting actior{125], [126] Since the liquid film had almost the same composition of the adjacent
solid, the SL interfacial energy was loWl27] and the liquid filmwould essentially wet the GBs. No
further grain growth occurred until the microstructure cooled down below the solidus ofrithute
liquid. Consequently, the thermal cycletbe HAZ in AZ61 and AZ80 led to grain growéirestdue

to significant liquation.Following the dissolution of the GBs in the HAZ of AZ61 and AZ80 during
PWHT, further grain growth occurred at large scale as indicated in Fig. 10. The unpintiin@G8s

by dissolution of the intermetallics has been reported to lead to abnormal grain growth in the HAZ
[128]. Since liquation occurred IHAZ of AZ31 in lower scalethe pinning of the GBs by the wetting
action was less than what occurredHiaZ of AZ61 and AZ80 Thus grain growth occurred near the
saturation limit in the HAZ of AZ31 during the welding cycle and no further grquailiearge scale)
occurred during PWHT.

10pm

10pm g [0pm

Figure 4-16 SEM micrographs taken from microstructures of the post weld heattreated FZ and HAZ for
Az31 (a,b), AZ61 (c,d) and AZ80 (e,f)
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Figure 4-16 continued
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Figure 4-17 Grain size in BM, HAZ and heattreated HAZ for AZ31, AZ61 and AZ80

X-ray diffraction (XRD) spectrin Figure4-18 further confirmed the effect of PWHon dissolution
of b. The XRD resultshowedt h e pr e s e nictoth BA andbHAZAMSE BWHT, theb p e a k
intensityof both FZ and HAZ almost disappeared
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Figure 4-18 XRD spectra from a) FZ b) HAZ of AZ80

4.3.2 Mechanical Properties and Fracture Analysis

Figure4-19a showshe Vickers micrehardneswvaluesfor the RSW of AZ31, AZ61 and AZ80 in the
aswelded and posiveld heat treated conditions. For each alloy, the hardness valiefaf and the
HAZ are lower compared to thaf the associated BM. The decrease in hardness of HAZ can be

associated with the static recrystallization and subsequaint growth.

Post weld heat treatment appeared to decrease the hardness of HAZfandZ&ZL and AZ80. The

values measured by the midnardness indentation did not reflect the hardnessedtM g . Since
intermetallics exigd in both grains and gmaiboundariesthe hardness valudsalculated from the

size of the indentionsar e t he over al landtadb dBy the application of beatt U
treatment and hence significant removal of the intermetallicshahgnessontribution ofb phase
deaeasesConsequently, the decrease in the hardness of FZ and HAZ after the heat treatment does
not essentially indicate the decrease in the hardness of the Mg matrix. On the othanhaocase

in the hardness values of the FZ was detected after teaditnent for the AZ31. Compared to the
weld microstructure of AZ61 and AzZz80, fewer b
Consequently the contribution of the intermetallics in mitaodness measurememasinsignificant

and the hardness bfmatrix became more pronounced in measurements.

Figure 419 compares the loat-failure and elongationto-failure of the spot weldedvig alloysin
bothasweldedandheattreatedconditions.The tensile shear responses of the welds (5 specimens for
each weld/condition) are plotted Appendix B. Although the grigisplacement does not indicate the
actual specimen elongation, it can be used as a qualitative comparison of the nugget ductility in

different welds/conditions. It should be noted that ma®ueate measurements of nugget elongation
54
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(by accommodation of an extensometer) was performed in the works presented in chapters 5 and 6 for
AZ61, AZ80 and ZEK100 spot welds.

It is interesting that the loat-failure for thespot welds(in aswelded condion) increased as the
strength of the BM decreasetiaple 31). The loadto-failure and elongaticito-failure of AZ80 weld

was the lowest among thkree weld, but improved significantly by the application of PWHfie
improvement in loado-failure of the weld by PWHT was calculated to be +2.3%, +11.4% and
+43.6% for AZ31, AZ61 and AZ80gspectively.The fracture modef the AZ61 and AZ80 wekl
changedrom nugget pulloutKigure 4-20b) to throughthickness Figure 4-20c) after PWHT, while

post weld heat treatment had no obvious effect on the failure mode of AZ31 which was interfacial
failure (Figure 4-20a). In summary PWHT favorably affected mechanical properties of RSW

AZ61 and AZ80 however,such effecd werenot substantiaior RSW of AZ31

In order to further study the effects of PWHT on failure mode and fracture charadetestisile

shear test was stopped at the peak I¢aglufe 31b) and the cross section of tested samples were
metallographically investigatedrigure 4-21 showsthe typical crosssectionalcrack pathfor AZ61

and AZ80welds in aswvelded condition Cracks always started from thetch where thewo BM

surfaces were joined by the nuggghe crack initiated and propagated along the fusion boundary but
mainly located in the HAZ. As indicated by the black and white arrowsgare 4-22, secondary
micro-cracksclose to the primary cracklso existed. The black arrows point to micrackswhich

occurred nsi de or tr a\paticleseTthe white mroowsgpbinttomiecorba c ks at t he
interfacesThus, theb intermetallics in the HAZ can be considered preferred crack propagation paths
during TS loading of RSW joints made with high Al content Mg alloys.

In postweld heat treated AZ61 and AZ80 coupprsack propagated on a differepath as
illustrated inFigure 4-23. Cracks occasionally initiated away from the edge of nugget (as observed
typically in Figure 4-23b). After initiation, the crack propagated inside the HAZ and far away from
t he f usi on pastioles dvera npt.obsdniecalobg the crack pathway of thengbdtheat
treated samples as illustrated typicallyFigure 4-24. High twinning activity was detected near the
crack edges, suggesting that plastidodmation took place at the vicinity of notch before crack

initiation.
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Figure 4-19 (a) Micro-hardness values of the BM, HAZ and FZ oRSW in aswelded and heattreated
conditions (b) Loadto-failure and displacement at failure load for the spot welded specimens (5
specimens for each joint/condition) in asvelded and heatreated conditions
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Figure 4-22 (a) Microstructure near the primary crack in the AZ80 spot weld in aswelded condition (b)

Area A at higher magnification (c) Area B a higher magnification.
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Figure 4-23 Typical crack propagation path of the RSW in the heatreated condition (a) AZ61; (b) AZ80
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Figure 4-24 Microstructure near the crack for the AZ80 RSW in the heattreated condition

Figure4-25 shows the fracture surface of an AZ80 TS specimen in thekliked condition. Based on

the fracture morphology, the fracture surface can be divided into three sections as illustrated
schematally in Figure 4-25a. Figure4-25b and c e the low magnification SEM images of these
three sections whild=igure 4-25 d and e are high magnification images of section 1 and 2,
respectively.

Section 1 wadocated at the FZ/HAZ interface arappeared to have dendritic structure Rigure

4-25d), which indicates that very weak joining occul the faying surface close to the notch of the
nugget. Located in HAZ, Section 2 appeared to exhibit cleallegesteps as shown in low
magnification inFigure4-25. Careful examinationf the fracture surface in Section 2 revealed a high
density of micrevoids Figure 4-25¢). The EDS analysisfrom the fracture surface of Section 2,

i ndicated presence o0-Voidsb(P2pR8rPi Tabled-5). FimahasectianBe mi cr
demonstrated a shear fracture through BM due to over loading.
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Figure 4-25 Fracture surface of AZ80 RSW in aswelded condition: (a) Scheme of the fracture location
showing three sections; (b) Fracture surface in section 1 and 2; (c) Fracture surface in section 2 and 3; (d)

Magnified image of fracture surface in section 1; (e) Magnified image of fracture surface in section 2
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Table 4-5 EDS analysis results for the particles shown ifrigure 4-25e

Particles 1 2 3 4 5
Mg (at.%) 84.6 83.5 82.5 81.5 77.6
Al (at.%) 15.4 16.5 17.5 18.5 22.4

Figure 4-26 illustrates the fracture surface @&Z80 RSW in PWHT condition. The fracture
morphologieswere different from those of the agselded sample. The fracture surface of the post
weld heat treatedample could be divided into 3 sections as showfigare4-26b and their locations
are schematically illustrated Figure4-26a. Fracture surface at Section 1 demonstrated dirvfked
morphology Figure 4-26c). Section2 was mostly related to the throughickness fracture in the
HAZ/BM region. The SEM image irFigure 4-26d shows aransganular fracturesurface, which is
similar to the fracture surface of the AZ80 base alloy, solution heat treatedsatfd0®: hr Figure
4-26e). No evidence of intermetallics was detected on the fracture surface of post weledtedt

sample. Section 3 dahe same morphology &sundin the Section 3 of theaswelded sample.

/ﬁ; 2HAZ
e | \ _g

7

Figure 4-26 Fracture surface of the spot weld in the heatreated condition: a) Scheme of the fracture
location b) Fracture surface in section 1, 2, 3 c¢) Magnified image of fracture surface in section 1 d)
Magnified image of fracture surface in section 2 e) Fracture surface in AZ80 BM in hedteated
condition
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Figure 4-26 continued

4.4 Discussion on Microstructure-Property Relationships

It was observed that thdlGHER the Al content of the magnesium BM, the more eutdziahase
formedand hence the mordeterioration inmechanical properties of the wetdcurs The current
resultscontradictthe previous reports made on electron beam weld of the AZ alloys which @alicat

that as the Al content of magnesium alloy increases, the weld strength in¢5&sgs4]; however
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