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ABSTRACT

Given their low density and high specific strength, magnesium alloys show
excellent potential fouse inlightweightstructuralapplications. Current challenges facing
these materials are poatrength levels and limited low temperature formability in
comparison to the conventionally used steel and aluminum alloys. As such, the focus of
this thesis is twofoldFirst, the effects of different deformation mechanisms on the
ductility of amagnesim alloyaresystematically investigatet orderto ultimatelyshed
light on potentialstrategies foenhancingow temperature formabilitySecond the need
for higher strength magnesium allagsaddressed

With this in mind, this thesis first investigsdeformation andailure mechanisms
at low and elevatedtemperatures, from 25°C to 200°C, under differéamored
deformation modegbasal slip, prismatic slip, and tension twinning) the most
commonly wrought magnesium alloy, M@ 31. Here, a main fiding was thaductility
and strength levels can benultaneouslpptimized when prismatic slip is the most active
deformation mechanisnin addition dynamic recrystallization (DRX) was found to be
most active undebasal and prismatislip at elevated amperaturesand positively
enhancedluctility. In contrasttensiontwinning suppressd DRXand was correlated with
comparatively pooductility.

In the second part of this thesis, a precipitation hardenable alleyZ,KMX6000,
was processed via Equal Cinah Angular Processing (ECAP) in the attempt to obtain

ultra-high strength levelgia grain refinementHere, ECAP producadtra-fine grain sizes



with ultra-high strength levels approaching ~400 M#&tang several orientation3he

roles of precipitation,grain size, and texture were investigated, where it was determined
that ductility for ECAPprocessed samplegs limited due to a high volume fraction of
precipitates after ECAPIn addition, prismatic slipcould becorrelatel with optimal

strength and duidity, confirming findings fromthe first part of this thesis
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

In recent years, efforts to reduce greenhouse gas emissiopscanoteenergy
conservation highlighted the need for lighter structural matenmlthe automobile
industry.Entermagnesiumwhichis abundantly availablexhibits a low densityfdl.74
g/en? (2/3 the density of Al and 1/4 the density of steafjd demonstratean excellent
strength to weight ratigl-4]. With theseproperties magnesium and its alloysre a
legitimatematerial candidatéor lightweighting, and, as a result, extensive research has
been conducted on these materials over thetipesidecadesvith this objective in mind
Today, magnesium components are nsuccessfully beingitilized in the automobile,
aerospace, and eleatios industriesas a means for weight reductioAdditionally,
magnesium alloys havy@en implemented in otharenasAs an examplgn the medical
field, biodegradable implagtincluding cardiovascular shts, sutures, and screware
made from magnesm [5]. Another example igound inthe defense industryhere
magnesium has been reseaatfor novellightweight military applicationg6].

While rearch efforts have focused on a broad variety of topics regarding
magnesiumseveraloverriding themes, or objectivesften motivate these studiesor
wrought magnesium alloys,ne major objectiveis to improve th& low temperature
formabilityi in othe words,to create arsotropicductility behavior for magnesium alloys
at ambient temperature8, 7-9]. A secondaim is to enhanceother keymechanical

properties in particular corrosion resistancg5, 10] and strength[11l, 12] Such
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improvements in magnesium alloys are necessary in order to make these materials more
competitive with the conventional steel and aluminum alloysFigure 1 captures
graphically how magnesiumés strength and
with various aluminum and steel alloy systeh3]. With this in mind, the focus dhis

thesisis to expand the current understanding of magnesium formabilitgtesrtythening
potential as elabrated on inSections 1.1 and 1.2Vhile a fascinating topic, enhancing

the corrosion resistance of magnesium will not be investigated fimther
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Figure 1. Comparison of magnesiuen| | @a)yspegific strength and (b) telesstrength
and elongatiorlevels with conventionally utilizedaluminum and steel alloy systems.
Figureadapted from Refl13].



1.1 Fundamentals d¥lagnesiunformability

Two decades agandustry primarily utilized diecastmagnesium alloy products
[3, 14, 15] However, inmore recent yearswrough magnesiumproductsi such as
extruded billets or hetolled sheets and platéshave grownncreasinglypopular[15].
The reason for this isnought processing plastic deformation techniguefines grains
while removingmechanically detrimentgborosity and inhomogeneitieom the cast
condition As a resultwrought magnesium alloys exhibit superior mechanical properties
in comparisonto ther cast conditios [15-17]. However, for magnesium, wrought
procesmg creates a strongly textured bulk matemaéking themhighly anisotrop [1,
18]. Several common wrought textures are illustrateligure 2 for rolled and extruded
magnesium alloys, which consequerglhibit poor low temperatureormability [7, 19].
Looking towards the future, development of either nowelught processing techniques
or new magnesium alloy®.g. novel Mg-Rare-Earth alloys[9, 20]) which favor more
random texture development is needed to imptowetemperature formabilityor this
light metal

Wrought magnesium alloys exhibit especially poor formability at tempesature
below ~180°C[1, 8]. Therefore, forming operations, such as stamping or-deseging
from hot rolled magnesium sheets, must be conducted at higher temgereggulting in
increased production cosf$4, 16] Thus, improved low temperature formability is
desired by industry to lower costs of productidd]. Furthermore, successful processing
at lower forming temperatures would also allow for enhanced mechanical properties for

magnesium alloys since refined grain sizes can be maintained at lower temperatures,
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whereas grain growth occurs more readily at higher forming temper§2dijesn short,
suc essful |l ow temperature formability coul c
mechanical properties (via further grain refinement) while simultaneously reducing

production costs.

a)

b)

Figure 2. Severalexamples of strong #ures produced fowrought magnesium alloys.
(a) Hotrolled magnesium platesnd sheetsxhibit crystalc-axesmostlyalignedparallel
tothe ND. By convention ND: Normal Direction, RD: Rolling Direction, TD: Transverse
Direction. (b) In contrast, for heéxtruded magnesium alloys, theages alignmostly
along the radial directions, normal to #adrusion directionED).
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To understand the origins gboor low temperature formability invrought
magnesium alloyst is helpfulto start withthefact that nagnesum is ahexagonal closed
packed(HCP) metal witha nearly ideaki¥caxis ratio of 1.6241, 7]. Note that for HCP
metals, jpastic deformation occurs via a varietysdip and twinningsystemswhich are
illustrated for magnesiumin Figure 3. Generally HCP crystals are inherently brittle
materials since they possess only one efizeked plane, the basat 1 11 plane[22].
Consequently, &sal @ slip is the most easily activated slip mode for magnesium

exhibiting the lowest critical resolved shear stress (CRSS) in single crystal $lidies

(a) basal {a} (b) prismatic {a} (c) pyramidal 2¢ (d) tension twin (&) compression twin
{0001}{1120) {1010} 1120) {1122)1133) {1012}{1011}) {1011}{1012)

Figure 3. Primary dlip and twinning systemsas the deformation mechanisms in
magnesiumFigure adapted from Ref23].

In magnesium, &sal slipwhich islimited to movementslongthe & planar
directiors, constituteghree total slip systems (there are threp gt directions) but
just two independent slipystems[8, 16], neither of which caraccommodate -axis
deformation According toVon Misesand Taylorcriterig, five independent slip systems
are requireddr homogeneous deformation, and hence good formalpijtg, 24} For
magnesium, the other sligystemsre the prismatic & ,pyramidall & (not shown
in Figure3), and pyramidall & ¢ . As prismatic slip is also limitetb movements
along the @ directions it provides forjusttwo independent slip systemEhus even

5



if prismatic slip andbasal slip systems at®th activated the von Mises criteriomill
remain usatisfied sce only four independent slip systenere in operation[8].
Therefore, pyramidal & ¢ slip must be active in order to satisfy tden Mises
criterion and simultaneouslyallow for homogenous deformation and good formability
via strain along the-axis[24].

At tempeatures abovel80°C, magnesiums much more formablelue to the
activation of basal, prismatic, and pyramidafd ¢ slip systemswith the von Mises
criterionbeingsufficiently met[8]. However, while basal slip is athermal with a very low
CRSS, the CRSS values foprismatic and pyramidal & ¢ slip are highly
temperature dependd@b]. The relationship between temperature and CRSS of different
deformation mechanisms is illustratedrigure4 for the magnesium singlaystak, and
similar trends follow for wrought magnesium akoj26]. Notice here that talow
temperaturg pyramidalll @ & slip has a CRSS much higher than basal and

prismatic slip ands the most difficult mode to activate.

80

M basal slip (b)
70 prismatic slip {a,c)
Aa m pyramidal Il slip (e)
60 4 {10-12} twinning (b) ]
. " A{10-11} twinning (a,d)
& 50 3 ¢ {10-13} twinning (d) |]
=
o 401 =
& A
O 30
20 ‘
b 4
»
10 =
0 - |
0 100 200 300 400 500

Temperature (°C)

Figure 4. CRSS of various slip and twimg systems as a function of temperature in a
magnesiunsingle crystal. Figure adapted from Reb], which analyzed previous studies
for the CRSS values.



At room temperatureboth prismatic and pyramidalslip are much harder to
activate than basal slji6, 18]. Neverthelesst is worth mentioning thaboth non-basal
slip systemdhave been observed for magnesium@ven at room temperatufé, 14, 16,
27]. In one studyKoike et al [16] observed cross slip from basal to Amasal slip systems
via slip trace analysis, i.e. where dislocations along certain planes of slip are observed
directly via the transmission elémon microscop (TEM). Therefore, it is possible to
activateprismatic and pyramidadlip systemsat low temperaturesalthoughit is very
difficult to achieve them homogeneously throughout the maténsiead, these slip
systems are more active neagons ofstress concentrationshich exhibit higher stress
levelscloser tothe CRSS levelsequiredfor nonbasal slig28].

Given the lack ofeadily activeslip systems for homogenous deformatadriow
temperatures p p¢ tensile twinning,which hasan atherma[18], low CRSS[28] in
comparison to notasal 8p, is typically observed during deformationat low
temperatureg24, 29] Here, tensile twinning, unlike basal and prismatic slip, can
accommodate-axis strainand is easily activas ma g n e s dcdraiid 5 belowlo
[30]. However, unlike the slip systemsn magnesium,tensile twinning is a polar
(unidirectional)deformation mechanisthat can accommodate onlp t06.5% strair{8],
andit is characterized brapid texture changstress concentrations at the twin interface
crack formation and finally macroscopidailure [24, 25, 29]. As such for improved
formability suppression of twinning activitg preferred19, 31] Interestingly, winning
is a reversible process, as unloading can result in untwinihgh is also known as

detwinning[17, 32]



It is also relevant to mention that twinnintay seenstrain rate sensitive, as less
twinning has been alerved at slower strain ratgzb]. However, there is some dispute
about this, as others have argued that twinning is both athermal and strain rate insensitive
[25]. The true effect may beéerived fran the thermal and strain rate sensitivity of non
basal slip mechanisnfse. pyramidal @ ¢ slip), which inturnaffect how active the
twinning mechanisms can badeed twinning occurs more easily at lower temperatures
or higher strain ratesvhile the opposite is true for pyramidal & ¢ slip [25, 33]
Furthermore basal slipand twinning modes haveeen characterized as nstmain rate
sensitive, while the nebasal slip systemisave been deemesdrain ratesensitive[34].
Therefore,jt can be deduced th#ie straiarate and temperature sensitivity of Aoasal
slip mechanisms, in particular pyramidalco &  slip which can accommodateagis
strain, influences theelative activity of twinning modesduring deformationof
magnesium and its alloys

While tensile twinning is the primary twin mode in magnesiompression
twinningis another active deformation mechanism, althatighmore difficult to activate
at room temperature thaension twinninglue to anuchhigher CRS$28]. Characterized
by c-axis contraction,@mpression twinning igenerallymore rarely observed than tensile
twinning[30] andis alsoassociated witkoid formationand failurg28, 35] Here double

twinning, where tension twins form inside compressian boundaries,occursin



magnesium alloyf24, 3537]. As the interiors of duble twins favor asal slip this leads
to shear localization, void formatioand eventually material failuf85].

As illustrated inFigure5, twinning rapidy rotatesthe twinning plane sound the

pCp T axis about a set reorientation ang&8]. According to Figure 5, twin

reorientatioranglescan be measurdaetween the twin-axis and the matrix-axisfrom
theperspective of the p¢p 1 axis[38]. Different reorientation anglegrve to classify
distincttwin types as follows86.3° fortensile twinnng, 56° for compression twinning,
and 38° for doubletwinning [22, 27, 35, 38, 39]These different twin typesaa be
identified accuratelyvia TEM by the diffraction patterns shown iRkigure 5 [38];
alternatively, they can also be identified kectron Back Scattered DiffractioBEBSD)
as shown inFigure 6 [19]. Rotations can also be roughly sei@npole figuresfrom
analyzing the basal pole orientations before and after twiri@]ng

Tensile twinning, of course, results iragis extension, while both compression
and double twinning result in-axis compressionUnder compression, which is
charateristic of many wrought processes, twinning reorients tages towards the
compressive axjsa mechanism responsible for strong basal textures in wrought
magnesiunj7, 30]. It is worth mentioning thatther HCPmetals with excellent ductility,
such as Re, Zr, and Ti, have an abundance of active tensile and compression twinning
moded24]. However sincetension twinning is thenly readily activetwinning modefor
magnesiumtwinninghasan adverse effect dow temperaturéormability for magnesium

alloysandmustthereforebe suppressed



~—Single twinning mode—————~
(a) {1012} (b) {10711}
oy 0111t n111P

.
D [}
28 uﬂo
0051
i ””' 00010

.
) Double twinning mode ——————
{1071}{1012}
(c) Variant A (d) Variant B
. 017
% EH Gl 1D‘Iﬂl
171t
0110
12383 1
3755“ 0111 AJL °, — °n111o
o <1120>
(e) {1013}-{1012} /
° o o | T c axis

EBES@", Dm.‘: os 170t : * Matrix spot 5
W i @ oTwinspot |

o 0171500010001 °
el

s i<1210>

o o o

N j

Figure 5. Twins (dotted box) resulin rotation ofthe matrix (solid box) around the

p¢p 1 axis (normal to the pagby set angles, which are measured between the twin
and the matrix @xes.(a) and (b) correspond to tension and compression twinning,
respectively (c-e) shows double twinningTEM diffraction patterns for twins when
viewed from the p¢p 1 axis are shown for each twin mode. Figure adapted from Ref.
[38].

20 pm

Figure 6. Identification of various twin types via EBSD. Red refers to tensile twins, green
to compression twins, and blue to double twins. Figure adapted frorfiLBef.
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For magnesium alloygine successful technigé@ twinning suppressiois grain
refinement[36, 40] where a critical grain size can exist below which slip replaces
twinning as the dominant deformation mechan[4®]. The reason behind this is twin
formation requires thereationof an interfacenecessitating energy inp@nd & the grain
size is reduced, a higher number of interfaces must be created for twinmitgte and
grow across each graifi6]. In addition, propagation divin boundaries acrosgrain
boundariesbecomes more difficulin fine grainred materiad due to the larger grain
boundary area

Grain refinement not only allows for twinning suppression, bsb @romotes
ready activation of prismatic and pyramidal sliph limited twinningat low temperatures
for better low temperatur@uctility for magnesiunj12, 16] In general, grain boundaries
serve to lower the agnitude of difference in CRSS values between basal anbasai
slip systems which was observed when CRSS values for magnesium alloys were
compared withsingle crystad [25]. Hence higher grain boundary areavia grain
refinementpromotesactivation ofadditionalslip mechanisms bfurther narrowingthis
gap in CRSS valudsetween basal and ndiasal slip systen(d6].Therefoe, one viable
strategy for enhanced formabiligy lower temperaturas via grain refinementyhich by
suppressingwinning enhancessotropy in mechanical propertiesn turn minimizing
anisotropy instrength and ductilitj12, 16, 28]

With higher temperatures, dynamic recrystallization (DRX) becomes a
increasingly important mechanisaffectinggrain sizg41] and, to a lesser extemgexture

evolution [9, 11]. Generally DRX grainsare known tonucleate viaeither subgrain
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rotations, grain boundary bulgingr twins depending on thdeformation temperatures
and activedeformation mechanism8, 42]. These mechanismisave been classified
specificallyas continuous DRX (CDRX), discontinuous DRX (DDRX), and twin DRX
(TDRX), respectively, angvere reviewed in detail by Kaibysheval. [43]. Examples of

each DRX mechanism are showrFigure?.

a)

‘.7‘3' "

‘%fii AT

Figure 7. (a) Necklace DRX grainkkely form via CDRX Figure adapted from Rgf.9].
(b) DRX grains aserratedyrain boundarie®rmed via DDRX Figure adapted from Ref.
[39]. (c) DRX lamella nucleate within twingda TDRX. Figure adapted from R¢fL9].

CDRX is thought of generally as a more gradual process (hence the name), where
low angle boundaes (LABs) accumulate via strai@yentuallytransforming to high angle
boundaries (HABs) which precede the formation of recrystallized gfaBs39, 43]
Therefore, evidence for CDRX in the microstructean beseenin parentgrairs if
subgrain boundary angles increase in magnituden moving from thearentgraind s
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core(i.e. centerxowardsits mantle(i.e. perimeter). In this case, necklace DRX lamella
may be observed bor der i ongCDRXiestrgnglyrcaralatedgr ai n o0
with nonbasal slip(as inFigure 7a) and has been observed at lower temperatures near
grain boundariesvhere stress concentrations allow for more easy activation elbasa
slip mechanism$§42]. In contrast, DDRX is marked as a nucleation progess grain
boundary migration mechanisiwhere dislocations are removed via the formaton
propagationof HABs [3, 43]. Nucleation of a new grain usually happens at the grain
boundarie$15]. Unlike CDRX, DDRX is not dependent on the accumulation of low angle
grain boundaries but can occur diregtlg. discontinuouslyj43]. In this regard, evidence
of DDRX can be seen as serrated or bulging parent grain boundaries at the site of a new
DRX grain(seeFigure7b) [2, 43, 44]

Finally, TDRX (Figure 7c) has been observadithin primary tensile twinand
primary compression twinf43]. TDRX within tensile primarytwins nucleatevia a
mechanism similar to CDRXvhere formation of LABs within the twin interiors gradually
leads to HAB with increased strain, creating a nucleus bounded byslah twing39].
Subsequently, these nuclei transform into recrystallized grains. DRX grainalbalveen
observedwithin doubletwin boundarieg19, 41] Given that twinning is more prevalent
at lower temperatures, TDR more expected dbwer deformationtemperature®r

higher strain rates
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Figure 8. Schematic diagram illustrating the fortizen of a shear zone from the bands of
recrystallized graingzigureadapted from Ref41], where the mechanism is explained in
depth

At low temperatres, DRX regions have been identified as potential failure
regions. As shown ifrigure 8, shear zones consisting of
regions where cracksan originatanore readily{21, 41] Doganet al [19] also observed
that fracture at 150°C at very high strains (>100%) was associated with DRX in double
twin regions, where DRX grains formed and, subsequently, accumulated into shear zones.

These shear nes were soft regions whetke strain was localized andeventually

microcracks nucleated, leading to fail(ii®].
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A discussion of low temperature formability would not be complete without
mentioning thedifferent microstructural morphologies relateéd brittle and ductile
fracture. In this regardseveral distinct types of fracture surfaces are observed at low
temperatures in magnesium alloys indicating either brittle or ductile fracture. Generally
speaking, brittle failure in metals is associatethwintergranular analeavage fracture
along densely packed atomic planes, while ductile failure is associateshwalidimples,
cavitation and plastic instability[45, 46] When deforming magnesium at room
temperature, brittle fracture occurs via intergranular and transgranular separation, which
is associated with shear zone formation, grain pullouts, and also failure along twin regions
[47]. In magnesium alloysluctile fracture isharacterized bgtrain localization, followed
by microvoid formation, growth, and coalesceii8g, 47, 48] Microvoidsareassociated
with secondary particles and double twinning, which both promote strain incompatibility

[31, 35, 49]

1.2 Strategiedor Enhancing Strength in Magnesium Alloys
One strategy for enhancing bdtrmability andstrength for magnesiuis dloy
designi a fascinating topicasselection ofdifferent alloying element combinatioran
have dramat effecs on microstructure andanechanical propertiesn addition, many
alloy systemdhave yet to be discoveretdne pat h f or i mproving magn
strength is via novel alloy desid#], whichcan take advantage of twelatedtechniqies
for enhanced strength solid solution strengthening and precipitation hardenisg.

touched upon in th8ectionl.1, anotheravenue for improving the mechanical strength of
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Mg, reducing anisotropy, and enhancing formability is via grain size refindiznb0,
51]. As such, theséhreestrategies for strengtheninvgll be discussed in detail in the
current section.

Severacommonexamples of solid solution strengthened alloys include the Al and
Zn based alloyssuch as AZ31, AZ91, and ZK68s seen on phase diagrams for binary
magnesium alloygnot shown herg)each dement show unique solubility levels in
magnesiunwhich typically increasevith temperature. For solid solution strengthening,
elements are mixeavith the molten magnesium at elevated temperatures, which is
followed by air cooling. As solubility is higher at higher temperatures, the allogxtalbit
a super saturated solution once it has cooled to room tempefagamerally, the super
saturated oy can exhibit enhanced strength and ductility in comparison to pure
magnesium, provided the alloying lésveutilized are appropriaté accumulation and
embrittlement along grain boundaries may occur above certain thresholds. Therefore, an
optimal level of each alloying element is necessary to design for the best material
properties, and this process requires an extensive survey of the existing literature and
sometimes a fair amount of trial and error.

Solid solution strengthening allows for moderatergitk enhancement, which can
be further improved upon via precipitation hardening and grain refinerbdieng a
supersaturated allag wrought processed after casting for grain refinement, removal of
porosities, and microstructural homogenization. Aftedsgihe alloyis aged for further
strengtheningwhere different alloys exhibit unique age hardening respoAd¢esging

temperatures which are lower than the wrought processing temperatuites solubilty
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of alloying elements isomparativelylower. Therefore, aging heat treatments allow for
further strengthening via the nucleation of secondary particles from the nwétroh is
thermodynamically favoredue to their lower solid solubility. Essentially, the slightly
elevated aging temperature servestcrease the kinetics of particiecleation. It is also
worth mentioning that aging does occur spontaneously at room temperature for-a super
saturated material, yet the rate of particle nucleatiemgsedingly slown comparison to

the elevatedaging temperaturesinterestingly, aging was coined for this reasonthes
microstructure andhechanical properties cavolve(i.e. age)vertime.

Essentially solid solution hardening followed bgging heat treatmentan
effectively enhance the strengthrobgnesium alloysAs aging heat treatments promote
the nucleationof secondary precipitateshich can enhance the strength levelhis
method of strengthening is called precipitation hardening. Precipitation hardening has
been shown to effectively enhangteength and reduce anisotropy in Mg all§§2, 53]
Different magnesium alloy systems exhibit different precipitation hardening
characteristicsIn particular precipitation hardening has been shown effectiveMg-
Rare Earth (RE) allogystems which have shown ultraigh strength levels over 400 MPa
[4, 54] Here, a primary mechanism for ulnggh strength is via prismatic plates (i.e.
major precipitatgplanedocatedonthe prismatic planes), whidbrm via aging anderve
to narrow the gap in the CRSS between basal slip and prismatic and pyramidd, slips
54].

As RE elements are expensive and not readily available, desigRE-free,

precipitation hardenable magnesium alloys is warrartethis regard, recently Mendis
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et al demonstrated that precipitation hardening can be achievedMgtZ& 60 alloy by
alloying with trace additions of Ag and Ca; these particles sesywecipitate nucleation
sites and thus allow for a higher number density of Mg#acipitates to form during the
aging proces§s2, 53] Here, a peak aged condition with a bimodal grain size averaging
~8.5 e€m, with UTS nearing 350 MPa and an
[52]. Generally speaking, during precipitation hardening material strength increases with
increasing prdpitate number density (and consequently simultaneous refinemaent)
55]. As an alloy must be super saturated to be precipitation harderbbléwo
strengthening scheméssolid solution strengthening and prgitation hardening are
intrinsically linked.
To provide further strengthening to precipitation hardenable magnesium alloys,

one caralsodesign fora fine grain sizeAs mentioned earlier, an added advantage of a
refined grain sizén magnesium alloy sysmsis reduction of twinning activity36, 56}
thereby enhancing formability as twinning is often associaiéid strain hardening and
localization, followed by void nucleation and fail&6]. Grain refinement is known to
enhance the strength of magnesium alloys according to thePeElalh [57, 58]
relationship

. . Q QT 1)
where, is the yield stresXQ is the HallPetch slopeQis the average grain sideametey
and , is a materialdependentstrength constant. Here, magnesium alloys show

competitive potential ahey have a considerably higher HBRtch coefficient than Al
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alloys[52]. To make the most of the Hafetch relationship, an ultrafine grain size (i.e.
Q<1 em) [1¥ ideal

Grain refinement to ultréine levels @ <1 ¢ mhas been shown to produce utra
high strength levels iRE freeMg alloys[12, 51] Razaviet al successfullyrefined the
grain size to ~0. 33Al-1Zmalloy (AA31)FoBtA@ArMMg @aUTS ovare Mg
400 MPa and a ductility approaching 19%2]. Remarkably, ductility here was only
slightly below the initial condition of ~28, where the grain size was much larger (~33
e m)12]. Evidently, grain refinement in Mg can be advantageous for both strength and
ductility.

As was touched upoin the previous section, limited low temperature formability
for magnesium alloys requires higher processing temperatures, resulting in grain growth.
Thus, obtaining ultrdine grain sizes via conventional wrought processes, such as forging,
rolling, orextrusion, is difficult. Alternatively, gechniquecalledEqual Channel Angular
Processing (ECAR}¥ capable of achieving ultftne grain sizes for magnesiub2]. As
shown schematically iRigure9, ECAP severe plastically deforms the processed material
by pressing it through a 90° channel, exerting over 100% strain to the m&t@fi&@ack
pressure can be utilized to prevehear localization and failure one pass by increasing
the hydrostatic pressure levels

Note inFigure9 that the crossectional area is maintainedring ECAP, which
allows for samples to be processed multiplees. In this regard, the processed sample
can be rotated along the longitudinal axisb&tween passes to produce novel grain

morphologies and texturgS9]. Conventional routes are listed Table 1 with volume
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percent offully worked material, which is a function of the chosen route and the number
of imposed passes. As ECAP allows for texture engineering, it is an ideal processing
technique for magnesium alloys for generatiomefrrandom textures and has proven
capableof improving formability in Mg alloys by weakening the strong textures of
wrought Mg product412, 50] Indeed, improved low temperature formability and a
reduction in tensioicompression asymmetry has been adddor magnesium alloys via

ECAP[50, 51}

Force

é\

LD

FD ECAP ED
Orientations

45~)\ Back

Sheared Pressure
Region

Figure 9. A schematic ofa workingE CAP die Here, metals severelastically deformed

by pressingt through a 90° cornewhich imposes a sheregionof 45° on the processed
material. Back pressure can be used to prevent shear localization and failure during the
processingBy conventiondirectionsfor specimens podECAP are the following.LD:
Longitudinal Direction, ED: Extrusion DirectioRD: Flow Direction.
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To achieve an ultrafine grain size via ECAP, a miglthperature stegown
method is utilized, where grain size is refined further by gradually lowering the processing
temperature in between passes for a given [a2te50, 51] Of course, dectly ECAPof
magnesiunmat ambienttemperature should allow for ultfane grain sizes, but cannot be
done due to magnesi umo6s pAe solid sdlubowhatdenmgper at ur
precipitationhardening, grain refinement, and texture engineering have been shown in the
literature to produce high strengéimd ductility levels for magnesium alloys, a feasible
next step would be to combine these technigquee&CAPfor peakstrength levels in Mg
alloys.

Table 1. A list of conventional ECAP routescluding thevolume percent of fully worked
materialfor billet with a square crossection andan aspect ratio of,&ubjected to -B

passesRotations are done about the longitiad axis.N: number of passe$able adapted
from Ref.[59].

Volume percent of fully worked material for ECAE processing of a square cross-section billet with an aspect ratio of six

Route Rotations before extrusion Number of passes
1 2 3 4 5 6 7 8

A 0°, all passes 83.3 75 66.7 583 50 41.7 34.7 29.8
B(BA) 90°, N even, 270° N odd 83.3 778 722 66.7 61.6 55.6 50.2 44.4
C 180°, all passes 83.3 833 833 833 833 83.3 83.3 833
D(B¢) 90°, all passes 83.3 778 73.6 722 722 72.2 72.2 72.2
E See text 83.3 833 77.8 77.8 77.8 77.8 77.8 77.8
F See text 83.3 778 778 77.8 77.8 71.8 77.8 77.8

Interestingly, Dogan et al recently showed that a large amount dfnamic
precipitation occurs during ECAP of AZ31 at low temperatures (1508@]) This is
remarkable since Mg alloys such as AZ31 are generally not considered to be precipitation
hardenable, as they demonstrate a limited age hardeningnse$p2]. The effect of
dynamic precipitates on mechanical properties of ZK alloysanes scarce in the

literature generally efforts focus onraditional static precipitates(i.e. precipitates
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nucleated viaging after wrought processindjherefore the interaction between grain

refinement and precipitation via ECAP requires further attention.

1.3 Motivationand Thesis Objectives

A fundamental understanding of low temperature deformation mechanisms in
magnesium alloys and their relation to faillsevarranted in order to design for improved
processing techniques that can enhance formability within these temperature regions.
Therefore, a studgf the activities of various deformation mechanisms as a function of
low and elevated temperatures and @isgraphic texturevas conducted fdvg-AZ31
(Mg-3AI-1Zn-0.2Mn alloy (wt.%)) which will be discussed in detail in ChapterThis
study correlateshe effects of different deformation mechanisors themicrostructural
evolutionand failure characteriss at low temperatures, seekingtaborate upoeffects
of variousdeformation modesn strength, ductility, and failure

In addition, in Chapter llI, the challenge of low strength for magnesium alloys will
be addressedwherean attempt to combine thdfects of solid solution hardening,
precipitation hardening, and grain refinementdahancedtrengthis conducted. Here,
the effect of grain size refinement and precipitation during ECAP is investigated on a
precipitation hardenable MKQX6000 (Mg-6Zn-0.6Zr-0.4Ag0.2Ca alloy (wt.%))
alloy, wherelow temperatur&CAP was implemented via a meiémperature stegown
approach between 125°C 200°C. Ultrafine grain sizes were produced, with a
dynamically precipitated high number density of second phasks. rilechanical

characteristics of the processed samples are discussed with respect to grain size,
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precipitate morphology, amttystallographi¢exture.Chapter IV concludes this thesis by

providing some recommendations for future work with magnesium alloys.
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CHAPTER Il
THE ROLE OF DEFORMATON MECHANISMS AND DYNAMIC
RECRYSTALLIZATION ON THE FAILURE OF MG-3AL-1ZN UNDER TENSION

AT LOW TEMPERATURES

While a large number of studies focused on high temperature (>200°C)
deformation and DRX behavior of AZ3R, 21, 39, 61] a detailedmicrostructural
investigationat low-temperature emphasizingnteraction between slip and twinning,
characteristics dDRX, and failure mechanismemainsscarce in the literatur&loreover
previousstudies have largely focused on relationships among strain rate sensitivity and
temperaturg8, 31, 39, 62, 63]rather than solely the effect of temperatdit@s approach
can cloudeffects of specifideformation mechanisms onicrostructural development at
low temperaturesvherehard slip mode activities are both highly temperature and strain
rate sensitivg31]. Therefore in the current chapter the relationship between different
deformation mechanisms and microstructural evolution wiihbestigated fothe nost
common wroughmagnesium alloyAZ31, at low temperature&200°C) Here, areffort
to categorizecharacteristics of failure within this temperature regi®rconducted to

provide insightsisefulfor achievingbetter formabilityat low temperatures
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2.1 Materialsand ExperimentaMethods
In this study, an AZ31 hablled plate with a thickness of 25 mm was acquired
commercially and subsequently annealed under an argon atmosphere at 350°C for 12
hours. As shown ifrigure10b, this heat treatment resulted in a homogeneous;ftefn
microstructurewnith an average grain size 5 um. Here, grains are generally equiaxed,
and scattered secondary particles ghis) align themselves along the rolling direction
(RD) and are present in differel@ngths(1 to 30um) i note that the volume fraction of

these precipitates is below 1%.

ND
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Figure 10. (a) Schematic of the starting materiahot-rolled MgAZ31 plate N-Plane:
Normal Plane, dPlane Transverse Plane, -Rlane: Rolling PlaneTD: Transverse
Direction, ND: Normal Direction, RD: Rolling Directiorfb) Metallographyof the T-
Plane Dashed ovals capture secondarysiMls particles. The corresponding pole figure
demonstrates that theaxes generally align along the NDepresenting a typical plate
basal texture
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After annealing, flat, dodpone tensile specimens with gage sections sized 8 x 3 x
1.5 mn¥were cut from the plate via wire electrical discharge machining (EDM) along the
following three orientations: the normal direction (ND), transverse direction (TD), and
45A to the ND (referred to throughout the t
are depicted with respect to the plat€&igure10a, whereit can also be seen that the plate
exhibits a typical strong basal textsemilar toFigure2a) with thec-axes mostly aligad
along the ND It is worth mentioning that the tensile sample origots were selected to
activate differenprimary deformation mechanisms during loading at low temperatures
which is possible since the hailled plate exhib& a strong textureAccording to
S ¢ h miLav{B4]:

t ,AT-RAT_O , 24, 2

the critical resolved shear stress (CR$&) activatea specific deformation mechanism
during plastic deformatiois dependent upon the Schmid faatoand the applied stress
» - Therefore, certain deformation meckams are favored undéigh Schmid actorm
values wheree is the angléetween the directioof stress and the crystallographic glide
planenormaland_ is the angldetween thelirection of glide and the direction of stress.

Here, the material invegtited is a magnesium alloy platgth a strong basal
texture(Figure10b), which is reminiscent of a single crystahereforem from equation
(2) can be utilized to determine which deformation mechanismaverge would be
favored for differentplate orientationswith respect to théulk basal textureUtilizing
Schmid factors, then, prismatic® slip is the most favorable mechanism during tensile
loading along TD, basal @ slip is the most favorable along 45toND, and tensile
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twinning is most favorable along ND for the AZ31 hot rolled platder tensiorat low
temperaturedt is importanto also recall that CRSS for magnesium is highly temperature
dependent for nebasal slip systemsuch as prismatic & or pyramidal @
slip [26]. Tension experiments were conducted in a séydraulic MTS test frame at
25°C, 100°C, 150°C, and 200°C for each of the three orientations (NRNER25toND).
Therefore, thdlow stressfeatures of basal sliprismatic slip, and tensile twinning for
AZ31 were captured as a function(tufw) temperatureA constanstrain rate §x10% s?)
was used for all tests, and an MTS high temperature extetgoneasured axial strains.
After the tensile samples failed, they were water quenched to preserve the
morphology along the fracture surface. The resulting microstructures at failure were
examined via a Keyence VVHA100 optical microscope (OM), an FEI Quia600 scanning
electron microscope (SEM), and an FEI Tecnai G2 F20 ST transmission electron
microscope (TEM). EBSD scans were conducted via a Zeiss Ultra Plus FEGSEM, which
exhibits an Oxford Instruments Aztec EBSD system and a Ne&IBSD detector. ffe
accelerating voltage was set to 12 keV, and the aperture to 120 Im for EBSD data
acquisition. The step size used to scan the areas of interest on the different gangales
betweerB00-100 nm. The pole figures of the bulk samples were measured @Bitikar
AXS D8 X-ray diffractometer withCuk( wavel ength & = 0.15406
To reveal the grain morphology along the fracture surfaces, OM and SEM samples
were mechanically ground with SiC paper prior to polishing with 0.1 um diamond paste.
Afterwards, they were etched with an acgdicrd acidic mixture (20 ml acetic acid, 3 g

picric acid, 20 ml HO, 50 ml ethanol (95%)). Furthermohnital (95% ethanol, 5% nitric
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acid) was used to clean the sample surfaces of stains after etching with theiacstic
mixture. EBSD sample polishing waquivalent to the OM and SEM cases, with an added

final polishing step of 0.04 um colloidal silica solution.

2.2 Tensile Flow ResponsaadMicrostructures at Failure
In this section, the tensile flow responses and microstructures at failure will be

analyed systematicallyHere bothresults are presentéoetherata specificemperature
for all orientatiors, in an effort to characterize ttemilarities anddifferencesamong
samplestested at a specific temperature dadoredby Schmid factor considations
(equation?) to deform via eitherbasal, prismatioor tensile twinningmechanismsin the
next sectior(Section2.3), theevolution of eachndividual deformation mechanisitype
with temperature islso analyzedto hdp clarify the role of temperatre on various
deformation mechanism activitiehere the influence of deformation mechanisms on the
strength and ductilitpf magnesium for low temperatures wallso be addressedin an
effort to bring everything togethanto a coherent summarwyhile providing some

suggestions for improved low temperature formability

2.21 Tensile Flow ResponsesmdMicrostructure at Failure at 25°C

To begin, énsile flow responses at 25°C are showrkrigure 11a, where blue
represents TD (prismatic slip), red represents ND (tensile twinning), and black represents
45toND (basal slip), and thisoloring schemas utilized from this point forward. The

corresponding microstructures at failure for each specimen is proviieglire12, where
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OM imagesanda macreimage of the samplesstedafter failureareincluded. For clarity,
arrows connect the fracture surfaces shown in the OM images to their approximate
locations in the macronages and the fracture surfacésSs)are marked by blue arrows.
Note that thisconventionis repeated for the other temperatus25°C, macreimages

in Figure 12 show very little necking, as seen previously at raemperaturg38, 65}

This indicates an inherently brittle fracture mechanism derived from the correspondingly
difficult activation of norbasal slip modes at low temperatufédsignesium alloys have

been charactemed asquastbrittle at this temperature region, meaning failure occurs

abruptly at onset of necking due to the inability of magnesium to uniformly d¢sdjm
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Figure 11. Engineering stress vs. engineering strain responses eA43¢ tension
specimens tested along three diffeqgate orientations: ND in red (tensile twinning), TD

in blue (prismatic slip), and 45toND in black (basal slip). (a) 25°C, (b) 100°C, (c) 150°C,
and (d) 200°C.
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Figure 12. Metallographynearfracture edges of samples testedt 25°C with macro
images of tested samples. (a) and (b) correspond tdnT(®d), wids are evidentalong
twins, ~AlgMns particles encircled in black. (c) corresponds to 45toliid (d)
corresponds to ND. FS: Fracture Surface.

Looking at the tension cueg inFigurella, theTD sampleexhibitsa much higher

yield stress in comparison to bdfd and 45toND Similar trends were also observed for
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