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Abstract

The addition of nanoscaleadditionsto magnesiumMg) basedalloys can boostmechanicalcharacteristicaithout noticeablydecreasing
ductility. SinceMg is the lighteststructuralmaterial,the Mg-basednanocomposite@NCs) with improvedmechanicapropertiesare appealing
materialsfor lightweight structuralapplications.In contrastto conventionalMg-basedcompositesthe incorporationof nano-sizedeinforcing
particlesnoticeablybooststhe strengthof Mg-basednanocompositewithout significantly reducingthe formability. The presentarticle reviews
Mg-basedmetal matrix nanocompositefMMNCs) with metallic and ceramicadditions,fabricatedvia both solid-basedsinteringand powder
metallurgy)andliquid-based(disintegratednelt deposition)technologieslt alsoreviewsstrengtheningnodelsandmechanismshathavebeen
proposedo explaintheimprovedmechanicatharacteristicef Mg-basedalloys andnanocomposites:urther,synergisticstrengtheningnecha-
nismsin Mg matrix nanocompositeandthe dominantequationsfor quantitativelypredictingmechanicapropertiesareprovided.Furthermore,

Abbreviations:®, Strainhardeningrate; AFM, Atomic force microscopy;CNT, Carbonnanotube CRSS,Critical resolvedshearstress;,CYS, Compressive
yield strength; DEM, Differencein elastic modulus; DMD, Direct metal deposition; CTE, Coefficient of thermal expansion;DTE, Difference in thermal
expansionfEBSD, Electronbackscattediffraction; ED, Extrusiondirection; GBS, Grain boundarysliding; GNP, GraphenenanoplateletsHAp, Hydroxyapatite;
HCP, Hexagonaklosepacked;HSDT, High shearingdispersiortechnique;?M, Powdermetallurgy;CPP,CalciumpolyphosphateAlp, Nanoaluminumpowder;
Ao, Changein yield strength;«, Strengtheningcoefficient; M, Taylor orientationfactor during thermal expansion;AT, Difference betweenprocessingand
room temperature AH, DTE betweenmatrix and reinforcing particle; dp, Mean particle size; c, Atomic fraction (%) of nanoparticlesGy,, Shearmodulusof
magnesiummatrix; b, Burger’'s vector; v, Poisson’sratio; E, Elastic modulusof the matrix; A, Inter particle spacing;vs, Volume fraction of the particles;Vo,
Overall resistancgMPa) of lattice to dislocationmovementfor Mg; dy, Mean grain size of matrix; A’, Aspectratio of particulatesl, Length of particles;t,
Thicknessof the particles;Q, Density of dislocation;y,, Shearstrainin Mg matrix; MMC, Metal matrix composite;MMNC, Metal matrix nanocomposite;
MWCNT, Multi-wall carbonnanotube;NC, NanocompositeNP, Nanoparticle;RT, Room temperature SEM, Scanningelectronmicroscopy;TCP, Tricalcium
phosphate;TEM, Transmissiorelectronmicroscopy;TS, Tensile strength; TYS, Tensileyield strength;UCS, Ultimate compressivestrength;UTS, Ultimate
tensilestrength;XRD, X-ray diffraction; SPS,Sparkplasmasintering;HE, Hot extrusion;S-N, fatigue Stress-Numbeof cycle to failure curve;, Inter-particle
spacingof reinforcementsg, Strain; 3, Misfit of atomic size; F, Difference betweeninteractionforce of screwand edgetype dislocations;x, Mean distance
of the movementof dislocationduring deformation;C, Constantfor work hardening;ewn, Microscopicstrain; X, Solute contentof reinforcing element;vs,
Volume fraction of reinforcement;z, Shearstressof coarsegrain region; |, Function of misfit of atomic size and modulus;Z, Fitting constant;n, Misfit of
modulus;Al,, Aluminum powder; HV, Vickers hardnessfS, Fracturestrain; E, Young's modulus;o max, Maximum stress;N¢, Fatiguelife; R, Load ratio.
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this study offers an overview of the creepand fatigue behaviorof Mg-basedalloys and nanocompositessing both traditional (uniaxial) and
depth-sensingndentationtechniquesThe potentialapplicationsof magnesium-basedlloys and nanocompositeare also surveyed.

© 2023 Chongging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Magnesium(Mg) is significantly lighter than other struc-
tural materialsdueto its densityof 1.73 g/cn?, makingit ap-
proximately 77%, 61%, and 33% lighter than stainlesssteel,
titanium, and aluminum, respectively.As a result, Mg-based
alloys are promising candidatesfor replacingthe aforemen-
tioned structuralmetals[1,2]. Additionally, magnesiumis the
fourth most abundantelementon the planetafter iron, oxy-
gen, and silicon [3]. Mg is a key lightweight material that
hasseenwidespreadisein ambienttemperatureapplications
over the pastdecaded4]. Mg-basedalloys are lessproneto
H, porosityandtheir meltsare very fluid, makingthemmore
castablethan other metalssuchas aluminumand copper|[5].
For example,Mg can be die-castat a 50% higher rate than
aluminum [6]. Electromagneticshielding and versatility are
two otheruniquepropertiesof Mg [7—9]. Magnesiumabsorbs
the impact energymaking it excellentstructuralmaterial for
dampingand load-bearingapplications[9]. The comparative
easeof machining Mg-basedalloys makesit more feasible
to fabricatecomplexdesignswith high dimensionalaccuracy
[10]. This is an important considerationfor usesin medi-
cal [11-13] Furthermorethe thermal conductivity of Mg is
much greaterthan polymers. Yet, unlike polymers,Mg can
be recycledcompletely[14—-17] Using Mg-basedmaterialsin
automotive,aerospacedefenseand constructionapplications
cansignificantlyreduceenergyconsumptionTwo key proper-
ties of theseemergingmaterialsare high specificstrengthand
adequataluctility [15-18] Mg alloys are classifiedaccording
to their significant alloying elements.Aluminum, zinc, rare
earthelementsthorium and zirconium are a few of the main
elementsthat are usedfor alloying Mg-basedalloys depend-
ing on the application[3,19-21. Mg-basedmaterialsare an
excellentchoiceto usein weight-critical applicationsdue to
their greatspecific strength.Mg-basedmaterialsalso have a
high creeplife and good dimensionalstability [22,23]. How-
ever,a major limitation is the high anduncontrolledcorrosion
rateof Mg-basedalloys. The corrosionresistancendmaterial
propertiesof Mg-basedalloys could be improvedby incorpo-
rating different alloying elementsThereis alwaysa trade-off
when alloying to improve corrosion resistance which must
be carefully tailored to the specificapplication[24,25]. Pure
Mg oxidizes rapidly in air and its powder is naturally py-
rophoric [26]. Pure Mg was oxidized for different times and
temperaturesn 20 kPa O,. The disadvantageof Mg is its
strong reactivity, which limits its corrosioncharacteristicsn

many aggressivesolution. MgO is not stablein agueousso-

lutions[12]. Fournieretal. [12] measuredhe thicknessof the

oxide coating generatedduring 15 min of oxidation at room

temperatureAt ~300 °C, the oxide developsaccordingto the

inverselogarithmicgrowth law. The oxide layersgeneratedat

~300°C in dry oxygenaresimilarly exceedinglythin, owing

to a low defectdensity. Mg evaporationoccurs during oxi-

dation at ~400 °C, and MgO nodulesare producedon the

surface.The as-castmonolithic Mg hasa mechanicaktrength
aslow asabout20 MPa and a high corrosionrate, resulting
in hydrogengasreleas€16]. Anotherdrawbackof Mg-based
alloys s their poor RT toughnessbhecausef their HCP crys-

talline structurethat limits activatedindependenslip systems
[27].

Onepromisingrouteto addresshe drawbackof Mg-based
alloys is to develop Mg-basednanocompositegNCs) with
nano-sizedeinforcementsThe fabricatedNCsdisplaya com-
binationof increasednechanicatharacteristicandimproved
corrosion behavioras well as an acceptableperformanceat
high temperaturesNano-sizedreinforced metal-matrixcom-
posites(MMCs) are emergingrecently becauseof their ex-
cellent characteristicghat make them a potential option for
many different applications.Due to the small size of the re-
inforcements the interactionof reinforcementparticleswith
dislocationsin nano-sizedreinforced metal matrix compos-
ites is strongerthan in conventionalMMCs. This can result
in greateimprovementof mechanicapropertiesin Mg-based
metalmatrix nanocomposite€MMNCs) comparedo conven-
tional MMCs [28,29]. MagnesiumMMCs canbe preparedus-
ing a variety of particulatereinforcementssuchasmetals(Ti,
Mo, Cu, Ni), carbides(SiC, ZrC, TiC, B4C), oxides (Al,Os,
TiO2.MgO, Y,03, Zn0O), borides(ZrB,, TiB,, SiBg), and ni-
trides (BN, AIN, TiN, ZrN) [27-30] Fig. 1 depictsthe 0.2%
yield strength(YS) andtensile (UTS) and 0.2% compressive
strengthof Mg-basedNCs reinforcedwith variousnanoparti-
cles(NPs)andmonolithic Mg [27]. As canbe seenin Fig. 13,
Al, Y,03, andNiTi canremarkablyenhancehe TYS of mag-
nesium.Also, Fig. 1b showsthat ZnO and Sm,O3 particles
can remarkablyenhancethe CYS of magnesium.The con-
centrationof reinforcementcan changethe mechanicalprop-
ertiesof NC [27]. The nano-SmO3; additions contribute to
the strengtheningf the Mg baseusing pinning grain bound-
aries and inhibiting dislocationmotion. Thesebecomemore
prominentas the particle volume contentincreases(closer-
spacedmpedimentgo dislocationmotion). Energeticallythis
makesdislocationglide and crossslide more difficult, lead-
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Fig. 1. (a) 0.2% YS and (b) 0.2% CYS of someMMNC:s. In different reinforcementdasedon the concentrationthe strengthsvary in a rangebetweenlow

and high values[27].

ing to enhancedwork hardeningperformanceand creepre-
sistance.Furthermore,ncreasingthe loading rate from 0.05
mN/s to 5 mN/s increasesthe rate of dislocation develop-
ment and multiplication, causingmatrix work hardeningand
improving the interactionamongexisting nano-additionsand
dislocationg/18]. Tensileand compressiorstrengthof Mg al-
loys are often increasedwith the addition of a reinforcement
phase Within a particularrange,the yield strengthof the Mg
matrix compositeenhancedinearly with the increasein the
amount of the reinforcement.In general,the incorporation
of nano-reinforcementto the Mg-basedresultsin increased
strengthof the nanocompositeproduct due to a variety of
mechanismsuch as the efficient load transfer,work harden-
ing, Hall-Petcheffect, and Orowanlooping causedby dislo-
cationand strainmismatchbetweenthe nanoadditivesandthe
matrix. The Hall-Petchformula statesthat the finer the grain
size, the greaterthe YS of the alloy. When Mg alloy grains
are refinedto ~1 um, their YS may reachover 300 MPa,
greatlyexceedingcommonsteelQ235andhigh-strengthAl-Si
alloys. Fine grainsmay boostthe numberof grain boundaries
(GB) per unit volume, that would not just inhibit dislocation
movemento enhancestrength,but alsorestrictfractureprop-
agationto enhanceplasticity [31]. The Orowanstrengthening
processreinforcesthe compositeby hardeningthe metal ma-
trix. This strengtheningnechanismneverthelesss highly de-
pendenton the size and dispersionof the reinforcementaddi-
tions. As a result,the Orowanstrengtheningprocesscanonly
strengthenMg compositesif the reinforcementparticlesare
sub-micrometeiin size and dispersedevenly in the Mg-base
[32]. The Orowanstrengtheningnfluenceof organicallygen-
eratedprecipitatesn Mg alloys (including (0001) plane, (11—
20) plane, (10-10) plane, and [0001] rod)) on different slip
modes(including pyramidall <c + a>, pyramidalll < c + a
>, pyramidall < a >, basal< a > slips and prismatic < a
>) is assessedby meansof the variation of the normalized
critical resolvedshearstresse{CRSS)with precipitatevol-
umefraction [33]. Accordingto the perspectivegxpressedn
the investigationsof Nie [34] andRobsonet al. [35,36] utiliz-
ing the Orowan equations,non-sphericabrecipitatesprevent
dislocationslip more effectively than sphericalones,particu-

larly for the prismatic(10-10)and (11-20)plane-shapegre-
cipitates,that generatemore CRSSincrementthan the basal
(0001) planeand c-axis [0001] rod, reflectingtheir outstand-
ing strengtheningnfluences.Furthermorewith the exception
of the (0001) plane,all other precipitatescanstrengtherbasal
slips more efficiently than non-basaklips, showingan essen-
tial part for precipitatesn enhancingstrengthwithout losing
ductility becauseof boostedgeneralizedstability (GS) which
correlateqo greateractivationsof non-basatlislocationg37].

It is importantto note that theoreticalbackgrounddor in-
fractions through the strength-ductilityrelationship,such as
the conceptof strengtheningnechanismsand structuralfac-
tors for altering strengtheningmechanismsare critical for
acquiringa deeperunderstandingf strengtheningandtough-
ening mechanismg1,2,38-47. The dominant equationsfor
quantitatively predicting the mechanicalcharacteristicsand
underlyingsynergisticstrengtheningnechanismén Mg-based
alloys and compositesare critical for addressingthe afore-
mentionedissue.Theseequationsare affectedby reinforcing
materialcharacteristicsuchas particle size, volume fraction,
interparticledistancein the matrix, variationsin thermal ex-
pansionof the particles,etc., that can affect the mechanical
characteristicef the compositesHowever,thereare still ma-
jor inconsistenciesegardingthe governingequationsor Mg-
basedalloy and compositestrengtheningnechanism¢1,2,38-
47]. This review discusseshe influencesof nanoadditions
on the mechanicalcharacteristicsthe creepand fatigue be-
havior and obtaining dominantequationsto statistically pre-
dicted the mechanicalcharacteristicof Mg-basedmaterials.
It alsooffers a comprehensiveeview regardingthe synergis-
tic strengtheningnechanismsncluding grain boundaryrein-
forcementJoadtransfer,solid solution,crackdeflection,crack
branchingfunction, and precipitationstrengtheningrocesses
of Mg-basedmaterialsfor various biomedicaland industrial
applications.

2. Mechanical properties

The mechanicalcharacteristicoof structural materialsare
typically associatedvith the microstructuremicroscopiccrys-
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Fig. 2. (a) Classificationof metal matrix compositesbasedon the morphologyof reinforcing material[45], (b) Mechanicalvariable that can be adjustedby
fabricationan optimisedMg-basedcomposited45], (c) Brief of the feasibleimpactof the solid solution of variousalloying elementsand their combinations
on the characteristiof Mg alloys [13], and (d) lllustration of the effect of different reinforcementon 0.2% YS and ductility of Mg [2].

tal structuredefects,whoseinteractions,as demonstratedy
experimentalfindings, numericalsimulations,and theoretical
models,can induce effective strengtheningnechanismsThe
characteristicoof an MMC dependon the characteristicof
its constituentsincluding the matrix and reinforcementsin
magnesium-baseMMCs, the shape,content,and quality of
reinforcementdistribution can influencedislocationbehavior,
including dislocationmovementhroughthe microstructureof
compositeandits subsequengffect on mechanicakharacter-
istics. Immobile crystalline flaws (e.g., precipitates/48], for-
estdislocationg49], and GBs [50], etc.)togetheractaslocal
locationsimpeding glissile dislocationsor deformationtwin-
ning from moving. As a result, theoretical foundationsfor
overcomingthe strength-ductilitytrade-off paradox,such as
the ideaof strengtheningnechanismsnd structuralvariables
for affecting strengtheningnechanismsare critical for deep-
ening understandingf strengtheningand tougheningmecha-
nisms[37,51].

Metal matrix composites(MMCs) might be categorized
into (i) particlefillers, (ii) shortfiber fillers, and (iii) continu-
ousfiber fillers compositesasexhibitedin Fig. 2a[45]. There
aremanyfeasiblevariableof a metalmatrix that might be dif-
ferentby compositingwith fillers (Fig. 2b) [45]. In addition,
thefillers havea substantiaimpacton the strength plasticity,
and other characteristicof Mg. Choosingthe fillers with ad-

equatestrengthand stiffnessaswell as superiorcompatibility
with the matrix along with more uniform distribution within
the matrix and higher matrix-filler interfaceintegrity leadsto
improvementof the propertiesof magnesiumalloys. Further-
more, the feasibleoutcomeof the solid solutionof variousal-
loying elementsandtheir synergeticeffect on the characteris-
tics of Mg-basedcompositesarealsooutlinedin Fig. 2¢c [13].
The ultimatecompressivestrengthof MMNCs (219 MPa)was
91% greatercomparedto the pure Mg, and this could be
a consequencef interstitial solid solution strengtheningoe-
causeof the differencein atomic radius betweenmatrix and
fillers [13]. To enhancemechanicalperformanceZn, Zr, Sr,
Ca, Nd, Ce, Y, Gd, Mn, and Al are widely usedto develop
Mg-based composite.Other fillers are also incorporatedto
fabricate Mg-basedcompositesincluding, ZnO, TiO,, MgO,
ZrO,, Y,03 calciumphosphate-basemkramic,bioactiveglass
in orderto enhancemechanicalproperties.

Liu et al. [52] demonstratedMg-RE alloys demonstrated
a wide rangeof UTS (from 76 MPato 354 MPa), YS (from
40 MPa to 316 MPa), and elongation(from 0.7% to 60%).
YS and UTS increasedvhereaselongationdiminishedas the
rare earthcontentin Mg-RE binary alloys boosted Most Mg-
RE binary alloys had YS and UTS lessthan 100 MPa and
200 MPa, respectively,and elongationless than 10%. Over-
all, the adequatestrengthof Mg-RE binary alloys is lower
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than that of WE43 alloy for usageas implant materials.Ex-

truded WE43 had an elongationof greaterover 35%. Mg-

Zn-Y alloys (Mg-1.73Zn-1.54YWZz21, ZW21, and ZEK100)
have similar yield strengthand ultimate tensile strengthto

WE43, with only about28% elongation.However,with elon-
gation of 15%-25%, the YS and UTS WE43 of JDBM

and Mg-2.4Zn-0.8Gdalloys surpasseshoseof reaching280
MPa and 310 MPa, respectively.The YS and UTS of Mg-

4Y/Ce-1Zn-1Mnalloys were around 120 and 170 MPa, re-

spectively,lower than thoseof WE43. Mg-4Ce-1Zn-1Mnal-

loy elongationreached60%, suggestingthat the incorpora-
tion of Ce elementimproved elongationmore than the in-

corporationof Y. Furthermore heatextrusion[53] and solu-
tion treatmentboth enhanceahe strengthof Mg-RE alloys
in general,whereassolution treatmentreducedthe strength
of Mg-Dy binary alloys and Mg-2.4Zn-0.8Gdalloy. In gen-
eral, the findingsindicatethat alloying or fabricationmethods
changesould be usedto produceMg-RE alloys with the ac-
ceptablerangeof mechanicakcharacteristicgor utilization in

biodevices[52].

Many investigationshaverecentlybeenperformedto deter-
mine the influenceof variousreinforcementsncluding Al,03
[54,55], TiO, [56], Y03 [57], ZnO [58], ZrO, [59], car-
bides (SiC [60], B4C [61] and TiC [62]), nitrides (BN [63],
AIN [64] and TiN [65]), borides(TiB, [66], ZrB, [67]), car-
bon nanotube(CNT) [68,69] and grapheng70] on mechan-
ical characteristicof the Mg-basedmatrix. Basedon these
studies,a remarkableenhancemenin yield strengthcould be
achievedby adding the reinforcement.This enhancemenin
mechanicalcharacteristicscould be due to direct strength-
ening by the secondphaseand refinementof grainsin the
Mg-basedmatrix.

But the incorporationof micron-sizeadditionsreducesthe
ductility of the Mg-basedsignificantly becauseof particle
cracking and creationof voids at the interface betweenMg
matrix and particle, resultingin hastenedailure. As a result,
hybrid (Ceramic + Metallic) Mg NCs were discoveredto
have an optimal mix of strengthand ductility, outperforming
traditional Mg + Ceramicor Mg + MNC. It was reported
[2,14,52,7], the encapsulationof metallic fillers improves
strengthbut decreasegluctility of compositeswhereasce-
ramic reinforcemeninhancesluctility but decreasestrength
enhancemenfThe greaterimprovementin strengthfor metal-
lic reinforcementsould be attributedto improvedwettability
betweenmetallic additionsand Mg-base[14,71], as well as
theinfluenceof solid solutionstrengtheningwhich is omitted
as ceramicadditionsare applied. The other study[2] regard-
ing threeMg NC (MgTi, MgCu and MgAl) revealthat MgAl
and MgCu compositedhavea greaterincreasen strengthand
a lower ductility thanMgTi. This is becausdo increasedsol-
ubility of Al in Mg, the creationof the Mg Cu intermetallic
phase,and limited solubility of Ti in Mg [2]. Regardlesf
the manufacturingprocedure enhancements the mechani-
cal characteristicof Mg NCs were seenwhen comparedto
monolithic Mg. In fact, the increasein ductility and yield
strengthis dependenton the fabrication methodsand addi-
tives used.
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Mg and Mg-basedalloys have a low ductility at RT be-
causeof their crystal structure,which is a hexagonalclose
pack(HCP)[6]. Thisis dueto thefactthatat RT (and,in fact,
at temperatureselow 200 °C), the basalslip and twinning
mechanismaare typically the only onesthat undergoplastic
deformation,andthe critical resolvedshearstress(CRSS)for
basal slip plane’s systemsis noticeably lower than that of
non-basalones(prismaticand pyramidal) [72].

The influenceof the addition of variousreinforcement®on
the ductility and 0.2% yield strength(YS) of Mg is shownin
Fig. 2d [2] . Metallic reinforcementsemarkablyimprove the
strengthof Mg but decreaséts ductility (greenbubble).As an
example,0.6 wt% Cu improvesthe 0.2% YS of magnesium
by 104%but decreasethe ductility marginally. Ceramicrein-
forcementsgenerallyincreaseductility, but the improvement
of strengthby ceramicreinforcemenis normally lessthanby
metal reinforcement.The higher strengthimprovementfrom
metallic reinforcementmay be relatedto the superiorwetta-
bility betweenmetallic reinforcementsand Mg-basedmatrix
comparedo ceramicreinforcemenf14,70]. Additionally, the
solid solution strengtheningmechanismin metal-reinforced
Mg is not presentin ceramic reinforcement.lt is reported
[2] by researchersvorking on MMCs, strengthand ductility
could be improved simultaneously.

In this regard,it was depictedthe mechanicapropertiesof
certain biodegradableMg alloys sampleswith different cir-
cumstanced2,52,73—7h WhereasSi, Ca, and Sr elements
havepropercytocompatibility,their mechanicatharacteristics
are unfavorabledue to their reducedsolubility in Mg alloys
whenas comparedo Zn. Their secondphasesare frequently
thick anddistributedalongthe grain boundarywhich is detri-
mentalto theimprovementof Mg alloy mechanicatharacter-
istics. Exceptfor the alloying procedurenew methodsof pro-
cessing(ECAP, HPT, and CEC) mustbe usedto improvethe
mechanicalcharacteristicoof Mg-Ca, Mg-Sr, and Mg-Si al-
loys. Mg-Zn alloys often haveoutstandingmechanicatharac-
teristicsdueto Zn hasfairly high solubility in Mg (6.2 wt%)
and the ability to perform dual roles in both solid solution
and precipitation strengtheningFurthermore becauseof the
precipitationstrengtheningand solid solution, RE-containing
Mg alloys often have strong mechanicalcharacteristicsThe
combinationof Zn and RE as alloying elementsmay be the
ideal alternativefor studying novel biodegradabléMig alloys
with excellentmechanicalcharacteristicsPowdermetallurgy
is one of the frequently used processingmethodsto create
Mg NC [77,78], melt-stirring[79], disintegratednelt deposi-
tion (DMD) [80-82] high pressuradie casting[83,84], spark
plasmasintering (SPS)[52,53], etc. Table 1 evaluateghe ad-
vantagesand challengesof different fabrication methodsof
the Mg-basedcomposite.

3. Composite strengthening mechanisms

Mechanismsof strengtheningy the addition of reinforce-
ment in MMCs can be categorizedas direct and indirect
strengthening.The effectivenessof the strengtheningmech-
anisms dependson the microstructureand fabrication pro-



Table 1
Comparisonof different metallurgicaltechniqguesor making Mg-basednanocomposites.
Technique lllustrative schematic Advantages& Challenges Ref
Powder fomimar i - Efficient methodfor incorporatingdifferent kinds of additionsand a [77,7886-89
metallurgy (PM) greatervolume fraction of additions.

- Complexity of PM equipmentleadsto high manufacturingcosts.

- This preparationmethodis unsuitablefor large volume,

complex-shapednanufacturing.

(88]

Melt-stirring - It is simple and inexpensiveto produceMMNC in large quantities. [79,86,89,90]

- It is particularly usefulin the manufacturingof light metal composites.

- The difficulties in achievinghomogenoudlispersionof reinforcing

elementspoor wetting of nanoreinforcementsand preferred

developmenbf interfacial productslimit its widespreadapplicationin

MMNC massproduction.

rplewcr broeg leraey
(86]
Disintegrated - Becauseof the quick solidification of the atomizedmelt, fine equiaxed [80,91-93
melt deposition grains,low porosity, and uniform addition dispersioncan be produced.
(DMD) - It hasbeenstatedthat increasingthe DMD furnacecanresultin the
Frrmam

(41,34

melting and castingof 25 kg of Mg.

- Extrudedbillet with a width of 140 mm, a thicknessof 10 mm, anda
lengthof 5 m to 6 m is possible.

- Introducea high volume of additions(> 3% for nano-size
reinforcementspecauseof a boostin melt viscosity makingit hardto
stir and dispersethe additionsuniformly.

(continuedon next page
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Table 1 (continued

Technique lllustrative schematic

Advantagest Challenges Ref

High pressuredie
casting

Hot pressing

Sparkplasma
sintering (SPS)

[96]

(43]

- Manufacturingcomplicatedshapedcomponentsn large quantities. [83,84,89)]
- The greatersheerspeedemployedin the methodof castingis highly
beneficialfor manufacturinguniformly dispersedadditionsin the matrix.

- Doesnot influenceor enhancereinforcementistribution. [94-96]
- The main issuewith hot pressingis thatit causesgrain growth and
necessitates longertime for preparation.

- It is a high-techsintring methodin which the sinteringtime is [85,86,97,98]
measuredn minutesratherthanhoursor daysasin traditional sintering.

- It is very suitedsinceit can consolidatenanopowdersvithout giving

enoughtime for coarseningand grain developmentresultingin a

defect-freecomposite.

(continuedon next page
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Table 1 (continued

Technique lllustrative schematic Advantages& Challenges Ref

Hot extrusion - This is secondanyprocessingwhich must be performedto further [86,99-101
consolidateor shapethe compositethat hasbeenproducedvia earlier
procedures.

Hot rolling

Friction stir
processing(FSP)

High pressure
torsion technique

Mol exirusion seiup

FE mustin|

(86]

[46]

[108]

[101]

- Utilized to breakdown aggregatedCNT and to make compositeswith
a set cross-sectionaprofile.

- It is possibleto removesomecastmetal defects [86,102-104
- Increasingthe mechanicalktrengthand compactnessf Mg-based

composites.

- The hot rolled product’s qualities are not homogeneousand the
mechanicalcharacteristicsieededfor the productcan’t be precisely

controlled.

- Anisotropic characteristicodf materials.

- Allows for localized microstructuremodificationand managemenof [105-108]
treatedMg near-surfacdayers

- Generatedine-grainedstructureand surfacecomposite.

- Suitablefor quick manufacturingof highly effective metal matrix

composites

- The physicalcharacteristicof additionshavelittle effect on the

distribution’s nature.

- Usesthe techniqueof "severeplastic deformation(SPD)" for grain [86,109110111]
refinementfrom high applied pressure~ GPaand samplerotation.

- Microstructuralcharacteristicghat are not homogeneougradial

dependent)as well as upscalinglimits.
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cessof the specific composite.In NCs fabricatedbasedon

powder process,the grain size can be very small, which

can affect the strength.In nanocompositeprocessedusing

melt-basedmethods, the grain size is large and compara-
ble to the unreinforcedmatrix [14]. Direct strengthenings

an extensionof the conventionalmechanismsof compos-
ite strengtheningn particulate-reinforcedompositesin this

mechanism the applied load is transferredfrom the matrix

to the stiffer reinforcing particlesvia the interfacesbetween
them, and the compositebecomesstiffer due to the capac-
ity of bearingthe load by reinforcement.Basedon the re-

ports, the matrix-reinforcementnterfacial bonding works ef-

fectively in transferringthe applied load from the matrix to

thereinforcingparticles[112,113. For example Fukudaet al.

[114] fabricatedCNT-reinforcedAZ61 magnesiunalloy using

the powder metallurgy method.AZ61/0.74 vol% CNT com-

posite displayed~ 340 MPa excellenttensile strengthand

~11% acceptableelongation. Based on their results, the

formed Al,MgC, ternary carbidein the structuredispersed
discontinuouslyat the structural defects of CNTs without

causingdamageto CNTSs, therebyreinforcing the interfacial

bonding strengthbetweenthe AZ61 matrix and CNTs and
improving the compositestrength.

However,it shouldbe recognizedhat the addition of rein-
forcementin excessiveamountsreducesthe composite’sme-
chanicalpropertiesdue to the weakeningof bondingstrength
betweerreinforcemenparticlesandmatrix thatleadsto stress
concentration.For example,Khalajabadiet al. [115] fabri-
cated hydroxyapatite(HAp) and TiO,-reinforcedmagnesium
NCs (Mg-x1HA-x,TiO,) usingdifferent contentsof reinforce-
ments (= 27.5, 20, 12.5,and 5 wt% / x;= 0, 5, 10, and
15 wt%). They fabricatedthe NCs via a powder metallurgy
processincluding mechanicalmilling, compacting,and sin-
tering. Their outcomesrevealedthat high concentrationsof
HAp resultin clusteringand high porosity,and a subsequent
declinein the compressivdailure strain of the NC. Basedon
the circumstancesit can be concludedthat the strengthof
particle-reinforcedcompositeds most strongly influencedby
the reinforcementvolume fraction and only slightly less by
particle size. Additional strengthcanbe addedto the compos-
ite through normal matrix strengtheningcausedby solution
and precipitation hardening[116]. In indirect strengthening,
the reinforcementcan improve the mechanicalkcharacteristics
of the compositeby changingthe microstructureof the ma-
trix. This occurswhen the compositedevelopsdislocations
due to strain from either an externalload or a differencein
the coefficientof thermal expansion(CTE) betweenthe ma-
trix and the reinforcing particles. Grain size refinementand
Orowan strengtheningoy the reinforcementare also indirect
strengtheningnechanismsCeramicreinforcementsanrefine
the grains, activate the non-basalslip systems,modify the
texture of magnesium,and improve the ductility of the re-
sulting NC [32]. Regardles®f indirect strengtheningnecha-
nism, the improvementstrongly dependson the dispersionof
nanosizedparticlesand their contentin the NC. The (0001)
<1120> basalslip is the mostreadily activatedof Mg's defor-
mation systemat ambienttemperaturg117]. In hot-extruded

2663

Mg, a strongfiber textureis developedthat aligns the basal
planeparallel to the extrusiondirection (ED) [118]. As a re-
sult, during compressionand tensile loading, the basal slip
is preventedin the ED. Due to the inhibition of basalslip
activation, Mg deformationcould occur from twinning. For
example,Garcéset al. [119] showedthat the twinning system
(1012)[1010] is inactive in tensionand only active in com-
pressionas twinning generatesan extensionperpendiculaito
the ED and parallelto [0001]. Non-basaldislocationsare de-
velopedand moved due to the applied tensile load and the
alignmentof the slip planesafter extrusion.A much higher
ductility can be achievedin magnesiumby activating non-
basalcrossslip, which enablesa minimum of 5 different slip
systems(3 from basaland 2 from non-basalkslip systems).

Overall, the incorporationof micron-sizeadditionsreduces
the ductility of the Mg matrix significantly becauseof par-
ticle cracking and the developmentof voids at the particle-
matrix interface, resulting in acceleratedfailure. According
to a result, hybrid (Ceramic+ Metallic) Mg NCs were dis-
coveredto havean optimal combinationof strengthand duc-
tility, exceedingtraditional Mg + Ceramicor Mg + Metal-
lic NCs[1,2]. The two primary forms of twin geometryin
Mg alloys are"crossstructure”and"parallel structure. " Twins
will developimmediatelyafter nucleationin a "parallel struc-
ture" (as depictedin Fig. 3i(a)) and continueto expanduntil
they reachthe grain boundary(GB). Twins canalso be made
thicker to enablemore plastic deformation[120]. A “cross
structure”(atwin-twin interaction) occurswhen severaltwin
typesare activatedsimultaneouslyand have an effect on one
another{120,121]. Twin variationsorientedin opposingdirec-
tions nucleateand grow quickly until they comeinto touch
with one anotherto form the "cross structure” (as depicted
in Fig. 3i(b)) [120]. The dislocationsat the incident twin’s
tip interactwith the TB dislocations,causingstressconcen-
tration dueto dislocationaccumulationthat affectsthe twins’
future developmen{120]. Accordingto severalresearchthe
twin interactionhas a major effect on the twin propagation,
de-twinning,andtwinning-inducedstrain hardeningeffectsof
Mg alloys [120,121].

Fig. 3ii depicts a grain twinning processschematically
[122]. From left to right, Fig. 3ii (a) depictsthe twinning
processwhich includestwin nucleation,propagationandde-
velopment.It indicatesthat under some conditions, a twin
is nucleatedat a grain boundary.The newly producedtwin
thenpropagatedn thetwin shearingdirectionon the twinning
planewhenit getsto the oppositeside of the grain boundary,
producinga twin band.At the end of the propagationstage,
this twin bandcrosseghe grain. It is believedthat the thick-
nessof the twin band doesnot greatly expandduring rapid
propagationand hencethe volumeratio of twin is compara-
tively small. Twin expansionpr thickeningof the twin band,
characterizeshe final stepof the twinning processAs previ-
ously stated,thereis a tensionreductionsoonfollowing twin
nucleationand during the propagationstage[122]. The stress
relaxationprocesss depictedschematicallyin Fig. 3ii (b) in
termsof the twinning resistancer® asa function of the twin
volume fraction. The resolvedshearstressmust overcomea
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Fig. 3. (i) schematicmapsof the two forms of twin-twin growing behavior processes(a) Parallel structure,(b) crossstructure[120], and (ii) schematic
depictionsof (a) twin nucleation,propagationand growth in a grain and (b) resistanceo twin nucleation,propagationand growth [122].

greatresistancely* from nucleation.The resistanceo twin-
ning diminishesduring twin propagationto its minimum Tg*
at the twin volume fraction f* = fg. Accordingto Fig. 3,
the stressrelaxationcorrelatedto twin nucleationcauseshe
twin to propagatespontaneouslyand develop a twin band,
whereasthe materialin the twin drives the twin thickening.
It's essentialto highlight that this work-hardeningis not al-
ways a result of twinning. It may resultfrom the slip of the
materialsin the twin as the extensiontwin in wrought Mg
alloys re-orientsthe materialinside the twin to a hard orien-
tation [122].

Further, Sankaranarayanaet al. [58] developedMg NCs
with different ZnO reinforcementontents(0, 0.16,0.48,and
0.8 vol.%). Analysis of texture utilizing XRD and EBSD in-
vestigationsrevealedthat the weakeningof the basal fiber
texture in ZnO-reinforcedMg-basedNCs helpsto facilitate
slip transition by activating the non-basalcross-slips.This
helpsto decreaseension-compressiogield asymmetryand
increasetensile ductility. Additionally, intending to investi-
gatethe influenceof the CNT reinforcementadditionto Mg,
Gohetal. [123] fabricatedMg-1.3CNT NC and comparedts
propertiesto pure Mg. They demonstratedhat the activation
of cross-slipand non-basalslip during tensile deformation
is aided by the presenceof CNTs in NC. Fig. 4(i,ii) show
the structureof dislocationsusing TEM after tensile fracture
in pure Mg and the 1.3 wt% CNTSs reinforced magnesium
NC, respectively[123]. For pure magnesiumsmall numbers
of basaldislocationslie parallel to the basalplane trace as
shownin Fig. 4(i-a), andno < ¢ + a > dislocationis seen.
As exhibitedin Fig. 4(i-b), which depictsextensivenon-basal
dislocationswith a componentBurgersvector, the non-basal
slip systemaresignificantlymoreactivecompareto the basal
slip systemsFollowing tensiledeformation,cross-slippingof
the basalin the Mg-1.3CNT NC is depictedin Fig. 4(ii-a,b).
The (1010), (0002) and (1011) pole figures of Mg-1.3CNT
nanocompositafter extrusionwasobservedn thefigure. The
texture of monolithic Mg is similar, with the c-axis roughly
perpendiculato ND. Their result also exhibited that mainly
pyramidal< ¢ + a > dislocationstraversebetweenthe basal
and non-basalslip planes.Texture investigationsusing XRD
pole figuresfor Mg-1.3CNT NCs showedthat the prismatic,

pyramidal, and basal planesare not preciselyaligned along
the specimens’extrusion direction at 90°, 0°, and 45°, re-
spectively. The activation of non-basalslip is favoredby the
3 planesbeingtilted at randomaround20® of their respective
ED asshownin Fig. 4 (iii-a,b) [123].

3.1. Strengtheningand deformationmechanism®f additive
reinforced MMNCs

In summary, there are recognized various synergistic
strengtheningystemsfor the Mg matrix. Thesemechanisms
are load transfer, solid solution strengtheninggrain refine-
ment, work hardeningstrengtheningand Orowanstrengthen-
ing mechanismsand they are discussedn subsequensub-
sections.Many studies have tried to predict the mechani-
cal characteristicoof NCs by proposingequationsbhasedon
thesedifferent strengtheningnechanism$124]. The proposed
equationshave various parameterf reinforcementghat in-
fluencethe mechanicalcharacteristicof NCs including size,
content, particle distancein the matrix, and the difference
in particles’ CTEs. However, the governingequationsdiffer
significantly from one literature to the next. The governing
equationsproposedin the existing researchare summarized
in Table 2, but they are not discussedin detail in this re-
view. Fig. 5 depictsa schematicof the deformationmech-
anismsin Mg-Al-Ca (AX61) alloy [40]. Basalslip was ini-
tially initiated in Mg after yielding. Geometricallynecessary
dislocations(GNDs) are producedvia dislocation pile-up at
the Al,Ca/Mg contacts Following dislocationslip or stacking
faults on the {111} plane, Al,Ca deformed.Ca segregation
causeson-basatislocationgo form at grainboundarie$40].
The significantwork hardeningas well as high tensile elon-
gation of this material are causedby the nonshearableyet
malleable Al,Ca and the increased< ¢ + a > dislocation
activity.

3.2. Thermal expansionstrengthening
In ceramic-reinforcedMMCs, the difference betweenthe

high CTE metallic baseandthe low CTE ceramicreinforce-
ment is significant. During the cooling time after sintering,



Table 2

A literature summaryof different mechanism®f strengtheningand their relevantformula for Mg-basedNCs.

Strengtheningnechanism

Mathematicalexpressions

expressiond/ariablesand constants

Effects Mathematical

Ref

Differencein thermal
expansion

Precipitationstrengthenin
(Orowan strengthening)

Grain refinement

Load transfer

Work hardening

Solid solution

Differencein elastic
modulus

Taylor relationship:

AATARY,
Aopte = MapTeGugh B (1= fo)
13 b
Acorowan= 210 |n (%)

_ _E
Gm = 2(1+v)

A_d{(bf)l/s_l}

A0 GR = OMMNC by GR — O Mg matrix by GR

K
ogr=Vo+ —

/g
Vo = Ofric + Oresidual + Aoss

AoLT = 0¢ — O =
oc=oml+ (L+t)A V¢ +om(1—vf)
L
A=7%
Aowy = 3.1r
T =CGpyb.
3.1SG,
Aoss= gt
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Aoss = 3Gyl9ZX", 19 = ' — F$
P
1+3)
_ ai—am
§= am

G, G 7 _ 541
= "G, 2
By Flelscherapproach,
1 3
n=sandq=3;
By Labuschapproach,
2 4
n=%andq=3 _
(‘'n” and‘g’ are superscripts)

AoDEM = \/éotDEMGmb«/ QpEM

Bvie
Qpem = Er 5

Ao Changein yield strength(MPa)
M: Taylor orientationfactor during thermal expansion(1 orv/3) «
Strengtheningcoefficient(1.25 for DTE and 0.5 for DEM)

A: Geometricconstant(12 for equiaxedparticles) AT: Difference
betweenprocessingand room temperaturgK ~ 1) AH: DTE
betweenmatrix and reinforcing particle (K ~ 1)

dp: meanparticle size (m)

vi : Volume fraction of reinforcement

Gm : shearmodulusof magnesiunmatrix (1.66 x 10* MPa)

b: Burger’s vector (m)

(3.21 x 1071° m for Mg)

v: Poisson’sratio (0.35 for Mg)

E: Elastic modulusof the matrix (GPa)
A: inter particle spacing(m)

vi: volume fraction of the particles

Vo: Overall resistancgMPa) of lattice to dislocationmovementfor
Mg (11)

ky: strengtheningcoefficientor locking parametedueto GR (0.21
MPa,/mfor pure Mg)

dyg: meangrain size of matrix (m)
A’: aspectratio of particulateg(1 for equiaxedparticles)L: length of
particlest: thicknessof the particles

7. shearstressof coarsegrain region (MPa)

C: constantfor work hardening(0.3 for Mg)

ewh: microscopicstrain

x: meandistanceof the movementof dislocationduring deformation
S: constant(3.8 x 107 for Mg) c: atomic fraction (%) of
nanoparticles

X: solute contentof reinforcing elementl: function of misfit of
atomic size and modulus

Z: fitting constanty: misfit of modulus

F: differencebetweeninteractionforce of screwand edgetype
dislocations

8: misfit of atomic size a: atomicsize (i: reinforcing element,m:
matrix).

¢: Deformation(m) A: Inter-particlespacingof reinforcementgm)
ym: Shearstrainin Mg matrix (185 mJ/n? for Mg) Q: Density of
dislocation(m ~ 2)

Enhancethe interfacial bonding,
Generationof dislocationnearthe
interface.

Resistthe dislocationmotion,
developingthe bow aroundthe
reinforcementparticle.

Resistthe dislocationmotion by
the twining effects.

Enhancethe cohesiveforce
betweenthe matrix and
reinforcementparticles.

Improve the shearstrengthin
contactwith the grains

Preventthe motion of dislocations
developingthe lattice strainson
surroundinghost atoms.

Control the ductility, Improve the
yield strength

[51,125-129

[51,125129-13]

[51,132,133

[51,134

[51,125135

[51]

[51,126127,129

*The Taylor relationshiplinks the contributionof dislocationdensityto material strength.
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iy

Fig. 4. (i) Structureof dislocationsin pure Mg following tensile fracture: (a) g = 0110, and (b) g = 0002, and (i) Structureof dislocationin Mg-1.3CNT
NC following tensilefracture:(a) g = 0110 and (b) g = 0002. The basalplanetracescommonto (a) and (b) are shownby the black line and (iii) Texture
analysisof Mg-1.3CNT NC indicating (a) (1010), (0002) and (1011) pole figuresand (b) alignmentof basaland non-basalplanesbaseon the pole figures

results[123].
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Fig. 5. Schematicof the deformationmechanismsn the Mg-Al-Ca (AX61)
alloy [40].

this thermal mismatchcauseddislocationsto form at the in-
terfacebetweenthe matrix and reinforcementWork harden-
ing of the matrix is inducedby a mismatchin CTEsbetween
the matrix and addition, which is primarily due to prismatic
punching of dislocationsat the interface reinforcementand
matrix [136,137. The greaterinterfacialbondingYS of MM-
NCs during plastic deformationis stimulatedby the CTE dif-
ference betweenthe metal matrix and reinforcementphase
[138]. Mechanical strengtheningin graphenenanoplatelets
(GNP)-reinforcedmagnesiumcomposite,due to the DTEs
was reportedby Rashadet al. [139,14(. Also, Habibnejad-
Korayemet al. [141] showedhow the addition of nanoscale
Al,O3 particlescausedh DTE strengtheningnechanismlead-
ing to improvementsn the mechanicalcharacteristicof the
Mg-based Thesestudiessuggestedhat the thermalmismatch
betweenthe matrix and the reinforcing particleswas the rea-
son for improvementsin the YS of MMNCs. According to

Ogurtaniet al. [142], DTEs betweernthe Mg-basedmatrix and

GNPscould encourage wrinkling effectin the reinforcement
particles,which helpsthemavoid motionin dislocationseven

more when a load is applied.

3.3. Orowan strengthening

Orowanstrengtheningn NCsis a mechanisnfor strength-
eningin which reinforcementNPs hinder the motion of dis-
locations.When a load is applied on MMNC, a dislocation
passesthrough the incoherent precipitatesthat are spaced
apart by the interparticle distanceand bows around them.
Precipitatestend to develop back stressat the start of the
deformation,and dislocationhas a tendencyto bend around
them (Fig. 6) [51]. With the applied externalforce, the back
stresskeepsrising. Finally, the precipitatesconstraindisloca-
tion motion by forming an Orowan loop aroundthem. The
metal matrix is work-hardenedby the Orowan strengthen-
ing mechanismwhich strengthenshe NC [32,143. How-
ever, this strengtheningmechanismis heavily dependenbon
the size and dispersionof the reinforcementAs a result, the
Orowanstrengtheningnechanisnis capableof strengthening
Mg compositesif the addition particles are sub-micrometer
in size and evenly dispersedn the matrix [3].

In general,the Orowan strengthenings not importantin
the microparticle-reinforcedVig-basedMMNC. The advan-
tage of this mechanismof strengtheningvould be enhanced
if the NC is reinforcedwith NPs with a size lessthan 100
nm, evenfor a low content(<1%) becausehe Orowanbow-
ing can bypassthe NPs. Additionally, Orowanloops are an-
ticipated to exert back stresson dislocation sourcesfollow-
ing secondaryprocessingsuch as extrusion.As a result, the
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Fig. 6. Schematicdiagramfor Orowanstrengtheningnechanisn51].

Orowanstrengtheningnechanisnmustbe consideredn Mg-
basedMMCs reinforcedby NPs[144]. For example,Wong
etal. [145] showedthat the contributionof the Orowanmech-
anismin the strengtheningf 10 wt.% calciumpolyphosphate
reinforcedcompositedeclinedfor reinforcemengparticlesizes
largerthan5 wm, dueto particle agglomerationThe particle
agglomerationoccurreddue to very large van der Waals at-
tractive forcesbetweenadjacentparticles.The agglomeration
causesnon-uniformity in compositemicrostructureand sub-
sequentlythe loss of original desirablenano-structurest-ur-
ther, Fig. 7arepresentshe powdermetallurgy basedfabrica-
tion processof the multi-walled carbonnanotube(MWCNT)
particles reinforced Mg-9Al NC used by Hou et al. [146].
Fig. 7b showsthat the UTS and the elongationof the fab-
ricated NC were enhancedby the addition of MWCNTS to
the Mg-basedmatrix [146]. Fig. 7c (i andii) representthe
formation processof Mgi7Al12, (B phase)in the Mg-based
matrix and MWCNTSs reinforcedMg-9AI nanocompositere-
spectively.For the Mg-9AIl matrix, the g phasenitially forms
at the interface betweenthe Mg and Al particles and then
growsnaturallyuntil it collideswith the nearbyg phasehatis
alsogrowing. This eventuallyleadsto a coarsesecondphase.
However, with the addition of MWCNTSs to the Mg-based,
the primary MWCNTs that were homogeneouslydispersed
betweenmagnesiumand aluminum particles could serve as
heterogeneousubstrateghat effectively inducethe phase’s
nucleationprocesslt is possibleto concludethat MWCNTS
have a significantrole in heterogeneousucleationand sig-
nificantly reducethe size of the in-situ formed secondphase
[146]. Fig. 7d (i andii) schematicallyshowsthat the large
size matrix reinforcementcan result in the accumulationof
dislocations,the formation of cracks,and a declinein ten-
sile failure strain. However,the existenceof MWCNTSs in the
matrix promotethe formation of a hanoscalesecondphase,
which inhibits dislocationmotion during tensiletesting,lead-
ing to improvedmechanicaproperties With increasingshear
stress,dislocationsmay move acrossthe reinforcing particle
via a cutting or bypassmechanismavoiding the concentra-
tion of local stressandleadingto greaterplastic deformation
and enhancedormability. Moreover,robustand efficient ma-
trix/MWCNTSs interfacial bondingresultsin an efficient load-
transfermechanisn{146].

3.4. Grain refinementstrengthening

The presenceof additionsin the matrix can promotegrain
refinement.Reinforcementparticulatesact as pins for grain
boundariegduring solidification or recrystallizationprocesses,
inhibiting grain growth. The optical microscopyimagesof as-
castand extruded-TCP NP reinforcedmagnesiumNCs in
both modifiedand unmodifiedconditions,are shownin Fig. 8
[147]. The grainsof the modified NCs are more equiaxedand
fine thanthe unmodifiedgrains(Fig. 8a,b). The extrudedNCs
are more refined than the as-castcondition (Fig. 8c,d). Red
arrowsin Fig. 8aidentify areasof NP accumulationat grain
boundarieswhich preventgrain growth. The strip-shapedac-
cumulatedg-TCP NPswere distributedalong ED. The hard-
nessof both modified and unmodifiedextrudedNCs was re-
markablyhigherthanthe as-casbecausef the work harden-
ing and dispersionhardeningproducedduring the extrusion
processThis is explainedby the modifiedNCs’ smallergrain
size when relative to the unmodified NC (Hall-Petch equa-
tion); this finer structureof grainsis the resultof the pinning
effect of the homogeneouslylispersedm-5-TCP NPs[147].

Koike et al. [148149 demonstratedhat the grain bound-
ary could impose a constrainton the non-basalslip. The
grain boundarycould behaveas a powerful activator of non-
basal dislocation, altering the slip systems.The Mg-based
NCs may undergo secondarydeformationat low tempera-
tures and slow speeds.The dynamic precipitationand ultra-
fine grainshavebeenobservedn Mg-basedNCs deformedat
low speedandtemperatureresultingin improvedmechanical
properties.

3.5. Load transfer strengthening

An improved load-bearing property of Mg-based NCs
could be achievablehroughload transferfrom the softer Mg-
basedmatrix to the stiffer and harderreinforcementparticu-
lates.In this mechanismof strengtheninghe contentof dis-
tributed NPs could directly impact the YS of the NC [126].
For example the incorporationof 5 wt% titanium particlesin
the Mg matrix causeda minor improvementof about3.7%
in fracture stressin comparisonto monolithic magnesium.
The improved mechanicabropertiesare suggestedo depend
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Fig. 7. (a) Schematicfabrication processof MWCNTSs reinforced Mg-9Al NC, (b) tensile stress-strainplots of Mg-9AI/XMWCNTs composites,(c) the
formation of the Mg17Al12 phase(8 phase)in the matrix and compositesand (d) the interactionbetweendislocationsand reinforcing particlesin the matrix

and NC [146].

upon good adhesionbetweenthe reinforcementparticlesand
Mg and load transferbetweenthe Ti additionsand Mg ma-
trix, which may be regulatedby reinforcementparticle ge-
ometry and dispersion[150]. The geometryof reinforcement
particlesmay affect the propertiesof NCs. The sphereshape
particles can decreasehe stressconcentrationcomparedto
the particleswith other shapessuch as triangular or multi-
angular,resultingin less crack formationin NC upon force
loading [151]. For example,Fenget al. [152] preparedcal-
cium polyphosphatg CPP) reinforced ZK60A NCs using a
powder metallurgy process.They usedsphere-likeCPP rein-

forcementparticlesin 2.5,5, 7.5,and 10 wt.% concentrations.

Fig. 9 showstheir observatiorresultsin which NCs with 2.5
and 5 wt.% reinforcementlack voids, whereassome voids
and accumulationof particlescould be seenin NCs having
7.5 and 10 wt.% of reinforcement[152]. Homogenougdis-
persionof particulatesn 2.5 and 5wt.% CPPreinforcedNCs
could be due to appropriateblending parametersand using
a high ratio of extrusionin post-processinglt could be ob-
servedthat a good interfacial bonding betweenreinforcing
particles and the Mg-basedthat resultsin the improvement
of more effective transfer of the applied load from matrix

to reinforcementsand subsequentlyhigher capacity of load
bearing[152]. Zhong et al. [153] fabricatednano aluminum
powder(Al) reinforcedmagnesiunNCs usinga powdermet-
allurgy method. Their observationsshoweda reasonablého-
mogeneouslispersionof the additionsin the matrix andgood
interfacial integrity. This causedan improvementin more ef-
fective transferof the appliedload from the matrix to rein-
forcing particlesandan enhancemeraf NC'’s tensilestrength.

3.6. Work hardeningstrengthening

The differencein elastic modulus (DEM) betweenrein-
forcementsand the matrix generatedislocationin the NC
during plasticdeformationbecausef the non-uniformslip of
the reinforcing particulates[154]. One route to improve the
YS of NCsis work hardeningwhich is a resultof increasing
the dislocationdensitygeneratedy deformationin NC [143].
Also, finer grainsor nanocrystallinestructuresin the matrix
can be achievablethrough processeshat severelydeformthe
material,suchas high-pressurdorsion and equalchannelex-
trusion[155]. A lightweight Mg-basedNC with superplastic-
ity at elevatedtemperaturesndhigh strengthat ambienttem-
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Fig. 8. Light microscopemicrographsof g-TCP reinforcedmagnesiumNCs (a) as-castmodified, (b) as-cast,(c) as-extrudedmodified, and (d) as-extruded

[147).

peraturecould be achievedusing a work-hardeningstrength-
eningmechanismFor example,Sabaet al. [156] showedthat
the differencein elasticmodulusbetweenthe reinforcing par-
ticulatesand the matrix improvesthe bondingof the particu-
latesto the matrix during work hardeningof the matrix, lead-
ing to animprovementin NC’s yield strength.Further, Xiang
et al. [157] fabricateda micro-nanolayered structureusing
a processincluding electrophoreticdepositionof CNTs on
magnesiunfoils and subsequentlyolling the CNT deposited
Mg at 673K, asshownschematicallyin Fig. 10a[157]. Their
findings showedthat the CNTs penetratecadjacentMg as a
“connectingbridge” (Fig. 10h). Fig. 10c showsthe interface
betweenMg matrix and CNTs reinforcementsusing trans-
mission electron microscopy(TEM) in which an acceptable
bonding can be seen.The addition of only 0.1 wt% of rein-
forcing CNTs resultedin a remarkableéimprovementin NC’s
strengthwhile the elongationwas maintained,as can be ob-
servedin Figs 10de . Fig. 10f showsthat the NCs displayed
a higher strain hardeningrate (®) comparedto the mono-
lithic magnesiumFurthermore this study’s resultsshoweda
higher strengtheningand tougheningeffect comparedto pre-
vious reportson GNPs or CNT reinforced Mg-basedNCs
[157]. The mechanismof back stresshardeninginduced by
micro/nanolayered structuresis an important mechanismin
additionto grain refinementJoad transfer,and DTE strength-
ening mechanismsThe high back stressproducedby CNT
layerscan block dislocationslip and improve the strengthen-

ing efficiency over traditional uniform compositesToughness
is increaseddueto the weakenedolling textureandtwinning
behaviorinducedby CNT layers,leadingto a superiorSchmid
factorfor the basalslip system(0001)[L120]. Furthermorethe
CNT layers efficiently inhibit the propagationof cracksand
remarkablyincreasethe requiredenergyfor compositefailure
[157]. Additionally, previousstudieshave shownthat CNTs
or GNPs can induce prismatic slip dislocationand enhance
the formability of NCs [158159.

3.7. Solid solution strengthening

The basisfor the solid solution strengtheningmechanism
is that solute reinforcementatomsin MMNCs act as strain-
imposerson the nearbyhost atomsin the Mg-basedmatrix
lattice. In this mechanismthe interactionof the lattice strain
field with the reinforcementitomsandthe dislocationsgener-
atesresistanceo the motion of the dislocationsjncreasinghe
strengthof the matrix [132,160. A substitutionalsolid solu-
tion occursin MMNCs whenthe atomsof solutereinforcing
particulatesreplacethe solventatomsin the crystal structure
of the Mg-basedmatrix becausehe solute and solventhave
similar atomic sizes, crystal structures electronegativityand
valence(within 15%) [161].

Hou et al. [162] preparedMWCNTSs reinforced Mg-6Zn
NC using a powder metallurgy processand an aging treat-
ment post-processFollowing post-processingan extensive
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Fig. 9. Scanningelectron microscopy (SEM) micrographsdisplaying the particle dispersionin CPP reinforced ZK60A NCs (a) 2.5 wt.%, (b) 5 wt.%,
(c) 7.5 wt.%, and (d) 10 wt.%; SEM imagesdepicting the particle accumulatesn the NCs containing (e) 5 wt.% and (f) 10 wt.% CPP reinforcement
at a higher magnification; the insert image in (b) showsthe profile of the elementaround the interface betweenZK60A alloy and CPP reinforcement

particles[152].

B’1phasewith a coherentrelationshipto the matrix precip-
itated and significantly reducedthe lattice distortion of the
Mg-basedmatrix. Resultsshowedthat the TYS and UTS of
the fabricated NCs with different concentrationsof MWC-
NTs were remarkablyhigher than the Mg-basedmatrix, as
shownin Fig. 11(a,b) [162]. The dispersedCNTs induceda
greaternumber of fine precipitates,which decreasethe ef-
fective planar interparticle spacingof phasesresultingin a
more effective impeding effect on dislocations;on the other
hand,the bondingbetweenCNTs and matrix is strengthened
by the plane of Mg-basedmatrix being embeddedn CNTSs,
forming a partially insertedinterface,allowing efficient load
transferfrom matrix to CNTs (Fig. 11¢). Fig. 11d illustrates
how the soluteatomsin the matrix can causesignificantlat-

tice distortion and serveas centersfor electronand phonon
scattering (changing the motion direction of electronsand
phononswhile decreasingtheir energy) [162]. The precip-
itation of B’;phaseand the distributed reinforcing particles
also act as a key factor in the age-strengtheningffect of
Mg-6Zn/MWCNTsNC. The soluteatomsare greatlyreduced
during phaseprecipitation,and the crystal lattice tendsto be
perfect.

Shahinet al. [133] developedGNP-reinforcedMg-Zr NC
utilizing the traditional sintering process.The high-energy
ball-mill processingcould resultin a uniform dispersionof
magnesiumzinc, and GNP particlesin NC. The microstruc-
ture analysisshowedthat GNP-reinforcedVig-Zr NC hasthe
smallestgrain size (16 uwm), in comparisorwith Mg-0.5Zr al-
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Fig. 10. (a) Schematicrepresentatiorof fabricating CNT-reinforced Mg nanocompositgb) TEM micrograph showing “connecting bridge” which is the
penetrationof CNTSs reinforcementghat into adjacentmagnesium(c) magnifiedareaA shownin (b) that representshe interfaceof matrix/reinforcement(d)
Engineeringstress-straircurvesof magnesiumand Mg-CNTs NCs, (e) True stress-straircurvesof magnesiumand Mg-CNTs NCs, (f) The strain hardening

rate ® asa function of true strain [157].

loy (23 wm) and monolithic magnesium(43 y.m). The evalu-
ation of mechanicapropertiesrevealedthatthe NC's ultimate
compressivestrength(UCS) is 91% higher comparedto the
monolithic Mg (219 MPa). This substantialimprovementin

mechanicalpropertiescould be due to the atomic size dif-

ferencebetweenZr and Mg, leadingto an interstitial solid

solution effect. The elasticmoduli of MMNCs, asdetermined
from nanoindentationshoweda 40% increasein comparison
to monolithic magnesiundueto load transferfrom the matrix

to the harderreinforcing particles.

3.8. Differencein elastic modulusstrengthening

A differencebetweerthe elasticmodulusof the matrix and
reinforcing particle materialscould resultin the generatiorof
dislocationin NC during plastic deformationbecauseof the
non-uniformslip of reinforcementparticles[154]. It is worth
noting that whiskers,which havean elongatedyeometrywith
a high aspectratio, display much higher strengtheningdue
to the differencein elastic modulus comparedto spherical
reinforcing particulates[63,164. Nguyen et al. [136] fabri-

catedAZ31B magnesiunalloy and AZ31B-3.3AL0s—CuNC
utilizing DMD processand a hot-extrusionpost-processing.
They reporteda remarkableenhancementn 0.2% CYS in
NC comparedwith the matrix which could be the result of
the differencein the matrix/reinforcingparticleelasticmoduli.

Tu etal. [165 producedMg alloys with high modulusand
strength. They exhibited that introducing Ge to the matrix
Mg-Gd-Ag-Mn alloy might enhanceboth the elasticmodulus
and the strengthof the alloy. Among the Ge alloys, Mg-
10Gd-1.5Ag-0.2Mn-3.5Galloy hadthe bestoverall mechan-
ical characteristicswith elasticmodulus(E), ultimate tensile
strength(UTS), and EL of 51 GPa,423 MPa, and 10%, re-
spectively.Theyalsocreateda new as-castMg-Y-Zn-Al-Li al-
loy with elasticmodulusof 52.9 GPa[20,164. Furthermore,
Liang et al. [75] createda carbonnanotubgCNT) reinforced
Mg-basedcompositeusing a combinationof friction stir pro-
cessingand ultrasonic aided extrusion. The results demon-
stratethat whenin comparisonwith AZ91D alloy, the UTS,
yield strength,and E of 1.0 vol.% are much higher. The per-
centagesof CNTs/Mg NC increasedby 25.5%, 13.5%, and
12.2%,respectively.
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Fig. 11. Stress-straircurvesof Mg-6Zn matrixandMWCNTSs reinforcedMg-6Zn NCs (a) beforeand (b) afteragingtreatmentand(c) Schematidllustration of
dislocationspinnedby short /1 phaserecipitatedaroundMWCNTSs andlong B’1phasesrecipitatedwithout reinforcing particlesnearby,and (d) Schematic
illustration of scatteringof electronsand phononsby lattice distortioninducedby soluteZn atomsduring heattransferprocess/162].

3.9. Computingtotal strengtheningeffects

To find the overall strengtheningeffect of reinforcements,
severalmethodsare discussedin this section. These meth-
ods are appliedfor the quantitativeidentification of reinforc-
ing particles’ contributionto the resultingMMNCSs’ strength
[51,133,16% Synergisticreinforcementmechanismsnay oc-
cur basedon the contributionof variousstrengtheningnecha-
nisms.Theseinclude threemethods;1) sum of contributions,
2) Zhangand Chen,and 3) Clyne [128]. Hereafteris a short
explanationfor eachmethod.

3.9.1. Sumof contributions

A simple methodfor identifying the overall strengthening
effect of reinforcementin a compositeis directly addingdif-
ferent contributionstogether.This route to predictthe overall
strengtheningeffectis usuallyinaccurateén mostcasesgspe-
cially whenthereare multiple factorsinfluencingthe strength
becausst ignoresthe influenceof different mechanismson
one anotherand assumesghat eachfactor behavesindepen-
dently. This methodis mathematicallyrepresentedby the for-
mula below.

o =00+ Aoy + Aoy + Aoz + Aos+ . .. Q)

3.9.2.Zhangand Chenmethod

This method only takesinto accountthe Orowan, load-
bearing, and DTE strengtheningmechanisms.So, the pre-
cision of this method is limited as some important and
provenstrengtheningnechanismssuchas DEM, work hard-
ening, and Hall-Petchstrengtheningare not considered Cao
[167] usedthe Zhang and Chen methodto predict the re-
sulting strengthof the NC and reporteda differencebetween
experimentaland theoreticalresults.In this instance the dif-
ferencewas becausehe methoddoesnot considerthe influ-
enceof NP-stimulatedefinementof the grains.Hereafterthe
mathematicakxplanationof the methodis presented125].

AB
oc = (14 0.5vp) <om+A+ B+ a—) (2)
m
12(Tprocess— Trest) (@m — atp)Vp
A=12
5G”‘b\/ bdb (1 — vp) )
g 01%mb , d (4)

ol5)-1"=

3.9.3. Modification of Clyne method
A more precisemethodto calculatethe overall strength-
ening effect of reinforcementin the compositeis presented
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Fig. 12. Comparisonof calculatedoverall strengthusing different methods
andexperimentatesultsfor Y03 reinforcedMg NCs (a) Different unimodal
NCs, and (b) YS againstreinforcementconcentration%) [125].

by Clyne et al. [168]. Their proposedmethodconsidersthe
contributionof various synergisticstrengtheningnechanisms
to the YS of the MMNCs as the squareroot of the sum of
squaresas shownbelow.

®)

oy = omo + Ao
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the NP-reinforcedMMNCs, a high concentratiorof nanopar-
ticles shouldbe used,alongwith performinga post-processing
deformation.If the addedNPs can be disperseduniformly
in the matrix, this can strengthenthe grain refinement,the
load-bearingmechanism,and the Orowan strengtheningef-
fect [144].

The Orowan strengthenings strongerthan the DTE in-
fluence for compositeswhere the processtemperatureis at
RT, whereasfor thosewith a processtemperatureabove RT
(up to about300 °C), the DTE effect becomesmore remark-
able comparedto the Orowan strengtheningThe reasonfor
this is that dislocationannihilation brought on by increased
atomic diffusion at elevatedtemperaturegeducesthe num-
ber of dislocationsintroducedinto the structure(less barrier
to diffusion becauseof Arrheniusbehavior).As a result, the
Orowaneffect producedewer dislocationghanprocesseshat
occur at RT, which lowers the Orowan strengtheningeffect
and reducesdislocation interactions.On the other hand, as
the temperaturerises, the impact of DTE betweenthe rein-
forcementand matrix becomeamore significant. This occurs
becausef the matrix and particle expansionglivergingmore
astemperatureises,which raisesthe dislocationdensityclose
to the matrix/particleinterface.lt is noteworthythat the load-
bearingeffect is insignificantfor all compositesbecausehe
particulate percentageis so low and does not significantly
affect the overall strength[125]. The enhancementmecha-
nism on the mechanicalcharacteristicof Mg-basedNCs is
reportedin Table 3. It is well understoodthat using tradi-
tional metal developingprocessedike extrusionas secondary
processingof discontinuouslystrengtheneccompositesmay

Ao = \/ (Aor1)? + (Aoorowan)” + (Aopem)? + (Aown)® + (Aocr)® + (Aopre)” + (Aos9’ + . ..

whereoy, Aomo and Ac arethe YS of the reinforcedand
non-reinforcedmatrix, and the Matrix’s total increasein YS,
respectively.lt should be noted that the work hardeningin-
fluence during extrusionor pressingis not significantfor a
matrix with fine grainsand thus can be overlooked.

As Fig. 12adisplays,the theoreticalestimationsare higher
thanthe experimentaresultsin mostcaseg125]. It could be
attributed to some weaknessesntroduced during the com-
posite fabrication process such as reinforcementparticle ag-
glomeration,contamination,and forming porosity, which all
have a negative influence on strengthand are not consid-
ered by the equation.Fig. 12 showsthat the results of the
Zhang and Chen and the modified Clyne methodsare more
like the experimentalresults. Fig. 12b depictsthe YS ob-
tained from models and values from experimentsagainst
the concentrationof reinforcementsfor the Mg-Y,03 NC
[125].

It is worth noting thatthe Orowananddislocationstrength-
eningeffectscould both be significantlyenhancedy a reduc-
tion in reinforcementparticles’ size and an increasein their
concentrationAs the concentratiorof NPsaddedis normally
low, the effect of the load transfermechanismis not consid-
erable.To havea greaterenhancemenin the performanceof

(6)

result in particle (or whicker) aggregateseing broken up,
porosity diminishedor eliminated,and bondingenhancedall
of which contributeto bettermechanicapropertiesof MMCs.
In the caseof Mg MMC, hot extrusionis employedas sec-
ondary processingafter sintering. This mechanicalalloying
provides critical and distinguishing characteristicssuch as
a large numberof crystal flaws in the particles,as a result
of intenseplastic deformation.This crystal defectincludesa
significantamountof internal storedenergy,which promotes
recrystallizationand the formation of secondphasesprecip-
itates during post-processing28]. It is always carried out
at temperaturexonsiderablygreaterthan the material’s re-
crystallizationtemperaturg29]. For the as-extrudedccompos-
ites, dynamicrecrystallization(DRX) occurredandconcluded
throughouthot extrusion.The useof DRX leadto significant
grain refinement[30]. It is worth mentioningthat hot extru-
sion improvedadditionsdistributionandrefinedmatrix grains
significantly. The reinforcement-matridinterfacehasbeenal-
tered.Extrusionchangedhe distributionof the secondphases
as well astheir size. Secondphasebandswere also formed
alongthe extrusiondirection. All of thesevariablescanaffect
the mechanicalpropertiesof compositeq30].
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Table 3

Productionmethodsand tensile propertiesof magnesium-baseNCs.

Matrix The investigationswere doneat RT (25 °C) Enhancemenimechanism/Remarks Ref.
Productionmethod TYS uTs FS (%) E (GPa) HV

(MPa) (MPa)

PureMg Powdermetallurgy 134+ 11 190+ 10 4.6+ 0.6 — 46 + 3  Strengthand formability of the NC [153]
decreasdrom 0.5%to 1% Alp but
remainhigher than monolithic
magnesium; different mechanismsf
strengtheningncreasethe YS of the
compositesn the following mechanisms:
Orowan strengtheninggrain size
strengtheningCTE, load transfer.

Mg-0.25Alp 181+ 14 221+ 15 48+ 04 - 54+ 1 [153]

Mg-0.50Alp 218+ 16 271+ 11 6.2+ 0.9 - 57+ 1 [153]

Mg-0.75Alp 202+ 7 261+ 10 50+ 16 - 60+ 1 [153]

Mg-1.00Alp 185+ 9 226+12 3+1.0 - 61+1 [153]

Mg Disintegratedmelt 92+ 5 156+ 6 8.2+ 0.2 — 52+ 2  Increasen hardnessthe presenceof [56]
deposition+ hot high hardnesg700 Hv) nanosizedTiO,
extrusion that servesas a constraintto localized

deformation,and grain refinement.
Increasein FS (%): decreasén the level
of asymmetry/anisotropyof NCs than
pure Mg.

Mg-0.58TiO, 80+2 128+3 10+1 - 58+ 2 [56]

Mg-0.97Ti& 97+3 154+7 11+1 - 61+ 2 [56]

Mg-1.98TiO, 102+3 166+3 12+1 - 64+ 3 [56]

Mg-2.5TiO, 124+ 9 170+6 10+1 - 68 + 2 [56]

Mg Powdermetallurgy 119+ 5 186+ 6 10+3 5.98 41+ 4 Improvementin strength:— efficient [169]
load transferdue to: (a) homogenous
distribution and large specific surface
areaper volume of GNPsembeddedn
Mg matrix (b) Al particlesimprove the
wettability betweenMg and GNPs
particles
— mismatchin CTE

Mg-1.0Al-0.09GNP 148+ 3 206+4 11+3 13.40 48+ 3 [169]

Mg-1.0Al-0.18GNP 162+ 4 223+5 15+2 1218 51+ 3 [169]

Mg-1.0Al-0.30GNP 178+ 3 246+4 17+ 3 13.84 55+ 4 [169]

AZ91 Powder 150.00 190.00 1.15 42.00 — TYS and UTS declinewith arise in the [170]
metallurgy+ hot SiC particulatesizes.
extrusion

AZ91-20%vol. SiC 120.00 135.00 0.47 44.50 - [170]

(15 pm Sizeof SiC)

AZ91-20%uvol. SiC 105.00 110.00 0.23 49.80 - [170]

(50 um Sizeof SiC)

Mg Disintegratedmelt 954+ 8 133+7 8+ 3 — — Improvementof mechanicalproperties: [58]
deposition+ hot grain refinementand the crystallographic
extrusion modificationduring extrusion;

Enhancemenin tensile ductility:
weakeningof basalfiber texturein NCs
and decreaseén tension-compression
yield asymmetry

Mg-0.16ZnO 119+ 11 204+9 15+1 — - [58]

Mg-0.48Zn0O 131+ 6 210+8 16+1 -— - [58]

Mg-0.8ZnO 147+9 237+8 12+2 - - [58]

Mg Semipowder 104+ 4 164+5 6+2 7.4+ 03 - High reinforcingfiller platelets [171]
metallurgy + hot (0.54GNPs)agglomerateand act like
extrusion microsizedreinforcementsvith

Comparativelylow surfacearea,thus,
leadingto the formation of holesand
voids betweenGNPs.

(continuedon next page
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Table 3 (continued
Matrix The investigationswere doneat RT (25 °C) Enhancemenimechanism/Remarks Ref.
Productionmethod TYS UTs FS (%) E (GPa) HV
(MPa) (MPa)
Mg-1.0Cu-0.18GNPs 160+ 6 240+2 10+2 106+04 -— [171]
Mg-1.0Cu-0.36GNPs 184+3 252+3 12+1 1244+03 -— [171]
Mg-1.0Cu-0.54GNPs 226+5 260+5 5+3 140+ 02 — [171]
Mg Powdermetal- 126 +1 171+2 79+03 — 39+ 3  Goodwetting of the CNT with the Mg  [69]
lurgy + microwave matrix was ensuredby the formation of
assistedapid the intermetallicinterface (Mg2Ni),
sintering which alsoimprovedbondingand
increasedhe load-bearingperformance
of the reinforcing phase.
Mg-0.3CNT 119+ 4 163+8 57+02 — 36+1 [69]
Mg-0.3Ni-CNT 206+ 2 237+1 64+03 — 55+ 3 [69]
Mg Blend-presssinter 132+ 7 193+ 2 4.2+ 0.1 41.2 37+ 0 Compositedail ductile dueto an [172]
type powder increasingpile-up of dislocationsat the
metallurgy + hot grain boundaryledges,which causes
extrusion stressconcentratiorand yielding of the
ledgeswith an avalancheof grain
boundarysliding underenhancing
appliedstress.
Mg-0.22AL03 169+ 4 232+4 7+2 42.5 44+ 0 [172]
Mg-0.6 Al203 191+ 2 247+2 9+£2 43.4 50+ 1 [172]
Mg-1.11ALO3 194+5 250+3 7+1 44.5 70+ 0 [172]
PureMg Semi-powder 187+ 4 2194+ 5 354+ 05 13.2+ 0.3 58+ 2  The additionof GNP only resultedin an [173]
metallurgy 8% increasein TS. The presenceof
poresand cavitiesthat were left over
from the pressingand sintering
processess what causescracksto form
during fracture.
Mg-0.3NPs 197+ 3 238+6 3.1+04 146+02 68+2 [173]
PureMg Disintegratedmelt 92+ 5 157+5 82+0.2 — 52+ 2  Incorporationof TiB, NPsin [66]
deposition+ hot monolithic magnesiumenhancedhe
extrusion TYS by about54%, UTS By about
15%, and fracture strain by about83%.
Mg0.58 vol.%TiB, 93+7 149+9 13+1 - 65+ 2 [66]
Mg0.97 vol.%TiB; 110+ 3 173+8 16+1 -— 69 + 2 [66]
Mg1.98 vol.%TiB; 140+ 9 186+1 14+1 — 76+ 3 [66]

4. Creep behavior

Another representativanechanicalcharacteristicthat can
be usedto assesghe suitability of Mg alloys in practicalus-
ageis creepresistancg174]. One of the mostcrucial mech-
anismsinfluencing the creep performanceof Mg alloys is
diffusion [175]. Although the activation energiesfor diffu-
sion and creepbehaviorhavedifferent physicalmeaningsthe
activation energiesvalue can be usedto relate the creepre-
sistanceof Mg alloys to their diffusion data analysis[176].
The slow plastic deformationunder constantapplied stress
at temperatureshigher than 0.4T, is referredto as creep,
where T, is the absolutemelting temperaturelt should be
noted that it can happenat any temperatureand under any
stress,but it becomessignificantat temperaturesigher than
0.4T, [177,17§. Creep can resultin a material failing at
stressesdelow its YS. It is well known that one of primary
problemspreventingthe widespreaduse of Mg-basedalloys
is their inadequatehigh-temperaturereepresistanceThis is
particularlya concernfor automotivepowertraincomponents,

which frequently experienceprolongedexposureto stresses
and temperaturesigherthan473 K [178]. Metalsand alloys
go throughthree stagesof creepdeformation:primary creep,
secondarycreep,andtertiary creep[4,179. Secondarycreep,
also known as steady-statereep,is particularly importantin
automotivepowertrainapplications.t is widely acceptedhat
the secondarycreeprate (denoteds) for Mg andMg-Al alloys
shifts basedon the equationshown below in the stressand
temperaturerangesof interestto automotiveuse (i.e. stress
(0)= 20 MPato 100 MPa andtemperaturgT) = 100 °C to
250 °C) [180-186]

£ =Ao"exp(Q/RT) ()

In this equation A is a constantelatedto the materialtype,
n is the stressexponentQ is the creepactivationenergy,and
R is the gasconstant,which is 8.314 J/mol K. According to
the above-mentionedormula, the slope of the logé against
log oplot at a given temperaturés the stressexponentn, and
anArrheniusplot (In€ versusl/T) at a specificstresdevel will
yield the apparengctivationenergyQ. Then andQ variables
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Table 4

Creep-resistanig alloys and compositesn the relevanttemperatureange.
Temperatureange Mg Alloy Ref.
Lower than135°C  Mg-Al-Zn-X (like AM60, and AZ91 alloys) [193]
Lower than150°C  Mg-Al-Si (like AS21, and AS41 alloys)

Lower than175°C Mg-Al-RE (like AE42 alloy)

Lower than200°C  Mg-Al-Ca-X (i.e. Mg-RE-Zn-Mn)

200°C to 250°C Mg-Ag-RE-Zr (like QE22,and EQ21 alloys)

250°C to 300°C Mg-Y-RE-Zr (like WE43, and WE54 alloys)

Above 300 °C Mg-Sc-Gd-X

Lower than300°C  AE42/20vol.% Al,03 (Saffil®) [210]
175°C to 250°C  AZ91-2.0Ca-0.3Sh-2SiC [190]
Up to 300°C Mg-Y 203 [211]
Up to 300°C Mg-BN [212]
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could be utilized to deducethe primary creep mechanisms
for different stressand temperatureconditions.It is generally
knownthatn = 3 andn = 5 arerelatedto the viscousglide
of dislocationand the dislocationclimb at high temperature,
respectivelyThus,the viscousglide of dislocationsand/orthe
dislocationclimb should be relatedto the currentcreepde-
formation processfor thesefour materialsat 240 °C [187].
Diffusion controlscreepratesat high temperatureswhich is
also as vacancycreationoccurs. This vacancyformation al-
lows dislocationsto overcomeimpedimentsby climbing off
of their slip planesvia vacancydiffusion or cross-slip.The
two different vacancydiffusion mechanisms—volumer lat-
tice diffusion at high temperatureanddislocationcoreor pipe
diffusion at lower temperatures—argypically usedto produce
this climb motion [188]. Accordingto Somekawaet al. [189],
pipe diffusion for the AZ91 alloy changedo lattice diffusion
at an activationenergyof 113 kJ/mol. As a result,the activa-
tion energyof unreinforcedalloy, which is 116 kJ/mol + 3
kJ/mol, indicatesthat pipe diffusion transformsinto lattice
self-diffusionfor the alloy. Neverthelessthe diffusion process
for NCs, continuesto be pipe diffusion becausethe values
are below the crucial value for change,which is 113 kJ/mol
[190]. On the other hand,climb is a diffusion-drivenprocess
thatis morelikely to take control at high temperature$191].
Accordingto Mahmudiet al. [192], the dominantmechanism
in the creepof the AZ91 + (0.5 &+ 2)Snalloy at temperatures
betweerd23 K and523 K and stressedetweenl50 and 650
MPa s dislocationclimb, andthe climb velocity is governed
by the lattice and pipe diffusion of Mg.

It is worth noting that creep-resistantMg-based alloys
should be used as the matrix material to achievethe best
creepproperties.Table 4 lists creep-resistantagnesiumal-
loys for different non-RT conditions. The alloys mentioned
in the table suggestmetricsfor producingcreep-resistaniig
NCs[193]. It shouldbe mentionedthat Mg alloys are classi-
fied basedon their basealloy composition.The useof Mg-Al
basedalloys suchas AZ91, AZ61, and AZ31 is restrictedto
working temperaturesip to 120 °C becauseof a major drop
in mechanicaktrengthand creepresistancd4,194]. Theseal-
loys alsodemonstratgoodcastabilityandsignificantmechan-
ical characteristicsAlloys from the Mg-Al-Mn (AM), Mg-Al-
Zn (AZ), and Mg-Al-Si (AS) seriesfunction weakly above

Temperabre | T

Fig. 13. The distribution of the rate-controllingcreepmechanismsn a tem-
peraturerangeof 100 °C-350°C and stressrangeof 20 MPa—-120MPa for
Mg alloys [204]. * indicatesthe specifiedcreepmechanismmot fitted in the
regime.

130 °C [195]. Becauseof the thermal softening,coarsening,
anddissolvingof the 8-phase mechanicaktrengthand creep
resistancedecreaseat greatertemperaturesAt high temper-
atures,grain boundarysliding causesa decreasén mechan-
ical strengthbecausehe g-phasehasa lower melting point
[196197. The main elementsthat control the strengthening
of alloy in solid solutionareits diffusivity andsolubility. Be-
causeof the great diffusivity of the Al solute, the Mg-Al
seriesexhibits lower creepresistanceZinc hasa greatersol-
ubility in Mg than Al, which increasesstrengthand reduces
creep.BecauseRE elementsare greaterin size compareto
Mg, they have lower diffusivity [198]. Due to the formation
of the stable ternary eutectic compoundMgZnRE, RE ele-
ments can improve cast-ability and creep resistance[199].
Wanget al. [200] provedthat soluteimpurity diffusionin Mg
cannotaffect the creepcharacteristicof Mg alloys. As a re-
sult, diffusion of Mg and/oralloying atomshasbeenproposed
as a causefor their creepbehaviorvia impeding dislocation
movement.The associatediiffusional creepmechanisncould
be classifiedinto threecategoriespipe diffusion [178], Coble
creep[201], and Nabarro-Herring(N—H) creep[202], which
occurvia the crystallattice, only along grain boundariesand
preferablyalongdislocationcores.However,mostresearchers
studied the compressiveand tensile creep characteristicsof
Mg alloys at moderatetemperature§178203, which does
not matchthe conditionsfor diffusional creep.Basedon these
conceptsand the reconstructedate-controlledcreep mecha-
nism for Mg alloys in Fig. 13 the diffusional creepmecha-
nism appeardo be secondaryin importancewhen compared
to other creepmechanismg204].

Diffusional creepmay happerat low temperaturegapprox-
imately 0.4 Tm) and high stressesn addition to ratherhigh
temperaturesPipe diffusion is thoughtto have a somewhat
greateractivationenergythanMg grain boundarydiffusion. In
pure Mg, thereexistsonly one group of activationenergyfor
grain boundarydiffusion (92 kJ-mol~1) [176]. At low temper-
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Fig. 14. For indentation(a) parallel to the ED and (b) perpendicularto the ED, the stressstateand crystallographicorientationare depictedin relation to
indentationdirection,and AFM photographf the indentationareaproving twinning activity for indentation,(c) alongthe ED and (d) perpendiculatto the
ED, and (e) optical micrographof the indentationareaillustrating slip lines and mechanicatwins for indentationperpendiculato the ED are also highlighted

[191].

aturesand high stressesthe creepprocesse®f AZ61 alloys
[205], Ca and Sb addedAZ91 alloys [205], and AZ81 al-
loys [206] were all proposedto be pipe diffusion since the
meancreepactivation energieswere marginally greaterthan
the activation energyfor pipe diffusion. Similarly, pipe dif-
fusion was inferred as the dominantcreepmechanisnof as-
castMRI153 Mg alloys [207]. Nami et al. [208] validatedthe
similar pipe diffusion regulatedcreeprate mechanisnin Sn-
containing MRI153 Mg alloys. However, by increasingap-
plied loads, some Mg alloys were able to switch from lat-
tice diffusion to pipe diffusion controlled creep mechanism
[206209. All of theseresearcheshow that understanding
the correlationbetweendiffusion dataand creepresistanceof
Mg alloys aids in the designof superiorcreep behaviorin
Mg-basedalloys [176].

The nanoindentatiormethod could be usedto investigate
the material’'s nanoscalecreep behavior [213]. This method
canprobethe material’'smechanicapropertiedocally because
it may distinguishbetweenmicro features(such as precipi-
tates,grain boundariesandso on) in the material[214]. Nau-
tiyal et al. [191] investigatednanoindentation-inducedreep
in pure Mg as well as solution-treatedand peak-agedex-
trudedAZ61 alloy. As shownin Fig. 14, the stressesisedin
nanoindentatioraretri-axial, in contrastto thoseusedin con-
ventionaltensile or compressiormechanicalests,which are
uniaxial [191]. A combinationof variousdeformationmech-
anismsis possiblebasedon the type of stressin relation to
crystalorientation,asshownin Fig. 14gb. A sign of twinning
activity could be observedalong one of the edgesof the tri-
angularindentationin the atomic force microscopy (AFM)
image of the indentation region displayedin Fig. 14(c,d).
However, becausehe alloy hasa ring-like texture,thereare
multiple possible orientationsfor the c-axis for indentation

perpendiculato ED (Fig. 14(e)) [191]. As a result,a com-
bination of slip andtwinning is predicted.This figure further
confirmedthe presenceof twinning and slip as main mech-
anism for indentationcreep [191]. The equationusedin a
depth-sensingndentationexperimentis as follows [215].

1dh P \" Q
hdt — C(Apm)) ex"(_ﬁ)

where h standsfor the depthof indentation ( ) for the in-

denter’svelocity during a "creepdwell” period, (ﬁdh) for the
indentationstrainrate, P for the indenterload, and Ap(h) for
the projectedcontactareabetweenthe indenterand sample.
Katsarouet al. [216] investigatedthe creepresponseof 1
wt% AIN NPsreinforcedElektron 21 (EI21) Mg alloy (Mg-
2.85Nd-0.92Gd-0.41Zr-0.29Znfabricated using ultrasound-
assistedstirring. In this researchthe compressivereepexper-
iment was performedon a lever-armtesting machineat 240
°C with constantstressesangingfrom 70 MPato 200 MPa.
Basedon experimenton the matrix (EI21 Mg alloy) andAIN
reinforcedElI21 compositeat 240 °C, they presentedheir re-
sultsin a log-log plot which showsthe changesof minimum
creeprate againstapplied stressdepictedin Fig. 15a[216].
A bi-linear trendwasseen;in which at appliedstressesower
than about 120 MPa the stressexponent(n) was 4.8 for the
matrix and 5.0 for the compositewhile for the stressval-
ueshigherthan 120 MPa the stressexponentwas 6.6 for the
matrix and 8.3 for the composite.The study’s findings re-
vealedthat the reinforced compositehas a lower minimum
creeprate than the monolithic matrix at all applied stresses
and the differencedecreasesvith increasingstress.Ganguly
et al. [190] investigatedthe microstructureand impression
creeppropertiesof AZ91-2.0Ca-0.35b magnesiunalloy and
its threeSiC-reinforcedNCswith 0.5, 1, and2 wt% reinforce-
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Fig. 15. (a) Doublelogarithmic plot of minimum creeprate versusappliedstressfrom testsperformedat 240 °C [216], and (b) Typical impressioncreepplots
for AZ91-2.0Ca-0.3Skalloy andit’s three SiC reinforcedNCs characterizedit 435 MPa stressand 498 K temperaturalisplayingthe changesof impression

depthagainsttime [190].

mentconcentrationln their impressioncreepexperimentthe
temperaturerange was between448 K and 523 K and the
stressrange was between300 MPa and 480 MPa, and the
testdurationwas?2 h. The creepresistancef NCswashigher
than the matrix and the highestcreepresistancevas seenin
2 wt% reinforcedNC (Fig. 15b) [190]. They also proposed
that the alloy and NCs’ governingcreepmechanisnis dislo-
cation climb controlled by pipe diffusion. This climb motion
is usuallyaccomplishedhroughone of two vacancydiffusion
mechanismsvolume or lattice diffusion at high temperatures
and dislocation core or diffusion along the dislocation (i.e.
pipe diffusion) at low temperature$37,217]. In this respect,
pipe diffusion-climb controlleddislocationcreepis a form of
dislocation creepin which the creeprate is controlled via
climbing dislocationsand atom diffusion happendn disloca-
tion pipes[218]. Nami et al. [205] examinedthe influence
of Ca incorporationon the microstructureand imprint creep
performanceof cast AZ61 Mg alloy. The enhancementn
creep characteristicds relatedto a reductionin the quan-
tity of Mgy7Al 12 phaseandthe developmenof the extremely
thermally stable(Mg,Al) ,Ca phase.The findings of the creep
studyindicatepipe diffusion-climb regulateddislocationcreep
as the dominantcreep mechanismand Ca introduction has
no influenceon this mechanisn{205].

The presenceof nanoparticlescan efficiently help to en-
hancethe creepbehaviorof the Mg-basedNCs at high tem-
peraturesthrough the preventionof grain boundary sliding
(GBS) by pinning the grain boundaries.It should be noted
that GBS is one of the primary mechanismsf creepfailure
in metalsandalloys, particularlyat elevateckemperatures-or
applicationswhere a high creepresistanceat high tempera-
turesis required, Mg NCswith NPsdecoratedat grain bound-
ariesmay be a favorableoption. Through precipitationhard-
ening,precipitatesvould aid in makingthe materialsstronger.
However,whenthe particlesizeexceedghe size of the matrix
grains (as in ultrafine/nanocrystalline-graineghaterials), the
Hall-Petcheffect will predominatemaking the precipitates’
contributionto the material’'screepresistancdesssignificant.
As a result, fine precipitatesachievethe greateststrengthen-
ing. When exposedto high-temperaturereep,thoseequilib-

rium low-melting temperaturentermetallicphaseprecipitates
may becomethermally unstablein the matrix. At high tem-
peraturesthe precipitateseither coarsenor dissolvein the
matrix. Externally addedNPs, on the other hand,are insolu-
ble in the matrix and resistdissolutionand coarsening.This
aids in the retentionof strength(and creepresistancehpt el-
evatedtemperatureg193]. Yang et al. [187] dispersed1%
of AIN/Al nanoparticlesn EI21 magnesiumalloy utilizing a
novel stirring techniquecalled the high shearingdispersion
technique(HSDT). Microstructure evolution of as-cast, T4,
andT6 conditionsfor the matrix andNC areshownin Fig. 16
[187]. The as-castEl21 is consistedof MgsRE and Mg1oNd,
while as-castNC (EI21 + 1% AIN/AI) including MgsRE and
Al,RE phasesHowever,someMgs;RE were dissolvedwithin
the matrix during T4 modification,which causedRE to enter
solid solution. According to the resultsof the creepevalua-
tion, the T6 heattreatmentdecreased\C'’s creepresistance
while increasingthe creepresistanceof the matrix. This may
be due to the fabrication of plate-like Al,(Nd, Gd) (Al,RE)
precipitates,which led to a decreasen the amountof y”
and 8’ precipitatesin T6-treatedNC after aging. It was also
observedthat the T6-treatedEI21 matrix has a lower mini-
mum creeprate with a shorterduration of secondarycreep
stagecomparedto the T6-treatednanocompositet elevated
temperaturesThis might be a resultof precipitatesover-aging
and the thermal stability of the Al,RE particles.Whetherin
the as-castor T6-treatedconditions, AIN/Al reinforced NC
demonstrateé muchlongerdurationof secondarycreepthan
the matrix. The formation of the particle/plateAl,RE phase
andthe incorporationof AIN NPswereidentified asthe pos-
sible causesof the improvement[187].

Ferkel et al. [219] extrudedpure Mg and two typesof 3
wt% SiC NPsreinforcedNCs at 593k andevaluatedheir RT
and high-temperaturemechanicalproperties. The difference
betweenthe two typesof NCs wastheir preparationmethod,
with one being mechanicallyball-milled and the other being
traditionally mixed. At all RT, 373K, 473K, and573K test-
ing temperaturesthe ball-milled NC hadthe higheststrength
but also the lowest formability. Furthermoreat 473 K, a re-
markabledifferencein creepresponsewas observedon the
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Fig. 16. lllustration of the microstructureevolution of EI21 matrix and 1% AIN/AI reinforcednanocomposit&NC (EI21 + 1% AIN/Al): (a) as-castmatrix, (b)
T4-treatedmatrix, (c) T6-treatedmatrix, (d) as-castNC, (e) T4-treatedNC and (f) T6-treatedNC [187].

ball-milled NC. The concentratiorof reinforcingNPscanim-
prove NC strengthby assistingwith Hall-Petch,efficientload
transfer,and the Orowan strengtheningmechanismsNever-
theless,there is normally some limitation to increasingthe
contentof NPsin the matrix, as the concentratiorof the re-
inforcing particlesin the matrix is alwaysconstrainedn some
way. Due to the high surface-to-volumeatio of the NPsand
strongVan-derWaalsforcesthat pull the particulategogether,
agglomerationof the particlesin the matrix is a significant
problem that limits the NP concentration.If agglomeration
occurs,the particlesare not regardedas nanosizedout rather
asmicron-sizedAs a result,the particle’seffectivenessn var-
ious mechanismf strengthenings diminished. This hasa
negativeimpacton the material'sability to resistcreep.If the
reinforcing particlesare not distributedevenly throughoutthe
matrix, thereare typically somevoids. The fabricationof the
Mg NCsin suchaway asto guaranteen evendistribution of
the NPs throughoutthe matrix may thereforebe challenging
[193]. Kumar et al. [220] useda combinationof stir casting
and ultrasonicprocessingo produce2 and 5 wt% alumina-
reinforcedMg-4AlI-1Si (AS41) Mg alloys. The resultsof their
indentationcreep experimentwith 109, 125, and 140 MPa
stressest 448,473,498, and 523 K temperaturesire shown
in Fig. 17 [220]. The 5 wt% Al,03 reinforcednanocomposite
hasthe highestcreepresistanceAdditionally, rising tempera-
turesandstressevelsaccelerateéhe creeprate. As castAS41
alloy and NCs exhibitedan acceleratectreeprate at 250 °C,
as well as a smaller primary stagein their creep curvesat
this temperaturecomparedto other temperatures.
Internal stressegproducedby twin growth exceedthe YS

of the matrix andarethusaccommodatethy plasticdeforma-

tion processesuchas slip [221]. Throughits restrictionon

twin nucleationand growth, NP losessomeof its ability to

enhancestresswhich couldleadto areductionin yield stress.
In otherwords,anincreasen strainratereduceghe strength-
ening effect of NPs on grain boundariesin terms of retard-
ing twin nucleation/growthNPscaninfluencetwin nucleation
andgrowth, increasinghe numberof smallertwins [35]. Twin

growth can be completelystopped(in the caseof large pre-
cipitations) or the growing twin can swallow up (engulf) the
precipitates(in the caseof small precipitations),leading to

particle rotation but not necessarilyparticle shearing depend-
ing on the relative sizesof the twins andthe size/distribution
of the NPs[193].

Fig. 18acomparesalloy’s the minimum creeprate to that
of other creep-resistanig alloys, comprisingMg-RE-based
castalloys and benchmarkdie-castMg alloys [222]. Despite
its low RE content,the alloy possesseadequatecreepresis-
tance when comparedto other Mg-RE-basedcast alloys in
the samecreepsituation[1,11,27,29,227. The alloy hasap-
proximatelythe sameminimum creeprate at 200 °C/60 MPa
as the typical WEA43 alloy, indicating that both alloys have
equal creepresistanceAs a result, the alloy is expectedto
be a suitablereplacemenfor WE43 alloy in a variety of ap-
plications.Furthermorethe alloy’s lowestcreeprateis nearly
an order of magnitudelessthan that of commonQE22 and
EV31 [1,11,27,29,227. Of course,the alloy’s creep proper-
ties are lower than those of heavy RE alloys including Mg
alloys. On the other hand, the alloy hasa greateradvantage
over die-castMg alloys, and its lowest creeprate is signif-
icantly lower than the benchmarkdie-castMg alloys. The
creepresistanceof castMg alloys is determinedby the sub-
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Mg alloys producedby die casting,and (b) A comparisonof atomic misfit betweencommonly adoptedsolutesand Mg and their atomic radii [222].

sequentparticle strengtheningand solid solution hardening.
Fig. 18b presentsthe atomic misfit and atomic radii of reg-
ularly utilized solutesand Mg [222]. Since the atomic radii
of RE atomsare greaterthan thoseof Mg atoms,it is fair
to believe that RE atoms are responsiblefor the larger or-
der strengtheninghat of RE-freeatoms[5,10]. Furthermore,

the majority of RE soluteshave a higher atomic misfit with
Mg solvent,aswell as a greatersolid solutionin Mg, which
significantly decreaseshe creeprate[5,10,227. The superior
creepresistancef the Mg-basedalloy in comparisorto other
creepresistantMg alloys, including recognizedMg-RE-based
castalloys and die-castMg benchmarkalloys, is becauseof
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both thermally stable intermetallic phasesand greaterstable
order strengtheningowing to RE soluteswith large atomic
radii at high temperatures.

5. Fatigue properties

In the modern manufacturingfield, long-life service and
exceptionaldependabilitywas recognizedas both an urgent
needand a future aim. Fatiguedamageis undoubtedlypos-
ing a dangerto long-life service reliability, particularly the
very-high-cyclefatigue (VHCF) issue[223224]. The very-
high-cycle regime is a rangeof cyclic loading that exceeds
10" cycles, and fatigue failure in such a regime is classi-
fied as VHCF failure, also known as gigacyclefatigue failure
[223]. It is well known that fatigue failure can occur under
conditionsof comparativelyiow cyclic stressbelow the usual
fatigue limit after 10’ loading cycles (i.e., in the very-high-
cycle regime)[225226 As a result, the VHCF failure issue
hasgarneredvidespreadconcernandhasevolvedinto a focus
of investigation.It is relatednot just to the broad engineer-
ing application,howeverto the scientific attractionthat has
developecdbverthelasttwo decadeslt hasoften beendemon-
stratedthat the fracture initiation stageconsumesalmostall
of the total fatigue life in VHCF failure [227,228. As are-
sult, the fractureinitiation processis now recognizedas the
mostimportantaspectof VHCF failure in termsof scientific
importance[229].

Becauseof their unigque properties,Mg-basedcomposites
have proven to be a promising material for wide rangein
aerospaceautomotive, defense,biomedical and consumer-
relatedapplications A cardiovasculastentexperiencegyclic
tensionloadsdueto heartbeatandfemoralimplantendureax-
ial compressiveoading and cyclic bendingthroughoutnor-
mal walking andrunning[230]. Theseloadsarerepetitiveand
variable,with one million cyclesperyear[231].

In their lifetime, the Mg-basedMMCs usedin variousap-
plications are subjectedto fatigue and dynamicload. There-
fore, a systematievaluationof the behaviorof the partsunder
the samecircumstancess necessaryMultiple variablesinflu-
encethe fatigue performanceof Mg-matrix alloys and com-
posites,comprisingmicrostructurealloying elementsjoading
circumst- ances,surfacemodification, reinforcing properties,
and fabrication procesg232].

Ochi et al. [233] looked into how the concentrationof
Al,O3 short fibers affectedthe high-cycle fatigue character-
istics of the AZ91D alloy. Their findings demonstratedhat
the matrix’s fatigue strengthhad beenincreasedby the ad-
dition of reinforcement Additionally, they demonstratedhat
the agglomeratedeinforcingfibersarethe origin of the com-
posite crack. Fatiguecrack almostoriginatesalong the high-
estshearstress(i.e. Mode Il crack) and subsequentlyleflects
outwardof the original crackedgrain. It deflectsperpendicu-
lar to the distantgreatesiprimary stressegi.e. Mode | crack).
Evidently, the grain boundaryhindersthe propagatiorof such
micro-cracksln this situation,particle size may influencemi-
crostructuralfatigue parametersand grain refinementcould
boost fatigue strength[229]. Wrought Mg alloys have bet-
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ter mechanicalcharacteristiccomparedto castalloys under
cyclic and quasi-statidoadings,which makesthem desirable
candidatedfor load-bearingparts [234]. Following thesede-
formations, the c-axis of the Mg unit cell reorientsitself to

be parallelto the specificdeformationdirection,resultingin a
strongbasaltexture[234,235. It is believedthat this texture
evolutionin the microstructurecould be causedby rotational
dynamicrecrystallization(DRX), which is inducedby the ac-
tivation of non-basalslip systemssuch as pyramidal Il <

c + a >, prismatic< a >, andpyramidall < a >.

By usinga solidificationprocesdollowed by hot-extrusion,
Srivatsaret al. reinforcedAZ31 Mg alloy with 1.5 vol.% alu-
mina’s [236] and 1.0 vol.% CNTs [237]. The AZ31 matrix’s
endurancdimit was 81 MPa at 10° cycles. With the incor-
poration of 1.5 vol.% of alumina, the endurancdimit was
increasediy 36%to 110 MPa, andby 40%to 113 MPawith
the incorporationof 1 vol.% of CNTs. They claimedthat by
delaying crack initiation and preventingcrack growth within
the matrix, the addition of NPs could enhancethe fatigue
propertiesof the Mg-basedmatrix. Improvementof the NC's
fatigue resistancecomparedto the matrix could be due to
severalreasons.The agglomerationof reinforcing particles,
which is a site for the initiation of cracks,could be avoided
by settingthe proper parameterdor the fabrication process
of NCs [236237]. Dislocation densities, pores, and inclu-
sionsintroducedinto compositesduring the fabrication pro-
cessall have a remarkableinfluence[238]. When compared
to a non-reinforcedmatrix, the component®of NC underwent
lessstrain becausehe high-strengthaddition carried most of
the load at the fine microscopicscale.Grain refinementhasa
noticeableinfluenceon delayingthe onsetof cracks,improv-
ing cyclic fatigue life in the procesg236,237,239. The fab-
rication of NCs underthe appropriatecircumstancesan lead
to bettercompatibility betweenthe componentof a compos-
ite (wetting betweenNPs and the matrix) and makeit easier
to transferappliedloadsfrom the matrix to high-strengthre-
inforcing particulateswithout de-bonding[240,241].

The high cycle fatigue curves (stressamplitude-life) of
pureMg, Mg/2.5wt.% HA, andMg/5 wt.% HA areshownin
Fig. 19ac [242]. As comparedo pure Mg specimensMg/2.5
wt.% HA andMg/5 wt.% HA exhibit betterfatigue character-
istics,asshownin Fig. 19a HA additionsmay serveascrack
propagationbarriers, leading in increasedfatigue life [30].
Furthermorethe presencef nanoadditionsn the matrix may
leadto cleavageracturesemergingin front of fatigue cracks,
spreadingstressconcentrationgnd convertingthe planestress
stateon the cracktip to plane stressone [80,84]. The quan-
tity of YS and UTS, respectively,influencethe start of plas-
tic deformationand crack initiation. The normalizedstresses
againstthe numberof cyclesto failure areshowninFig. 19%,c
and c to study the effect of yield stressand ultimate tensile
strengthon high cycle fatigue behavior.The curvesshowthat
YS improvementmay be an importantvariablein improving
the fatiguelife of compositesThe fatiguelife of the compos-
ites increasedat lower stressamplitudeswhen comparedto
pure Mg specimensBecauseeinforcingparticlescanoperate
as stressconcentrationpoints, local plastic deformationmay
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Schematicdiagramof fatigue damageof T4 and T6 alloys: (d) T4 alloy; (e) T6 WE43 magnesiumalloys [243].

occurnearthemat greaterstressamplitudesjnducingfracture
initiation in the compositeand, asa result,reducingthe good

influenceof additions.Fig.19ddepictsa schematidllustration

of fatigue damagein T4 and T6 WE43 Mg alloys [243]. As

a crack causedoy basalslip propagateso the grain boundary
along the cleavageplane, stressconcentratiorhappensat the

grain boundary.Dislocationon the properly orientedcleavage
planeis initiated, and the fracture propagatedorward along

the new cleavageplane. It may be developedthat basalslip

is the primary mechanismof fatigue damagein the T4 al-

loy. Becauseof the impedimentinfluenceof precipitationon

basalslip andtwin growth, a significantnumberof pyramidal
slip is activated,promotingthe slow enhanceof plastic strain

amplitude under cyclic deformation.At the sametime, due

to the presenceof PFZ with less strengthin comparisonto

the grain, the crack developseasily along the grain boundary
(Fig. 199 [243].

Forging and rolling are examples of secondary post-
processinghat aid in deagglomeratinghomogenizingdistri-
bution, removingporosity,and strengtheningnterfacialbonds
[14]. The porestendto be sitesof origin for cracks,andthey
reducethe time for crackinitiation andthe material'sfatigue
life. In this regime and for defect-freematerials,the fatigue
crackinitiation stepis expectedo take up to 90% of the fa-
tiguelife atlow-stressamplitudecomparedo the crackpropa-
gationstep[244]. Nonethelessthe existenceof microstructure
defects,such as particulateaccumulation,pores,and micro-
crackscan shortenthe time for crack initiation, resultingin
decreasedhatigueresistancg245]. Jabbariet al. [239] demon-

stratedthat using a post-processpplicationof plastic strains
(such as a closed-dieforging processor extrusion)can en-
hancethe NC's high cycle fatigue behavior.In this respect,
Goh et al. [123] studiedthe fatigue resistanceof the extruded
monolithic magnesiumandits MWCNTSs reinforcedNC. Ac-
cording to their findings, the NCs had a shorterfatigue life
than the matrix in the samerange of applied plastic strain.
The existenceof cavities and particle agglomerationcaused
a reductionin fatigue life. Similarly, Anes et al. [246] in-
vestigatedthe fatigue performanceof the magnesiumalloy
extrusionin both high and low cycle regimesduring fully
reversedaxial tension-compressiortprsional, and multiaxial
loadswith proportionaland90° out-of-phasenon-proportional
circumstancesThe findings showedthat the loading path had
a major effect on the material’s fatigue strengthin the high
cycle fatigue (HCF) regime at the same equivalent stress.
Fatigue crackstypically form at cyclic slip bandsand twin
boundarie$232,246],typically at stressconcentratiorsitesin-
cluding geometricdiscontinuitieslike cornersandnotchesas
well asmanufacturingmperfectionssuchasinclusions,pores,
and shrinkagevoids developedduring castingand scratches
formed during the machining process[247,24§. The initial
stageof crackpropagatioris highly susceptibléo microstruc-
ture, and fatigue crack propagationoccursat an exceedingly
slow andvariablerate. It needsto be highlightedthat fatigue
fracture nucleationand early propagationhappenin the in-
ternal vacuum-like environmentat the specimeninterior for
internal failures. It is determinedthat fatigue cracksdevelop
throughslip bandsalong the basalplane,leadingto the pro-
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Fig. 20. Potentialand currentusesof Mg-basedalloys and nanocomposite§2].

duction of a fatal facet on the fracture surface[229]. Fatal
facets occur at crack initiation locations, and the initiation

mechanismis highly crystallographicon planarslip systems
along the direction of highestshearstress[229]. Likewise,
Sabetet al. [249] evaluatedthe HCF characteristicoof the
Mg/HA biocompositecontaining2.5 and 5 wt% HA during

rotating-bendingoading. The resultsreveal that biocompos-
ites outperformcommerciallypure Mg extrusionin terms of

overall HCF performance.Iln all stressamplitudes,the fa-

tigue life of the Mg/2.5 wt% HA compositewas greaterthan
that of pure Mg. However,with greaterstressamplitudesHA

powderagglomerationsnay producestressconcentratiorand
boost the crack initiation stage.The S-N curves with nor-

malized stressmagnitudesto yield stressshow that increas-
ing yield stressin compositesmprovesoverall fatigue life in

comparisorwith pure samples.

6. Potential applications

The use of NPs to reinforce magnesiummatrix compos-
ites is not yet widespreadFig. 20 lists someof the current
commercialusesfor magnesiumandits alloys [2]. Mg is the
lightestmetalandis usedin a variety of applicationsthat call
for light weightsdueto its outstandingow density. It works
in power tools, automotive,and aerospacalevices[250]. In
the automotivesector,a 10% weight reductionwill resultin
a 7% reductionin fuel consumption[251]. There would be
a weight reductionof 22—70%if Mg and Mg-basedcompos-
ites canreplacethe currentlyusedautomotivematerials[252].
SomeAZ and AM alloys with high strengthand formability
at RT havebeenusedassheetsor othercar parts[144]. Some
of the Mg-basedmaterialsthat are usedin the aerospacen-
dustry are engine castingsparts, casting componentsof the

transmissionsystem,and landing gears.Also, Mg is widely
usedin the helicopterindustry for the productionof differ-
ent parts,suchas gearboxesDespiteits lightweight, airplane
manufacturingcompaniesio not useMg for structuralappli-
cationsbecauseof its high corrosionrate [253].

Mg hasfound applicationsin electronicsand power tools.
Mg dissipatesheatabout 100 times betterthan plastic [254].
Aside from that, Mg hasa lot of potentialin electronicsap-
plicationsdue to its strongelectromagnetishielding perfor-
mance, excellent vibration-dampingcapacity, good machin-
ability, and good recyclability [255]. In the consumerelec-
tronicsindustry,the ability to endureambientor outdoorcon-
ditions and electromagneticshielding performanceare two
crucial needsfor electronic equipment[256]. Recently, Mg
has becomeincreasinglyappealingfor biomedicalfields be-
causeof its cytocompatibility, biodegradability,and compa-
rable density, elastic modulus,and TS with human cortical
bone[30,257,258. Furthermore biomedicalapplicationsfor
magnesiummatrix NCs are a possibility [28,259-263. Mg
is a mineral that is found in abundancen the humanbody,
so Mg-basedbiomaterialsfor applicationslike implants, su-
ture wires, and micro-clips have garnereda lot of interest.
Studieshave shownthat excessmagnesiumons that are re-
leasedduring the dissolution of Mg-basedimplants may be
quickly eliminatedthroughurination[76,263264]. Therefore,
the currentlimitations of Mg matrix materialsfor bioapplica-
tions may be overcomeby developingnew magnesium-based
NCs with satisfactorycorrosionrates.

7. Conclusion and outlook

Magnesium-basethatrix NCs reinforcedwith NPshavea
wide rangeof applications,including energy-savingcompo-
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nentsand lightweight structuralparts[250,26526€], because References

of havingboth high strengthand acceptableluctility simulta-
neously.In the presenwork, the effectof differentreinforcing
particleson the mechanicapropertiesof Mg matrix nanocom-
positeshasbeencritically reviewed.The developmenbf new
Mg-basedNCs offers improved hardnesstensile and com-
pressivemechanicakharacteristicsfatigue, and creepbehav-
ior over traditional Mg-basedcompositeseinforcedwith mi-
croparticlesdue to the growing availability of ceramicand
metallic NPs. In this study, the potential applicationsof NP-
reinforced Mg-basednanocompositesre highlighted. Also,
formulasto predictthe mechanicakcharacteristicof compos-
ites accordingto the effect of addingreinforcing particlesare
presentedDifferent strengtheningnechanismgould enhance
the mechanicabpropertiesof the Mg-basedmatrix becauseof
the additionof particulatereinforcementsuchasload transfer
from matrix to reinforcementsQrowanlooping, DEM, Hall-
Petch grain refinement,work hardeningof the matrix, and
solid solution. Although some models have beendeveloped
for predictingthe additionof reinforcing particleson compos-
ites’ mechanicapropertiesfurther studiesstill arerequiredto
modify them with a deeperunderstandingf different mech-
anismsand their synergisticeffectsto developmore accurate
models.Despitethe many advantage®f using nanoscalere-
inforcementparticles,their presencdn the matrix can create
areaswhere cleavagecracks open in advanceof the crack
front and changethe local effective stressfrom plane strain
to planestressnearthe cracktip.

The potential conventionaluniaxial and indentationcreep
resistanceof Mg NCswasalsobriefly discussedn this paper.
Mg NCs with NPs decoratedat grain boundariesmay be a
promisingalternativefor applicationsat elevatedtemperatures
where creepresistances required.

The fatigue resistanceof Mg-basedcompositesis depen-
denton many parametersncluding reinforcing particle spec-
ifications (size,geometry,content,etc.), matrix alloy material
type, and compositefabricationprocessThe incorporationof
reinforcing particles can help to preventcrack propagation
and improve the NC fatigue performance.According to an
overview of the factorsinfluencingthe fatigue propertiesof
various materials,a combinationof large grain sizes, poor
strength,and a lack of substructuregi.e., planarslip) is pre-
dictedto worsenfatigue properties Particlesize affectsthe S-
N fatigue behaviorandthe thresholdfor fatigue crackgrowth,
with benefitsseenfor compositescontainingfiner particles.
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