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The structural evolution and mechanical behaviors of the AlMgB ternary system have been
investigated inorder to fabricateacompositesystemcomposedof (Al,Mg)B2 inaAlMgmatrix.
Several AlMgB ternary alloy compositions were selected for fabrication and identification of
boridesandmatrixformationduringsolidification.Theinsitu(Al,Mg)B2phasewasdevelopedinan
eutecticmatrixofAl8Mg5andAl,andformedinthelocationofinterandintratheAldendriticregion,
indicating that the formation of (Al,Mg)B2 was developed at the initial solidification process.
Dominatingfactorsforcontrollingthe(Al,Mg)B2phaseandmechanicalbehaviorsarediscussedin
termsofdetailedthermodynamicstabilityandstructuralidentifications.



 
Developmentsoflightmetalalloycompositeshavebeenreceivedanattentionduetotheirrecently
increaseddemands for industrialapplications.Themostprobablecandidates for lightweightalloy
composites are aluminumand/ormagnesiummatrix composites. It has beenwell known that the
densitiesofaluminumandmagnesiumare2.7g/cm3and1.74g/cm3,respectively,andthosecanbe
potential structural materials possessing high strength with controllable microstructures. In this
perspective,AlMgalloyscanofferanimprovementinstrength/densityratioinreplacementoflow
alloysteels.Furthermore,sinceborideshasbeenknownasonemoststiffreinforcingmaterial,the
composite systemscomposedof (Al,Mg)B2 reinforcedAlMg alloymatrix canbeonepromising
candidateforpracticalapplications.

InordertoevaluateAlMgBternarycompositesystems,itisimportanttoscrutinizetheboride
phaseformation.Regardingtotheuseofboridesasreinforcementmaterials,theinsituformationof
AlB2inAlmatrixhasbeenreceivedanattentionduetoitshighstiffnessandeconomicalstandpoints.
TheAlB2inAlmatrixisusuallyformedfromthephasetransformationofAlB12phase,andtheAlB12
phase gives a detrimental effect on the mechanical properties of aluminum matrix composites.
ElaboratedeffortshavebeengiventoproduceandcontroltheAlB2phaseinaluminummatrix[1],in
whichacontrollableproportionofAlB2canbefabricatedbyusingheat treatmentswithaspecial
apparatus.Atthesametime,detailedstudyaboutthephasetransformationhasbeengiveninorderto
identifytheformationmechanismandphasetransformationkineticsofAlB2.

SincetheuseofboridessuchastheAlB2phaseusuallyundergoesphasetransformationfromthe
AlB12 phase, the identification of thermodynamic stability can provide a critical database for
successfulcompositedesigns.However,thenatureofhighmeltingpointofboronoftenlimitsthe
criticalassessmentofcriticalthermodynamicstability.Forexampleinthepublishedphasediagram
of the AlB system [2], the existence of four intermediate phases – AlB2, AlB10, AlB12 (low
temperature)andAlB12(hightemperature)–arerevealed.TheL→AlB12+Beutecticreactionis
assumedtooccuratabout2090C.However,Mirkovicetal.[3]indicatedthattheAlB12andAlB10
phasesarestabilizedbyimpurities.Inthisregard,theAlBsystemexhibitsonlytwointermediate
phases, AlB2 and AlB12, and the phase diagram should be reassessed based upon the updated
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documents. Also, the binary phase diagrams of MgB and AlMg system have been recently
published,leadingtotheconstructionofAlMgBternarysystem.
In this study, in order to provide thermodynamic stability of the potential lightweight AlMgB
ternarysystem,thebinaryAlBsystemhasbeenreestimatedbyPandatprogram®byComputherm,
LLC, and isothermal ternary phase diagrams have been assessed, for the first time, with
thermodynamicdataofAlB,MgBandAlMgbinarysystemsatelevatedtemperaturesandroom
temperature. At the same time, the microstructural evolutions and corresponding mechanical
propertiesoftheinsitu(Al,Mg)B2inAlMgmatrixcompositeshavebeeninvestigated.

 
Sincethetargetphaseshouldbeselectedwithareliabledatabase,thermodynamicanalyseshavebeen
carriedoutbyusingPandatprogram®withpreviouslypublisheddata.Baseduponthereassessed
phasestabilityinformation(binaryandternaryphasediagrams),alloycompositionswereselected.A
specialattentionhasbeengiventothemicrostructuresandthecorrespondingmechanicalbehaviorsat
roomtemperatureuponvariationofMgand/orBcontentsinAlmatrix,sothatvariouscompositions
of,asaforementioned,theinsitu(Al,Mg)B2reinforcedAlMgmatrixcompositeswerefabricated.In
ordertofabricateAlMgBternaryalloys,amasteralloywithacompositionofAl5at%Bhasbeen
purchasedfromKBAlloys,andadditionalelementshavebeenaddedintothemeltofthemotheralloy.
However,inordertoidentifythestrengtheningmechanisminasimplifiedsystem,theadditionof4th
or5thelementswasnotconsideredatthepresentstudy.Allofthealloysweretargetedtowardsthe
formationof(Al,Mg)B2phaseinaAlMgmatrixandmeltedinanelectricfurnaceunderapurgingof
anArgasandcastinamoldwithadimensionof200mm×50mm×70mm(length,widthandheight).
Forobservationsofmicrostructures,thealloypieceswerecutandpolishedwithanAl2O3powdersin
acloth.ThemicrostructureswereinvestigatedbySEM(Secondaryelectronmicroscopy,Jeol6100),
and the phase analyses were undertaken by XRD (Xray diffraction, Rekaku 3100). For the
measurementsofmechanicalbehavior, tensile testswereperformedwithanuniversalmechanical
tester(INSTRON).Itisspeciallynotedthatsincethecompositionsofthefabricatedalloyscontain
theboronelement,EPMA(electronprobemicro analysis,CAMECASX50)was carriedout for
analyzingboroncontents.

 


Since the stability of intermediate phases inAlMgB ternary system is one critical factor for

designingsuccessfulcompositesystems,thermodynamicstabilityoftheassociatedphaseshasbeen
estimated.FortheAlBbinarysystem[2],theexistenceoffourintermediatephases–AlB2,AlB10,
αAlB12 (low temperature) and βAlB12 (high temperature) – has been reported. However, as
mentionedearlier,thetwoAlB2andAlB12intermediatephaseswereidentifiedandindicatedasline
compoundswithastoichiometriccomposition.

Theentropyofanaluminumboridephase,AlBcanbedescribedas:
  


+=       (1)

whereS(AlBx),SAlandSBaretheentropiesofAlBx,AlandB,respectively.Also,thetemperature
dependenceoftheentropymaybewrittenasfollows:
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 15.298   (2)

whereTistemperatureandCPistheheatcapacity.S298.15Kistheentropyat298.15K.
Theaboveequationsof(1)and(2)wereutilizedtodeterminethefreeenergyforAlB12,together

withtheformationenthalpyofAlB12at298.15K[4].Mirkovic[3]experimentallyidentified
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thattheperitecticreaction,L+AlB12→AlB2,occursat972±5°C.Serebryanskyetal.[5]analyzed
theliquidustemperaturebetweenliquidandAlB12.Theseexperimentallystudiedphaseboundary
data[3,5]andthepublishedAlBphasediagram[2],wereusedtooptimizethermodynamicmodel
parametersforAlB2andliquid.UsingthefreeenergydataoftheAlB2andAlB12phases(Fig.1(a)),
wehaveattemptedtoassessthephasediagramoftheAlBsystemthatisshowninFig.1(b).Further
detailedinformationaboutestimationoftheAlBsystemwillbereportedelsewhere.
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Fig.1ConstructedAlBbinarysystem:(a)accessedbinaryphasediagramwithreferencepoints,
(b)reaccessedbinaryphasediagram



TherecentlypublishedMgBandAlMgbinarysystemsareshowninFig.2.Sincethepublished
data has presented with sufficient database, the published MgB, AlMg and the estimated AlB
binarydatabasehasbeenusedforevaluatingtheAlMgBternarysystem.Basedonthebinaryphase
diagrams, we initiated calculating a ternary isotherm at temperature below 900°C, where the
incomplete AlMgB ternary isotherm [6] is known. This ternary isotherm demonstrates that a
continuous solid solution between AlB2 and MgB2 forms (Al,Mg)B2, which exhibits broad
compositional homogeneity. As indicated the above, in the MgB2 crystal structure all Mg atoms
occupytheMgsublattice(namedαsublattice)sitesandallBatomsoccupytheBsublattice(namedβ
sublattice)sites.AlB2hasthesamecrystalstructureasMgB2,sointheAlB2crystalstructureallAl
atoms occupy the α sublattice sites and all B atoms occupy the β sublattice sites. Likewise in
(Al,Mg)B2crystalstructureallAlandMgatomsaresupposedtooccupytheαsublatticesitesandall
Batomstooccupytheβsublatticesites.However,theexistenceofbroadhomogeneityin(Al,Mg)B2
indicates that theremay exist antisite defects (Al orMgon theβ sublattice site, or Bon theα
sublatticesite)andconstitutionalvacancies(vacancyontheαorβsublatticesite).Asaninitialstep,
weconsideredthat(Al,Mg)B2exhibitsalinearconnectivitybetweenAlB2andMgB2,meaningthat
no defect structure is considered for the (Al,Mg)B2 crystal structure. From thermodynamic
assessmentsofbinaryAlBandMgBphasediagrams, thefreeenergiesforbothAlB2andMgB2
weredetermined.Theinteractionparameter that isrelatedtobondingenergybetweenAlandMg
atomsontheαsublatticesitesandBatomsontheβsublatticesiteswasoptimizedonbasisofthe
linearconnectivitybetweenAlB2andMgB2. The thermodynamicallyestimatedAlMgBternary
isothermsareshowninFig.3,inwhich(Al,Mg)B2isinequilibriumwithintermediatephasesinthe
AlMg system–Al solid solution,Al8Mg5, andMg solid solution.The phase diagramallows to
predictanddesigntheinsitucompositebasedontheAlMgmatrixandthe(Al,Mg)B2reinforcement
compoundphase.Asaresultoftheaboveestimations,thenominalcompositionsofthecomposite
thatwouldbecomposedofthereinforcing(Al,Mg)B2phaseintheAlMgmatrixhavebeenselected;
constantboronof1,1.5and2.0wt%withincreasingMgcontentsof0to10wt%.
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Fig.2Binaryphasediagramsofpublished(a)MgBbinarysystem(b)AlMgbinarysystem
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Fig.3IsothermoftheAlMgBternarysystem:(a)at1300°C,(b)900°Cand(c)50°C





ThemicrostructuresoftheasreceivedAl5at%BmasteralloyisshowninFig.1(a),indicating

thatthealloysaremainlycomposedofAlB12precipitatesinanaluminummatrix.Whenthemaster
alloywasholdat1600°Cfor30minutesinanelectricfurnaceunderpurgingofanArgasandcastin
amold,theAlB12phasehastransformedintoAlB2phase.ItappearsthatthemorphologyoftheAlB2
phaseissimilartothepreviouslyreportedone[1],i.e.aplatelikeshape(Fig.4(b)).

ThemicrostructuresofthemagnesiumaddedaluminumboridephasesareshowninFig.5.EPMA
shows that the AlB2 borides were transformed into (Al,Mg)B2 for the alloys with magnesium
additions.Thelocationof(Al,Mg)B2isplacedinterandintraaluminumdendrites,indicatingthatthe
borides are formed from liquid state. The resultant microstructures were composed of aluminum
dendrites,fineeutecticmatrixcomposedofAlAl8Mg5,and(Al,Mg)B2precipitateswereobserved
forAlMgBternarysystems.ItwasspeciallynotedthatthehighboroncontentAlB12phasewitha
size of ~ 1 m was observed inside the (Al,Mg)B2 precipitates (Fig.5(b)). While the detailed
structural evolution needs further investigation, it is probable that the phase transformation of
(Al,Mg)B2isoriginatedfromAlB12,implyingthattheformationof(Al,Mg)B2maybeintheorderof
liquid→AlB12→AlB12+Mg→(Al,Mg)B2.ItappearsthattheAlB12phaseinsidethe(Al,Mg)B2
precipitatesdepictedinFig.5(b)isoriginatedfromuntransformedphase,andfurtherheattreatment
wouldacceleratethetransformationkinetics.However,atthepresentstage,furtherheattreatments
havenotbeenundertaken, since the smallAlB12phasewouldnotcritically affect themechanical
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propertiesofthecomposites.Uponadditionofmagnesiumorboron,nosignificantmicrostructural
phasechangeshavebeenobservedfordifferentAlMgBcompositions(notshown),sincethetarget
nominalcompositionsweredesignedtolocateintheAlAl8Mg5(Al,Mg)B2equilibriumregion,so
thatacertain levelofductility canbeobtainedandcontrolled for thecomposite.Especially, it is
consideredthattheproportionofaluminummatrixmaycontributetoductilityofthecomposites,and
bothofthefineeutectics(AlandAl8Mg5)andborideswouldworkforthestrengthofthecomposites.



 
(a)(b)

Fig.4(a)SEMBSEimageofAl5wt%BmasteralloyindicatingthepresenceofAlB12andAlB2,
wherethemajorityofprecipitatesiscomposedofAlB12,(b)remeltedat1600°Cwithanaircooling
indicatingthatonlytheneedleshapeAlB2phaseisobserved.



 
(a)(b)


Fig.5SEMBSEimageoftheAlMgBternaryalloys




Thetensilestrength,yieldstrengthandelongationareenlistedinTable1.Itisspeciallynotedthat
theadditionofmagnesiumincreasesthestrengthbyincreasingproportionsofAl8Mg5intheAl8Mg5
andAleutecticphase.Asmallamountadditionsuchas1at%ofmagnesiumincreasesthestrengthof
thecompositesandreducestheelongationdrastically.ComparedwithalloyNo.1andalloyNo.5,it
ismanifestedthatthetensilestrengthofalloyNo.5wasincreasedbyabout2.3timeswithonly7at%
ofincreaseofmagnesium.However,theamountofboridesdidnotsignificantlyincreasethestrength
ofthecomposite,comparedwithalloyNo.5andNo.16.Itappearsthattheadditionofmagnesiumin
theAlBsystemisthecriticalkeyfactorforachievinghighstrength.Theaboveresultsshowthatthe
strengthandelongationcanbetailoredforstructuralpartssuchaspiston.Also,itclearlyshowsthat
thedensityofthecompositescanbereducedwithoutsacrificeofstrengthandelongation,andthe
increased strength by addition of Mg and/or boron in aluminum alloys gives a new insight for
materialsselectionoflightweightapplications.
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Table1Tensilestrength,yieldstrengthandelongationofthefabricatedAlMgBalloys


SeriesNo. AlloyNo. Compositions UTS(MPa) YS(MPa) E(%)

I

1 Al1%Mg1%B 100.271 56.9618 28.466
2 Al2%Mg1%B 142.087 67.9173 24.311
3 Al3%Mg1%B 174.024 76.2514 25.764
4 Al5%Mg1%B 240.114 114.008 16.213
5 Al8%Mg1%B 225.369 159.324 3.104

II

6 Al0%Mg1.5%B 68.0445 50.33 30.874
7 Al1%Mg1.5%B 106.309 80.23 22.739
8 Al2%Mg1.5%B 135.005 120.001 14.201
9 Al3%Mg1.5%B 164.760 120.003 8.670
10 Al5%Mg1.5%B 238.788 134.018 8.550
11 Al10%Mg1.5%B 194.860 163.839 1.644

III

12 Al1%Mg2%B 94.9239 61.6245 21.547
13 Al2%Mg2%B 133.951 68.6871 14.669
14 Al3%Mg2%B 168.783 78.2600 16.868
15 Al5%Mg2%B 220.653 113.7490 11.243
16 Al8%Mg2%B 249.975 156.0290 5.143

 

The structural evolution and mechanical behaviors of the AlMgB ternary system have been
investigatedinordertofabricateacompositesystemcomposedof(Al,Mg)B2inaAlandAl8Mg5
matrix.The stabilityof theAlMgB ternary systemhasbeen successfully evaluatedviaupdated
binaryphasediagramsandcorrespondingisothermalternarysystemswereidentified.Itappearsthat
thestructuralevolutionoftheborideisundertakenbythefollowingkinetics:Liquid→AlB12→
AlB12+Mg→(Al,Mg)B2.SeveralAlMgBternaryalloycompositionswereselectedforfabrication
andidentificationofboridesandmatrixformationduringsolidification.Theinsitu(Al,Mg)B2phase
wasdevelopedinaneutecticmatrixofAl8Mg5andAl,and,andthetensilestrengthwasincreasedby
twodistinctmanners,theincreasedamountofthereinforcing(Al,Mg)B2phaseinthematrixandthe
additionofmagnesium,resultingtothematrixreinforcementbyincreasingtheeutecticstructureof
AlandAl8Mg5.ItappearsthatincreasedstrengthbyadditionofMgand/orboroninAlgivesanew
insightformaterialsselectionoflightweightapplications.
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