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Theeffectofcopperonfeedingcharacteristicsandhasbeeninvestigatedin3xxseriesAlSibased
castingalloys.Itiswellknownthatcopperincreasesthestrength,hardnessandfatigueresistanceof
aluminumalloysbutitgenerallyresponsibleforthereductionofcastingcharacteristics,especially
feeding. Themicrostructures of directionally solidified alloy showed that the extents of eutectic
mushyzoneweresignificantlyaffecteduponthecontentofcopper,resultingfromthelateformation
ofcoppercontainingphases.Byprecipitationofcopperenrichedphaseswithinthelastregionsto
solidify,thesolidificationtemperaturerangewasalsogreatlyextended.Duetotheappreciableeffects
on the solidification characteristics of the aluminum casting alloys by copper, influences on the
developmentofmicroporosityareevident.Fromtheanalysisobtainedbydirectionalsolidification,
microstructureandtheappreciableeffectsonthesolidificationcharacteristics,theeffectofcopperon
the feeding characteristics were evaluated. The underlying mechanisms for the development of
microporosity are also discussed in terms of compositional differences and microstructures
developedduringsolidification.



 
Demandsforlightweightedaluminumcastingalloyshavebeenincreasedforstructuralapplications
in automotive, marine and aerospace industries. Among aluminum alloys, the aluminumsilicon
system is known to be one of the most important casting alloys due to its superior casting
characteristics. Most of aluminum products are siliconbased aluminum alloys [1] and thus a
considerableamountofresearchhasbeencarriedouttocontrolthegrowthandmorphologyofthe
aluminumsiliconeutecticphasestoimprovetheperformanceofthealloys.Atthesametime,since
copperimprovesstrengthandhardnessofaluminumalloysbyprecipitationhardeninginbothascast
andheat treatedcondition,copperhasalsobeenusedasonemajoralloyingelement inaluminum
alloys[1].

However,ithasbeendocumentedthatcopperisusuallyresponsibleforareductionincorrosion
resistanceandhottearingresistance[1,2,3,4].Also,castingcharacteristicsofthealuminumalloysare
generallybiaseduponacupperaddition,becausecopperanditscompoundsnucleateandgrowinthe
laststageofsolidificationandappeartointerferewithfeedmetaltransfer,resultingintheformation
of an increased amount of shrinkage porosity andmicroporosity in the alloys [5,6]. Therefore,
aluminum alloys containing silicon and/or copper as both a major and minor element limits a
practicalapplicationinsomeconditionswheresoundnessofcastingsiscriticaland/orthecastingsare
inserviceinaseverecorrosiveenvironment.

Especially, the feeding andmicroporosity characteristics are of significant for fabrication of
sound casting products, while there are few documents concerning the effect of copper on the
solidificationofaluminumalloys.Ithasbeendocumentedthatthesolidification/feedingbehaviorof
aluminumsiliconalloysisaffectedbycompositionvariation.[5,7],whilethemechanismbywhich
copperinterfereswiththefeedmetaltransferhasnotbeenfullyunderstood.

Therefore,inthisresearch,aspecialfocushasbeengiventoidentifytheunderlyingmechanismof
thefeedingandmicroporosityformationcharacteristicsaffectedbythevariationofcoppercontentin
AlSibasedcastingalloys.

 

composites. Moreover, the volume fraction of the reaction compounds in the high Ti composites is much 
lower than those in the low Ti composites. This indicates that a high Ti addition is better than a low Ti 
addition to limit the interfacial reactions. A dense TiB2 layer enclosing the B4C particles limits the 
decomposition of these B4C particles by a solid diffusion process (Fig. 4c). 

It is established that the reaction particles reduce fluidity as a result of the agglomeration [4-6]. 
Moreover, another factor affecting the fluidity is the increase of particle volume in the composite melt 
caused by interfacial reactions [5,6]. The amount of reaction compounds increases when prolonging the 
holding period in Al-12%B4C composites. Therefore, the more reaction particles are enclosed in the 
composite, the lower is the fluidity of the composite. The evolution of the volume fraction of 
reaction-induced particles (Fig. 7) agrees well with the fluidity variation of the composites during the 
melt holding period. In addition, magnesium solutes in aluminum matrix also contribute to the fluidity 
decrease of the magnesium containing composites due to the fact that magnesium addition reduces the 
fluidity of aluminum alloys [3].  

4.   Conclusions 
1. Magnesium addition reduces the fluidity of the Al-B4C composites to some degree. However, an 

adequate Ti addition can significantly improve the fluidity of the magnesium containing composites.   
2. Magnesium addition promotes the interfacial reactions in Al-B4C composites, especially for the 

composites with a low titanium level. However, a sufficient high Ti concentration can effectively 
limit the affection of Mg on the interfacial reactions due to forming a dense TiB2 layer on the B4C 
particle surface. Some of the magnesium is consumed in the (Al, Mg)B2 reaction product. This results 
in a decrease of the magnesium strengthening effect on the aluminum matrix. 
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Two different kinds of hypoeutectic aluminumsilicon alloys, A356 and 319 alloy and one
hypereutecticalloy,391alloy,werepreparedfortheinvestigation.Thecompositionsofeachalloy
areshowninTable1.Highpurityaluminatubes,3mmininnerdiameter,4.5mminouterdiameter
and355mminlength,werepreparedandtheywerelightlycoatedwithY2O3beforetheexperimentto
minimizeaninteractionbetweenthealloysandthealuminatube.Totalweightofabout30gofalloy
wasvacuuminductionmeltedandcastinanaluminacrucible.Copperadditionsweremade0%and
0.5%forA356and391alloy,and0%and1.0%for319alloy,resultingthattotalamountsofcopper
were0.01%and0.51%forA356,3.36%and4.36%for319alloy,and0.02%and0.52%for391
alloy.

The directional solidification experimentwas carried out because it allows formore effective
controlofcoolingratesandmicrostructuresthanconventionalcastingtechnique.Thevacuumcast
sampleswereassembledwiththesampleholderandplacedinsideofthefurnaceofthedirectional
solidificationapparatuswithtemperaturegradientof45°C/secthroughcoolingjacketatthebottom
ofthefurnace.Afterthealloyspecimenwasmeltedcompletely,thesamplewaspulleddownward
50mmwith0.1mm/sec.Whenthesamplehadtraveled50mmdown,thesampledholderwasreleased
anddroppedintoawaterbucketforquenching.

Toassesstheinfluenceofcopperonthemicrostructureofaluminumcastings,aseriesofheatswas
producedfromA356,319and391alloyingotsasreceivedandwithaddedcoppercontent.Meltsof
about5kgwerepreparedinahighfrequencycorelessinductionfurnace.Thenthemeltwaspoured
intocylindricalgraphitemolds{12.7,25.4,and38.1mm(0.5,1.0,and1.5inches)indiameterand
152.4mm(6inches)long}.


Table1Compositionsofthealuminumalloys(wt.%)


 Si Fe Cu Mn Mg Ni Zn Ti Sr

A356 7.21 0.10 <0.01 <0.01 0.40 <0.01 0.01 0.012 0.02
319 6.7553 0.5635 3.3646 0.2884 0.4522 0.0393 0.5290 0.0618 0.0000
391 18.030 0.1842 0.0238 0.0228 0.5865 0.0032 0.0156 0.0851 0.0059


 
Thedirectionally solidifiedalloyswere sectioned longitudinally soas toexamine their respective
microstructures.Eachsamplewasselectedfromaregioncontainingsomeeutecticliquidatthetime
thesamplewaswaterquenched.

ExamplesofthesemicrostructuresofA356,319and391alloyarepresentedinFigure1.These
microstructuresarepresentedtoillustratethesegregationofelements,andtheformationofcomplex
compounds,duringthefinalstagesofsolidification.Withsolidificationprogressingfromrighttoleft,
theleftsideofeachphotomicrographcontainssomequenchedeutecticliquid.Solidificationofthe
high Cu alloys was similar until the latter stages of solidification extending the solidification
temperature range and developing pockets of entrapped liquid in the solidifying structure.Those
quenchedliquidislandsarethepotentialsitesformicroshrinkageand/ormicroporosityinthereal
castings.Thesegregationofcopperiswellobservedinthesemicrostructuresinthedarkerregions
containingquenchedliquid.Alsoitwasfoundthatthehighercoppercontentalloyalsocausedamore
irregular interfacetodevelopbetweentheeutectic liquidandsolidrather thantheflatter interface
obtainedinthelowcoppercontentalloys,especiallyinA356and391alloy.Thiswasaccompanied
bypocketsofliquidwhichwereentrappedassolidificationprogressedandanappreciablewidening
oftheeutecticmushyzone.
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In319alloywhichalreadycontainsappreciablylargeamountofcopper,3.36%Cu,therewasno
significant influence of additional 1.0%Cu in the alloy except existence of a greater amount of
entrappedliquidpoolsorpocketswiththehighercoppercontentalloy.

Thesolidificationtemperaturerangeaffectedbycopperhasbeenreportedintheliterature[5,6,7].
Cárceres,etal.,andEdwards,etal.,reportedthatthesolidificationofAlSiMgtypecastingalloys
with copperwas delayed by the ternary reaction, L→αAl + Si +Al2Cu,which occurs at the
temperature below the AlSi eutectic. Mackay, et al., reported that the solidification ranges for
aluminumsiliconeutecticinbothAl7%SiandAl9%Sialloysincreasedwithadecreaseincopper
contentfrom4%to1%.


 
(a)(b)

 
(c)(d)

 
(e)(f)


Fig.1MicrostructuresofdirectionallysolidifiedalloywithdifferentCucontentatgrowthrateof

0.1mm/sec;(a)A356with0.01%Cu,(b)A356with0.51%Cu,(c)319with3.36%Cu,
(d)319with4.36%Cu,(e)391with0.02%Cu,(f)391with0.52%Cu.



ThisphenomenonhadbeenconfirmedinthesolidificationsimulationbyusingPandatsoftware.It

presentedasignificantincreaseinthesolidificationtemperaturerangebythedifferencesinamountof
copperduetothelateformationofcopperenrichedphasesinA356and391alloys,asshowninTable
2.ThefinalsolidificationtemperaturesweresubstantiallydecreasedinbothA356and391alloysasa
resultoftheadditionalcoppercontent,whilethedifferencesintheliquidustemperaturesatwhichthe
solidificationstartswereabout2°CinA356and391alloys.Therefore,thehighercontentofcopper
extendedthesolidificationtemperature rangeor freezingrange,asmuchas48.4°Cand21.4°Cin
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A356 and 391 alloy, respectively.However, 319 alloy,which is the longest freezing range alloy
amongthealloysstudiedalreadycontainsanappreciableamountofcopper(3.36%);therefore,the
influenceoftheadditional1.0%ofcopperonthesolidificationorfreezingrangeofthealloywas
inconsiderable.

This extended solidification temperature range developed in A356 and 391 alloy due to the
presence of higher content of copper ismainly because of the significantly delayed last stage of
solidificationduetothelastformationofcopperphases,suchasAl5Cu2Mg8Si6andAl2Cu.Because
ofthisextendedsolidificationtemperaturerange,theeutecticmushyzonecanbegreatlyextendedas
well. The extended eutectic mushy zone caused by copper in aluminum casting alloy was also
reportedintheanalysisofthealloysbetweenAl6%Si0.26%MgalloyandAl6%Si3%Cualloy[8].



Table2CalculatedliquidusandeutectictemperaturesofA356,319and391alloyswithdifferent
amountsofCucontent(°C).


 A356alloy 319alloy 391alloy
0.01%Cu 0.51%Cu 3.36%Cu 4.36%Cu 0.024%Cu 0.524%Cu

LiquidusTemp. 613.5 611.8 602.4 599.0 654.8 656.6
EutecticTemp. 573.5 572.2 561.6 559.4 573.7 572.8
FinalSol.Temp. 552.6 502.5 430.6 430.6 497.5 478.2


Typicalmicrostructuresobtainedfromthe38.1mmdiameterbarcastingsofeachalloywithlow

andhighCuarepresentedinFigure2. Intheeutecticsolidificationregion,Al5FeSi(needle, light
gray),Al15(Fe,Mn)3Si2(script,lightbrown),Al8Mg3FeSi4(script,brown),andMg2Si(black,particle)
phaseswere identified in both the high and low copper alloys.No copper containing phasewas
observedinthemicrostructuresofthelowcopperA356and391alloybecauseoftheverylowcopper
contents,0.01%Cuand0.024%,respectively,asshowninFigure2(a)and(e).However,withan
increased amount of copper by 0.5%, the formation of copper enriched phases was clearly
demonstrated, forming both Al5Cu2Mg8Si6 (bulk, dark brown) and Al2Cu (particle, orange red)
phases,asshowninFigure2(c)and(f).Themicrostructuresobtainedclearlyillustratethepresence
ofanorangeredcoloredcompoundwhichwouldbecharacteristicofAl2Cu.EPMA(CamecaSX50)
revealedthefollowingcompositioninthecopperconcentratedregionofthe0.524%Cuversionofthe
391 alloy: 1.27% Mg, 66.55% Al, 2.59% Si, 0.46% Fe, 29.08% Cu. Comparison of the
microstructuresofboth319alloyswith3.36%Cuand4.36%Cushowednosignificantdifferences
exceptfortheformationofalargervolumeoftheAl2Cuphaseinthehighercopperalloy.

The shrinkage porosity, ormicroporosity,measured from themicrostructures of each alloy is
showninFigure3.Thepercentmicroshrinkageporositywasmeasuredfromthemicrostructuresof
38.1mmdiameterbarcastingsbyusingimageanalysistechniques.Theporosityischaracteristicof
interdendritic shrinkage as a result of volumetric shrinkage and insufficient feeding during the
eutecticsolidification. Inacomparisonof themicrostructuresobtainedfromthelowandthehigh
copper alloys, a larger amount of shrinkage porosity was apparent with an increased amount of
coppercontentasshowninFigure4.Becauseofvolumetricshrinkageandinsufficientfeedmetal
transfertothelastregiontosolidifyduringsolidification,shrinkageporosityresulted.Itwasevident
thatbecauseof thehigherconcentrationofcopperand theconsequent interference in thefeeding
characteristics,theshrinkageporosityobservedinthe319alloywasmuchlargeramountthanthatof
A356and391alloys.

Theliteratureagreeswiththeresultsofthisinvestigation.Itwasreportedthatincreasedamountof
coppercontentinstrontiumpremodifiedA356alloyshowedadramaticincreaseintheamountof
microporosity with an increased amount of copper up to 1.0% [6].  Moreover, Al(4.5% and
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9.0%)Si(0.1%and0.5%)Mg(0.2%and0.5%)Fealloysresultedinamodestincreaseinthevolume
fractionporositywithvaryingthecopperamountfrom1.0%to4.0%[5].




   
(a)(b)







(c)(d)


  

(e)(f)


Fig.2Microstructuresof38.1mmdiameterbarcastingofeachalloywithdifferentCucontent;(a)
and(b),A356alloy;(c)and(d),319alloy;(e)and(f),391alloy.







Fig.3VariationofpercentshrinkageporosityinA356,319and391alloys
(measuredfromthe38.1mmdiameterbarcastings)
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Theeffectsofcopperon feedingcharacteristicsof3xxseriesaluminumcastingalloyshavebeen
examinedviadirectionalsolidification,microstructuralanalysisandsolidificationsimulation. It is
quiteevidentthatcoppersegregatesduringsolidificationanditbecomesmoreintenseinthealloys
withhigheramountofcopperandpredominantas thesolidificationreaches itscompletion. Asa
result, the high copperA356 (0.51%Cu) and 391 (0.524%Cu) alloys showed the precipitation of
copperenrichedphases, suchasAl5Cu2Mg8Si6andAl2Cuphases, in themicrostructure,whileno
coppercontainingphaseidentifiedinthelowcopperalloys(0.01%CuinA356and0.024%Cuin391
alloy). It was apparent from the microstructures that those copper phases are formed at the
interdendriticareainA356alloyandatthecellboundaryin391alloywherearethelastregionto
solidify.

Becauseoftheinfluenceonthesolidificationcharacteristics,theA356and391alloysshowedthe
extendedsolidificationtemperaturerangeandeutecticmushyzonearea.Asaresultoflateformation
ofcopperphasesattheendofsolidificationinthehighcopperA356and391alloys,freezingranges
maygreatlyextended.However,319alloyalreadycontainsappreciableamountofcopper(3.36%Cu),
therefore,theinfluenceofcopperonthesolidificationof319alloywasnotsignificant.

Interferenceonthefeedingcharacteristicsofthealloysbycopperandconsequentformationof
microshrinkageand/ormicroporosityarequiteevidentbaseduponthemicrostructuralexaminations.
Duetothelongerfreezingtimeandtheextendedeutecticmushyzonebycopper,feedingwasgreatly
influencedandresultedinlargeramountofmicroporosityinthemicrostructure.
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