
暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋
暋

暋
暋

暋
暋

暋
暋

暋
暋 暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋

暋
暋

暋
暋

暋
暋

暋
暋

暋
暋

收稿日期:2017灢05灢10
修回日期:2017飊06飊08
作者简介:王戎丞(1974-)男,实验师,主要从事材料科学研究。

*国家自然科学基金项目(11464001,51061004,51531009)和广

西自然科学基金项目(2014GXNSFAA118308)资助。

**通信作者:欧阳义芳(1965-)男,教授,主要从事材料科学研

究,E飊mail:ouyangyf@gxu.edu.cn。

广西科学 GuangxiSciences2017,24(6):568~572

网络优先数字出版时间:2017飊12飊19暋暋DOI:10.13656/j.cnki.gxkx.20171219.008
网络优先数字出版地址:http://kns.cnki.net/kcms/detail/45.1206.G3.20171219.1547.016.html

TheEffectofAlCompositiononVacancyConcentration
andHardnessforB2飊FeAl*

铝含量对B2铁铝空位浓度和硬度的影响
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Abstract:暰Objective暱B2飊FeAlhasawiderangeofapplicationsinheatingelementsandhigh
temperaturestructuralmaterials.Thestudiesformechanismofstrengtheningandmalleabliz灢
ingofB2飊FeAlareofgreatsignificanceforthedesignanddevelopmentofB2飊FeAl飊basedsuper灢
alloy.暰Methods暱ThevacancyconcentrationinB2飊Fe1-xAlx(x=0.40-0.51)hasbeenexperi灢
mentallydeterminedasfunctionofAlcompositionandquenchingtemperaturesrangingfrom
773Kto1173KbyXRDandmeasurementofbulkdensity.ThehardnessoftheB2飊Fe1-xAlx

alloyshasalsobeenmeasuredbymicro飊hardnesstester.暰Results暱Thevacancyconcentrationin灢
creaseswiththeincreaseofAlcontentandannealingtemperature.Themicro飊hardnessalsoin灢
creaseswithincreasingAlcontentandannealingtemperature.暰Conclusions暱Withtheincrease
ofAlcontent,theformationenergiesofvacancydecreaseandtheconcentrationofvacancyin灢
creases.Withtheincreaseoftheheattreatmenttemperature,theconcentrationofvacanciesin
thealloyincreases.Theincreaseofthemicro飊hardnessofthealloyismainlyduetothein灢
creasedinhibitionofthedislocationcausedbytheincreaseofthevacancyconcentration.The
quantitativerelationshipbetweenthemicro飊hardnessandvacancyconcentrationcanbeapproxi灢
matedasHV =1.922+2.179C1/2

Vac.
Keywords:intermetallics,mechanicalproperties,pointdefect
摘要:暰目的暱铁铝合金在高温结构材料、加热元件等方面有广泛的应用,对其强化和韧化机理的研究对设计和开

发新型铁铝基高温合金具有重要意义。暰方法暱采用真空熔炼方法制备不同铝含量的铁铝合金,经过不同的退火

温度热处理后,用XRD方法测量其晶格常数,确定其X射线密度,采用阿基米德法测量其体密度,从而确定其空

位浓度;用显微硬度计测量其硬度。暰结果暱空位浓度随着铝含量的增加而增加,随热处理温度的升高合金中空

位浓度增加;显微硬度随铝含量的增加或热处理温度的

升高而增大。暰结论暱随着铝含量的增加,空位形成能下

降,空位浓度增加;随着热处理温度的升高,合金中空位

浓度增大;合金显微硬度增大主要是由于空位浓度增加

对位错的阻碍作用增强所致。显微硬度与空位浓度的关

系可近似表示为 HV =1.922+2.179C1/2
Vac

。
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0暋Introduction

暋暋Iron飊aluminideshaveattractedalotofinterests
duetotheirhighmeltingpoint,highstrength,good
mechanicalproperties,excellentoxidation,corrosion
resistanceandlow costs[1飊3].Ontheotherhand,

iron飊aluminidehasalsobeenconsideredforapplica灢
tionsasheatingelementsowingtoitshighelectrical
resistivity[4]andmagneticmaterialsforitsoutstand灢
ing magneticperformance.Moststudiesfocuson
B2飊FeAlalloys.
暋暋B2飊FeAlexistoverawiderangeofcomposi灢
tions,from32at%to50at% Alatroomtempera灢
tureandfrom23.5at% to51at% Alatelevated
temperatures[5].Thermaldefectsexistatallfinite
temperaturesandtheoff飊stoichiometriccomposi灢
tionsgeneratetheconstitutiondefects,whichare
dominatingthetotaldefectconcentrationatambient
temperatures.ThepointdefectstructureinB2飊FeAl
isprobablyofthetripledefecttype[6飊7]havingFean灢
ti飊siteatomforFe飊richcomposition,Fevacancyfor
Al飊richcomposition,andacombinationoftwoFe
vacanciesandoneFeanti飊siteatomatstoichiometric
composition.Inadditiontostructuraldefectsneeded
toaccommodatedeviationsfromstoichiometry,sev灢
eralpercentsofFeantisiteandFevacancydefects
werefoundduetolatticedisorder,withgreaterdis灢
orderinFe飊deficientalloys[8].
暋暋Thetechnologicalapplicationofironaluminides
isalsoimpairedbytheirlowtensileductilityatam灢
bienttemperatures.Manyeffortshavebeendevoted
totheunderstandingofductilitypropertiesinB2飊
FeAl,e.g.quenching飊invacancyhardening[9飊11],en灢
vironmentalembrittlement[12]anditsintrinsicbrit灢
tleness[13飊14].TheimprovementofbrittlenessforFe飊
Alalloysdependsonathoroughunderstandingof
theirdeformationmechanismsinrelationtothede灢
fectstructuresandconcentrationinthesematerials.
Experimentalaswellastheoreticalstudies[9飊11,15飊17]

suggestthatthemicrohardnessisalsoincorrelation
withvacancyconcentration.However,thevaluesof
vacancyconcentration,especiallythedependenceof
concentrationonAlcomposition,andmicrohardness
arescarcityintheliterature.
暋暋 WhatistheeffectofAlcompositiononthe

pointdefectconcentrationand microhardnessfor
B2飊Fe1-xAlx? Theaimofthepresentworkistoex灢
perimentallydeterminethevacancyconcentrationin
B2飊FeAlalloysasfunctionsofAlcompositionand
annealingtemperatures.Themicrohardnessandthe
relationship between vacancy and microhardness
havebeeninvestigatedtounderstandthemechanism
ofvacancyhardeningforB2飊FeAl.

1暋Experimentalprocedure

暋暋Fe1-xAlx(x=0.40,0.42,0.45,0.47,0.49,0.50
and0.51)alloyswerepreparedwithpureAlandFe
(99.99wt.%)byarcmelting,usinganon飊consum灢
abletungstenelectrodeandawater飊cooledcopper
trayunderanatmosphereofpurifiedargon(99.99
wt%).Duringthemeltingprocess,Tiwasusedas
anoxygengetter.Thesampleswereremeltedmore
thanfourtimesforgoodhomogenization.Forallof
thesamples,theweightlosswaslessthan0.5wt%
aftermelting,whichcanbeconsideredtobenegli灢
gible.Allsamplesweresealedinevacuatedquartz
tubesforheattreatment.Allsampleswereannealed
at773Kfor168h,873Kfor144h,973Kfor120
h,1073Kfor96hand1173Kfor72h,respective灢
lyandfinallyquenchedintoice飊watermixture.The
annealedsampleswerepowderedforx飊raydiffrac灢
tion(XRD)analysis,whichwasperformedonaDt
3500diffractometerwithacoppertarget,graphite
monochromator,withavoltageof36kVandacur灢
rentof25mA.Themassdensitywasmeasuredby
thehydrostatictechnique.Themicrohardnessmeas灢
urementswereperformedbyHv飊1000with0.98N
loadandheldfor15s.Theeffectiveformationener灢
gyofvacancywasevaluatedwithembeddedatom
method(EAM)[15].

2暋Resultsanddiscussion

暋暋Fig.1showsthelatticeconstantsforFe1-xAlx

alloysafterannealingattemperature773 K.The
otherexperimentalresults werealsoincludedfor
comparison.Onecanseethatthepresentresultsare
coincidentwiththoseofKogachietal[11],butlarger
thanthoseofChangetal[10],Schneibeletal[17]and
Hancetal[18],butlessthanthoseofZhaoetal[19]

andGialanellaetal[20].Theagreementbetweenthe
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presentresultsandotherexperimentalmeasurement
indicatesthatpresentlatticeconstantsofFe1-xAlx

alloysarereliable.Fig.2demonstratesthelattice
constantsofFe1-xAlxalloysafterannealingattem灢
peratureof773K,873K,973K,1073Kand1173
K,respectively.

暋暋Fig.1暋ThelatticeconstantsoforFe1-xAlxalloysafter
annealingattemperatureof773K

暋暋Fig.2暋ThelatticeconstantsofFe1-xAlxalloysafterdif灢
ferentannealingtemperatures

暋暋TheresultsofKogachietal[11]arealsoincluded
forcomparison.Onecanseethatthelatticecon灢
stantsincreasewiththeAlcontentandannealing
temperaturewhenthex曑0.5andthendecrease.It
isobviousthatthepresentresultsareinreasonable
agreementwiththoseofKogachietal[11].
暋 暋 Thevacancyconcentrationsare determined
fromtheroom temperature measurementsofthe
XRD density and bulk density of specimens
quenchedfromaparticulartemperatureas

暋暋CV =氀x -氀b

氀b
, (1)

whereCV isthevacancyconcentrationdefinedas
NV/N(whereNVandNarethetotalnumbersofva灢
canciesandatoms,respectively),氀xisthesocalled
XRDdensitydeterminedfromthelatticeconstant
andthenominalcomposition,and氀bisthebulkden灢

sitymeasuredbyhydrostaticmethod.Thevacancy
concentrationsofFe1-xAlxalloysafterannealingat
differenttemperaturesareplottedin Fig.3.For
comparison,theresultsofKogachietal[11]arealso
includedinFig.3.Itcanbeseenthatthevacancy
concentrationincreaseswithAlcontentandthean灢
nealingtemperature.Thoughthevacancyconcentra灢
tioninthisworkisslightlylargerthanthoseof
Kogachietal[11]and Hancetal[18],thechanging
tendencyofthevacancyconcentration versus Al
contentandannealingtemperaturesisingoodagree灢
mentwiththatofKogachietal[11].Theeffectiveva灢
cancyformationenthalpiesofFe1-xAlx alloysob灢
tainedbypresentexperimentsandEAMprediction
areplottedinFig.4.Onecanseethattheeffective
formationenthalpyofvacancyforFe1-xAlxalloysis
scattered.Thepresentexperimentalresultsareclose
tothoseofKogachietal[11],andlargerthanthoseof

Zhaoetal[19] butsmallerthanthoseof Wolffet

al[21],Rivi湪reetal[22]andKassetal[23].Theresults
ofEAMindicatethattheformationenthalpyofFe
vacancyislessthanthatofAlvacancyandthemag灢
nitudeofformationenthalpydecreaseswithAlcon灢
tentandchangessuddenlyandreverselyforAlva灢
cancyandFevacancyatstoichiometriccomposition.
Bothofexperimentalvalues[24]andthedataevalua灢
tedwithembeddedatommethod[15]indicatethatthe
formationenthalpychangesonalargescale.Theo灢
reticalandexperimentalformationenthalpiesde灢
creasewiththeAlcontentonthewhole,thisresults
intheincreaseofvacancyconcentration.

暋暋Fig.3暋ThevacancyconcentrationofFe1-xAlxalloysaf灢

terdifferentannealingtemperatures
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暋暋Fig.4暋Theeffectiveformationenthalpyofvacancyfor
Fe1-xAlxalloys

暋暋Inordertodeterminetheeffectofvacancycon灢
centrationonthepropertyofFe1-xAlx alloys,the
microhardnesswasmeasuredandtheresultsaredis灢
playedinFig.5.Themicrohardnessincreaseswith
Alcontentandannealingtemperature.Fromthefig灢
ure,onecanseethatthepresentvaluesarelessthan
theresultsofSkoglundetal[25].Theirresultspres灢
entthatthemicrohardnessforFe68Al32samplean灢
nealedatdifferenttemperaturesarethesame.The
presentresultsarealsolessthanthoseofChanget
al[10]andGialanellaetal[20].Inthewhole,thechan灢
gingtendencyofmicrohardnessasfunctionofAl
compositionagreeswiththatofChangetal[10].

暋暋Fig.5暋ThemicrohardnessFe1-xAlxalloysasafunction

ofAlcompositionfrom materialheattreatedandquenched
fromhightemperatures

暋暋Toinsighttheeffectofvacancyconcentration
on microhardness orthe mechanism ofvacancy
hardening,themicrohardnesswasplottedasafunc灢
tionofsquarerootofvacancyconcentration,Cvand
itisplottedinFig.6.Itisnoticeablethatthereisa
goodlinearrelationshipbetweenmicrohardnessand
squarerootofvacancyconcentration,whichisin
goodagreementwiththeconclusionofChanget
al[10].Oneshouldbearin mindthatthereexistsa

largeamountofFeantisiteconstitutionaldefectas
theAlcompositiondecreases,whichisindependent
onannealingtemperature,andthehardeningmecha灢
nismhasadispute[26].However,thepresentresults
successfullyconfirm therelationshipbetweenthe
microhardnessandvacancyconcentration.Thissug灢
geststhevacancieshaveamoresignificanteffecton
themicrohardnessthantheFeantisite飊atoms.The
relationshipbetweenthemicrohardnessandvacancy
concentrationcanbefittedwithaformulaas,HV =
1.922+ 2.179C1/2

Vac .Thisalsoindicatesthatthe
hardeningmechanismofB2飊FeAlisvacancyharden灢
ing,namely,theinteractionbetweenthevacancies
anddislocations.

暋暋Fig.6暋Relationshipbetweenmicrohardnessandvacancy
concentration,thelineisfittedtoallexperimentaldata

3暋Conclusions

暋 暋 Thequenched飊in vacancyconcentrationin
B2飊Fe1-xAlx hasbeenobtainedasfunctionsofcom灢
position(0.4曑x 曑0.51)andquenchingtempera灢
turerangingfrom773Kto1173KbyXRDand
bulkdensitymeasurements.Thevacancyconcentra灢
tionincreasesslowlywithAlwhentheAlcontent
deviatedfarfromthestoichiometriccompositionand
thenincreasesrapidlyasapproachingthestoichio灢
metriccomposition.The measured microhardness
increasesmonotonouslywithvacancyconcentration,

whichdemonstratesthehardening mechanism of
B2飊FeAlalloysisvacancyhardening.Thequantita灢
tiverelationshipbetweenthemicrohardnessandva灢
cancyconcentrationcan beformulatedasHV =
1灡922+2灡179C1/2

Vac.
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