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ABSTRACT

The formation of the quasicrystalline ternary system Al Cr Fe, and the i-
by mechanical alloying technique have been investi-
gated. The structural evolution during milling at various stages and after a
subsequent annealing are examined by x- ray diffraction technique. No ter-
nary intermetallic phase could be detected during the milling processin the
AICrFe system, but transit types of phases which eventualy transformed to
amorphous state at the end of milling process. Theformation of Al

Cu Fe
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quasicrystalline phase has been formed by mechanical alloying followed by
thermal treatment whichwasmixed with intermetallic phase, which wasformed

during milling.

INTRODUCTION

Sincethediscovery of thefirst quasicrystal in 1984
inAl Mn aloy!® and then thediscovery of first stable
and perfect quasicrystal with high structural quality in
Al CuFedloy!d. Thequasicrystalshaveattracted con-
Siderableinterest dueto their unique atomic structure
and extraordinary physica properties.

The quasicrystal phase formation has been ob-
served for severa dloyssystem mainly Al-basewitha
trangition elements content and thismainly produced
by liquid phase quenching®4. However, afew atempts
were carried out to produce the quasi crystalline phase
using mechanical alloying techniquefrom aternary
composition®®, It isgenerally known that the crystal-
line state has alower free enthal py than the amor-
phousor the quasi crystalline phase respectively. How-
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ever, for certain alloying compositions, icosahedral
phase has been reported to be thermodynamically
stable”®, but in generd themgjority of quasicrystaline
phases are metastable.

For theAl-rich corner with Cr and Fe content be-
tween 10to 20 at%, arapidly solidified composition
showed noternary intermetallic phasesin the structure,
but rather the quas phasein addition to thebinary inter-
metallic phasesin thestructure®.

The quasicrystallineAl Cu Fe phase (i — phase)
wasoriginally produced by rapid solidificationfromthe
liquid state’>°1%, Few years|ater, it wasreported that,
thequasicrystalineAl Cu Fe phase can be prepared by
mechanica dloying (MA) process*4 whichisof sig-
nificant appliedinterest, Becauseit alowsthe produc-
tion of quasicrystalline powdersinanindustria scale
and without very high costs, which arethe advantages
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over the production of quasicrystalsintheform of rib-
bon by rapid solidification technique.

Thepublished resultsabout the production of i — Al
Cu Fe phase by MA show some apparent controversy.
Eckert at a.¥ hasreported that, it was not possibleto
obtain thei- phasefor acompositionAl , Cu,. Fe ,.
directly by milling process. Onthe other hand, Asahi at
a . hasreportedthat, ap-type ( meta-stable) i — phase
wasobtained directly by milling, whichistransformed
to F-type stablei-phase by further annealing. Salimon
et. a." hasreported that, it was possibleto obtain the
I - phaseasasecondary phasewith very small volume
fraction after millingand further anneding, whilethepre-
dominance of another phase 3 - Al ( Cu, Fe) wasob-
served and have been related to ashift in composition
dueto contamination by iron aswell asAl depletion.
However, acombination of milling and subsequent an-
nedling could enhancetheformation of quasicrystdline
phaseinAl _Cr, Fe, at temperatureabove 600 CM*.

Thefirst aim of the present work, isan attempt to
find out whether it ispossibleto obtain quasicrystdline
phaseinAl-Cr-Fesystem by mechanical aloying pro-
cess. Secondly, isto study the possibility of produc-
ingtheAl, .Cu,Fe . quasicrystalline phase by me-
chanical alloying and to try to deduce the mechanism
involved and the factors affecting the milling and the
annealing process.

EXPERIMENTAL PROCEDURE

Puredementd auminium (99.95%), iron (97.7 %),
Chromium (98 %), and Cu (99.9 %) are used as start-
ing powdersto make up the desired compositions, of
Al CrFe andAl , Cu,Fe .. A2%organicsurfac-
tant (StearicAcid) isadded to the powdersto act asa
processcontrol agent. The starting material mixtureis
charged into the attritor vial, and theratio of ball to
powdersweight was10: 1 (100 gm of different diam-
eter ballsare used). To minimize contamination with
oxygen and/or nitrogen, the mechanical aloying pro-
cessiscarried out under dry argon atmosphere.

X-ray diffraction study iscarried out using a Si-
emens D5000 (computer controlled) powder
diffractometer with anickel filtered Cu-K_radiation
(wavelength A = 1.5406 A). The thermal stability of
certain samples hasbeen monitored with differentia
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thermd analyss(DTA), Perkin-Elmer DTA7 (computer
controlled). Thesampleisheated withaconstant heat-
ingrate 15K stinstatic air asafurnace atmosphere.
Electricd resstivity of themechanicadly dloyed and
anneal ed compacted powders of Al , .Cu,.Fe, . has
been studied using high current source, by examining
the current passed on the sample— the sample coated
by silver paint—and the corresponding voltage by us-
ingthesandwichmethod. Theresstance*R” of the com-
pacted sample was estimated by drawing the | - V
curve, fromwhichtheresistivity “p” was calculated.

RESULTSAND DISCUSSION

TheAl,Cr Fe, system

For theternary aluminum base mixturewith 8 at%
Cr and 6 at% Fe, a complete amorphization isonly
observed after 150 hsmilling. XRD results, shownin
Figure 1, suggested that after 30 hsmilling o-Al (Cr)
and/or a-Al (Fe) solid solution areformed.
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Figurel: XRD patter nsof mechanically alloyed “Al Cr Fe.”
for: @) 0h, b) 30hs, c) 40 hs, d) 150 hs.

Suchresultsares milar tothat obtained for binary Al
—Crand Al - Fe systems, where a supersaturated o-All
solid solution phasesareformed with millingtime™d. The
observed pesksbroadeningwith millingtimeisanindi-
cationof particular refining. Themean particlesizefor 40
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hs milled powder = 22 nm has been estimated using
Williamson-Hall plot™, asshownin Figure2. More-
over, noternary intermetal lic phase could be detected
after themilling process, which confirmsearly resultsby
rapid quenching aswell asapublished ternary diagram
of Al-rich corner with Cr and Fe, whereno ternary phase
isreported upto 600 C1*9. Intheequilibrium conditions
and for the present composition, threetypes of phases
are expected to coexist; a-Al, Al ,Cr, and Al Fe,.
However, aquasi phase appears during rapid quenched
of Al -3Cr—xFe (x =0, 1, or 3 at %),
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Figure2: Williamson-Hall plot for 40 hsmilled powder for
“AlCr Fe>.

After 40 hsmilling, inthediffraction rangeof 26 =
35to 55 showninFigure 1, afew new low intensity
peakswereobserved in XRD pattern. Thedifficulties
of indexing arosefrom peak overlapping of different
phases, e.g., the (820) peak of Al Cr, of d = 0.207
nmisvery closewith the (20, 32) of quasiphaseof d=
0.2007 nm. Also, the peaks (310) and (025) diffracted
by Al FeandAl_,Fe, of d =0.206 and 0.205 nm, re-
spectively. Itis, therefore, within such limitsthe pos-
sible phasesafter 40 hsmilling arethe supersaturated
a-Al as matrix, containing Al Fe, quasiphase and
Al_,(CrFe), phase. Difficulty exist to confirmthe pres-
enceof theintermetallicAl ,Fe,, and Al .Cr, assepa-
rate phases because of thelarge possibility of Crto be
replaced by acons derableamount of ironatomsinthe
Al_Cr, structure™. Such substitution processwould

only resultsin slight changes of the d-values of the
Al_,Cr, phase. Theoverl apping between both interme-
tallic phaselines, make such separation by X-ray tech-
niqueamostimpossible,

A thermd trestment hasbeen carried onthe meta-
stable phasesthat formed after 40 hsmilling, inorder to
be evaluated. Figure 3 shows the DTA curve where
three exothermic peaks can be observed, indicating
varioustypesof phasestransformation.

438 °C

314 °C J’

Endo. < All-—>Exa

612°C

T T T T T T T
o 200 400 600 800

Temp. (°C)

Figure3: DTA curvefor 40 hsmilled powder for “Al Cr Fe.”.

Isothermal annedlingfor alongtimeupto 70hsat a
relative low temperature of 350 Ciscarried out. Fol-
lowing 10 hsannedling, XRD shownin Figure4 indi-
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. +Algle ¢ Alj3(CrFe)y
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Figure 4 : XRD patterns for 40 hs mechanically alloyed
“AlCr Fe.” annealed at 360 C for: a) asmilled, b) 10hs, c)
30hs,d) 50 hs, €) 70 hs.
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cated the presence of a-Al withadight increaseof the
d-valueswhich could berel ated to the dissolution of
the supersaturated o-Al to the equilibrium solid solu-
tion concentration. Itisalsoimportant to notethat even
increasing annedingtimesup to 70 hs, themetastable
guasi crystaline phase continueto be present in struc-
ture of thesample.

Annedingisaso caried a rdaivehigher tempera-
tures of 500 and 650 C for aperiod of timefrom 5to
15 hsfor the40 hsmilled specimens. XRD resultsare
showninFigures5, 6 for both temperaturesin respec-
tive manner. The quasicrystd line phase continuesto be

e a-Al * Q-Phase
+AlgFe ¢ Alj3(CrFe)s
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Figure 5 : XRD patterns for 40 hs mechanically alloyed
“AlCr Fe.” annealed at 500 C for: a) asmilled, b) 5hs, ¢) 10
hs, d) 15hs.
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Figure 6 : XRD patterns for 40 hs mechanically alloyed
“AlCr Fe.” annealed at 650 C for: a) asmilled, b) Shs, ¢) 10
hs, d) 15hs.
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present following such treatments. However, following
thepesksintenstiesitispossbletoindicatethat asmaller
amount of thequasicrystalline phaseispresent at higher
temperature and annealingtimes. Therefore, thistrans-
formationisatimeand temperaturedependent and could
indicateasdf diffus on mechanism, wheretheamount
of defects playsacontrolling role. Onthe other hand,
linesintendity increases after such treatment could sug-
gest anincrease of theintermetallic phaseAl ,(Cre),.
Further quantitativeanaysisisneeded to exactly deter-
minethevolumefraction of both quas andintermetdlic
phases after theannealing treatment.

Theroom-temperatureres stivity (p) measurement
after variousannealingtimesat 350 C ““as an example”,
isshowninFigure7. Theobserved changesin p-vaues
can becong dered asindication of the continueschanges
of both thenumber and the type of phases eva uation
during theisothermal treatment, asindicated previoudy
by the X-ray results.

Resistivity (L<2cm)
w
e
3

T T T T T T T T
Annealing time (hs.) 7

Figure7: Resistivity changeswith theannealingtinefor 40
hs. milled powder “Al Cr Fe.” annealed at 350 C.

Similar processing sequenceisreported by Eckert
et. a "8, onthenature of phasesynthesizedinAl-Cr-
Mn which dependson theintensity of millingand the
guasi-phase appears at an intermedi ate stage between
thesolid sol ution phaseformation and theequilibrium
intermetallic structures. Thishasbeen explainedto be
duetoarisein milling temperaturewith higher milling
intengity. Theincreaseof millingintensity could bethought
been equiva ent to the sequence of milling with the sub-
sequent thermal treatment used with the present ter-

nary system.
Inaprevious study*¥ on both binary Al Cr,, and
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Al Fe  processed by MA, it hasbeenindicated that
the quasi-phase can only be obtained for Al-Cr system
after thermd trestment following themilling stage how-
ever; Al-Feonly yieldsvarioustypesof intermetallic
phases. It is, therefore, possible that the presence of
ironatomsintheternary sysslemwould resultin ahigher
millingintensity withal other factorsbeen equiva ent.
Theharder iron atomsin theternary systemwill com-
pensatetherequired therma energy for the binary sys-
temAI-Crtoincreasethemillingintensity whichisre-
quired for theformation of the quasi-phasein theter-

nary system.
TheAl,.Cu,Fe, system

Theas-milled samples

Figure 8 showsthex ray diffraction pattern of the
milled sampleafter different millingtimes, linebroaden-
ing and reduced intensities of essential elemental lines
are observed, which become more pronounced with
theincreasing of millingtimeFigures8.b, 8.cand 8.d,
inadditionto gradua disappearanceof certain diffract-
ing lines. At thisstage, itisalso possibleto detect the
formation of thefirstintermettalic phaseAl ,Cu, where
the strongest peak of this phase at 26 = 47.78 ° ap-
pearsrelatively weak inintensity in addition to some
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Figure 8 : XRD patterns of mechanically alloyed
“Al,.Cu,Fe, > samplefor: a) mixed elements(0h), b) 10

hs, c) 20 hs, d) 30 hs.
Paterioly Stience  mmm—

diffused pesks, indicating that only asmall amount of
thisphaseisformed. Theintermettdicformationat this
early stage could be possibly related to in homogeneity
inthecomposition distribution.

Moreover, the observedincrease of the measured
d-valuesof theelemental linesof both Cuand Feand
reduced intensities of Al lines can be an indication of
solid solution formation, based on atomicradii differ-
ences of the elements (r (Fe) >r (Cu) >r (Al)) itis
possi bleto obtain morethan onesolid solution such as
Al (Cu) andAl (Fe) solid solutions. However, itisnec-
essary tostresson thefact that, not al thedementsare
consumedintheformation of both solid solution phases.

Asthemillingtimeincreasesupto 20 h. Figure8.c,
it isobserved that only afew weak intensities of the
elementa powdersare observed, and theexpectedin-
cresseof theintermetdlicAl Cuintenaty withmillingis
not observed. Thiscould indicatethet, further homoge-
neity and powder interaction took place. Thisismainly
observed in 20 rang of 40— 44°whereitispossibleto
suggest the presence of aquasicrystalline phaseina
primitiveform, i.e,, ametastablequadicrystdline, p-type,
phase. At thisstage, ahighrate of diffusion isexpected
with ananoprticleszeformation duringmilling, There-
fore, interdiffusion between early formed phasesAlCu,
solid solutionsand remaining e ementa sarelikely to
contributeto quas crystdline phase formation. In addi-
tion, thedissol ution of Al,Cu could be responsible of
the observed new intermetallic, whichisindexed to be
thetetragona Al Cu,Fe (o —phase) structure, These
results confirm an early ideaof possibleformation of a
quasi - phaseinthismaterial which canberelatedto
certanmillingintengties.

After longer sitting of milling up to 30 h. asignifi-
cant distortion can beintroduced to existing structures
by milling effects, such asphason or did ocation type of
defects, mainly to quasi crystdline structureand conse-
quently prevent the enhancement of such phase, but
rather tend toitsdissolution. XRD after 30h. Milling
confirms such mechanism, where a reduction of
quasicrystaline phaseintensitiesand linesis observed
andtheAl_ Cu, Fephase (o phase) becomes domi-
nant phase Figure8.d. It isto be noted that acompl ete
dissolution of the quasi crysta line phaseisnot observed
for thisstageof milling.

Theformationof Al Cu , Fe phase with milling
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representsasmall deviation from phaseexpected with
ternary phase diagram of Al Cu Fe at room tempera-
ture®®, the nominal used powder composition should
giveaquas crystaline(i—phase) at equilibrium. More-
over, withmillingapossblesmal depletioninboth Fe
and Cu inthe composition might lead to theformation
of the observed - phase, which isthe closest to i—
phasein theequilibrium phasediagram onthelower Cu
and Feside. The possibility of forming another close
phase, such asf3 - Al (Cu, Fe) type??, isaso exam-
ined, but it isexcluded in the present work, sincethe
formation of such phase needs ahigher degree of in
homogeneity of thecomposition during milling, aswell
asrelatively higher Cu and Fe content.

Moreover, withincreasngmillingtime, ahighloca
temperaturemay inducethermd relaxation that can con-
tribute to the dissolution of the metastable
quasicrystdlinephase. Milling of € ementa powdersof
Al .Cu, Fe,, . compostionrevedsthat upto 30 hours
processing time, no single phase of quasicrystalscan
be obtained, but rather a mixture of various phases
formed depending on the settingtime.

Thermal treated samples

Therma andysisiscarried out after 10h millingup
to 800° C, and the DTA results indicated the exist-
ence of three extended exothermic peaksat 220° C,
438°C and 590° C respectively asshown in Figure 9.
The fact that those peaks appears extended over a
widerange of temperature could berelated to acon-
tinuoustype of reactionstaking placewith heating,

4 2200C

Endo<AH—EZo

I ' I ' I ' | ' |
200.00 300.00 400.00 500.00 600.00
Tenperature (°C)
Figure 9 : DTA curve for 10 hs milled powder for «
A l 62.5cu25F612.5”

= Fyl] Peper

they arelikely to be diffusion dependent reactions. It
isdifficult at thisstageto attribute certain peaksto a
specifictypeof reactions.

Theeffectsof thermd isotherma heetingonthepro-
duced mechanicdly aloyed Sructuresareexaminedin
function of settingtime, wheredifferent structureevolu-
tion areto be expected.

At first, ashort annealing time of one minute at
450 C isperformed for acompacted powder after 10
hmilling. XRD pattern of such treatmentisshownin
Figure 10.aand an important phase transformation
can benoticed. Thestarting solid solutions, Al ,Cuand
the few elemental lines have changes to a
quasicrystallinestructure, theAl,Cu phase continues
to be present (with reductioninits peaksintensities
and numbers) with the presence of few peaks corre-
sponding to elemental Al lines. Thereduction of Al.Cu
peaksintensities and numbers can betaken assign of
the phase dissol ution through an active interdiffusion
mechanisminwhich thoseel ementsarelikey to react
with someof the remaining powder e ementsforming
the observed quasicrystaline structure.

Astheannedingtimeincreasesto 15min. at 450
Citispossibleto observefurther reduction of Al,Cu
phase peaks, i.e. reduction initsvolumefraction, the
guasi crystalline phase showsreductioninitsvolume
fractiontoo, asshownin Figure 10.b. Further increases
of annealing timeto 45 min. confirmthe previousre-
aults, wherethe quasicrystalline phase continueto de-
crease, giving way to thedomination of Al Cu, Fe
phase, Figure 10.c.
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Figure10: XRD patternsof “Al , .Cu,.Fe . ” milled for 10
hs. followed by annealing at a) 450 C for 1 min., b) 450 C for
15min., ¢) 450 C for 25 min.

e, P pterioly Science

40.00 80.00

Hn Tndéan g%wumé



248

Formation of nano quasicrystalline phases by mechanical alloying of ternary systems

MSAIJ, 7(4) 2011

Full Poper =

For the 10h. milled specimen, annealingwas car-
ried out for 1 min at 600 C, theresults show the pres-
enceof small volumefraction of quas crystalline phase
inadditionto adominating of Al , Cu , Fe phase, Fig-
urell.b. Ingenerd, itisclear that for low sttingmilling
time, the metastable quasi crystalline phase can be ob-
tained only by annedingfor ashort period of timemainly
at 450 Cwhichwill easily betransformed withincreas-
ingboth annedingtemperatureand timetoamorestable
Al_Cu,Fe(w-phase).

> (215)

#+ Quasicrystal
AlI7TCu2Fe

(1112)

(226) (505)
w

Intensity (au)

60.00
Two theta (degree)

Figurel1l: XRD patternsof “Al , .Cu_.Fe . a) milled for

10hs,, b) milled for 10 hs. followed by annealing at 600 C
for 1 min.

For higher settingmillingtime of 20h. and 30 h.,
the obtained structures differ fromthelow sitting one,
asindicated before. Annealingiscarried out at 450 C,
500 C and 600 C for short period of time (1 min.) for
each setting, their XRD areshowninFigures12, 13.
Thedissolution of thequasi crystallinephasewhichis
obtained during milling can be observed to take place
gradudly withincreasingannealing temperature, enhanc-
ing theformation of thed ready existingAl,Cu,Fephase,
Nevertheless, traces of the quasi crystalline phase con-
tinueto appear up to 600 C annealing.

Itisnoticed that, annealing even upto 600°C, did
not produce sharp peaksof thefina phases. Thiscanbe
duetoether or both effectsof mechanica sraining, which
isnot relieved by short annealingand/ or arather stable
amaller particlesizeintheorder of nanosize, i.e. no par-
ticecoarsngwithannedingisobtained. Itismost likely
that the presenceof few freeiron atomsin structuredur-

80.00

ing annedingwill beadetermining factor for delaying
coarsing processthrough the“drag effect” mechanism,
whichisdueto dow rate of Featom diffusion.

The high defect concentration introduced to com-
position during milling isexpected to contributeto the
observed high rate of phasetransformation during an-
nealing, knowing the close structurerelation between
thetransformed phases??. In that respect, nanosize par-
ticlesared solikely to enhancethed ementsrate of dif-
fusion®. Another important factor whichwill beactive
during annedingisthat, at certain temperatures, chemi-
cd afinity isexpectedto play aleading roleduring phase
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+=
T
€
L3

Quasicrystal
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Figure12: XRD patternsof “Al,, Cu,Fe,_ ” milled for 20
hs. followed by annealing for 1 min. at 450 C, 500 C, and 600

C respectively inupward way.
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Figure 13: XRD patternsof “Al , Cu,.Fe . milled for 30

62.5 125

hs. followed by annealing for 1 min. at a) 450 C, b) 500 C,
and c) 600 C.
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trangformation, dthough duringmechanicd dloying pro-
cess, thisroleis suppressed by entropy factort2,

CONCLUSION

Theternary Al Cr Fe, powdersmixturewhen pro-
cessed by mechanical dloying aswell asvariousther-
mal treatmentsresulted in thefollowing phasesforma:
tion. A supersaturation of o — Al (Cr) and / or oo — Al
(Fe) formed after 40 hsmilling, in addition to quasi-
phaseandintermetalicAl ,(CrFe),. Isothermd heating
up to 70 hsat 350 C enhanced the existence of both
guas and intermetallic phases. Those phasesare con-
tinueto be present a higher annedling temperatures of
500 and 650 C.

Itispossibleto concludethat, the process of me-
chanical alloying can be used to produce the
quasicrystaline phase (i-phase) inAlCuFedloys. The
i-phaseisnot obtained asasinglephase, but rather asa
dominant phase after subsequent annealing at certain
temperatureand time. Further increase of theannealing
temperatureor timeresulted ini-phasetransformation
into amore stable w-phase.
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