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Th is paper rep or ts the results of a short i nvesti gation on the e˜e ct of
C u addition s upon the nano crystall i zati on b ehaviou r of an Al { M m{ N i al-
loy . 2 at. %Cu added to a base alloy of A l8 5 Mm 1 0 N i 5 alloy by substitutio n

for Mm (mischmetal ). T he control of cooling rate did not cause the forma-
tion of nano crystals of fcc-A l phase. T he nano crystal li ne structure fcc-A l +
amorphous phase in quarternary alloy was obtained by isothermal annealin g

and continuous heating metho d, but the last technique is more e˜ective. T he
volume fraction, lattice parameter, and size of A l- phase were calculated.

PAC S numb ers: 61.43.Dq, 81.05.K f, 81.70.Pg

1. I n t rod uct io n

Increa sing demand f or high perform ance engineering components conti nu-
ousl y dri ves the developm ent of new adv anced materi als.Am orpho us and nanocrys-
ta l l ine alloys are exam ples of such materi als. For exam ple, Al -based am orpho us
al loys conta ini ng rare earths (RE) and tra nsi ti on m etals (TM) [1] have been re-
ported to exhi bi t tensi le fracture strengths in excess of 1 GPa [2], about twi ce
hi gher tha n the hi ghest value f or conventi onal crysta ll ine Al -al loys. Work on these
m ateri als has found a further sti mulus from the Ùndi ng tha t parti al ly crysta l l ised
al loys, also term ed nanocom posites since they conta in crysta ls of smal l size, may
di splay outsta ndi ng m echanical pro perti es [3].

Hi gh cool ing rates are needed for am orphi zati on of Al -ri ch alloys due to the
tendency of crysta l phases, speciÙcal ly Al . Thi s can be expl oi ted for obta ining
parti al ly crysta ll ised m ateri als di rectl y f rom mel t quenchi ng [4]. Al terna ti vel y the
glass is annealed to induce devi tri Ùcati on [5]. In thi s investigati on the ẽ ect of Cu
addi ti ons on the therm al stabi l i ty of the am orpho us phase and the m orpho logy
of Al nanocrysta ls tha t form duri ng pri m ary crysta ll izati on has been studi ed by
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addi ng 2 at. %Cu to a base al loy of Al 85Mm 10Ni 5 by substi tuti on f or Mm . The re-
pl acement of rare earth elements by Mm reduces the cost of inv estigated materi als
because Mm is cheaper about 10 ti m es tha n for exam ple yttri um .

2. Ex p er i m ent a l m et hod s

Ing ots of terna ry Al 85Mm 10Ni 5 and quaterna ry Al 85Mm 8Ni 5 Cu2 al loys were
prepa red from puri ty elements by arc m elti ng in an argon atm osphere. The Mm
m etal is com posed of 50.3 at. %Ce, 43.5 at. %La, 5.9 at. % Pr, and 0.3 at. %Nd.
D uri ng m elt spinni ng, the melt wa s ejected f rom the cruci bl e on to a rota ti ng
copper wheel wi th periphera l speeds of f rom 25 to 40 m sÀ 1 . By thi s techni que,
i t is possibl e to quench the m elt wi th a rate of 1 0 5

À 1 0 6 K sÀ 1 . The resulti ng
ri bbons were typi cal ly 2 m m wi de and 28À 4 0 ñ m thi ck. The m icro structures of
the ribb ons were studi ed by X-ray di ˜ra cti on (XR D ) using Cu K ˜ radiati on and by
tra nsmission electro n m icro scopy (TEM). Crysta l l izati on tem peratures and heat of
crysta l l izati on were calcul ated by di ˜erenti al scanni ng calori m etry (D SC) wo rki ng
in conti nuous and isotherm al heati ng m odes. The volum e fracti ons V f of ˜ -Al
nanocrysta ls in ribb ons was estim ated by the metho d described by Ino ue et al . [6].
Thi n Ùlm specimens were prepared by an ion beam m i l ling techni que.

3. R esul t s an d d iscu ssio n

Fi gure 1a,b i l lustra tes XR D tra ces obta ined f rom the as-melt spun al loys
Al 85Mm 10Ni 5 and Al 85 Mm 8 Ni 5Cu 2. Al l tra ces show the broad \ di ˜use " peak
whi ch is typi cal of am orpho us al loys. It has been reported tha t selected quenchi ng
rates lead to the f orm ati on of di ˜erent amount of volum e fracti on of nanoscale Al
crysta l l i tes in an am orpho us m atri x of Al { RE{ TM al loys, e.g. [1, 5]. In the inv esti -
gated terna ry al loy decreasing the cool ing rate (ro tati onal speed) does not change
the am orpho us structure. It is very interesti ng tha t bending ducti l i ty changesf rom
ful ly ducti le to bri ttl e. The same trend was observed for quaterna ry studi ed al loy.

One m etho d to assess the glass form ing abi l i t y of al loys is to use D SC to
m easure the tem perature at whi ch the amorpho us phase starts to crysta l l ise. For
ful ly amorpho us m ateri als there shoul d be a clear glasstra nsiti on pri or to the Ùrst
crysta l l izati on peak, however, i t is wel l kno wn tha t am orpho us Al al loys wi th low
solute contents do not exhi bi t a glass tra nsi ti on. In these al loys pri m ary crysta l -
l izati on occurs at pre-existi ng nucl ei (whi ch are sti l l not clearl y characteri sed) and
so i t is not possible to accuratel y identi fy the crysta l l izati on onset tem perature. In
thi s work the peak tem peratures are used for com parison instead. Fi gure 2 shows
typi cal D SC tra ces for the as-m elt spun Al 85Mm 10Ni 5 and Al 85Mm 8Ni 5Cu 2 speci-
m ens using conti nuous heati ng at 4 0 £ C/ min. The al loy wi tho ut Cu ato ms exhi bi ts
two exotherm ic e˜ects , the Ùrst peak wi th a peak tem perature of 3 3 1 £ C and the
second wi th a peak tem perature of 4 0 7 £ C. Al 85Mm 8Ni 5 Cu2 shows a bro ad Ùrst
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Fig. 1. X RD patterns of as-melt- spun alloys: (a) A l85 Mm 10 N i5 ; (b) A l 85 Mm 8 N i5 C u2 .

Fig. 2. DSC traces of as-melt- spun alloys: (a) A l85 Mm 10 N i 5 ; (b) A l85 Mm 8 N i 5 C u2 .

peak at 176£ C, whi ch was the lower tem perature of the two al loys, fol lowed by
peaks at 366 and 375£ C. Com pari son of the peak tem peratures for the Ùrst peaks
indi cates tha t 2 at. % substi tuti on Mm by Cu decreases the therm al stabi l i ty of
the amorpho us pha se.

The process of nanocrysta l l izati on of investigated al loys wa s also done by
the indi rect m etho d, i .e. by isotherm al anneal ing of ini ti al ly ful ly am orpho us al -
loys at tem peratures below the temperature of the onset of crysta ll izati on. The
annealed sam ples reta in the am orphous state and change to m ixed structures
(f cc-Al + Al 11( Ce; La ) 3 + Al 3Ni [7], fcc-Al + am orpho us) for the al loy Al 85Mm 10Ni 5

and Al 85Mm 8Ni 5 Cu2 , respecti vely. Onl y the isotherm al annealed quaterna ry al loy
wa s in a ducti le state. The XR D pattern shown in Fi g. 3 displ ays very smal l peaks
indi cati ng the presence of some Al nanocrysta ls in the as-spun ribb on. Thi s was
conÙrmed by m icrostructura l examinati on using dark Ùeld TEM. Very smal l spher-
ical nanocrysta ls about 5{ 7 nm were vi sible. The m axi mum value of V f ( ¿ 10% )

wa s calcula ted for sampl es annealed at 1 6 0 £ C for 20 m in.
The m ost e˜ecti ve m etho d of nanocrysta l l izati on of Al 85 Mm 8Ni 5Cu 2 al loy

wa s isochronal ly heated to the tem perature of 3 1 0 £ C (the end tem perature of the
Ùrst D SC peak). It is conÙrm ed by XR D and TEM tha t the Ùrst exotherm ic peak in
thi s alloy is associated wi th the form ati on of f cc-Al phase (Fi g. 3). The remaini ng
sharp exotherm ic peaks corresp ond to the preci pi ta ti on of Al and interm etal l ic
compounds. The calcul ated latti ce param eter of Al -phase is 0.405 nm . Thi s value
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Fig. 3. X RD pattern of A l85 Mm 8 N i 5 C u2 alloy continuously heated up to 31 0
£ C.

Fig. 4. Dar k Ùeld images w ith selected- area electron di˜racti on pattern

A l 85 Mm 8 N i5 C u2 continuously heated up to 310
£ C.

i s larger tha n tha t of pure Al m etal (0 .4047 nm ). The Al phase seems to be a
supersatura ted sol id soluti on conta ini ng rare earth m etals. The m icro structure
(Fi g. 4) general ly consists of a random di stri buti on of about 10{ 20 nm fcc-Al
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nanocrysta ls embedded in an am orpho us phase. The smal lest nanocrysta ls are
spheri cal in shape, whereas the larger nanocrysta ls are slightl y dendri ti c. The
m axi mum value of V f , for whi ch thi s al loy is sti l l in the ducti le state, reaches a
relati vel y high level, i.e. 35%.

4. Co n cl u si on

In thi s wo rk the e˜ect of addi ti on of Cu up on the therm al stabi l ity of the
am orpho us phase and the form ati on of Al nanocrysta ls duri ng pri mary crysta l -
l izati on has been studi ed by addi ng 2 at. %Cu to a base al loy of Al 85Mm 10Ni 5 by
substi tuti on for Mm to the form of Al 85Mm 8 Ni 5Cu 2. The substi tuti on of Cu for
Mm was found to decrease the therm al stabi l i ty of the am orpho us phase. From
three used nanocrysta l l izati on metho ds (ra pi d sol idiÙcati on, isotherm al anneal ing,
conti nuous heati ng) the last one was m ore e˜ecti ve. Expl anati on of the inÛuence
of Cu ato m s in the process of nanocrysta ll izati on of Al { Mm { Ni al loys requi res
nanom etre scale chemical analysis of the local parti ti oni ng behavi our of the Cu.
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