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M echanical all oyin g metho d was used to synthesise p owders of iron w ith
tungsten and nio biu m. M �ossbauer spectroscopy and X -ray di ˜raction have
b een appli ed to monitor the progress in solid- sta te reactions. In the case of

Fe{ W system , exhibiti ng a positive heat of mixing, no trace of amorphi zatio n
w as observed for 20 and 33 at. % of W, as the calculati ons of phase diagram
( C A LP H AD ) metho d suggest. During the mechanical alloying pro cess, tw o
solid solutions Fe(W) and W(F e) w ere obtained. M�ossbauer measurements

allow ed to recognise the Fe(W) solid solution as a ferromagnetic phase, while
the W(F e) solid solution as a paramagnetic one. In the case of Fe{ N b system,
exhibiti ng a negative heat of mixing, single phase amorphous alloys were

synthesised during mechanical alloying of iron w ith 48 and 64 at. % of N b.
For both investigated comp ositions , the Ùnal pro ducts of mechanical alloying
pro cessesw ere amorphous paramagnetic alloys.

PAC S numb ers: 76.80.+ y , 61.10. {i

1. I n t rod uct io n

Sol id-sta te am orphi zati on reacti ons incl ude besides other i rradi ati on, hydro -
gen-assisted amorphi zati on, pressure-induced vi tri Ùcati on, and m echanical defor-
m ati on. These m ethods allow us to obta in am orpho us state of sol ids wi tho ut pass-
ing thro ugh the liqui d state. Recently, i t has been shown tha t m echanical al loy-
ing (M A), thro ugh bal l m i lli ng of ini ti al ly elementa l blended powder m ixtures,
can pro vi de am orpho us materi als. A process of am orphi zati on induced by MA is
comm only achi eved in system s exhi bi ti ng a negati ve heat of mixing [1]. Ho wever,
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theo reti cal calcul ati ons, conÙrmed by some experim ents, predi ct an am orphi zati on
pro cess in bi nary system s, whi ch are characteri sed by a positi ve heat of m ixi ng
[2, 3]. In order to Ùnd possible appl icati ons, amorpho us m ateri als fabri cated by the
MA pro cess are consol idated to obta in bul k body maintai ni ng the origina l sta te,
e.g. wi tho ut recrysta l l izati on or decom positi on, using for exam ple shock com pres-
sion [4] or the pl asma acti vated sinteri ng metho d [5].

In thi s study , Fe{ W and Fe{ Nb system s were chosen as representati ve sys-
tem s exhi bi ti ng a positi ve and a negati ve heat of mixing , respect ivel y. M �ossbauer
spectroscopy and X- ray di ˜ra cti on have been used to observe the form atio n of an
am orpho us phase. Structure and some magneti c properti es of the Ùnal products
of mi ll ing of i ron wi th tung sten and niobi um are di scussed in thi s paper.

2 . E x per i m ent a l d et ai ls

The fo llowi ng m echanical al loyi ng processes were perform ed: Fe8 0 W 2 0 in
the high-energy bal l m i l l Spex 8000 D , Fe6 7W 33 ; Fe52Nb 48 ; and Fe36Nb 64 in the
hi gh-energy pl anetary ball m i l l Fri tsch Pul veri sette P5. In al l cases stainl ess-steel
ba l ls and conta iners were used. Sol id-sta te reacti ons of i ron wi th tung sten and nio-
bi um were carri ed out under argon atm osphere in a glove box. Mo re exp erimenta l
deta i ls are described elsewhere in [6, 7].

X- ray di ˜ra cti on (XR D) measurements were perform ed on a Phi l ips PW
1830 di ˜ra ctom eter using Cu K ˜ or Co K ˜ radiati on. M�ossbauer spectro scopy
(MS) studi es were carri ed out in the tra nsmission geom etry at room tem perature
usi ng the source of 5 7 Co in the R h m atri x.

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

3.1. Str ucture

For selected ti m es the mechanical al loying pro cess wa s interrupted and a
smal l quanti ty of the m i lled powders was ta ken out and exam ined by XR D. The
obta ined XR D patterns al lowed m oni to ri ng the progress in solid-sta te reacti on of
i ron wi th tung sten and ni obium . Fi gure 1 presents the XR D patterns registered for
the Ùnal pro ducts of m i ll ing. As the XR D analysis pro ved, duri ng the mechanical
al loying pro cess of i ron and tung sten, two solid soluti ons of W in Felatti ce Fe(W )
and of Fe in W latti ce W (F e) were form ed (Fi gs. 1a and b). In the case of Fe{Nb
system , a sing le homogeneous am orphous pha se was obta ined after 70 h of mi l li ng
(Fi gs. 1c and d).

XR D m easurements al lowed us to calculate the latti ce parameters of Fe(W )
and W (F e) sol id soluti ons versus mi l li ng ti me for Fe8 0 W 2 0 and Fe6 7 W 3 3 . In both
cases the latti ce param eter of Fe(W ) sol id soluti on increases wi th m i l ling ti m e,
whi le the latti ce param eter of W (F e) sol id soluti on decreaseswi th m i l l ing ti m e[6].
It may be assumed tha t the Vegard law is real ised in the Fe-ri ch and W -ri ch
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Fig. 1. X RD patterns of the Ùnal pro duct of the mechanical alloying pro cesses:

a) Fe8 0 W 20 milled for 10 h in Spex mill, C u K ˜ radiation ; b) Fe6 7 W 33 milled for 115 h

in Fritsch mill, C o K ˜ radiatio n; c) Fe52 N b48 milled for 70 h in Fritsch mill, C o K ˜

radiation ; and d) Fe36 N b64 milled for 70 h in F ritsch mill, Co K ˜ radiatio n.

reg ions of the Fe{W system [8, 9]. On the basis of thi s assumpti on, i t was possible
to estimate the Ùnal concentra ti ons of i ron and tung sten in the obta ined solid
soluti ons. In the process of m echanical al loying Fe8 0 W 2 0 in Spex m i l l the Ùnal
compositi ons of sol id soluti ons were Fe9 7 W 3 and W 9 5 Fe5 , whi le in the case of
Fe6 7 W 3 3 synthesi sed in Fri tsch m i l l, the Fe8 0 W 2 0 and W 9 7 Fe3 sol id soluti ons were
Ùnal ly form ed. Thi s estimati on al lowed us to state tha t the m echanical al loyi ng
pro cess extends the sol id solubi l i ty l imit o f tung sten in Fe latti ce up to 20 at. %
(i n equi l ibri um condi ti ons W practi cal ly does not di ssolve in Fe latti ce), whi le the
sol id solubi l i ty l imit of i ron in W latti ce was extended up to 5 at. % (i n equi l ibri um
2.6 at. %).

D uri ng m i l ling, the sizes of the powder parti cles di minish whi ch was reÛected
by the broadening of the di ˜ra cti on lines. The average gra in sizes were roughl y
estim ated usi ng Scherrer ' s form ul a. In the case of Fe8 0 W 2 0 the avera ge gra in sizes
of the Ùnal pro duct of mi ll ing were about 20 nm , whi le in the case of Fe6 7 W 3 3 they
were about 10 nm . The decrease in the gra in size to the level of tens nanom eters
wa s accom panied by the increase in the latti ce stra ins [6]. For Fe{Nb system the
average gra in sizes were calculated for the sam ples just before the am orphi zati on
pro cess. In the case of Fe5 2 Nb 4 8 the avera ge sizes of gra ins were about 10 nm for
Fe and Nb, whi le for Fe3 6 Nb 6 4 they were about 25 nm and 10 nm for Fe and Nb,
respect ively.

Co ncludi ng, XR D m easurements pro ved tha t in the m echanical alloyi ng pro-
cess of Fe8 0 W 2 0 and Fe6 7 W 3 3 perform ed under above-m enti oned condi ti ons two
sol id soluti ons Fe(W ) and W (F e) were form ed instead of an am orpho us pha se.
Thi s result is inconsistent wi th tha t obta ined by the calcul ati on of phase di agram
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(CALPHAD ) m etho d, whi ch predi cts in Fe{W system an amorpho us phase f or-
m ati on for tung sten concentra ti on from 18 to 43 at.% [2]. In the case of Fe5 2 Nb 4 8

and Fe3 6 Nb 6 4 single phase amorpho us al loys have been synthesi sed duri ng MA
pro cesses. Results are consistent wi th the therm odyna mic data , whi ch predi ct the
am orphi zati on pro cess in binary al loy system s exhi bi ti ng a large negati ve heat of
m ixi ng [10].

3.2. Magnet ic proper ti es

M�ossbauer m easurem ents al lowed us not only to moni to r the progress in
sol id-sta te reacti ons of i ron wi th tung sten and niobium but also to determ ine
the magneti c properti es of the phases form ed duri ng m i ll ing and thei r relati ve
abunda nce. In genera l, the M�ossbauer spectra for shortl y mi l led sam ples are sim i lar
to tha t for ˜ -i ron. Further mi ll ing leads to the gradual form ati on of di ˜erent
m agneti c phases. Fi gure 2 presents the M�ossbauer spectra of the Ùnal products of
m i l ling of Fe8 0 W 2 0 (Fi g. 2a), Fe6 7 W 3 3 (Fi g. 2b), Fe5 2 Nb 4 8 (Fi g . 2c), and Fe3 6 Nb 6 4

(Fi g. 2d).

Fig. 2. Ro om- temp erature M�ossbauer spectra of the Ùnal pro duct of the mechanical

alloying pro cesses: a) Fe80 W 20 milled for 10 h in Sp ex mill, b) Fe67 W 33 milled for 115 h

in Fritsch mill, c) Fe52 N b48 milled for 70 h in F ritsch mill and d) Fe36 N b64 milled for

70 h in Fritsch mill.

In the case of Fe8 0 W 2 0 M�ossbauer m easurem ents revealed tha t not the who le
am ount of i ron di ssolves in tung sten latti ce. ˜ -i ron component had a signi Ùcant
contri buti on (67%) in the spectra of the sampl e mi ll ed for 10 h (see Fi g. 2a).
Besides ˜ -i ron com ponent, three sextets and two doubl ets were Ùtted to the spec-
trum . The tota l abunda nce of these three sextets was estim ated as 17%. On the
basis of the sim ple di luti on m odel and the l i tera ture data [11] i t was pro ved tha t
three sextets represent Fe9 7 W 3 sol id soluti on in whi ch three di ˜erent conÙgura-
ti ons of i ron and tung sten ato m s in the nearest neighbourho od of 5 7 Fe are possibl e.
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The Ùrst doubl et wa s recogni sed as the contri buti on caused by Fe ato ms located
at the substi tuti onal sites in the latti ce of W 9 5 Fe5 sol id soluti on and i ts rela-
ti ve abunda nce was estim ated as 10%. The second doubl et (contri buti on of 6%)
wi th the quadrup ole spli tti ng Â > 1 : 2 m m/ s and a large value of isomer shift
(o f about 0.57 mm /s) was attri buted to Fe2 + in an i ron{ tung sten oxi de form ed
duri ng m i ll ing.

In the case of Fe6 7 W 3 3 M�ossbauer spectrum of the Ùnal pro duct of m i l ling is
the superpositi on of two doubl ets (to ta l abunda nce 75%) and the broad hyp erÙne
m agneti c Ùeld (HMF) di stri buti on. It was pro ved tha t the broad HMF distri buti on
is caused by the ferro magneti c Fe(W ) sol id soluti on (e. g. Fe8 0 W 2 0 ), whi le doubl ets
represent the param agneti c W (F e) sol id soluti on (e.g. W 9 7 Fe3 ) in whi ch i ron ato ms
were located both at gra in bounda ries and substi tuti onal sites of W latti ce [6].

As XR D analysis pro ved, a single hom ogeneous am orpho us phase was ob-
ta ined after 50 h of mi l l ing in the case of Fe5 2 Nb 4 8 , whi leFe3 6 Nb 6 4 i s am orpho us af-
ter 35 h of m il li ng. M�ossbauer spectra of Fe5 2 Nb 4 8 sampl esm i lled longer tha n 50 h
and of Fe3 6 Nb 6 4 sampl es m i l led longer tha n 35 h revealed param agneti c doubl et
(Fi gs. 2c and d). The Ùtti ng of the spectra by the doubl et di stri buti on al lowed cal-
cul ati ng the average quadrup ole spli tti ngs. They are as fol lows:Â = 0 : 1 9 (1) m m/s
for Fe5 2 Nb 4 8 and Â = 0 :1 8 (1) mm /s for Fe3 6 Nb 6 4 . It may be stated tha t m agneti c
pro perti es of the Ùnal pro duct of mi ll ing of Fe5 2 Nb 4 8 and Fe3 6 Nb 6 4 are sim i lar.

4 . Co n cl usion s

It wa s shown tha t the mechanical al loying pro cess is an e˜ecti ve metho d
of producti on of amorpho us m ateri als, especial ly in system s exhi bi ti ng a negati ve
heat of m ixi ng (e.g. Fe{ Nb). The am orphi zati on process was not observed in Fe{ W
system as the theo reti cal calcul ati ons suggest. The m i ll ing condi ti ons may have a
signiÙcant inÛuence on the form ati on of an am orphous phase in the caseof system s
exhi bi ti ng a positi ve heat of mixing .

It is worth emphasising tha t M�ossbauer spectroscopy is a powerful metho d
used in the inv estigatio ns of m ateri als pro duced by the mechanical al loying . It
al lows one to determ ine the relati ve abunda nce of the pha sesf orm ed duri ng mi l li ng
and to recognise thei r m agneti c pro perti es.
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