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ABSTRACT

Thetransformation from the as quenched amorphousto the crystalline state
of iron based metallic glasseswith the following composition Fe, B, Si, and
Fe,B,.Si, has been investigated by electrical resistivity measurements and
x-ray diffraction. Sampleswere continuously heated from room temperature
up to beyond the crystallization temperature of these amorphous alloys
using constant heating rates. The onset of crystallization was marked by a
steep decrease in resistivity upon further increase in temperature. Thefinal

products of crystallization were found to be o. Fe (Si) solid solution, Fe2B
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tetragonal and Fe,B orthorhombic. © 2009 Trade SciencelInc. - INDIA

1.INTRODUCTION

Theresearchinthefidd of metallic glasseshasbeen
atopicof interest since (1960). Amorphous metalscan
be formed by retaining some of the disorder from a
vapour or liquid state. This can be achieved by
dissipating very quickly the heet generated by thekinetic
energy thusinhibiting the migration of theatomsand
preserving the disorder. Whichever way they are
prepared amorphous metal sare not in configurational
equilibrium but arerelaxing by ahomogenous process
towardsan “ideal” metastable amorphous state.

The outstanding properties of metallic glasses,
however, deteriorate rapidly during crystallization
process.

Thus, understanding the process of crystallization
isthereforeaprerequisitefor most applications, since
thegability againg crystdlization determinetheir effective

working limits. S.Thongmeeet d .1 reported that inthe
B-richFe B, Si, ribbons, thecrystallizationisatwo
stage process. amorphous a-Fe(Si) nanocrystalline
formation —(a-Fe, Fe,B) nonocrystallineformation
whilethecrystallizationinthe B-poor Fe, B, .S ribbons
is a three stage process: amorphous—Fe,B
nanocrystallineformation—o-Fe(Si) nanocrystalline

formation—(a-Fe, Fe,B) nanocrystalineformation..
2.EXPERIMENTAL

Inorder toinvestigatechangesindectrica resgivity
of metglasssampleswhen subjected to heat treatments,
a suitable sample holder was designed so that
measurements could be made of theel ectrica resistivity
up to about 820°C,on 5 cm long ribbonsusing thefour
probe technique. The current and voltage leadswere
spot wel ded to the specimen. It wasimmediately evident


mailto:mohghaffour@yahoo.fr

12 Studies of amorphous to crystalline transition Fe, B, Si., Fe,B,.Sig

MSAIJ, 5(1) January 2009

Full Poper =

that any temperature-induced reactions between the
sample and itschemical environment might produce
adverse effects on sampleresistivity. For thisreason,
the experiments were carried out in an Argon
amosphere.

Thethermocouplejunctionwaslocalized towithin
1 to 2 mm below the sampl e (in between the sample
and sampl e hol der).the current through the specimen
was measured by observing the potential drop across
the standard four terminal resistor. Readings of the
voltages were taken at one-minute intervals as the
temperature rose and subsequently cooled down to
room temperature (natural cooling).

3.RESULTSAND DISCUSSION

3.1 Electrical resistivity measur ements

In many ways the amorphous alloy Fe B, S,
gppear smilartoFe, B, S, withdight differenceinthe
B/Si ratio. Thex-ray dataasdiscussed later for these
two amorphous alloys showed that their crystalline
productsarethesame. Thisinspired usto discusstheir
electricd resistivity during continuous hegting & congtant
hesting rates of 4°C/mintogether. Plotsof theeectrical
resistivity versus temperature of Fe, B, Si, and
Fe,B,.Si, areshowninfigures 1-6 respectively.

Ingeneral, the curveswerereproduciblefor other
heating rates. The samplesare amorphousinregion 1
indicatedinthefigures. Crysdlization sartsat thesteep
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Figurel: Plot of resistivity asafunction of temperature
for thealloy Fe, B .S,
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Figure?2: Plot of resistivity asafunction of temperature
for thealloy Fe, B, .Si,
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Figure3: Plot of resistivity asafunction of temperature

for thealloy Fe, B, .Si,
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Figure4: Plot of resistivity asafuntion of temperature
for thealloy Fe, B, S,
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Figure5: PIotofrtivityasafunctionoftemperature
for thealloy Fe, B, S,
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Figure6: Plotofreﬂstivityasafunctionoftemperature
for thealloy Fe, B, S,

TABLE 1: Phasesidentified by x-ray analysisafter heating
thesamplesuptoT at aconstant heatingrate of 4°C/min and
cooled down inthefurnace(natural cooling)

Alloy Temperature —
compostion  treachedat | O® 'S_?:‘:'f'ed by
4°C/min analysis y
i o-Fe(S)+Fe,B
FerBieSts 800 tetr.+Fe;B orthorhombic
FersB13Sio 780 a-Fe(Si)+FeB

tetr.+Fe;B orth.

decrease a thebeginning of region 2. Inregion onethe
temperature dependenceof dectricd resdivity isstrictly
linear, withasmall positivedope o = 1.16 10uQcm/
°C and 2.07102uQ2cm/°C respectively. The complete
crystallization processled to adrop of 10 uQQcmfor
the alloy Fe B, Si. and 6 uQcm for the alloy
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Fe,B,,Si,. In region two, the electrical resistivity
behaviour of Fe, B, Si_isquitedifferent from that of
Fe, B, .S, Thissuggests probably adifferent mode of
crystallizetion in Fe, B, S to that in Fe,B..Si,.
Inflection pointspointsA to C indicated inthefigures
aretaken asan indication of microstructral changes
occurringinthesamples.

Unfortunately, no attempt whatsoever has been
made to examine the samples at these points.
Nevertheless, considering thework of Santiagoet a.*?
who haveinvestigated the crystallization process of
Fe788 o, (X=9, 10, 13) by x-ray diffraction, electron
microscopy and differential scanning and thework by
Quivy et di¥. Wecan presumethat thedropinresistivity
at point A may bedueto the precipitation of o Fe (S)
solid solution out of the glassy matrix. At point B the
remai ning amorphousmatrix crystallizesand thedloy
then containsamixtureof o. Fe(Si) and Fe,B or . Fe
(Si), Fe,B and Fe,B.

Thechangeinresistivity B to D may betakenasan
indication of additional precipitation of a. Fe(S) and/
or transformation of one crystalline phaseinto another
one(or more) likeFe,B— Fe,B +a FesinceFe,Bisa
metastabl e phase. On decreasing the temperaturefrom
about 800°C (naturd cooling), theeectrical resigtivity
followsalinear temperature path. Thisbehaviour is
expected after theamorphous samplegetscrystallized.
Therewasnofurther indication of transformation of the
crystaline phasesduring subsequent heeting rateof 8°C/
minupto about 800°C, asshownin (figure2 andfigure
5). Theportion of thecurveslabelled D to E (infigure2
andfigure5),werefoundtobereversible.

3.2 X-ray diffraction studies

Theresultsof thex-ray dataanadysisof thesetwo
samplesweresmilar to adegreethat meritstheir being
discussed together. the as received samples were
confirmed to befully amorphousthex-ray diffractometer
traces of thesetwo samplesshowed only abroad halo
centred on sin6/A=0.243,whichisacharacteristic of
the glassy phase. The Fe-B-Si glass systemsseemto
crystalizein Fe,B tetragonal and F&(Si) solid solution
(see TABLE 1), No a. Fe has been detected as one of
thecrystallineproductsinFe B Si “and,Fe, B, ,,
S, 4[51 Furthermore, Santiago et d 2 |n their di fferentl a
scanning ca orimetry, transmission e ectron microscopy
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TABLE 2: X-ray diffraction datafor theannealed Fe, B .S,
Peak

Hkl 20 Dobs Dcal characteristics Phases
110 28.7 3.612 361 W Fe,B
31.6 3.287 VW
36.6 2.851 2.869 VW Fe;B
200 41.1 2550 2.56 M Fe,B
47.4 2.122 VW
002 49,9 2.013 2.12 M
110 52.8 1.829 2.027 VS a-Fe
112-220 58.6 1.807 1.83 W Fe,B
59.4 1.714 VW
62.9 1.631 1.69 VW Fe;B
202-130 66.5 1.616 1.63 W Fe,B
67.2 1.602 W Fe;B

VW: very weak W: weak M: medium VS: very strong
TABLE 3: X-ray diffraction datafor theannealed Fe, B S,

Peak

HKI 20 Dobs Dcal characteristics Phases
110 28.7 3.612 361 W Fe.B
295 3516 W
32.7 3.180 S
200 410 2556 256 W Fe.B
472 2.236 W
490 2.158 2.150 VW Fe;B
022 50.1 2114 212 M Fe,B
110 52.6 2.020 2.027 VS
112-220 58.7 1.826 1.83 AAY Fe.B
59.3 1.809 VW
202 66.5 1.631 1.63 W
67.2 1.616 1.602 % Fe;B
200 774 1.430 1.433 S o-Fe

VW: very weak W: weak M: medium VS: very strong

and X-ray diffraction studieson metdlicglassFe, B,
S, (X=9,10,13) reported that thefirst crystallization
step was always characterized by theformation of o
Fe(Si) dloy.

In our continuously heated alloy specimen
Fe,B,.Si, a aconstant heating rate of 4°C/min (upto
about 740°C),the X -ray diffraction pattern showed very
strong Bcc lines, whose lattice parameter is
80:2.8468A( see TABLE 2 ),this lattice parameter is
about 0.7%Smd ler thantheliteraturevauefor thepure
substance. Sincethesolubility of boroninbccironlatice
is very small, only 0.0002% at 983 °K. It may be
concluded that thebcclineisaFe-Si dloy. Thevaue
8, = 2.8468 for the lattice parameter corresponds
approximately to Fe 13 at % Sit.

In the case of Fe B, Si, the X-ray diffraction
pattern also showed very strong beclines(see TABLE
3) whoselatticeparameter isg, = 2.856A, This value is

about 0.36% smaller than theliterature valuefor the
pure substance. For the samereason cited above, we
can concludethat the bee latticeisaFe-Si alloy. the
vauea, = 2.856A correspond approximately to Fe 10
at% Sitel,

Theother peaksinthe X-ray diffraction anayss,
suggested the presence of Fe,B tetragonal and Fe,B
orthorhombic for both samples. however taking into
account the presenceof Si,it can be presumed that the
dlight difference of the d-spacings between those
observed and cal cul ated are accounted for, in that the
Fe,B and Fe,B phasesare more complex and rather of
(Fe, Si), B and (Fe,Si),B. By comparison with earlier
work of Quivy et at®, we may attribute thedrop in
resistivity labelled A in all figures to a primary
crystallization of o F&(Si),presumably followed by a
polymorphouscrystallization of Fe,B which could have
transformed to Fe,B and o Fe(Si) at higher
temperatures. Findly, it hasto bementioned that it has
proved impossibleto index some of thelineson the
basisof known Fe-B-Si structure.

CONCLUSION

Thiswork wasamed to get abetter understanding
of theamorphousto crystallinetransition of seriesof
commercidly avalablemetdlic glassesby documenting
theeffectsof annealing onthedectrical resistivity and
examining thex-ray diffraction patternsof theanneded
samples. Thisresearch provided someinteresting and
reproducible results concerning the temperature
dependence of the electrical resistivity.this was
characterized by adropinthefirst heating cycle by al
samplesstudied and reversble change during subsequent
hesting after the crystallization hasbeen completed. the
results of this investigation also showed that, the
amorphousto crystallinetransformation temperature
(T,) greetly depend onthe heating rate. in contrast the
“overall” temperature spread of crystallization AT=T -
T remained unaffected by the heating rate.

Throughout thediscussion, inflection pointsinthe
resistivity versustemperature plotsweretaken asan
indication of micro structura changesoccurringinthe
samples. A better understanding of phasetransformation
taking placeat these points could begained by making
isotherma aging experimentsand studying the process
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of crystallization over long periodsof time..

The x-ray data analysis showed that the phases
present after crystallization seemto correspondtothe  [1]
equilibriumones.

[2]

(3]

[4]
[5]
[6]
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