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Mechanical crystallization of Fe-based amorphous alloys

Satyajeet Sharma and C. Suryanarayana®
Department of Mechanical, Materials and Aerospace Engineering, University of Central Florida,
Orlando, Florida 32816-2450, USA

(Received 3 July 2007; accepted 29 August 2007; published online 30 October 2007)

Mechanical alloying of a number of blended elemental powders of Fe-based alloy systems
containing four or five components was undertaken to determine if amorphous phases could be
produced and also to compare the glass-forming ability achieved by mechanical alloying and that
obtained by solidification-processing methods. Amorphous phase formation was achieved in all the
alloy systems investigated, the time for the amorphous phase formation being a function of the
glass-forming ability of the alloy system investigated. However, in some alloy systems it was noted
that on milling, beyond the time required for the formation of the amorphous phase, the amorphous
phase started to crystallize, a phenomenon designated as mechanical crystallization. The present
paper specifically discusses the results of mechanical crystallization obtained in the Fe,,Ge,gZiroB»g
and Fe,,NiyZroCoB;o alloy systems as representatives of the typical quaternary and quinary
(five-component) systems, respectively. In the case of the quaternary system, mechanical
crystallization led to the formation of a supersaturated solid solution of all the solute elements in Fe,
while in the quinary system, a mixture of the solid solution and intermetallic phases has formed. The
possible reasons for mechanical crystallization and the reasons for the differences in the behavior of

the quaternary and quinary systems are discussed. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2800840]

I. INTRODUCTION

Amorphous alloys or metallic glasses are solid alloys in
which the constituent atoms are arranged in a random man-
ner with no long-range periodicity. Since their first synthesis
in a Au-Si eutectic alloy in 1960 by Klement et al.,! metallic
glasses have been synthesized in a number of binary and
higher-order alloy systems in the form of thin ribbons by
rapid solidification methods.”® Interest in these glassy mate-
rials has been mainly due to the attractive combination of
physical, chemical, mechanical, and magnetic properties of
these alloys and their commercial applications. However,
during the last several years, the materials science commu-
nity has focused its attention on bulk metallic glasses
(BMGs),” " glassy alloys that could be produced in large
section thicknesses or diameters reaching several tens of mil-
limeters. The largest section thickness (or diameter) that
could be achieved is a function of the base metal and alloy
composition, amongst other parameters. The largest rod di-
ameter obtained in Fe-based BMGs is only about 16 mm,"
while the largest diameter of 72 mm that has been achieved
in BMGs is in a Pd-10 at. % Ni-30 at. % Cu-20 at. % P
alloy.13 Ability to produce glassy alloys in larger section
thicknesses enables exploitation of these advanced materials
for a variety of different applications. Since metallic glasses
are inherently metastable they tend to transform into the
equilibrium crystalline phases on annealing them. Some im-
portant parameters that need to be controlled to achieve the
desired microstructure and constitution are the temperature
and time for any given alloy system. We have recently ob-
served that crystallization of metallic amorphous alloys
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could also be achieved during mechanical alloying of
blended elemental powders for times longer than those re-
quired for amorphous phase formation.

Mechanical alloying (MA) is another powerful nonequi-
librium processing technique to produce metastable
materials.'*"* It is a powder processing method in which
metastable phases can be produced through repeated cold
welding, fracturing, and rewelding of powder particles in a
high-energy ball mill. The metastable phases produced in-
clude supersaturated solid solutions, quasicrystalline and
crystalline intermetallic phases, and amorphous alloys. Me-
tallic amorphous alloys have been produced by MA starting
from either blended elemental metal powders or prealloyed
powders. These amorphous alloy powders could be subse-
quently consolidated to full density in the temperature range
between the glass transition temperature and the crystalliza-
tion temperature, where the amorphous phase has a very low
viscosity. Consequently, this route overcomes the limitation
of section thickness imposed during solidification-processing
methods. As a part of detailed investigations on the synthesis
and characterization of Fe-based BMG compositions by MA,
we have observed that amorphous powders get crystallized
on continued milling at times beyond those required for the
formation of the amorphous phase. This phenomenon is re-
ferred to as mechanical crystallization.

There have been some reports of formation of a crystal-
line phase after the formation of an amorphous phase during
milling of metal powders.14’15 High-energy milling of Fe-
based glassy ribbons obtained by rapid solidification process-
ing has been shown to lead to crystallization of the glassy
phase.16 It was argued that crystallization of the metallic
glasses induced by high-energy ball milling was not re-
stricted to thermal processes, but can be related to the chemi-

© 2007 American Institute of Physics
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cal composition of the glassy alloy. Differences in the crys-
tallization temperatures and kinetics were noted when melt-
spun Fe—-Mo-Si—B glassy alloy ribbons were subjected to
crystallization studies under pressure.l7 Cyclic crystalline-
amorphous-crystalline transformations have also been re-
ported to occur in prealloyed Co-Ti and Zr,Ni alloy powders
subjected to MA."®2! It was noted that atomic displacements
due to heavy plastic deformation and enhancement of atomic
mobility during plastic deformation processes are possible
mechanisms for mechanical crystallization in Al-Fe—Gd me-
tallic glasses.zz’23 Patil er al.** reported that blended elemen-
tal Fe-based alloy powders with an average composition of
FegnCogZr;)MosW,B 5 became amorphous when milled in a
high-energy SPEX mill for 20 h. A supersaturated solution of
a-Fe was formed in the initial stages of milling which even-
tually became amorphous. Further milling, up to 50 h, led to
primary crystallization of the amorphous phase resulting in
the formation of the a-Fe solid solution phase with a lattice
parameter different from that formed in the early stages of
milling. A crystalline phase was also reported to form on
milling Ti-based alloy powders after the formation of an
amorphous phase. This crystalline phase was, however, later
identified to be a contaminant TiN phase.zs’26

In this paper we will demonstrate that mechanical crys-
tallization of amorphous alloys occurs in Fe-based BMG
compositions. It will be also shown that this phenomenon is
not as restricted as it was earlier reported or thought to be,
but that it is much more general. The details of crystalliza-
tion will, however, be different depending on the alloy sys-
tem, and consequently the nature of the crystalline phase(s)
will be different. Mechanical crystallization can be observed
during MA in almost all alloy systems under appropriate
milling conditions. In this article we will discuss two specific
alloy systems to support this hypothesis.

Il. EXPERIMENTAL PROCEDURE

Appropriate amounts of the pure elemental powders
(=99.9% purity) of Fe, Ge, Ni, Zr, C, and B were weighed
and mixed together to obtain the desired composition of
Fe,,GeygZr 0By and Fey,NiygZroCioB o (the subscripts rep-
resent the atomic percentage of the elements in the powder
mix). MA was conducted in a high-energy SPEX 8000 mixer
mill using hardened steel vial and balls. For each experiment,
10 g of the blended elemental powder mix and 100 g of
stainless steel balls were loaded into the milling container,
thus maintaining a ball-to-powder weight ratio of 10:1 dur-
ing milling. The weighing, blending, loading, and unloading
of the powders were carried out inside a glovebox with a
controlled atmosphere of argon gas, so as to minimize pow-
der contamination. The phase evolution during milling was
monitored by x-ray diffraction (XRD) using a Rigaku x-ray
diffractometer with Cu Ko radiation (A=0.15406 nm) at
40 kV and 35 mA settings. The XRD patterns were recorded
in the 26 range of 30°-90°. Identification of the phases
present and calculation of the lattice parameter were done
using standard XRD procedures.27
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FIG. 1. XRD patterns of blended elemental powder mix of Fe,,GeysZr;(B,
as a function of milling time. Note that the amorphous phase forms on
milling the powder blend for 10 h and that the amorphous phase is stable up
to about 30 h. Milling for times longer than this resulted in mechanical
crystallization. Formation of a-Fe solid solution with a slight increase in the
lattice parameter is seen at 60 h of milling time.

lll. RESULTS

Figure 1 shows the structural evolution in the blended
elemental powder mixture of Fe,,Ge,gZroB,g as a function
of milling time. All the XRD peaks expected of the constitu-
ent metallic elements (Fe, Ge, and Zr) are present in the
as-blended mixture (0 h milling time). Diffraction peaks of B
are not seen due to its amorphous nature and/or its low scat-
tering factor. It is noted that amorphous phase formation is
complete on milling the powder blend for 10 h, as seen by
the presence of a broad and diffuse peak at the angular po-
sition where the (110)g, peak is expected to be present in the
powder blend. But, as noted earlier,” in the very early stages
of milling, formation of intermetallics was observed. The
amorphous phase continued to be present until about 30 h of
milling, suggesting that the amorphous phase produced is
quite stable. However, on continued milling, it became un-
stable and precipitation of an a-Fe solid solution is noted, as
evidenced by the diffuse peak becoming sharper on milling
the powder for about 40 h. This indicates the beginning of
crystallization of the amorphous phase, or mechanical crys-
tallization. It is also noted that during the initial stages of
mechanical crystallization, the diffuse peak corresponding to
(110)g, has shifted to lower 26 values, indicating that the
lattice is expanding which with further milling shifts toward
the original position at 40 h. Even at this stage, the peak is
still at a slightly lower angle, indicating formation of a solid
solution of Fe with the alloying elements. At a milling time
of 60 h, formation of the a-Fe solid solution with a bcc
structure is observed as indicated by the appearance of sharp
and intense (110)g, and relatively low intensity (200)g, and
(211)g, peaks at 26 values of 44.35°, 63.55°, and 82.35°,
respectively. Figure 2 shows the XRD patterns of the quater-
nary alloy powder milled for 10 and 60 h, indicating the
significant change in the nature of the two patterns. Note
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FIG. 2. X-ray diffraction patterns of the Fe,,Ge,3Zr;(B,, powder mix milled
for 10 and 60 h. While the powder mix milled for 10 h clearly shows that an
amorphous phase had formed, the powder milled for 60 h clearly shows
mechanical crystallization. Also note the significant shift in the diffraction
maximum of the amorphous phase (corresponding to the 110 peak of the
a-Fe solid solution) from the clear 110 peak in the crystalline phase at 60 h.
This significant shift manifests in the change in lattice parameter and con-
sequently the solute content in the phases.

clearly the phenomenon of mechanical crystallization in the
powder milled for 60 h. A close examination of this diffrac-
tion pattern in Fig. 2 suggests that the a-Fe phase exhibits an
increase in the lattice parameter. The lattice parameter, cal-
culated on the basis of the (110)g. peak, at this stage is about
0.2878 nm, against the lattice parameter of a=0.28 665 nm
for pure Fe.” A similar behavior was noted in another mul-
ticomponent Fe-based alloy powder.24

Figure 3 shows the XRD patterns of the
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FIG. 3. XRD patterns of blended elemental powder mix of

Fe ,NiygZroCioB o as a function of milling time. Note that the amorphous
phase formed on milling the powder for 8 h and is found to be stable until
15 h. Mechanical crystallization is noted to occur around 25 h. The intensi-
ties of the crystalline peaks of the different phases increased beyond this
milling time. Also note the formation of intermetallics during the early hours
of milling the powder for 3 h, indicated by arrows.
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FIG. 4. XRD patterns of the Fe,,NigZr;oC;oBo powder blend milled for 8
and 30 h. The shift in the diffraction maximum of the amorphous phase
(8 h) and the (110)g, peak position (30 h) is seen to be less as compared to
that in Fig. 2.

Fe,NiygZrgC1oB1g powder mix as a function of milling
time. As noted earlier, the as-blended powder mix showed
the presence of all the diffraction peaks expected from the
metallic elements. Formation of an amorphous phase is noted
on milling the powder blend for 8 h. Also, during the early
stages of milling, formation of intermetallics is observed as
indicated by the low intensity relatively sharp peaks. The
homogeneous amorphous phase in this powder blend is
stable until about 15 h of milling. On milling the powders for
a longer time, formation of some crystalline phases is noted,
a result of mechanical crystallization of the amorphous
phase. But, mechanical crystallization is clearly evident on
milling the powder blend beyond about 30 h, as indicated by
the relatively intense diffraction peaks of different phases.
Similar to what was noted in Fig. 1, here also we observe
that, with continued milling, the (110)g, peak has shifted to
lower 26 angles, signifying an increase in the lattice param-
eter of the solid solution phase at the initial stages of milling.
However, due to the overlap of diffraction peaks of the dif-
ferent phases, the lattice parameter of the a-Fe solid solution
phase could not be determined in this case. Similar observa-
tions were noted in other Fe-based systems such as
Fe,rAlgZr0Ci1oB1o and  Fey,NiyZrgNb,B,y.>" Figure 4
shows the XRD patterns of this powder mix milled for 8 and
30 h, showing clearly the phenomenon of mechanical crys-
tallization in the latter pattern.

Thus, by observing the XRD patterns of the quaternary
and quinary Fe-based alloy systems investigated here, the
general sequence of phase formation during milling may be
summarized as:

BE powder — intermetallics — amorphous phase
— mechanical crystallization

. But, the nature and sequence of the crystalline phases
formed as a result of mechanical crystallization are different
in the two alloy systems. While a solid solution phase had
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formed in the Fe,,Ge,3ZroB,, powder mix, a mixture of
solid solution and intermetallic phases had formed in the
Fe42Ni28Zr10C10B 10 pOWder mix.

IV. DISCUSSION
A. Amorphous phase formation

The XRD patterns presented clearly confirm the forma-
tion of amorphous phases in both the powder blends, which
on continued milling transformed into the crystalline phases.
Such observations have been reported earlier in some sys-
tems, as noted in the Introduction. But, there are some points
which are significantly different between the earlier observa-
tions and our present findings. The most important difference
is that we had started with blended elemental powders in our
investigation. Milling of these powder blends resulted in the
formation of an amorphous phase, which subsequently
showed mechanical crystallization. However, in the earlier
studies either rapidly solidified glassy ribbons'®!" or preal-
loyed crystalline powders'8’2] were the starting materials.
But, first of all let us look at the reasons for the formation of
the amorphous phase on milling the powder blends.

In the initial stages of milling, alloying occurs among the
constituent elements in the powder blend. This is facilitated
by the chemical interaction of the different elements, thus
leading to the formation of solid solution and intermetallic
phases in the present alloy systems. It is also well known that
MA introduces a high density of different crystal defects,
including dislocations, grain boundaries, stacking faults, and
others."*"> All these defects increase the free energy of the
system. Further, because of the complex crystal structures
and ability of the intermetallics to get disordered by me-
chanical deformation, the free energy of such systems can be
further raised to a level above that of a hypothetical glassy
phase. Consequently, the crystalline phase gets destabilized
and amorphization is favored.

Amorphization is also facilitated by the strain energy
introduced into the alloy system due to the size differences
between the solvent and solute elements. It was noted in both
Figs. 1 and 3 that the a-Fe solid solution phase shows an
increase in the lattice parameter in the early stages of mill-
ing. This is because of dissolution of the metallic elements
(Ge: 0.244 nm, Zr: 0.3186 nm, and Ni: 0.2492 nm) which
have an atomic size larger than that of Fe (0.2482 nm). Fur-
ther, both C (0.154 nm) and B (0.188 nm) dissolve in the Fe
lattice interstitially and consequently increase the lattice pa-
rameter of the solid solution phase. Once the threshold
amount of distortion of the lattice is achieved due to the size
mismatch between the solvent and solute atoms, the crystal-
line lattice becomes destabilized and amorphization is ex-
pected to occur.”'*? This argument is supported by the lattice
parameter variation in the present study, which increased in
the early stages of milling and then started to decrease once
crystallization of the glassy phase had occurred. The increase
of lattice parameter in the initial stages of milling leads to
increase of lattice strain and once it reaches a critical value,
glass formation occurs. But, on continued milling mechani-
cal crystallization occurs resulting in the formation (precipi-
tation) of a crystalline phase. Since this requires long-range

J. Appl. Phys. 102, 083544 (2007)

diffusion of atoms to form the solid solution or intermetallic
phase, partition of alloying elements takes place and conse-
quently the remaining amorphous phase contains a higher
concentration of solute elements. As a result of this, the lat-
tice parameter of the solid solution phase decreases. Thus,
the decrease of the lattice parameter on crystallization of the
glassy phase can be attributed to depletion of the solute at-
oms from the solid solution phase to form the solid solution/
intermetallics.

B. Mechanical crystallization

Mechanical crystallization has been clearly observed in
the present investigation as shown in Figs. 2 and 4. Let us
now look at the possible reasons for this phenomenon. There
can be many reasons for the formation of a crystalline phase
after the formation of a glassy phase. The important ones are
(1) rise in temperature to a level above that of the crystalli-
zation temperature of the glassy phase, (2) powder contami-
nation due to which a crystalline phase may be stabilized in
preference to the glassy phase, (3) phenomenon of inverse
melting, or (4) basic thermodynamic considerations.

1. Temperature rise

Milling of powders involves severe plastic deformation
and this results in a local rise of powder temperature. Even
though the temperature rise in the powders during milling
could be large in a highly localized area, the highest global
temperature rise reported is not more than about 200 K."
Since the crystallization temperatures of most Fe-based
glasses are in the range of about 800—1000 K, it is most
unlikely that the powder during milling has reached this high
a temperature. Further, it has been suggested that while room
temperature milling can introduce nucleation sites for crys-
tallization, annealing at elevated temperatures is required for
observing the phenomenon of crystallization.33 Therefore,
the small temperature rise can be discounted as a possible
reason for crystallization of the amorphous phase during
milling.

2. Powder contamination

The literature on MA contains several examples of
impurity-stabilized crystalline phases, which have formed af-
ter the formation of the amorphous phase.25’26’34 For ex-
ample, formation of a fcc crystalline phase after the forma-
tion of an amorphous phase was reported in several titanium-
based alloys.25 This crystalline phase has subsequently been
identified to be not the product of crystallization, but TiN,
formed due to exposure of the titanium alloy powder to at-
mospheric contamination. Since it is noted that the amor-
phous phase in the Fe,,Ge,gZr;oB,o powder mix (Fig. 1) and
the Fe,,NiygZroCioB o powder mix (Fig. 3) and other Fe-
based amorphous alloy systems have crystallized into the
expected equilibrium phases (solid solution and intermetallic
phases), it can be safely assumed that the crystalline phase
formed after the formation of the amorphous phase in the
present case is not impurity stabilized.
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FIG. 5. Hypothetical free energy vs composition diagram to explain the
mechanism of mechanical crystallization in the Fe,,)Niy3Zr(C (B, system.
Note that point 1 represents the free energy of the blended elemental pow-
ders. Similarly, point “2” represents formation of the a-Fe” solid solution of
all the alloying elements in Fe, point “3” formation of the homogeneous
amorphous phase, point “4” a mixture of the amorphous phase with a dif-
ferent solute content (amorphous’) than at 3 and the solid solution a-Fe’,
and point “5” is for the equilibrium situation when the solid solution and
intermetallics coexist.

3. Inverse melting

Another possible reason of mechanical crystallization
could be due to the phenomenon of inverse melting. This is a
phenomenon, which was first reported in Ti—Cr alloys,35’36
but later reported in several other systems also.””* In this
process, heating of a homogeneous metastable bcc solid so-
lution alloy, formed by MA, to higher temperatures produces
an amorphous phase polymorphously. On further heating to
still higher temperatures, the glassy phase crystallizes into
the bee phase again, i.e., the phenomenon is reversible. How-
ever, the conditions required for the occurrence of inverse
melting (see Ref. 24 for a detailed discussion) are not met in
the present Fe-based alloys and, therefore, this possibility
could also be discounted.

4. Basic thermodynamic considerations

Since the above possibilities could not satisfactorily ex-
plain the formation of a crystalline phase on continued mill-
ing of the powder after an amorphous phase had formed, the
most likely mechanism that led to amorphization in the first
instance and subsequent crystallization can be attributed to
introduction of mechanical energy into the system and con-
sequent relative thermodynamic stabilities of the different
competing phases or phase mixtures.

Figure 5 represents a schematic free energy versus com-
position diagram indicating the relative positions of the
blended elemental powder mixture, amorphous, solid solu-
tion, and “intermetallic” phases. (We have grouped all the
possible intermetallic phases in these systems into interme-
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tallics). In alloy systems with negative heat of mixing, the
blended elemental powder mixture has obviously a high free
energy (point 1). Therefore, on MA, the blended powder
mixture is expected to change into a more stable configura-
tion to reduce its free energy. Thus, the a-Fe” solid solution
phase (point 2) containing all the solute elements in Fe is
seen to be forming on milling. Since MA introduces many
crystal defects including vacancies, dislocations, grain
boundaries, surfaces, and others, the milled powders can
contain excess energy.m’15 It was clearly shown by us®® ear-
lier that intermetallics form in the early stages of milling in
many of the Fe-based powder mixtures. And disordering of
such intermetallics can also substantially increase the free
energy of the system.39 Hence, on continued milling, the free
energy of the crystalline phase increases to a level above that
of the amorphous phase which results in the destabilization
of the crystalline phase and the “amorphous” phase (point 3)
begins to be stabilized. But, further milling leads to mechani-
cal crystallization resulting in the formation of a solid solu-
tion or intermetallics coexisting with the remaining amor-
phous phase. Since primary crystallization had occurred, the
Fe-solid solution will now have a composition different from
the original a-Fe” solid solution; let us call this a-Fe’. This
solid solution will now coexist with the amorphous phase
(amorphous’) which also has a different composition be-
cause of the precipitation of a-Fe' from the original amor-
phous phase. Point 4 now represents the free energy of the
mixture of amorphous’ and a-Fe'. The lowest free energy
for the system will, however, correspond to a condition when
a mixture of the equilibrium solid solution (a-Fe) and the
intermetallics coexist. This situation is indicated by point 5
in the figure.

C. Difference in the mechanical crystallization
behavior of the two systems

Examination of Figs. 2 and 4 makes it clear that even
though mechanical crystallization has occurred in both the
alloy systems investigated, the nature of the crystalline phase
formed on further milling the amorphous powder is different.
A solid solution phase had formed in the Fe,,Ge,gZroBsg
powder blend, whereas intermetallic phases had formed in
the Fey,Ni gZroC 9B o powder blend, as a result of crystal-
lization of the amorphous phase.

Metallic glasses obtained by rapid solidification process-
ing have been known to crystallize in three different
modes.*”*' One of them is the polymorphous mode in which
the glass transforms into a crystalline phase without a change
in composition. The second of them is the eutectic mode in
which the glassy phase transforms into a mixture of phases
simultaneously. The third possibility is the primary mode in
which a solid solution based on the solvent atom precipitates
from the glassy phase. The remaining glassy phase could
subsequently transform into the equilibrium phases either by
a polymorphous or eutectic mode. Examples are available to
show that similar transformations occur in mechanically al-
loyed amorphous powders also.'>

Thus, one can say that primary crystallization had oc-
curred in the Fey,Ge,gZr 0B,y powder blend, whereas eutec-
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tic crystallization had taken place in the Fe ,Ni gZroC;oB 1o
powder blend. Reasons for the differences in the crystalliza-
tion modes could be related to either the composition of the
amorphous phase and/or the conditions under which crystal-
lization of the amorphous phase occurs.

Application of pressures during crystallization has been
known to have an important effect on the crystallization
mode, kinetics of crystallization, and the nature of the crys-
tallization products.‘m*42 The local pressure generated by the
impact of steel balls on the powder during MA has been
estimated to be of the order of 6 GPa.'>*** Because of the
generation of these high pressures, several high-pressure
polymorphs have also been stabilized by MA of powders.15

Let us now consider the effect of pressure on the crys-
tallization behavior of amorphous phases. The nucleation
rate, at a temperature 7, may be written down as

AG,+AE AG
I=1,exp —T =1, exp _ﬁ ) (1)

where AG,, is the activation energy for nucleation, AE is the
diffusion activation energy, [, is a constant, and R is the gas
constant. AG=AG,+AE is defined as the nucleation energy
that determines the crystallization temperature of an amor-
phous alloy. AG, can be expressed as

16w’  16ma”

AG, = = ,
" 3AG?  3(AG.-AG,)?

2)

where o is the interfacial energy between the amorphous
alloy and its crystallization product phase, and AG, and AG,
represent the molar Gibbs free energies for the amorphous
alloy and the corresponding crystalline phase, respectively.
Using Egs. (1) and (2), Yao et al.'” derived an expression
relating the variation of AG with pressure at a fixed tempera-
ture as

0P )" T 3(AG,-AG) T T e )

where v, and v, are the molar volumes of the amorphous
alloy and its crystalline counterpart, respectively. Since the
amorphous phase contains more free volume, it may be as-
sumed that v.<v, and AG,>AG,. Thus, the first term in
Eq. (3) represents the factor that promotes crystallization of
the amorphous phase and the second term represents the fac-
tor that retards crystallization; the value represented by the
second term decreases with increasing pressure. Therefore,
higher pressures are expected to promote crystallization
when an amorphous alloy transforms polymorphically into a
single-phase intermetallic compound or supersaturated solid
solution, where long-range diffusion is not required. The in-
crease of the diffusion activation energy with increasing
pressure in this case is so small that the nucleation activation
energy AG decreases with increasing pressure. However,
pressure may retard crystallization of the amorphous alloy
when it crystallizes in a eutectic mode, which requires long-
range diffusion for atomic rearrangement to form new crys-
talline phases. In this case, the increase in the diffusion acti-
vation energy is so large that the nucleation energy AG
increases with an increase in pressure. Therefore, the effects
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of pressure on crystallization depend on atomic diffusion vis-
a-vis crystallization mode.

In our investigations, the amorphous Fe,,Ge,gZr; (B, al-
loy has crystallized in the primary mode forming an a-Fe
solid solution, possibly with a composition different from the
original solid solution phase that had formed in the early
stages of milling. This conclusion was arrived at because of
a slight difference in the lattice parameter of the solid solu-
tion phase. On the other hand, in the case of the
Fe4,NiysZr,oC 0B alloy blend, the XRD plots (Fig. 2) indi-
cate the formation of amorphous’ (amorphous phase with a
solute content different from the original blend that had
amorphized, as a result of precipitation of some crystalline
phases), solid solution, and other equilibrium intermetallic
phases. The simultaneous formation of these phases suggests
that the mode of crystallization in this alloy is possibly eu-
tectic and not primary. Since in both the cases, long-range
diffusion was needed to form the crystalline phases, we can
conclude that the high pressure experienced by the powder
during milling could not possibly explain the primary crys-
tallization in the Fe,,Ge,gZr;(B,, powder blend and the eu-
tectic crystallization in the Fey,NirgZr(CioBy powder
blend.

Since the pressures generated in the powders are not
very different in nature, it could safely be concluded that the
difference in the crystallization behavior of the amorphous
phases is not due to pressure. It is more probable that the
composition of the five-component powder is closer to the
eutectic composition in this complex system. That is why the
amorphous phase in this system has transformed in a eutectic
mode. Since phase diagrams for such higher-order systems
are not available, and also not easy to determine, this propo-
sition cannot be proven; it is only a conjecture at this mo-
ment.

Since we have observed mechanical crystallization of
amorphous phases synthesized from blended elemental pow-
ders by MA in different Fe-based alloy compositions, and in
systems with different numbers of components, it leads us to
believe that mechanical crystallization is perhaps much more
common than it was earlier believed to be. Thus, it may be
possible in all the Fe-based powder blends that become
amorphous.

V. CONCLUSIONS

Mechanical alloying of Fe-based powders in the quater-
nary Fe,,Ge,gZroB,y and quinary Fey,NiygZroCioBo pow-
der blends resulted in the formation of a solid solution and/or
intermetallic phases in the early stages of milling. An amor-
phous phase formed at later stages of milling. However, on
continued milling beyond the formation of the amorphous
phase, mechanical crystallization was observed in both the
powder blends. Based on the composition of the starting
powder blend, primary crystallization in form of a-Fe solid
solution was noted in the Fe,,Ge,3Zr (B>, powder blend and
eutectic crystallization in the Fey,NiygZr(CoBy powder
blend. Possible reasons for mechanical crystallization were
discussed and it was concluded that the thermodynamic sta-
bilities of the different competing phases are responsible for
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the observed transformations. The chemical composition of
the powder blends appears to be responsible for the differ-
ence in the crystallization behavior of the two powder
blends.
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