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ABSTRACT

Rapid solidification processing (RSP) of metallic alloys, involving solidification

of liquid metals at very high rates, results in the formation of a variety of

metastable phases such as supersaturated solid solutions, crystalline inter-

metallic compounds, quasicrystalline phases, and metallic glasses. Additionally,

significant refinement of the grain sizes and segregation patterns also occurs.

Mechanical alloying (MA), another powerful non-equilibrium processing tech-

nique, utilizes repeated cold welding, fracturing, and rewelding of powder

particles in a high-energy ball mill. MA also results in the formation of

metastable phases and microstructural refinement similar to what happens

during RSP. Consequently, comparisons are frequently made between the

phases produced by RSP and MA and the general understanding is that they

both result in similar metastable effects. A detailed analysis of the

metastable phases produced by RSP and MA is made in the present work, and it

is shown that even though the effects may appear similar, the mechanisms of

formation and the composition ranges in which particular phases form are quite

different. These two methods also have some unique features and produce

different phases. The differences have been ascribed to the fact that RSP involves

solidification from the melt while MA is a completely solid-state process that is

not restricted by the phase diagram.

Introduction

A number of novel and advanced materials have

been developed during the last 50 years or so using

different non-equilibrium processing methods [1].

These include metallic glasses [2, 3] (including the

relatively recently developed bulk metallic glasses

[4]), quasicrystals [5, 6], high-temperature supercon-

ductors, superhard carbonitrides, diamond-like car-

bon thin-films, and nanostructured materials [7–9].

Several new techniques have been developed for the

processing and characterization of metastable mate-

rials. A common feature of the methods used to

obtain these advanced materials has been to carry out
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processing under far-from-equilibrium conditions;

thus, the materials developed are usually in a

metastable or non-equilibrium state. Turnbull [10]

coined the phrase ‘‘energize and quench’’ to describe

these processes and these materials are also referred

to as ‘‘driven alloys’’ [11]. It is through such processes

that the constitution and microstructure of materials

can be drastically altered to achieve beneficial prop-

erties. The available non-equilibrium processing

techniques include rapid solidification processing

(RSP) from the melt, mechanical alloying (MA), laser

processing, plasma processing, spray forming, phys-

ical and chemical vapor deposition techniques, and

ion mixing. The principles and relative advantages

and disadvantages of these techniques have been

discussed in the literature (see, for example, Ref. [1]).

Even though the number of non-equilibrium pro-

cessing methods is large, RSP and MA have been the

most commonly used methods by far. A very large

amount of data have been generated on the synthesis

and characterization of different metastable phases

using these two processing techniques. The

metastable phases prepared include supersaturated

solid solutions, metastable intermetallic phases,

quasicrystals, and metallic glasses. It has often been

pointed out in the literature that the results obtained

by the RSP and MA techniques are very similar in

any alloy system. The main goal of the analysis pre-

sented in this paper is to show that even though there

are many apparent similarities, there are also signif-

icant differences in the types of phases produced, the

composition ranges in which these phases could be

synthesized, and the microstructures of the products.

Additionally, contamination of the powder during

MA appears to play an important role in deciding the

nature of the phase produced and the composition

range in which it is synthesized.

Before discussing the similarities and differences

between the products obtained by RSP and MA

methods, let us briefly describe the salient features of

the techniques and their main attributes.

Rapid solidification processing

The technique of rapid solidification processing (RSP)

was developed by Pol Duwez in 1960 in response to

an academic curiosity. Concerned with the non-sys-

tematic behavior of the Cu–Au, Ag–Au, and Cu–Ag

alloys in following the Hume–Rothery rules for the

formation of substitutional solid solutions, and in

particular noting that the Cu–Ag system did not

exhibit the expected isomorphous behavior under

equilibrium conditions, Duwez decided to subject the

molten Cu–Ag alloys to solidification at very high

cooling rates of about 106 K/s. X-ray diffraction pat-

terns of these rapidly quenched alloys clearly showed

that a continuous series of solid solutions was

obtained in the whole composition range of the alloy

system [12]. This interesting result was followed, in

the same year, by the observation of a missing

Hume–Rothery compound in the Ag–Ge system [13],

and most dramatically through observation of a

metallic glassy structure in the Au–Si system [14].

Duwez summarized the various capabilities of this

technique later [15].

The most important requirement for obtaining

metastable phases through RSP is the significant

undercooling achieved in the melt before solidifica-

tion occurs; this has been achieved through imposi-

tion of high solidification rates. Such high cooling

rates have been obtained by (1) allowing molten

droplets to solidify either in the form of splats on a

good thermally conducting substrate (e.g., in ‘‘gun’’

quenching), or by impinging a cold stream of air or

an inert gas against the molten droplets (e.g., in

atomization), or (2) stabilizing a flowing melt stream

so that it freezes as a continuous filament, ribbon, or

sheet in contact with a moving chill surface (melt

spinning and its variants), or (3) surface melting

technologies involving rapid melting at a surface

followed by fast cooling sustained by rapid heat

extraction into the unmelted block (laser surface

treatments). Various techniques based on these three

categories have been developed over the years, as

summarized previously [16, 17]. By a judicious choice

of the alloy system and composition, it has been

possible, during the last 25 years or so, to decrease

the critical cooling rates for glass formation to less

than about 102 K/s and thereby substantially

increasing the section thickness of metallic glasses.

These alloys, known as bulk metallic glasses, have

now reached a diameter of 80 mm [18] and find a

number of applications [4, 19].

In addition to the constitutional changes listed

above, ultrafine microstructures commonly down to

micrometer dimensions, but occasionally to

nanometer levels, and refined segregation patterns

have been observed in alloys solidified at such high

rates. Rapidly solidified materials have been finding
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a multitude of applications, including soft (for

transformer core laminations) and hard magnetic

materials, wear-resistant light alloys, materials with

enhanced catalytic performance and applications in

fuel cells, tool steels, and superalloys consolidated by

powder metallurgy methods, and new alloys for

medical implants and dental amalgams [20].

The benefits of RSP can be summarized as follows:

1. Formation of supersaturated solid solutions.

2. Synthesis of metastable intermetallic phases,

including quasicrystalline phases.

3. Production of metallic glasses.

4. Refinement of grain sizes and segregation

patterns.

Mechanical alloying

Mechanical alloying (MA) was developed by John

Benjamin in 1966 at the INCO laboratories, out of an

industrial necessity, to produce oxide-dispersion-

strengthened Ni-based superalloys for gas turbine

applications that combined the high-temperature

strength of oxide dispersion and the intermediate

temperature strength of c0 precipitate [21]. Subse-

quently, it was shown that this technique was also

capable of synthesizing a variety of

metastable phases including supersaturated solid

solutions, non-equilibrium intermetallic phases,

quasicrystalline phases, and amorphous solids.

The process of MA is based on repeated cold

welding, fracturing, and rewelding of powder parti-

cles in a high-energy ball mill. An appropriate

amount of powder mixture and grinding medium

(usually made of steel or tungsten carbide) is loaded

into the milling container and milled for the desired

length of time. Typically, a ball-to-powder weight

ratio of 10:1 or higher is used. The repeated severe

plastic deformation experienced by the powder par-

ticles results in a lamellar structure if soft and ductile

materials are processed or in an intimate mixture of

the constituent powders, if brittle materials are

involved. Additionally, a high density of crystal

defects (grain boundaries, dislocations, stacking

faults, vacancies) is introduced. The powder tem-

perature rises slightly due to the mechanical energy

dissipated during collisions. The grain refinement

and mechanical mixing, enhanced diffusivity due to

presence of short-circuit diffusion paths, reduced

diffusion distances, and slight rise in temperature

allow alloying to occur. Accordingly, by a proper

choice of the process parameters and suitable alloy

composition, it is possible to produce various alloy

phases.

A process control agent (PCA) may be added when

ductile powders are milled to prevent or reduce

excessive agglomeration of the powder and sticking

of the powder to the grinding media and the con-

tainer walls. Powder contamination is a serious con-

cern. It can originate from (1) evaporation of the PCA

during milling and incorporation of its constituents

into the powder, (2) wear and tear of the milling

media, and (3) the atmosphere under which the

powder is milled. On the other hand, MA exhibits

some unique features such as (1) formation of alloys

at near ambient temperatures, (2) ability to alloy (and

even form amorphous phases) between metals with

positive heats of mixing, and (3) uniform dispersion

of a large volume fraction of fine second-phase par-

ticles in metallic matrices [22]. MA has also been used

to produce nanostructured monolithic and composite

materials and alloys from immiscible elements.

Additionally, chemical reactions could be initiated to

produce novel materials and pure metals from their

ores. Details of the process, mechanism of alloying,

phase formation, and their applications have been

summarized in the literature [23–26].

The benefits of MA can be summarized as:

1. Production of fine dispersion of second-phase

particles.

2. Refinement of grain sizes, frequently down to

nanometer levels.

3. Formation of metastable phases (solid solutions,

intermetallic phases, quasicrystalline phases, and

amorphous alloys).

4. Inducement of mechanochemical reactions.

5. Alloying of difficult-to-alloy elements.

6. Easy scale-up to commercial quantities.

From the above, it is very clear that the non-equi-

librium effects achieved by RSP have also been

observed in MA powders. Therefore, comparisons

are frequently made to determine the efficiencies of

these two techniques in producing metastable phases

and also to determine whether there are any differ-

ences between the products of the two methods. It is,

however, important to realize that while both RSP

and MA are non-equilibrium processing methods

producing a variety of similar metastable phases and
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microstructural modifications, RSP requires that the

alloy is melted and then solidified rapidly, while MA

is a completely solid-state processing method. Since

no melting is involved in the MA process (unless

very low melting-point metals are milled), phase

diagram restrictions do not apply in this case.

Therefore, any powder mixture can be processed by

MA and the preparations of alloys that are not

available for RSP are often possible.

Let us now discuss the similarities and differences

in the metastable phases produced by the RSP and

MA methods.

Solid solutions

According to the Hume–Rothery rules, two elements

can form a substitutional solid solution if (1) their

atomic radii differ by less than about ± 15%, (2) their

electronegativities are close, (3) they have the same

crystal structure, and (4) similar valences. In spite of

satisfying all these conditions, the Ag–Cu system,

among others, does not exhibit the expected isomor-

phous behavior, but decomposes according to a

eutectic reaction. However, the initial experiments of

Duwez have convincingly proved that rapid solidi-

fication of molten alloys in this system results in the

formation of a continuous series of solid solutions

[12]. Subsequently, a few other systems that deviate

from the Hume–Rothery rules were also shown to

behave in a similar manner. In other systems, where

it was not possible to achieve complete solid solu-

bility of the two elements, large extensions of solid

solubility limits were reported [24, 27]. In the early

years of research on RSP, it was suggested that the

maximum solid solubility levels achieved are deter-

mined by the nature of the phase diagrams. For

example, the maximum solid solubility limit is lim-

ited by the equilibrium solid solubility at the eutectic

or peritectic temperatures. This is because, beyond

this limit, the second phase starts nucleating and

prevents further extension of solid solubility limit.

This was, however, not borne out by many investi-

gations. This is understandable because phase dia-

gram show the equilibrium behavior dictated by

thermodynamics, while the constitution of the RSP

product is mainly determined by kinetic factors. In

fact, there are more exceptions to this statement than

instances when it was followed. Based on a large

number of solid solubility extensions observed in a

number of alloy systems, it was reported that the

solid solubility extension was significantly higher if

the equilibrium solid solubility was very small [28].

Solid solutions (both equilibrium and extended)

were also reported to form in mechanically alloyed

powders. For example, complete mutual solid solu-

bility of Cu and Ag was reported by Uenishi et al.

[29]. Figure 1 shows a plot of the lattice parameter of

the solid solution phase obtained by MA and RSP

techniques as a function of the Ag content in the Cu–

Ag system. The lattice parameters for the MA pow-

ders were taken from Ref. [29] and those for RSP

alloys from Ref. [30]. The behavior is very similar in

both the cases. Large solid solubility extensions by

MA were also reported in a number of alloy systems,

listed in Refs. [23, 24]. Table 1 presents some typical

solid solubility-level extensions achieved in RSP and

MA alloys.

The solid solubility limits obtained by MA appear

to be determined by conditions different from those

listed for RSP alloys. For example, the largest exten-

sion in solid solubility in MA powders will be

obtained before the onset of amorphization. Another

observation was that the solid solubility is higher if

the solvent grain size is very small, typically in the

nanometer dimensions [31, 32]. (It is possible that the

solute atoms segregate to grain boundaries because of

the vastly increased grain boundary area.) Another

approach suggested that the solubility limit is deter-

mined by a balance between intermixing due to shear

Figure 1 Variation of lattice parameter of the Cu–Ag solid

solution, as a function of the Ag content, obtained by both RSP

and MA methods. The lattice parameters were taken from Ref.

[29] for MA powders and from Ref. [30] for RSP alloys. Note

similar behavior in both the cases.
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forces and decomposition due to thermally activated

jumps, described by the ratio of these two, known as

the forcing parameter, c [33]. An important general

observation is that kinetic factors predominate over

thermodynamic constraints in determining the for-

mation of metastable solid solutions; this appears to

be even more so in MA than RSP.

The formation of solid solutions can be explained

by Hume–Rothery rules in both the cases. The atomic

size factor seems to play the most important role; the

electronegativity is less important. A size difference

of less than about ± 15% is desired to achieve good

solid solubility, noting that a smaller size factor

results in a larger solubility limit. This criterion has

been followed for equilibrium solubility levels and

also for alloys obtained by RSP methods. However,

the situation appears to be different in solid solutions

obtained by MA. Figure 2a shows the variation of the

maximum solid solubility of different elements in Cu

obtained by MA. It is very clear from this figure that

large solubilities were obtained only when the size

factor was small. More importantly, the solubility

achieved was small, when the size difference was

large. However, when we also consider the elec-

tronegativity values and prepare a Darken–Gurry

plot [34] of the systems of interest, with the elec-

tronegativity plotted against atomic size, the results

are not very satisfactory (Fig. 2b). For example, ele-

ments such as Ag (100%), Al (18%), Hg (17%), Sn

(9.8), and Ti (9.4%), which have extended solubility

levels of over 5% in Cu, are outside the ellipse rep-

resenting ± 15% atomic size difference and a ± 0.4

unit deviations of electronegativity from the value of

Cu. Thus, the rules that explain the equilibrium solid

solubilities may not be able to satisfactorily explain

the results obtained under non-equilibrium condi-

tions, particularly in MA powders.

By comparing the results on solid solubility

extensions obtained by these two non-equilibrium

processing techniques, it is clear that the solid solu-

bility extensions achieved by MA are higher than

those obtained by RSP methods. This has been

explained on the basis that the maximum departure

achieved in MA is much higher than that by RSP [35].

Another important microstructural difference

appears to be that the grain size in the milled pow-

ders is frequently of nanometer dimensions. This

certainly helps in increasing the solid solubility lim-

its. In fact, experimental observations suggest that the

solid solubility extensions achieved are the highest by

MA among all the non-equilibrium processing

methods. As an example, the maximum solid solu-

bility of Fe in Cu is 0.3 at.% at room temperature

under equilibrium conditions, while the extended

values are 20 at.% by RSP, 35 at.% by evaporation

methods, 50 at.% by sputtering, and 68 at.% by MA.

Similar behavior is observed in other alloy systems as

well.

Even though both RSP and MA are non-equilib-

rium processing methods, the solid solubility exten-

sions achieved are different. The reasons for this

difference are not very clear at present. Solid solution

formation is associated with the absence of solute

partition. This is relatively easy to understand in the

case of RSP because of the rapid solidification rates

involved during solidification. But such a situation

does not exist in MA powders since they do not melt

and therefore no solidification is involved. However,

it is possible that segregation of solute atoms to

interfaces such as grain boundaries and triple

Table 1 Extension of solid solubility levels achieved by rapid solidification processing (RSP) and mechanical alloying (MA) methods

Alloy system (solvent–solute) Equilibrium solid solubility limit (at.% solute) Extended solubility limit (at.% solute)

Room temperature Maximum RSP MA

Ag–Cu 0.0 14.0 100 100

Al–Mn 0.4 0.6 9.0 18.5

Al–Ti 0.0 0.75 2.0 36

Cd–Zn 3.1 4.35 35 50

Cu–Cr 0.0 0.0 4.5 50

Nb–Al 5.9 21.5 25 60

Ni–Ta 3.0 17.2 16.6 30

Ti–Si 0.0 3.5 6.0 37.5

13368 J Mater Sci (2018) 53:13364–13379



junctions in MA powders and the enhanced diffu-

sivity due to the presence of defects could be

responsible for the increased solid solubility levels in

MA powders. Further work is required on this

aspect.

Intermetallic phases

A number of intermetallic phases have been synthe-

sized in different alloy systems by both RSP and MA

methods. Several ‘‘missing’’ Hume–Rothery phases

were synthesized by RSP, in addition to some novel

phases, including primitive cubic phases in Te-Ag

and some other alloy systems. Some high-pressure

and high-temperature phases were also synthesized

at atmospheric pressure and room temperature.

Quasicrystalline phases (with the traditionally for-

bidden rotation symmetries) have also been synthe-

sized. A partial listing of such phases may be found

in the literature (see, for example, Ref. [27]).

A variety of intermetallic phases were also syn-

thesized by MA. Even though many of the phases

synthesized by MA were similar to those prepared by

RSP, many other phases were also synthesized.

Instead of discussing all the different phases pro-

duced by MA, let us look at some of the distin-

guishing features of the intermetallic phases

produced by MA. These include: (1) both stable and

completely novel metastable phases, (2) phases with
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altered (extended) stoichiometry, and (3) phases

formed due to powder contamination. A complete

list (up-to-date at the time of publication) of the

intermetallic phases produced by MA was presented

in Refs. [23, 24].

Many equilibrium phases that are stable at room

temperature were synthesized starting from blended

elemental powders by MA methods. Additionally,

completely novel phases, not present under equilib-

rium conditions in the phase diagrams, have also

been synthesized. Formation of these intermetallic

phases has been rationalized on the basis that they

have a much lower free energy than a mixture of

phases.

A number of silicide and germanide phases corre-

sponding to the stoichiometry MSi2 and MGe2
(M = metal) are present under equilibrium condi-

tions and are frequently used in the microelectronics

industry. But such phases are missing in some alloy

systems, and notable exceptions are NiGe2 and

MnSi2. For example, a mixture of NiGe and Ge

coexists at the Ni-66.7 at.% Ge composition under

equilibrium conditions in the Ni-Ge system. MA of

blended elemental powders corresponding to the Ni-

66.7 at.% Ge composition resulted in the formation of

the expected NiGe2 phase with an orthorhombic

crystal structure [36].

Another category of intermetallic phases synthe-

sized by MA includes phases with extended stoi-

chiometry, in addition to the extended primary solid

solubility levels. It has been reported that, in com-

parison with the equilibrium situation, the composi-

tion range in which an intermetallic phase is

produced is much wider for MA materials. Table 2

shows the situation in the Al–Mg system [37]. There

are other instances where the homogeneity ranges of

intermetallic phases have been extended in MA

powders.

While the equilibrium NiSi phase is expected to be

stable at 50 at.% Si and the NiSi2 phase at 66.7 at.% Si

in the Ni-Si system, these phases have formed in the

MA powders at much higher Si contents. For

example, the equilibrium constitution at Ni-60 at.% Si

composition is expected to be a phase mixture of NiSi

and NiSi2; however, only the NiSi phase was present

in the MA powders [38]. Similarly, at Ni-75 and

80 at.% Si compositions, a mixture of NiSi2 and Si is

expected to be present; but only the NiSi2 phase was

present at both compositions [39]. This can happen

under two different situations. One is the increased

homogeneity range of the NiSi and NiSi2 phases to

higher Si contents. But this is unlikely since these are

line compounds. The second and more convincing

explanation is based on the fact that some Si was lost

during the milling process [40, 41]. Loss of Si during

milling can occur due to possible oxidation. Accord-

ing to the available free energy data, the free energies

for the oxidation of Si and Ni are:

Si ! SiO2; DG ¼ � 853:25 kJ/mol; and

Ni ! NiO; DG ¼ � 419:625 kJ/mol:

Since the oxidation of Si is somuch easier (due to the

lower free energy of formation of SiO2) than that of Ni,

it is possible that some Si gets oxidized during MA.

This SiO2 can react with the remaining Si and trans-

form to SiO, which can then easily vaporize. Conse-

quently, the Si content in themilled powder is lowered

which results in formation of phases stable at lower Si

contents. On the other hand, loss of Ge does not occur

while milling the Ni-Ge powder blends because the

free energy of formation ofGeO2 is closer to that ofNiO

(Ge ? GeO2, DG ¼ � 518:5 kJ/mol).

The last category of intermetallic phases in MA

powders consists of phases formed due to powder

contamination. As has been acknowledged by many

researchers in the field of MA, powder contamination

is a ubiquitous problem. Powder contamination can

arise from several sources, the important ones being

contaminants in the original powder, milling atmo-

sphere, and wear and tear of the milling media. The

milled powder can also be contaminated when it

comes into contact with the atmosphere after opening

the milling vial. While the powder purity and milling

atmosphere contribute mostly the interstitial

Table 2 Extended homogeneity ranges for intermetallic phases in the Al–Mg system processed by MA [37]

Phase Equilibrium homogeneity range (at.% Mg) Extended homogeneity range (at.% Mg)

b-phase (Al3Mg2) 38.54–40.3 45–50

c-phase (Al12Mg17) 45.0–60.5 50–70
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impurities, the wear and tear of the milling media

contribute substitutional impurities, mostly Fe, Cr

and Ni from steel vials and W and C from WC vial-

s/tools. The problem is exacerbated when reactive

metals like Ti and Zr are milled.

Milling of blended elemental powders corre-

sponding to the composition Ti–24Al–11Nb (at.%)

results in the formation of a bcc phase, which on

continued milling transforms to an fcc phase. An fcc

phase also forms on milling pre-alloyed bcc Ti–24Al–

11Nb powders. It was also claimed by some that this

fcc phase is the disordered form of the commercially

and technologically important c-TiAl phase with

tetragonal structure. Since the deformation behavior

of disordered alloys is different from the behavior of

ordered ones, and the former are expected to show

more ductility, it was also hoped that alloys with this

fcc structure will be more ductile. However, it has

been noted that this fcc phase forms on milling of

many different Ti-based alloys (pure Ti, different

blended elemental or pre-alloyed Ti alloy powders)

[42]. Therefore, doubts were cast on its nature,

questioning whether it was truly the disordered form

of c-TiAl or it was a contaminant phase. This confu-

sion was resolved by conducting a detailed structural

analysis of the milled Ti alloy powder containing the

fcc phase [43].

Figure 3a shows the X-ray diffraction (XRD) pat-

terns of the pre-alloyed Ti–24Al–11Nb (at.%) powder

milled for different times. The starting unmilled

powder (0 h) shows the B2 ordered structure. (Be-

cause of the positions and atomic scattering factors of

the elements present, the intensity of the superlattice

peaks (for example, 100 at 2h = 27.5�, 111 at

2h = 48.64�, and 210 at 2h = 64.14�) is so low that they

are not seen in the XRD pattern.) The peaks are

broadened after milling for 5 h due to a reduction in

the crystallite size and increase in lattice strain of the

milled powder. On further milling to 10.5 h, an fcc

phase with a = 0.42 nm has formed. Figure 3b shows

the Raman spectra of these powders. While the

unmilled powder does not show any Raman peaks,

the powder milled for 5 h shows Raman peaks at 260,

410, and 605 cm-1, with a small shoulder peak at

152 cm-1. The intensities of these peaks increased

with increasing milling time, indicating the evolution

of a new phase on milling. These peaks are at

148–153, 261-1, 412, and 606 cm-1 indicating the

presence of TiN. X-ray photoelectron spectroscopy

(XPS) measurements were conducted on the as-

received and milled powders to reveal the interac-

tion, if any, between the components of the milling

atmosphere (oxygen and nitrogen) and the alloy

constituents. Figure 3c shows the XPS spectra of Ti

2p, Al 2p, and N 1s for the Ti–24Al–11Nb powder

milled for 5 h. The Ti 2p3/2 peak appeared at

455.30 eV, close to the value expected for pure TiN

(455.0–455.7 eV). Additionally, the energy separating

the 2p1/2 and 2p3/2 peaks is 5.90 eV. These values are

quite different from those of pure TiO2, where the Ti

2p3/2 peak appears at 458.5–458.7 eV, and the peak

separation energy is 6.15 eV. Thus, the characteristic

features observed in these patterns clearly indicate

the presence of TiN. The Al 2p peak appears at 73.0

and 75.5 eV. The peak at 73.0 eV corresponds to the

metallic state, while the peak at 75.5 eV is ascribed to

the formation of an oxide phase. The N 1s peak at

397.2 eV suggests an electron-rich state of the nitro-

gen atoms for a strong covalent compound such as

AlN. The intensity of the N 1s peak increased with

increasing milling time. These results suggest that the

titanium atoms have a nitride-like interaction with

the incorporated nitrogen atoms, whereas most of the

Al atoms remain in the metallic state, even though

some portion of them could form an oxide. Thus, the

fcc phase is concluded to be TiN, formed due to

nitrogenation of the titanium in the milled powder.

It should be pointed out that the last two types of

phases are really neither truly metastable nor phases

with altered stoichiometry. Such an altered phase

constitution is achieved because of loss of silicon (or

other alloying elements) from the powder blend

during milling due to milling-associated problems

and not fundamentally related to the actual process

of MA. Therefore, if loss of these alloying elements is

avoided by taking proper precautions, the equilib-

rium constitution only is expected to be achieved. But

these are mentioned here to make researchers aware

of reports where people assume that a particular

phase is forming at an altered stoichiometry not

cFigure 3 a X-ray diffraction patterns of the pre-alloyed Ti–24Al–

11Nb (at.%) powder in the unmilled (0 h) and milled for 5 and

10.5 h. b Raman spectra of the Ti–24Al–11Nb (at.%) powder

milled for different times. The sensitivity of the samples milled for

0 and 5 h is 950 as high as the sample milled for10.5 h. c XPS

spectra for Ti 2p, Al 2p, and N 1s of Ti–24Al–11Nb (at.%) powder

milled for 5 h. The dotted line in Ti 2p indicates the Ti 2p3/2 peak

for the powder before milling.
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because the phase is stable at different solute content

but because of loss of some constituents.

Formation of contaminant phases can also be

completely avoided by milling the powders in high-

purity environments. For example, it was reported

that a metastable fcc phase had formed on milling the

pure metal Hf for long periods of time in a conven-

tional SPEX mill. But when the powder was milled in

a highly pure environment, only the equilibrium hcp

phase was retained [44]. To achieve the high-purity

environment, the powders were loaded into the

milling vial in an evacuated and argon-filled glove

box, and the lid was tightly sealed. This milling vial

was then loaded into the SPEX mill which, in turn,

was enclosed in a vacuum chamber that was evacu-

ated and where the oxygen and nitrogen levels each

were maintained below 1 ppm. Thus, it could be

unambiguously confirmed that the fcc formed in the

milled Hf powder was a contaminant phase.

Metallic glasses

Metallic glasses or amorphous alloys have been

produced in a number of alloy systems by both RSP

and MA methods. As highlighted earlier, the glassy

phase is obtained on solidification from the liquid

state (either very rapidly in the case of ribbons or

more slowly in the case of bulk metallic glasses),

while it is produced at near room temperature and

completely in the solid state by MA methods. Addi-

tionally, it has also been reported that the amorphous

phase produced by MA methods can get crystallized

on continued milling, a phenomenon commonly

referred to as mechanical crystallization [45–47]. The

amorphous phase can also crystallize on annealing at

higher temperatures, like in RSP alloys, and this can

be considered as thermal crystallization. But an

important difference between these two processes is

that the crystalline phase is produced on continued

milling of the amorphous powders obtained by MA.

But in RSP alloys crystallization occurs on subse-

quent exposure to higher temperatures and/or

pressures [48]. It has also been reported that glassy

ribbons produced by RSP will also get crystallized

under the action of mechanical milling [49, 50].

The most significant differences in materials pro-

duced by RSP and MA appear to be in the formation

of metallic glasses. Even though metallic glasses are

produced by both techniques, the systems in which

glasses are formed and the composition ranges in

which they are formed appear to be quite different.

Additionally, the criteria for glass-forming ability

and the mechanism of formation of metallic glasses

also are different. We will now critically look at these

two aspects.

Mechanism of glass formation

It was mentioned above that the undercooling expe-

rienced by metallic melts was responsible for the

formation of metastable phases during RSP methods.

This is particularly true for formation of metallic

glasses. It has been shown that metallic glasses (in-

cluding the bulk metallic glasses) are formed from

the liquid state only when the melt was (1) solidified

above the critical cooling rate for glass formation and

(2) undercooled to a temperature below the glass

transition temperature (Tg) for the alloy. The cooling

rate and Tg are alloy (and composition) dependent.

Metallic glasses were formed during solidification

when these two conditions were satisfied. The

required undercooling was achieved during RSP due

to the rapid heat removal from the liquid when it

solidified in a small section thickness. Consequently,

it was possible to obtain metallic glasses only in thin

foil ribbons, wires, and powder forms. However, in

the case of bulk metallic glasses, significant amount

of undercooling could be achieved at a low cooling

rate in samples with larger cross section due to the

presence of a large number of constituent elements,

typically three or more.

Formation of glass (or amorphous solid, to be more

accurate) has been achieved in a very large number of

alloy systems by MA also. However, it is important to

remember that MA is a completely solid-state process

and, since a liquid phase is not involved, the ability to

achieve a high solidification rate or large amount of

undercooling is irrelevant when using this method.

However, in the early years of research on glass

formation by MA, it was argued that the powder

particles melted in highly localized areas, as very

high temperatures were reached due to the high rate

of plastic deformation and the large amount of

energy transferred to the powder particles during

compression of the powder between colliding milling

balls and container wall. Subsequent quenching of

this small amount of liquid by heat conduction into

the less deformed, and hence cooler, interior regions
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of the particles resulted in the formation of the

amorphous phase [51, 52]. If this is true, the mecha-

nism for the formation of metallic glasses is very

similar in both RSP and MA methods.

However, energy input calculations, temperature

rise estimates, and experimental measurements sug-

gest that the temperature rise during MA is not large

enough for the powder particles to melt. It was esti-

mated that the maximum rise in the powder tem-

perature is about 200 K [23, 24]. Therefore, it is

unlikely that this is the mechanism by which amor-

phous phases are obtained in MA powders. Fur-

thermore, if this mechanism was true, the glass-

forming composition ranges in MA and RSP alloys

should be the same, and this is also not true.

Instead, it has been suggested that due to the high

density of crystal defects introduced into the metal

powders during MA, the free energy of the crystal

phase is raised to a level above that of the hypo-

thetical amorphous phase. Even though a variety of

crystal defects (including dislocations, grain bound-

aries, stacking faults, etc.) are introduced into the

powders during MA, the most significant contribu-

tions to raise the free energy arise from small grain

sizes and disordering of ordered intermetallics.

Amorphization takes place, if:

DGcrystal þ DGdefects [DGamorphous

where DG represents the free energy. That is, during

MA the amorphous phase gets stabilized due to the

relatively low free energy of the hypothetical amor-

phous phase vis-a-vis the defected crystalline phase.

As a result of the completely different mechanisms

by which the amorphous phases are formed in the

RSP and MA alloys, the composition ranges in which

the amorphous phases form and perhaps also the

homogeneity of the phases are different in the two

cases.

Glass formation composition ranges

Glass formation has been reported to occur in a

variety of alloy systems by a number of non-equi-

librium processing methods, but we will only com-

pare the glass-forming composition ranges in RSP

and MA alloys. Figure 4a shows the Ni–Nb equilib-

rium phase diagram featuring two intermetallics—

Ni3Nb and Ni6Nb7—in addition to the two terminal

solid solutions [53]. The composition ranges in which

the amorphous phase was obtained by different non-

equilibrium processing techniques are shown in

Fig. 4b [23]. While the glassy phase is produced in

two different composition ranges by the RSP method,

other methods (ion beam mixing, laser quenching, RF

sputtering and MA) produce the glassy phase in a

continuous and wider composition range. This is

explained based on the fact that the criteria for glass

formation are different in different methods. In fact, it

has been possible to produce the glassy phase in the

widest possible composition range by MA. Several

other examples are also available in the literature

[23, 24]. Table 3 clearly shows that the composition

ranges for glass formation by RSP and MA methods

are significantly different in different alloy systems.

Criteria for glass formation

As mentioned above, glass formation from the liquid

state occurs when the critical cooling rate for glass

formation is exceeded and the melt is undercooled to

below Tg. Based on thermodynamic arguments for

crystal nucleation, Turnbull [71] suggested that the

reduced glass transition temperature, Trg, defined as

the ratio of Tg and the liquidus temperature of the

alloy, T‘, i.e., Trg = Tg/T‘, should be a good indicator

to evaluate the glass-forming ability of alloys. A high

value of Trg is easily obtained near deep eutectics

(where the eutectic (liquidus) temperature is signifi-

cantly lower than the individual melting tempera-

tures of the constituent elements, while Tg is less

sensitive to the composition), and therefore,

researchers were able to obtain glassy alloys at such

compositions determined from phase diagrams. For

bulk metallic glasses (BMGs), Inoue [72] proposed

that easy glass formation is possible when (1) the

alloy contains at least three components, (2) a sig-

nificant atomic size difference ([ 12%) exists among

the constituent elements, and (3) a negative heat of

mixing is present among these elements. These cri-

teria were very useful in identifying alloy systems

and the appropriate composition ranges to produce

BMGs.

Since 2003, a number of new criteria based on the

thermal properties of the alloys and physical char-

acteristics of the component atoms were developed,

with different successes in predicting the glass-

forming ability of alloys. These include the so-called

a, b, c, cm, d, /, etc., parameters [4, 73], listed in

13374 J Mater Sci (2018) 53:13364–13379



0 20 40 60 80 100

RSP

Ion Beam
Mixing

Laser Quench

RF Sputtering

MA

Composition (at.% Nb) 

Amorphization Range 

(a)

(b)

Figure 4 a The Ni–Nb

equilibrium phase diagram

showing the presence of

different equilibrium phases in

different composition ranges

and at different temperatures

[53]. b Composition ranges for

amorphous phase formation by

different non-equilibrium

processing methods in the Ni–

Nb system [23].

Table 3 Composition ranges

for glass formation in different

alloy systems by RSP and MA

methods

Alloy system Glass formation range (at.% solute)

By RSP Refs. By MA Refs.

Fe83-xCrxC17 24–50 Cr [54] 10–60 Cr [54]

Fe83-xMoxC17 5–26 Mo [54] 5–60 Mo [54]

Ni–Nb 33.3–48 and 55–58 Nb [55] 20–80 Nb [56]

Ni–Ta 33.4–45 Ta [55] 40–80 Ta [59]

30–60 Ta [57] 20–90 Ta [60]

35–65 Ta [58]

Ti–Cu 30–75 Cu [61] 10–50 Cu [63]

35–70 Cu [62] 10–90 Cu [64]

Ti–Ni 20–62 Ni [62] 10–70 Ni [63]

24–46 Ni [65]

Zr–Co 20–52 Co [66] 27–92 Co [67]

Zr–Fe 20–42.5 and 88–93 Fe [68] 30–78 Fe [67]

Zr–Ni 20–70 Ni [69] 27–83 Ni [70]
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Table 4. In spite of this large number of parameters,

the predictability of glass formation has not

improved significantly [74] and it has been difficult to

exactly specify which alloy compositions would

produce glassy phases and in which composition

ranges. But it is important to remember that all these

criteria have been developed for metallic glasses

processed via the solidification route. As mentioned

earlier, MA, a completely solid-state powder pro-

cessing technique, is another important technique to

produce amorphous alloys. But there have not been

any systematic investigations on the conditions under

which amorphous phases are formed by MA.

Therefore, we wished to determine whether the cri-

teria applicable to RSP studies would be applicable to

the solid-state processed amorphous alloys processed

by MA or other criteria need to be formulated. For

this purpose, we undertook a comprehensive inves-

tigation on the glass formation behavior and stability

of several Fe-based glassy alloys synthesized by MA.

Blended elemental (BE) powders corresponding to

the generic composition of Fe42X28Zr10B20 (where the

subscripts represent the composition of the alloy in

atomic percentage and X = Al, Co, Ge, Mn, Ni, or Sn)

were milled to determine whether they become

amorphous and also the time required for their

amorphization. The element X in the general alloy

composition Fe42X28Zr10B20 was selected based on the

number of intermetallics it forms with Zr under

equilibrium conditions at room temperature. This

number increases from 1 with Mn to 8 with Al, which

provides a basis to analyze the results systematically.

It was noted that amorphization had occurred in the

powder blends containing Al, Ge, and Sn, but not in

the blends containing Co, Mn, and Ni. This obser-

vation is rationalized on the basis that amorphization

occurred in powder blends if the total number of

intermetallics in the constituent binary alloy systems

(X-Zr, X-Fe, and X-B) is more than 10. Further, the

time required for amorphization was shorter if the

total number of intermetallics was higher [75].

As mentioned above, amorphization in powder

blends occurs when the free energy of the hypothet-

ical amorphous phase is lower than that of the crys-

talline phase(s). The magnitude of energy increase in

the crystalline phase due to the introduction of

crystal defects is different for different types of

defects. Even though increasing the dislocation den-

sity and reduction in grain size down to nanometer

levels increase the free energy, the main contribution

is from the presence of intermetallics in an alloy

system. This is due to two important effects. First,

disordering of intermetallics contributes about

15 kJ/mol to the system. Secondly, a slight change in

the stoichiometry of the intermetallic increases the

free energy of the system drastically. In addition,

grain size reduction contributes about 5 kJ/mol.

Since MA reduces the grain size to nanometer levels

and also disorders the usually ordered intermetallics,

the energy of the milled powders is significantly

raised. In fact, it is raised to a level above that of the

hypothetical amorphous phase. This condition leads

to a situation when formation of the amorphous

phase is favored over the crystalline phase.

In summary, even though phase diagrams are

useful guidelines in choosing alloy compositions for

easy glass formation by both RSP and MA methods,

the features to look for appear to be quite different. It

is just fortuitous that some alloy compositions can be

amorphized by both the methods.

Crystallization behavior of metallic glasses

Since metallic glasses are in a non-equilibrium con-

dition in the as-synthesized state at room tempera-

ture, they undergo crystallization on annealing at

higher temperatures. Crystallization of metallic

Table 4 Different criteria proposed to explain the glass-forming

ability of bulk metallic glasses in different alloys systems [4, 73]

Criterion Formula

Trg Trg = Tg/T‘

DTx DTx = Tx - Tg

a a = Tx/T‘

b b = (Tx/Tg) ? (Tg/T‘) = 1 ? a
New b New b = (Tx 9 Tg)/(T‘ - Tx)

2

c c = Tx/(Tg ? T‘)

cm cm = (2Tx - Tg)/T‘

d d = Tx/(T‘ - Tg)

x x = (Tg/Tx) - [2Tg/(Tg ? T‘)]

xm xm = (2Tx - Tg)/(T‘ ? Tx)

/ / = Trg (DTx/Tg)
0.143

1 1
= (Tg/T‘) ? (DTx/Tx)

Kgl Kgl = (Tx - Tg)/(T‘ - Tx)

Modified Trg Modified Trg = (Te - Tg)/(T‘ - Tg) 9 (Tg/T‘)

Tg = glass transition temperature; T‘ = liquidus temperature;

DTx = width of the supercooled liquid region; Tx = crystallization

temperature; Te = eutectic temperature
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glasses has been known to proceed in three different

modes. The first is polymorphous, where the glass

transforms into a crystalline state without a change in

composition, i.e., a single-phase alloy is produced.

The second is eutectic crystallization in which two

different crystalline phases are produced simultane-

ously from the glassy alloy. The last one is primary

crystallization in which a primary solid solution

phase is produced first and the remaining glassy

phase then crystallizes either in the polymorphous or

eutectic mode. It was noted that the crystallization

behavior of metallic glasses is very similar irrespec-

tive of whether they were produced by RSP or MA

methods. However, as noted above, amorphous

alloys produced by RSP or MA can be crystallized on

subjecting them to milling.

Concluding remarks

We have seen above that a variety of

metastable phases (solid solutions, intermetallic

phases, and metallic glasses) are synthesized by both

RSP and MA methods. Even though both techniques

are capable of producing a variety of different phases,

the solid solubility limits achieved are different, the

nature of the intermetallic phases is different, and the

composition ranges in which the amorphous phases

produced and the criteria for glass formation seem to

be quite different. These differences have been

rationalized on the basis that MA is a completely

solid-state process and that metastable phases are

produced by the accumulation of strain energy. On

the other hand, the significant amount of undercool-

ing experienced by the melts during solidification

involved in RSP methods is responsible for the for-

mation of the metastable phases. These have been

explained with specific examples.
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