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Analysis of Al nanocrystals nucleation process in AlNiGd metallic glass

during annealing and severe plastic deformation
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Analysis of the process of nanocomposite structures formation in Al87Ni8Gd5 metallic glass under isothermal

annealing at 448K and under high pressure torsion straining was performed in the frames of the classical equation

for rate of homogeneous nucleation. The value of specific free energy of the nucleus/matrix interface, which agreed

with the experimentally established volume density of nanocrystals, was used as the only one free parameter. The

nucleation rate during annealing was estimated using the effective diffusion coefficient, which was taken from

the literature, while in the equation for deformation-induced nucleation rate the value of the diffusion coefficient

determined by the size of nanocrystals in the deformed sample was used. It was established that approach proposed

in this work, which consisted in substituting into the equation for nucleation rate during deformation the value of

the work of critical nucleus formation corresponding to room temperature, correctly described the experimentally

established enhanced volume density of nanocrystals in deformed samples.
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Introduction

Metallic alloys with an amorphous --nanocrystalline struc-

ture (nanocrystals with dimensions ≤ 30 nm and density

≥ 1021 m−3, dispersed in an amorphous matrix), synthe-

sized at the end of the last century [1,2], have now become a

promising class materials with unique complexes of physical

properties. The main methods for obtaining nanocomposite

structures are incomplete amorphization of the solidifying

melt [2] and partial crystallization of the amorphous phase

during heating [1,3] or in process of deformation [4]. In

view that the properties of nanophase composites depend

on structural parameters (the size of nanocrystals and their

volume fraction) [5], the values of which are determined by

the synthesis modes, the most common method for their

preparation is the controlled crystallization of amorphous

phases.

Obviously, due to a number of physical and technical

reasons, heat treatment (isothermal holding or heating at

a constant rate) is a more convenient method, because

it allows to realize a wide range of structural states

using well established technological solutions. However,

nanocrystallization during annealing is accompanied by an

almost complete loss of plasticity [6–8], which significantly

limits the usage value of nanophase composites formed by

heat treatment. In contrast to the heat-treated materials,

those materials with nanocomposite structures obtained

in the process of severe plastic deformation retain an

acceptable level of plasticity [9,10], which is caused by the

increased concentration of free volume [11,12] and is of

interest with from a practical point of view.

Another characteristic feature of the structure of

deformation-induced nanocomposites is significantly (in
2−4 times) smaller sizes of nanocrystals and their higher

(by 1−2 orders) volume density than those in the heat-

treated samples [13,14]. Despite the undoubtedly fundamen-

tal interest and practical importance of the materials with a

nanocomposite structure, the regularities of the process of

deformation-induced crystallization and, in particular, the

nucleation process remain a subject of discussion [15].

Until now, the theoretical basis for the analysis of

crystallization processes of glasses is the classical theory of

crystallization which is a set ofequations developed [16] by
the middle of the last century that describe the temperature-

time dependences of the rates of nucleation and growth

of crystals and the kinetics of transformation. Despite

the fact that most of these equations were derived for

small deviations from equilibrium, subsequent practice

has shown that, with certain modifications, the classical

theory correctly describes the crystallization processes of

glasses [17,18], including the formation of nanocomposite

structures with a high density of nanocrystals at heating or

isothermal annealing [19–22]. However, for deformation-

induced crystallization of this kind there is no quantitative
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description due to the complex nature of the processes,

which limits the correct estimation of the parameters.

There is no doubt that one of the most important

parameters determining the rate of nucleation and growth of

crystals is the diffusion coefficient at the interface between

the parent and crystalline phases. The nature of this

type of diffusion, called effective one, differs from the

processes of self- and heterodiffusion (migration) of atoms,

and the values of its coefficients (Deff) are determined

by comparing model calculations with the experimentally

measured parameters of the crystallization process [23].
In particular, to characterize the process of deformation-

induced crystallization in the high-pressure torsion (HPT)
method, it was recently proposed [24,25] to use the value

of the diffusion coefficient determined from the particle

sizes of the new phase. Calculated in these studies in

the frames of the parabolic growth equation [26] from

the average grain sizes L that grew during deformation

in the time t, values of Deff for crystals of the solid

solution of tin in copper and for α-Fe nanocrystals in

glasses based on iron turned out to be several orders

of magnitude higher than the heterodiffusion coefficients

of the components of these alloys at room temperature.

Based on the estimates obtained, a conclusion was made

about the analogy of the processes of thermal diffusion and

mass transfer stimulated by deformation, and the concept

of the effective temperature of the deformation process

was introduced, which is significantly higher than room

temperature [24,27].
Accounting that the processes of crystal nucleation and

growth are diffusion-controlled, it seems interesting to use

the Deff values as a parameter to estimate the rate of

nucleation of Al nanocrystals in the process of deformation-

induced crystallization. Metallic glass Al87Ni8Gd5 was

chosen as the object of analysis, the structural parameters

of the nanocomposite states of which were determined both

after isothermal annealing and after deformation by the HPT

method.

1. Materials and experimental procedure

The starting material for the formation of nanocomposite

structures was an amorphous robbon with a thickness of

69µm and a width of 10mm, obtained by spinning a

melt of the nominal composition Al87Ni8Gd5 on a bronze

quenching wheel [23]. Isothermal annealing of the ribbon

sample was carried out in a flow of argon in a resistance

furnace, preheated to the required temperature (448K). The
holding time was 3600 s. The deformation of the samples

was carried out by torsion at a speed of 1 rpm between

Bridgman anvils under pressure (HPT) P = 4GPa at room

temperature. The deformed samples had the shape of disks

with a diameter of 10 mm.

The structures of heat-treated and deformed samples

were studied by X-ray diffraction using a Siemens D-

500 diffractometer with Co Kα-radiation. To estimate

the structural parameters of nanophase composites (sizes
of nanocrystals and their volume fraction) formed dur-

ing processing, contributions from the amorphous and

nanocrystalline phases were identified in the diffraction

patterns. The sizes of nanocrystals, L, were estimated from

the half-width of the diffraction line (111), 1β, using the

well-known Selyakov−Scherrer formula [28]:

L = λ/(1β cos θ), (1)

where λ is the radiation wavelength, θ is the reflection

angle. The 1β value was determined taking into account the

instrumental contribution to the broadening. The volume

fraction of the crystalline phase was calculated from the

ratio of the integral intensity of the peaks of the crystalline

phase to the total intensity of scattered radiation from the

relation [29]

X = Icr/(Iam + αIcr), (2)

where Icr and Iam are the integral intensities of reflections

from the crystalline and amorphous phases (in the angular

range under study), respectively, and α is a parameter that

takes into account the differences in the scattering abilities

of Al nanocrystals and the residual amorphous matrix, the

value of which for Al88Ni4Sm8 alloy was found to be

0.37 [29].

2. Results and discussion thereof

Analysis of the diffraction patterns of these samples

(Fig. 1) showed that the nanophase composite formed

during the annealing process contains Al nanocrystals, the

volume fraction of which is Xh = 0.05, the average size

is Lh = 14 nm, while deformation at room temperature

leads to the formation of nanocrystals with an average

size of 6 nm and a fraction of the crystallized volume

Xd = 0.22 [14]. The volume densities of nanocrystals

(N = 6X/(πL3)) in the annealed and deformed samples

calculated using these parameters are Nh = 3.48 · 1022 m−3

and Nd = 1.95 · 1024 m−3, respectively. These characteris-

tics were taken as reference, and the main task of the

analysis was to develop an approach for estimating the

values of the physical parameters included in the equations

for the rates of crystal nucleation at which nanophase

composites with the above mentioned structural parameters

are formed during annealing and deformation.

The analysis of the nanocrystallization process in the

present study was carried out under the assumption of

a homogeneous (fluctuation) nucleation mechanism, the

applicability of which was established in a number of

works [19–22]. Due to the fact that nanocrystals of pure Al

grow in the glass investigated (i.e., as the crystalline phase is

formed, the composition of the parent (amorphous) phase is
enriched with alloying elements), to describe the nucleation

process, the classical equation [16] is used, which takes into

account the effect of changing of concentration (CM) on the
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Figure 1. X-ray diffraction patterns of melt-quenched ribbons of the Al87Ni8Gd5 alloy after isothermal annealing for 1 h at 448K (a) and
after torsion by 1 turn under a pressure of 4GPa (b): 1 — experimental spectrum, 2 — total curve, 3 — diffuse halo from the residual

amorphous phase, 4 — the peaks (111) and (200) of Al nanocrystals.

work of formation of a critical nucleus in the form [22]

J(T, t) =
N0

a2
0

D(T ) exp

[

−
W ∗

T

]

=
N0

a2
0

D(T ) exp

{

−
1πσ 3Vin2

3kT1G2
c(T,CM)

}

, (3)

where W ∗ is the work for formation of a critical nucleus,

N0 is the number of atoms per unit volume, a0 is

the diffusion jump distance equal to the average atomic

diameter, D(T ) is the diffusivity controlling the transition

of atoms across the interface, σ is the specific free

energy of the nucleus−amorphous phase interface, Vm is

the molar volume of amorphous phase, 1G(T,CM) is the

thermodynamic driving force for crystallization, and k is the

Boltzmann constant. Changes in the thermodynamic driving

force caused by changes in the composition of the matrix

were taken into account within the framework of the model

of regular solutions [30]:

1Gc(T,CM) = (Tm − T ){1S + R ln[1−CM(t)]}, (4)

where Tm is the current temperature, R is the universal gas

constant, and 1S is the entropy jump during crystallization

Since nucleation in glasses occurs at deep undercoolings,

the value of 1S was calculated using the developed for such

a case approximate relationship [31]:

1S = 2HmT/[Tm(Tm + T )] (5)

(where Hm is the melting heat at Tm), which contains only

two parameters and is widely used in the literature [30].
Changes in the matrix concentration caused by the forma-

tion of Al nanocrystals were calculated using equation (4),

which took into account the dynamics of changes in the

fraction of crystallized volume [32]:

CM(t) = C1 − [C1 −C0
M] × exp(−3αHDt/r2S), (6)

where C0
M is the initial total concentration of alloying agents

in the amorphous matrix (= 0.13), CI is the concentration

of alloying agents at the boundary of a growing nanocrystal,

taken as 2C0
M, αH(∼ 1) is the coefficient depending on the

concentration of alloying elements in the nanocrystal, matrix

and at the boundary, rS is half of the average distance

between growing crystallites, equals to 0.5LX−1/3.

In calculating the nucleation rate of J(T, t),
the parameters of pure Al (a0 = 2.86 · 10−10m,

Tm = 933.5K, 1Hm = 10784 J/mol, N0 = 3.02 · 1028 m−3,

Vm = 1.08 · 10−5 m3/mol), taken from the reference

literature [33] used. The value of the effective diffusion

coefficient D(T ), involved in equations (1) and (4),
at annealing temperature of 448K (I2.8 · 10−20 m2/s)
was calculated from the empirical relationship

D(T ) [m2/s] = 5.96 · exp(−20970/T ), obtained in the

work [23] based on the results of the analysis of the

nanocrystallization process of Al87Ni8Gd5 metallic glass,

analyzed in the present study. Thus, from the set of

parameters of equation (3), which determine the rate

of nucleation of Al nanocrystals at 448K in the glass

being analyzed, the value of the specific free energy

of the nucleus/matrix interface σ remains unknown.

Due to the lack of adequate theoretical approaches for

estimating σ , this value is usually considered as the model

parameter [19,20,22] and its values are determined by

fitting the calculated results to the experimentally measured

ones. In this study, the value of σ at a temperature of
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Figure 2. Changes in the nucleation rate and volume density

(inset) of Al nanocrystals in metallic glass Al87Ni8Gd5 during

isothermal annealing at 448K, calculated using equation (3).

448K was determined by fitting the value of the volume

density of nanocrystals, calculated from the relationship

N(t) =

t
∫

0

J(t′)[1− X(t′)]dt′ (7)

for t = 3600 s, to the value of Nh = 3.48 · 1022 m−3 being

estimated from the structural characterization of the heat-

treated sample. Calculations have shown that the value N
is very sensitive to the values σ , and almost complete

agreement is achieved at σ = 0.0856(2) J/m2. The value σ

obtained in this way is in good agreement with similar

estimates of this parameter, which characterizes the rate

of nucleation of Al nanocrystals in AlNiY amorphous alloys

(0.07 J/m2 [19]), (0.076 J/m2 [20]) and (0.084 J/m2 [22]).

Calculations using the above parameters also showed

that during the formation of 5% Al nanocrystals, the total

concentration of alloying elements in the residual amor-

phous matrix increases to 17.3 at.%, the thermodynamic

driving force decreases from 3076 to 2869 J/mol, the work

of formation of a critical nucleus (W ∗) increases from

9089 to 10450K, and the nucleation rate decreases by

more than an order of magnitude — from 3.18 · 1019 to

1.54 · 1018 m−3s−1 (Fig. 2). As can be seen from Fig. 2, the

volume density of nanocrystals increases along the curve

with saturation, which is typical for the nanocrystallization

process [6,20]. The calculated values of the nucleation

rate of Al nanocrystals at 448K in Al87Ni8Gd5 glass are

consistent in order of magnitude with a similar estimate

of J = 4 · 1019 m−3s−1 for Al88Y7Fe5 amorphous alloy at

460K [21]. It should be also noted that calculations of the

nucleation rates of Al nanocrystals in Al87Ni8Y5 amorphous

alloy showed that as the fraction of crystallized volume

increased, the decrease in J(t) values could reach by 2−3

orders of magnitude [22].
The same shape of the size distributions of Al nanocrys-

tals formed in the glass during heating and deformation

by the HPT method [10], indicates the identity of the

nanocrystallization mechanism. For this reason, to es-

timate the nucleation rate during deformation of glass

Al87Ni8Gd5, an approach similar to that described above

was used. The main difference in the approach to

the analysis of deformation-induced nanocrystallizing was

the substitution into equation (3) of the value of the

effective diffusion coefficient determined by the method

described in the Refs. [24,25]. Substituting into the relation

for parabolic growth DD ∼ r2/t [26] the experimentally

determined radius of the nanocrystal (r = L/2 = 3 nm),
grown during the time (t = 60 s) of one revolution of

the anvil, gives DD = 1.5 · 10−19 m2/s. The value of the

effective diffusion coefficient, which governs the growth

of Al nanocrystals, estimated in this way, is significantly

lower than DD ∼ 10−16 m2/s, estimated from the growth

of crystals of the solid solution of tin in copper [24],
but close to the diffusion coefficient (10−20−10−19 m2/s),
which controls the initial stages of crystallization of metallic

glasses based on Fe [25]. A comparison of the value

DD = 1.5 · 10−19 m2/s with the above temperature depen-

dence D(T ) for the effective diffusion coefficient of the

glass investigated from [23] shows that it corresponds to an

effective deformation temperature equal to ≈ 465K, which

is consistent with the concept proposed in [27].
On the other hand, the summarized results of the experi-

mental studies [34] give grounds to consider the formation of

crystalline phases during of deformation as a mechanically

induced effect. In this case, the deformation-stimulated

mass transfer in equation (3) can be characterized by

the value of the effective diffusion coefficient, while the

values of the thermodynamic factor will correspond to room

(300K) temperature. When implementing this approach

in this work, the fact was taken into account that the

temperature dependence of the thermodynamic potential

difference 1G(T ), described by both exact and a number of

approximate models, has a maximum at some temperatures

below Tm/2 [18]. In particular, for the model used in the

study (equations (4) and (5)), the temperature for maxi-

mum 1G for Al is at 387K. Due to the fact that the decrease

in the thermodynamic driving force with increasing of the

deviation degree from equilibrium is physically incorrect, to

analyze the processes occurring at temperatures below the

maximum temperature, the maximum value 1G(T ) is used.
When substituting the value 1G(387) and temperature

T = 300K into the second factor of equation (3), the

value of the experimentally observed volume density Al

nanocrystals in the deformed sample (1.95 · 1024m−3)) is

achieved at the value σ = 0.0649(2) J/m2.

Compared to the isothermal case, the deformation-

induced crystallization of Al87Ni8Gd5 glass leads to the

formation of a significantly higher fraction of the crystalline

phase (22%), a greater decrease of the difference of
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Figure 3. Variations in the rate of nucleation of Al nanocrystals

during deformation, calculated without taking into account (dashed
line) and taking into account the influence of pressure on the work

for formation of a critical nucleus (solid line).

thermodynamic potentials (from 3056 to 2593 J/mol) and

a significant increase of the work of formation of a critical

nucleus (from 4000 to 5558K). However, the absolute val-

ues W ∗ corresponding to a temperature of 300K are almost

two times lower than that at 448K, which determines a

higher nucleation rate compared to the isothermal process,

which during deformation decreases by almost two orders of

magnitude (from 1.78 · 1023 to 9.94 · 1020 m−3·s−1 (curve 1
in Fig. 3)).

The estimated parameters of deformation-induced

-crystallization, which are discussed below, seem physically

reasonable, but this model does not take into account

that the nucleation process in the amorphous phase occurs

under applied external pressure, which in the present case

was 4GPa. From the results [35,36] published in the

literature, it is known that pressure leads to a decrease

in the thermal stability of the amorphous phase in Al-

based glasses, but there is no quantitative analysis of the

processes of nucleation and growth of nanocrystals in these

studies. The difficulty of quantitative analysis is caused by

the fact that pressure affects both the kinetic terms (diffusion
coefficient) and the thermodynamic ones in the equations

for nucleation and growth rates. In the approach proposed

in the present study, the value of the diffusion coefficient

is estimated independently from the average size of the

nanocrystal; therefore, to assess the influence of pressure,

it is necessary to evaluate its contribution to the work of

formation of the critical nucleus. To do this, we use the

relationship given in the study [36] for the work of formation

of a critical nucleus

1W ∗(t, T, P) =
16πσ 3

3k

(

Vm

1G(t, T )c + P1V

)2

, (8)

within the framework of which an analysis was carried out

of the deformation-induced crystallization of the amorphous

alloy Al85Ce8Ni5Co2 under HPT conditions and grinding

in a ball mill. (Here V is applied pressure, and 1V is

volume change associated with the formation of a crystalline

Al nucleus). As in the study [36], to assess the effect of

pressure on the nucleation rate, the value 1V/Vm was taken

equal to 2%.

As follows from relation (8), taking into account pressure

leads to an increase in the driving force of crystallization (by

856 J/mol), which, to obtain an experimentally determined

volume density, is compensated by an increase in the

specific free energy of the nucleus/matrix interface. Indeed,

the density Nd = 1.95 · 1024 m−3 was achieved with the

value σ = 0.0801(2) J/m2. At this value σ , the work

of formation of a critical nucleus increased from 4072

to 5238K, and the nucleation rate during deformation

decreased from 1.41 · 1023 to 2.88 · 1021 m−3·s−1 (curve 2

in Fig. 3). As can be seen from the figure, the rate of

nucleation of Al nanocrystals under pressure changes more

smoothly, which is due to a higher specific surface energy.

Both values σ estimated for the nucleation process under

deformation conditions, related to room temperature, are

lower than that for the nucleation rate at a temperature

of 448K. This result is qualitatively consistent with the

classical theory of crystallization, in which the specific free

energy of the nucleus/melt interface is assumed to be a

linearly increasing function of temperature [37]. Therefore,

it seems interesting to compare the dependences σ (T )

for Al87Ni8Gd5 glass calculated using the above values

with the data and estimates available in the literature.

In analytical form, the temperature dependence of the

specific surface energy for the case of deformation-induced

crystallization without taking into account the influence of

pressure on the work of formation of a critical nucleus has

the form σ (T ) = 0.0229 + 1.4 · 10−4T [J/m2], and taking

into account the influence of pressure may be written as

σ (T ) = 0.0688 + 3.76 · 10−5T [J/m2]. In Fig. 4, these de-

pendences (1 and 2, respectively) are compared with the de-

pendence σ (T ) = 0.058 + 6.69 · 10−5T [J/m2] [36] calcu-

lated for the nucleation of Al nanocrystals in Al85Ce8Ni5Co2
glass according to the approximate model [38]. If, as a

criterion for the correctness of the given dependencies, to

use the value of the parameter σ = 0.108 J/m2, determined

from experimental studies of the nucleation of Al crystals

in a melt at the melting temperature, then the most correct

relation is 2, which gives the value 0.104 J/m2, while the

expressions 1 and 3 give values of 0.153 and 0.12 J/m2

(Fig. 4). Note also that the slope of the linear dependence

σ (T ) for the case of deformation-induced crystallization

at atmospheric pressure (1.4 · 10−4 J/(m2·K)) is noticeably

higher than the values of this parameter given in the

literature for Ti2Ni glass (6.4 · 10−5 J/(m2·K)) [39] and

mercury ((5−9) · 10−5 J/(m2·K)) [37].

Technical Physics, 2024, Vol. 69, No. 2
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energy of the nucleus/amorphous phase interface: 1, 2 — for

glass Al87Ni8Gd5 for the case of crystallization at atmospheric

and applied external pressure, respectively, 3 — data [36] for

Al85Ce8Ni5Co2 glass. The dot indicates the value Iσ = 0.108 J/m2

estimated from experimental data for pure Al [18] at the melting
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Conclusion

To describe variations in the rate of crystal nucleation

in the amorphous phase under severe plastic deforma-

tion, an analytical model is proposed for the first time

using the coefficient of deformation-stimulated diffusion

in combination with the work of formation of a critical

nucleus at room temperature. Using as example of

analysis of the nanocrystallization process in Al87Ni8Gd5
metallic glass under conditions of isothermal annealing

and severe plastic deformation, it was established that the

proposed approach correctly describes the experimentally

observed higher volume density of Al nanocrystals in the

deformed sample (1.95 · 1024 m−3) compared to the heat-

treated one (3.48 · 1022 m−3). The estimated values of

the thermodynamic and kinetic parameters of the classical

equation for the rate of homogeneous nucleation under

isothermal conditions and during the deformation process,

taking into account the contribution of the applied holding

pressure, are physically reasonable, which opens up the

possibility of using the proposed approach to develop

methods for controlling the process of deformation-induced

nanocrystallization.
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