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Abstract — This paper investigates the processes of thermodynamic pseudostability
(metastability) in liquid metals during rapid solidification, a mechanism that results in the
formation of an amorphous structure. Established technologies for creating bulk amorphous
materials are typically limited to producing only a thin amorphous layer. This limitation
stems from the thermal inertia of the materials, which inherently tend towards
thermodynamic equilibrium. In the present study, a novel approach is proposed to intensify
heat exchange by utilizing inoculants within the liquid melts combined with high-velocity
cooling. To facilitate process prediction and optimization, a mathematical model of the
massive amorphous layer formation process is introduced. This model allows for the accurate
prediction of the amorphization process evolution and subsequent optimization of the critical
technological parameters.

Keywords — Amorphous structure; heat and mass transfer; thermal conductivity;
thermodynamic stability.

1. INTRODUCTION

The amorphous state of materials is characterized by their thermodynamic metastability and
chaotic atomic packing. This isotropic local structure dictates unique physicochemical
properties that often surpass those of crystalline materials in various technical applications.
Amorphous structures in metals (ASM) represent a relatively new class of non-crystalline
materials with significant promise for the production of micrometallic products [1]-[3]. This
structure is traditionally achieved by incorporating alloying elements with differing atomic
sizes under conditions of rapid cooling of the liquid phase to a solid state [4], [S]. During this
process, the alloy solidifies in a non-crystalline (amorphous) state.

The required cooling rate inherently imposes limitations on the thickness of the amorphous
layer, typically restricting the final product to thin ribbons, foils, and similar geometries
[6], [7]. However, recent studies indicate that advanced technologies have allowed for the
production of amorphous metals with thicknesses approaching 1 mm [8]-[10]. The authors of
this work emphasize that bulk amorphization technologies are highly promising because the
material can be formed at the micrometre scale while retaining superior properties.
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The solidification time is another critical parameter that profoundly influences the process
of amorphous structure formation [11], [12].

Overall, the formation of ASM is not a straightforward process and, therefore, currently
remains an active subject of ongoing research [13]-[20]. Amorphous structures in metals
(ASM) exhibit high strength, superior corrosion resistance [21]—-[24], high elastic limit, and
various other beneficial properties compared to traditional crystalline alloys. However,
outstanding challenges related to structural stability still persist [25], [26] and require
resolution. For instance, it is known that ASM are susceptible to degradation influenced by
technological parameters and mechanical post-processing [27], [28]. Previous studies [29]—
[33] have demonstrated the influence of cooling rate on material structure and noted that
modifying the cooling intensity can promote the formation of two distinct phases: a
homogeneous (amorphous) phase and a heterogeneous (partially crystalline) phase.

Ultra-rapid cooling of liquids promotes the formation of a homogeneous phase, while
subsequent isothermal aging of the undercooled liquid leads to the development of a
metastable heterogeneous phase.

Similar challenges in obtaining Amorphous Structures in Metals (ASM) are inherent to
nearly all established methods of amorphous structure formation, which can generally be
classified as follows:

—rapid solidification from the melt [34]-[37];
—pulsed laser quenching [38]-[41];

—powder metallurgy techniques [42]-[46];
—magnetron sputtering [47]-[50].

Thus, ASM are typically produced via liquid quenching, where the fundamental mechanism
for amorphous structure formation is the suppression of crystallization nucleation through
rapid liquid cooling. This approach presents a major challenge: achieving the necessary
cooling rate for bulk materials is inherently difficult. Consequently, researchers typically
combine various techniques to attain the optimal heat exchange intensity.

To address this limitation and obtain massive amorphous structures, we developed a novel
laboratory experimental setup. This system was used to investigate the production of bulk
amorphous materials via the rapid cooling of molten alloys combined with the addition of
pre-cooled inoculants. The essence of this technology lies in realizing internal heat removal
(heat extraction) and generating additional active cooling centers within the melt on the
inoculant surfaces. This process, driven by heat transfer and the melting of the inoculants,
enhances the solidification rate and promotes predominantly volumetric solidification. This
technology is distinct primarily due to its implementation of internal heat removal using
localized heat sinks.

The development of an industrial technology for synthesizing ASM with inoculant addition
would require significant expenditure of time and material resources. These costs can be
substantially reduced by employing mathematical modeling methods. Such models will allow
for a comprehensive analysis of the ASM formation processes and enable the quantitative
determination of the inoculants' influence on the degree of melt amorphization.

2. THEORETICAL DESCRIPTION OF THE ASM FABRICATION
TECHNOLOGY

To execute the theoretical analysis of the proposed technology, a mathematical model is
introduced. This model is designed to describe the first-order phase transition processes
occurring during the intensive cooling of the melt. To enhance this cooling intensity, pre-
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cooled metal particles are introduced into the melt, which serve as localized heat sink centers.
This procedure is expected to yield a melt cooling rate sufficient for Amorphous Structure in
Metals (ASM) formation in select alloys. The overall solidification process can be distinctly
divided into three separate stages (Fig. 1), which will be examined in detail below.

Stage I - freezing of the Stage Il - melting of the  Stage ITT — melting of the

shell shell inoculator

\The area of formation of the ASM

Fig. 1. Computational Scheme.

The solidification process can be analyzed across three distinct stages.

Stage I: shell formation and melting.

During the initial period (Stage I, Fig. 1), upon submersion of the inoculant into the melt,
a solid metal shell forms instantaneously on its surface. The thermal energy transferred from
the surrounding melt is consumed by two concurrent processes: heating the inoculant core
and melting the newly formed solid shell. This stage concludes precisely at the moment the
solid shell completely remelts.

Stage II: inoculant preheating.

In the second stage, the solid inoculant core continues to absorb heat from the surrounding
liquid melt. During this period, the inoculant is heated up until it reaches its melting
temperature while remaining in direct contact with the liquid phase.

Stage I1I: inoculant dissolution and volumetric cooling.

In the third stage, the inoculant begins to melt, and the resulting liquid phase dissolves into
the main melt volume. The primary objective of implementing this technology is to achieve
critical cooling rates for the melt, specifically in the order of 10* °C/s. At such high cooling
velocities, the crystalline structure formation is suppressed, ensuring the material remains in
a state of thermodynamic non-equilibrium upon achieving its solid state.

2.1. Formation and Melting of the Shell on the Inoculant Surface

This period of melting is described by a system of heat conduction equations for a two-
layer body [51]-[54], which is applicable for the time interval T > 1| + 1,. This system
includes separate equations for the material of the inoculant core (0<r <R;) and for the melt
shell (R1 <7 <R»y):

e (1)p, (1) 2A-1) (”) rl a{ o (T )aT(V )J,ostl
s (D

¢ (T)pm(T)aT(r ) _ 1 ‘9{ g, (1)1 T)]ngwzz

where R; is defined as the radius of the inoculant core combined with the melt shell.

The boundary conditions applicable at T = t; + 1, are as follows:
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Boundary condition for heat exchange at the melt shell-bulk melt interface (r = R»):

()

oT (R(1),T
2.0 B o ()7, (EEDD
’
YZ(RZ(T,),‘E)=7;', OSRZ(’C)SRI,I>U, R(T)>R.,1>u+ 1
Initial conditions:
7;(7’,1:1+rz)=q)l.(r,1:1+1:2),OSV<R1
, (5)

Rz(r1 +12)=Ri

where ¢, (r,r1 + '52) , is the solution to the heat conduction problem for the inoculant material

under the condition T = T; + Ta.

The duration of Stage I concludes when the melt shell that formed on the inoculant surface
is completely remelted.

Calculation algorithm. The temperature values at the internal points of the computational
domain (1 <k < N-1) are determined using Eq. (6) and Eq. (7), derived from the finite
difference analog of the system of equations (1):

Zkﬂ_];k _ 2 T,kl ];k _ T,-k—T,-fl +E ]:fl ]:fl (6)
N L N A A
IRV VAN T VR

i+1

where the thermophysical parameters ( Kf , pf , cik ) are determined from the previous time layer,

denoted by the index £.
The Boundary Condition (2), when represented in the finite difference approximation with
second-order accuracy, is presented in the form:

r -t 25 -TY)
- 2k k k k* %
At Aripocy Ay + A

The movement of the external boundary associated with the formation and subsequent
melting of the metal melt shell is accounted for by calculating Eq. (8). The computation using
the prescribed algorithm is deemed complete when, during the shell melting process, the value
of the grid node count N becomes equal to No.
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where Tp is the zero-fluidity temperature of the metal, a is the heat transfer coefficient from the
melt to the inoculant surface.

Next, the value of the time step (At) is determined S = T, — T**/ . The formation of the metal

melt begins when S >0 . This state is reached after k; time steps, provided the following
condition is satisfied:

kZ(Tm ~T)2 0/ ©)
=

Upon satisfying this condition, a layer of thickness Ar is formed.

The shell melting process occurs when S < 0. After the completion of &, time steps, and
upon satisfying the condition:

& e 0
Z(T" J —Z}O)ZF, (10)
J= N

a layer of thickness Ar is melted. Consequently, the number of layers in the computational
scheme (&) is decremented by one.

2.2. Inoculant Melting

The melting process of the inoculant material commences once its surface has been
preheated to the melting temperature.
The preheating of the inoculant body is governed by the heat conduction equation for the

inoculant material under the condition T> 1, + 1, +1,:

aT; r,t 1 6 aT; r,T
ci(T)pi(T)#:r_zg{rz}\‘i(T)#}’Ogr<R2' 11

Boundary conditions at T> T, + 1T, + 1T,

oT,
(r=0), ——— 09 _ 0. (12)
or
Heat transfer condition at the inoculant surface—melt interface ( = R»):
oT, (R 1:)
AMT)——2L=q |Tv-T(R,,7)|. (13)
i ( ) 8}’ m |: i ( 2 ):I

Initial conditions:
T(r,t+1,+1)=0,(r,1,+1,+1,),0<r <R,

, (14)
R(t,+1,+1,)=R
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where ¢, (r,Tl +1, +’E3) is the solution to the heat conduction problem for the inoculant
material, as described in Stage III, under the condition T =1, + T, + T, . The total duration of

the period required to preheat the body's surface to the melting temperature is denoted by T4.
Following the preheating of the inoculant surface, the melting process commences. This phase
is governed by the heat conduction equation for the casting material (Eq. 11) at

T>T,+71,+T,+1,.

Heat transfer condition at the inoculant surface—melt interface (r = R)):

E

‘P,-(T)Q,-dR"—(T) =a,(7(1)-7, )—XI-(T)M

dt or
YE(Ri(r),r)zTL,0Sr<Ri,1:>rl+‘cz+r3+r4. (15)
Initial conditions:
];(r,rl +‘cz+‘c3+r4):d)i(r,r1 +rz+r3+r4), 0<r<R, (16)

where ¢, (r, T,+T,+T,+7T 4) is the solution to the heat conduction problem for the inoculant

material, as described during the period of preheating the inoculant surface to the melting
temperature, under the condition T=1T, + 7T, + T, +T,.

2.3. Calculation Algorithm

The temperature values at the internal points of the computational domain (0 < k < Np™') are
determined using (6) and (7). The temperature at the boundary point Ny is calculated from the
finite difference analog of the boundary condition (13):

K+ ik k ok
v o Iy, — T, ko ok Ty, =Ty,

o T | _ 0 17
PN, AT (x( NO) s A7 (17

- + -
k k
ko 2k
The calculation for the melting of the body’s solid phase commences when the temperature

value T, Nk“ becomes equal to the inoculant’s melting temperature, 7},

The temperature values at points 0 < k < N are determined using Eq. (6) and Eq. (7). The
movement of the external melting boundary is accounted for using the following equation:

k
: At A
k+j k N k
" =1 v ———| (71 )+ (11 ) |- (18)
pyCNAr Ar

A layer of thickness Ar is considered to be completely melted when, after the completion
of k3 time steps and upon satisfying the condition S < 0, the following equation is fulfilled:
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The calculation for the complete melting of the body is concluded when the number of
layers in the computational scheme reaches N = 1.
The results of this calculation are presented in Figs. 2—4.

0.015
0.0125

e 0.01
= 0.0075
0.005
0.0025

0
0 0.2 0.4 0.6 0.8 1 T8

Fig. 2. The time-dependent mass of the CuusTi3sZr, inoculant with an initial radius Ry = 0.5 mm at two distinct initial
inoculant temperatures (7): 0 °C and 20 °C.

For this study, model materials were selected based on their known propensity for
amorphization. This tendency is due to the inclusion of easily amorphizing elements, such as
Zr, B, P, and Si. Additionally, certain alloys from the Fe and Co groups were chosen,
incorporating metalloid glass-forming additives like B, P, Si, and C. The thermophysical
properties of the investigated alloys are summarized in Table 1.

TABLE 1. THERMOPHYSICAL PROPERTIES OF THE INVESTIGATED ALLOYS

lass transition i ivi
eodting | COTIIT Ay denit, PRSI TR
K J/(kg-K) W/(m-K)
FegoP13C; 985 463 6690 720 38.5
Co75Si15B1o 1120 512 7290 850 40
Nig4Nbs76 1169 672 7850 609 69
CuysTiszsZry 1090 410 6900 513.9 175

The results of the calculations demonstrate incomplete melting of the CussTizsZrao
inoculants. While a sufficient cooling intensity near the heat exchange boundaries and
between the inoculants may yield a thin ASM layer, achieving bulk (volumetric) ASM using
this particular alloy system remains unattainable. An analogous result was obtained for the
Ni62,4Nb37,6 alloy (Flg 3)
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Fig. 3. Time-dependent mass of the inoculants with an initial radius Ry = 0.5 mm at two distinct initial inoculant
temperatures (7) 0°C and 20 °C: a) Nig, sNbs76; b) FegoP13Cs.

In contrast to the previous findings, the implementation of the technology using inoculants
made of the Co75Si15B1o (Fig. 4) successfully demonstrates complete inoculant melting. This
complete dissolution is a crucial indicator, suggesting that the technique, when applied with
this specific alloy system, is capable of achieving bulk ASM formation.

0.015
0.0125
0.01
200075 N T,=00C
s v \"
0.005 =

0.0025

0 0.2 0.4 0.6 0.8 1 1,58

Fig. 4. Time-dependent mass of the Co75Si;5B o inoculant with an initial radius Ry = 0.5 mm at two distinct initial inoculant
temperatures (75): 0 °C and 20 °C.

In summary, the technology involving the high-velocity solidification of a melt within a
cooled mold, coupled with the introduction of inoculants, operates by achieving two key
objectives: promoting internal heat extraction and forming additional active cooling centers
throughout the melt volume.
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The influence of the inoculants is evidenced by an increased overall solidification rate and
the development of predominantly volumetric solidification. Consequently, the metallic melt
containing the introduced inoculants is characterized by an undercooled state across the entire
material volume. The inoculants not only remove initial superheat but also actively contribute
to the sustained undercooling of the melt.

4. EXPERIMENTAL VERIFICATION OF THE MODEL

To investigate the governing factors and mechanisms for the formation of bulk ASM, a
dedicated experimental setup (Fig. 5) was developed. This apparatus facilitates the high-
velocity cooling and solidification of the metallic melt.

The main mold is encircled by a heat exchanger (pos. 2), which provides the rapid cooling
required for the melt. Simultaneously with the introduction of the melt (pos. 6), inoculants
(pos. 8) are injected into the system. During the solidification process, the metal is subjected
to ultrasonic treatment (pos. 7). This ultrasonic agitation serves to further suppress the
nucleation and growth of any crystalline structure, thereby enhancing the amorphization
tendency.

BB cvn ool con wed

Fig. 5. Schematic diagram of the experimental research setup. The components are designated as follows: 1 — coled mold,
2 — heat exchanger, 3 — cooling fluid supply, 4 — water; 5 — water outlet, 6 — melt, 7 — ultrasonic emitter, 8 — inoculants.

The high-intensity mechanical oscillations generated by the ultrasonic emitter (pos. 7)
induce bulk waves. These waves traverse the walls of the confining structure (pos. 2) and the
copper cooling mold (pos. 1), consequently affecting the melt.

Crucially, at the moment of contact between a solid inoculant particle and the liquid metal,
localized thermal undercooling is instantaneously created within the melt. This occurs even
when the overall melt volume exhibits significant superheat.

The experimental investigations were conducted under the conditions previously
established in the computational models (as presented in Figs. 2—4). The alloys studied were
CuysTi35Zr20, Nig2,4Nbsze, FesoP13C7, Co75Si15Bi1o, all of which were prepared from powder
components. Only high-purity master alloy materials were used for the preparation of these
final alloys.

To analyse the material structure and quantify the degree of amorphization, several samples
were extracted. These templates were strategically positioned to allow for the determination
of structural variation across a series of transverse cross-sections.

Microstructural analysis was performed following chemical etching, utilizing an etchant
composed of CH3;-COOH, HNO3, and HF. The degree of amorphization was subsequently
determined using electron-microscopic investigations in the direct expansion mode. An
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MMP—4 microscope was employed for the visual inspection and photomacrography of the
prepared cross-sections.

The metallographic investigations revealed that the studied metal layers, obtained by melt
cooling under the conditions corresponding to Fig. 2 and Fig. 3, predominantly exhibit a
microcrystalline, ferritic structure (Fig. 6). The formation of the ASM was observed
exclusively at the cooled boundaries. A similar outcome was achieved for the Co75SiisBio,
though the amorphous layers were significantly wider (Fig. 6(c)).

ASM

: ¢ cs
AN
ASM
(a)
ASM
= MCS
ASM
(b)
MCS ASM

(©

Fig. 6. Microstructure of the solidified metal containing 20 % volume fraction of inoculants. The images illustrate the
structural differences based on alloy composition: a) CussTizsZry; b) Co75S115B10; ¢) Co75S115B1o; ASM — amorphous
structure in metals, MCS — microcrystalline structure in metals, I — inoculants.
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The formation of the ASM occurred due to a substantial increase in the heat extraction
intensity. This high rate of cooling resulted in an amorphous-crystalline structure in the bulk
interior, while pure ASM was successfully formed in the surface layers.

Fig. 7 presents the dependencies of the degree of amorphization ¥ on several key
processing parameters: the mass ratio of inoculants to the melt (shown for both the minimum
and maximum cooling water temperatures); the intensity of ultrasonic oscillations; the
temperature of the inoculants.
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Fig. 7. Graphs of the degree of amorphization depending on: a) the ratio of the mass of the melt to the mass of the
inoculators y at different cooling water temperatures 7,; b) the intensity of ultrasonic vibrations ¢ at different inoculator
temperatures; ¢) the inoculator temperature 7;.
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4. DISCUSSION

The inoculants introduced into the melt extract heat through their own heating and
subsequent melting, consequently reducing the overall melt temperature. As the mass ratio of
inoculants to melt increases, the overall solidification rate is enhanced.

At a relatively low ratio of inoculant mass to the total melt mass (up to 10—15 %), the
inoculants manage to almost completely dissolve due to the superheat within the liquid metal.
Consequently, they exert no significant influence on the formation of the ASM during
solidification. In this scenario, ASM formation is confined primarily to the vicinity of the
boundary with the cooling medium.

In contrast, when the mass ratio of inoculants to the total melt mass is higher (20—30 %),
the inoculants do not completely melt before the liquid phase begins to solidify. As a result,
the latent heat of solidification is partially consumed by the heating and melting of these un-
dissolved inoculants.

This mechanism reduces the quantity of heat released per unit volume of the melt with
inoculants during solidification, leading to a further decrease in the melt temperature. The
introduction of a larger quantity of inoculants is thus highly effective in lowering the melt
temperature and promoting predominantly volumetric solidification.

The intensity of ultrasonic oscillations exhibits a positive influence on amorphous structure
formation. During the solidification process, subjecting the metallic melt to ultrasonic
treatment actively suppresses the formation of a crystalline structure near the mold's cooling
walls and the interface with the cooling medium. This suppression prevents the crystallization
front from fully propagating, which otherwise leads to a microcrystalline structure in the
central region of the melt.

The application of ultrasonic vibration during casting solidification refines the
microstructure and improves the mechanical properties of the metal. Furthermore, increasing
the intensity of the ultrasonic oscillations induces agitation (mixing) within the melt and
intensifies heat exchange processes. This action partially homogenizes the temperature
distribution throughout the melt volume, which leads to a slight acceleration in the removal
of superheat.

As observed from the graphs (Fig. 7), the influence of the initial inoculant temperature on
the degree of amorphization ¥ is minor. Only a marginal decrease in the degree of
amorphization is observed with increasing inoculant temperature.

Based on these experimental findings, it can be concluded that significantly pre-cooling the
inoculants in this specific technology lacks practical significance and is not economically
justified.

The cooling water temperature is a more significant factor influencing the degree of
amorphization ¥ than the initial inoculant temperature. However, based on the experimental
results, a substantial reduction in the cooling water temperature is deemed technologically
and economically impractical. This conclusion is supported by the finding that only a
marginal decrease in the degree of amorphization occurs when the water temperature is
increased.

To achieve a bulk ASM using the current technology, the following operational
parameters are considered optimal from both an economic and practical perspective:

— increasing the mass ratio of inoculants to the melt to approximately 20 %;

— reducing the intensity of ultrasonic oscillations to a medium level, utilizing the
ultrasonic generator at maximum settings leads to excessive energy consumption, rendering it
economically inefficient.

— maintaining moderate values for both the cooling water temperature and the initial
inoculant temperature.
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5. CONCLUSION

The application of inoculants in the technology for forming ASM effectively establishes
internal heat sinks within the molten metal, ensuring accelerated heat extraction. This process
allows for an increase in the overall cooling rate, which, as demonstrated, enables the
formation of a thermodynamically unstable amorphous structure in certain alloys.

Of the alloys studied, the most interesting are massive amorphous alloys of the copper—
titanium—zirconium system. With an increase in the Zr content to 18 %, the thermal stability
of the alloy increases from 690 to 815 K, which significantly increases the scope of its
application.

To create an amorphous structure and ensure the appropriate physical properties of the
metal, various impurities can be introduced, for example, copper, aluminum or zirconium.
Their presence reduces the cooling rate barrier at which an amorphous layer is formed from
10° to 103 K/s. In this case, the amorphization technology will be less energy-consuming,
which is proven by experimental data on the basis of which a method for predicting the degree
of amorphization of the structure was created.

The obtained experimental and calculation data showed that when using our method for the
formation of an amorphous structure, a critical cooling rate of about 1000 K/s is sufficient for
the indicated alloys. The use of this experimental casting method allows the formation of
massive amorphous castings with a thickness of up to several millimeters.

Crucially, upon the moment of contact between the inoculant and the liquid metal, localized
thermal undercooling is instantaneously generated in the melt. This localized effect occurs
even when the overall melt volume retains significant superheat.

The proposed mathematical model successfully facilitates the analysis of the potential for
ASM formation and allows for the determination and optimization of the critical operating
parameters of the technological process.
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