Solidification processes in Cu-Zr-Ag amorphisable alloy system
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Abstract: The Cu-Zr-Ag system is one of Cu-Zr based bulk metallic glasses (BMG) that has
been in the center of great interest for a long time. This work summarizes results on
solidification in the Cu-Zr-Ag ternary alloys and relationship between the cooling rate and
their microstructure. The alloys in a wide range of compositions were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC) techniques. The surface of stable liquidus
miscibility gap has been presented by isothermal sections in this system. The central part of
liquidus projection of the ternary Cu-Zr-Ag system is determined based on the harmonization
of experimental results and the calculated phase diagrams. Due to the liquid separation,
amorphous/crystalline composites could be obtained with a silver content up to 50 at%. The
primary solidified phases were identified in different samples cooled with a controlled cooling
rate (5 K/min), in the arc melting furnace (master alloys) and in a wedge shape mould. It has
been shown that the m-phase (or AgCu,Zr) has the lowest and the (CuAg)i0Zr; the highest
driving force for nucleation in this system. It has been shown that the glass forming ability
depends not only on the properties of atomic constituent but on the phases formed during the
solidification of undercooled liquid.
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1. Introduction

Copper-zirconium based bulk metallic glasses (BMGs) have attracted much interest
since the discovery of metallic glasses because of their potential advantages as engineering
materials, including high tensile strength [1-5]. The ternary Cu-Zr-Ag [6-11] and Cu-Zr-Al
[12-16] and quaternary Cu-Zr-Ag-Al [17-21] systems have been recently studied regarding
the bulk glass forming ability (BGFA); however, only a few studies have been focused on
crystallization products that may occur during solidification in the Cu-Zr-Ag alloy system.
There has been no standard definition of glass forming ability (GFA) up to date; generally,
this parameter is derived from the properties of atomic components or those of the produced
amorphous sample.

There is a discrepancy in opinions related to the ternary eutectic composition and
liquidus projection in this system. A.A. Kiindig et al. [6], X.C. He et al. [7] and D.H. Kang et
al. [8] published a description for this ternary alloy system. Moreover, an interesting
phenomenon in the Cu-Ag system is the presence of a miscibility gap revealed by
Frederiksson et al. in the liquid and solid solution [20]. Kiindig et al. opine that the metastable
liquid phase miscibility gap of Cu-Ag enlarges owing to the addition of Zr. He et al. did not
consider the miscibility gap of the liquid phase in their calculations. The ternary liquid
miscibility gap was predicted from model parameters in D.H. Kang et al.’s calculation.

In this alloy system, there is an intermetallic compound: m-phase of body-centered
tetragonal structure denoted as CuzoZrisAgis (or AgCusZr) by Zhou et al. [23]. The crystal



lattice of m-phase (together with the atomic positions) is not well-known in literature. Phases
solidified in this alloy system were studied by diffusion triple technique [24].

The aim of the present work is the investigation of the effect of cooling rate on the
microstructure, solidification products of the Cu-Zr-Ag glass forming alloy and the
relationship between the solidification and the GFA of this alloy system.

2. Experimental

The master alloy ingots of Cu-Zr-Ag alloys were prepared within a wide range of
compositions (Table 1). The ingots were prepared by arc melting a mixture of pure metals under argon
atmosphere (min. 99.99 % v/v) with a Ti-getter. The surface of the samples being in contact with the
Ar atmosphere during arc melting cooled with a minimum rate of 100 K/s. The cooling rate of the
bottom surface of the samples being in contact with the inner surface of the copper crucible was
considerably higher. The ingots were re-melted at least four times in order to ensure their chemical
homogeneity. Typically, 15 g ingots were prepared. The ingots were re-melted in a glassy carbon
crucible by induction melting, followed by centrifugal casting into wedge-shaped copper moulds
under argon atmosphere. Wedge-shaped samples (with a size of 30 mm X 3 mm X 20 mm) were
selected in order to analyze the influence of the cooling rate. The minimum thickness of the wedge
was about 20 pm, the maximum thickness was 3 mm. According to our previous research [25], the
cooling rate was above 20000 K/s near the tip of the wedge sample. At its base the cooling rate was
about 2000 K/sec. The cross section of each sample was etched using 0.5% HF. The samples were
examined by an 18301 Amray, Zeiss EVO MA and by a Hitachi S-4800 (for higher resolution images)
scanning electron microscopes (SEM) equipped with an EDX energy dispersive X-ray spectrometer.
Backscattered electron micrographs were recorded in order to get information about the composition
of the phases. The thermal analysis was performed by a Netzsch 404 differential scanning calorimeter
(DSC) under Ar atmosphere with heating rates from 1 to 10 K/min. Alumina crucibles were used for
the measurements. One of the compositions (CussZrssAgie) Was heated to 1150 K (above the melting
temperature) and held at this temperature for 5 minutes. After holding time was over the samples were
cooled at 4 K/min and quenched at different temperatures for the detailed examination of solidification
processes. The temperature was measured by a thermocouple. Transmission electron microscopic
study was performed on a FEI Tecnai G2 transmission electron microscope equipped with EDX
energy dispersive X-ray spectrometer. The relative error of these EDX measurements is max 5 at%.
The acceleration voltage was 200 kV. The TEM sample was prepared from the thinnest edge of the
wedge-like sample and thinned by ion polishing method (Gatan PIPS). Then the samples were
characterized by tilt series of electron diffraction (ED) patterns, bright field images and EDX spectra.

Description and interpretation of the liquid-liquid miscibility gap were made by the Cadkey
(KeyCreator) CAD design and modelling system. The wireframe and surface model were realized by
fitting spline curves (parabolas) via the measured points.

3. Results and discussion

Cu-Zr-Ag is a very complicated system: it features 9 peritectic and 3 eutectic reactions
according to [7-8]. The cooling rate has a significant influence on phase formation, especially
in the case of amorphous alloys. Multi-component metallic alloys may become amorphous
when the liquid is undercooled down to the glass transition temperature, by-passing the
formation of crystalline phases.

3.1 Surface of the stable liquid miscibility gap

In our previous research [26-27], we confirmed the existence of miscibility gap in the
Cu-Zr-Ag system [8, 28] and revealed its boundaries. Based on these data, the surface that
delimits to the liquid separation is determined (Fig. 1). For this purpose we used the
compositions of the master alloys, the related end points of tie-lines and the corresponding
temperatures. The isothermal sections are shown in Fig. 1. The solidus surfaces of primary



solidification phases intersect the surface of liquid separation and continue until they reach the
surface of monotectic reaction at 1174 K [26].

Fig. 1: Surface of the stable miscibility gap [26]: 2D and 3D view

3.2 Microstructure of samples solidified under controlled cooling rate (5 K/min (0.083 K/s))

Controlled solidification at 5 K/min (0.083 K/s) was performed in the DSC equipment
in order to favor the formation of the equilibrium phases as a consequence of the low cooling
rate. As a first step, three ternary eutectic compositions (CussZr3sAdie, CUsg71Zr41.99A0183
and CussZrs12Ag23g) published in literature were analyzed to determine the real eutectic
composition. Although the three compositions are close to each other, their solidified
microstructures are different. The same four phases were clearly identified in these
compositions: AgZr, m-phase (AgCusZr), CuZr, and (CuAg)ioZr;. According to EDX
measurements, Cu is able to substitute Ag in the AgZr phase to a certain concentration of 10-
18 at% since Ag and Cu have the same lattice (f.c.c.) and comparable atomic radii.

The (AgCu)Zr phase is orthorhombic (ay=0.480 nm, by=0.474 nm, ¢,=0.740 nm) with
a measured composition of Ag.CuisZrss. The m-phase shows a miscibility range, and its
composition changes from CusgZrsAgis to CussZr»Agis as reported in [24] as well. The
(CuAQ)10Zr; phase has orthorhombic unit cell (a;=0.940 nm, by=0.950 nm, ¢,=1.290 nm)
based on tilt series of ED patterns with a measured composition of CuspZrssAgia. The
presence of a remarkable amount of Ag, which has a greater atomic radius than Cu, leads to
an expansion of the unit cell of this phase with respect to CuypZr; (ICSD #164881: a,=0.935
nm, by=0.931 nm, ¢,=1.268 nm).

The (AgCu)Zr phase is orthorhombic (a;=0.480 nm, by=0.474 nm, c,=0.740 nm) with
a measured composition of Agy9CuigZrss. The m-phase shows a miscibility range, and its
composition changes from CusgZrsAgis 10 CuesZrAgis as reported in [24] as well. The
(CuAg)10Zr7 phase has orthorhombic unit cell (2p=0.940 nm, by=0.950 nm, c,=1.290 nm)
based on tilt series of ED patterns with a measured composition of CuspZrssAdia. The
presence of a remarkable amount of Ag, which has a greater atomic radius than Cu, leads to




an expansion of the unit cell of this phase with respect to CuypZr; (ICSD #164881: a,=0.935
nm, bp=0.931 nm, c,=1.268 nm).

0.083 K/s ~100 K/s 7000 K/s

Fig. 2: Microstructure evolution of CussZrs; 2Ag23s (a,b,¢), Cusge71Zr41.99A018.(d,e,f) and
CugsZrssAgie (g,h,i) alloy solidified with increasing cooling rate:0.083 K/s (a, d, g), master
alloy (~100 K/s) (b, €, h), wedge-shaped sample at a place with ~7000 K/s cooling rate (c, f,
i): 1 - AgZr, 2 - (CuAQg)10Zr7, 3 — m-phase, 4 — CuZr,, 5 — eutectic structure

It was observed that the CugssZrs2AQ3s alloy (Fig. 2 a) does not correspond to the
ternary eutectic composition, in disagreement with the results of the calculation of He et al.
[7]. According to the DSC thermogram (Fig. 3), the solidification started with undercooling.
As it can be seen from SEM micrographs and DSC curve, this alloy solidified in three
consecutive steps during cooling the liquid. First the AgZr phase (marked as 1, Fig. 2 a) with
faceted growth morphologies began to solidify at 1098 K. During the second solidification
step that overlapped the peak of the first solidification a binary eutectic of AgZr and
(CuAg)10Zr7 (marked as 2) started to solidify. The remaining liquid is consumed until the final
product (that is, the m-phase + AgZr + (CuAg)i0Zr7) solidifies, which is a ternary eutectic
(marked as 5). The peak temperature of solidification of the eutectic is 1082 K measured
during cooling (Fig. 3). The m-phase solidified independently in some places due to local
segregation. In those areas the m-phase is needle-like. A very small amount of CuZr;, phase
was observed in the sample, which indicates that the solidification did not take place under
equilibrium conditions. The calorimetric signal of CuZr, formation is not observed in the
DSC thermogram, because the volume of this phase is very small or this formation is
overlapped with another process.
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Fig. 3: DSC thermograms of heating and cooling at 5 K/min (0.083 K/s)

In the Cusg71Zr41.90A018.3 alloy, the solidified phases were the same as in the previous
case indicating that also this composition does not correspond to the eutectic one, in contrast
with the calculation by Kang et al. [8]. The solidification temperatures had almost the same
values, while the structure had different appearance (Fig. 2d). The solidification started at
1104 K with the formation of the AgZr phase. The surface of primary solidified AgZr (Fig.
2d, marked as 1) needles was not flat, which implies that primary AgZr is covered by AgZr of
the binary eutectic. A smaller volume fraction of primary AgZr crystals was observed in this
sample than in the previous and following one. The m-phase could be detected only between
the (CuAQg)10Zr; and AgZr crystals, which indicates that degeneration of ternary eutectic takes
place. The AgZr phase of the ternary eutectic solidified on the primary solidified AgZr phase
and the (CuAg)ioZr; phase of the ternary eutectic solidified on the binary solidified
(CuAQ)10Zr; phase. So the m-phase of the ternary eutectic is settled down between the AgZr
needles and (CuAQ)10Zr7.

The volume of m-phase here was the smallest compared to the three compositions
proposed in literature as ternary eutectic compositions. In this sample a little volume of CuZr,
phase was found as well (Fig. 2d, marked as 4).

Examination of the microstructure of ternary eutectic published by Kiindig et al. [6]
(CugsZrssAgie) has revealed that the solidification of this sample takes place in a different
way (Fig. 2g) than in the previous samples. The DSC thermogram indicates three processes
upon cooling (Fig. 3). An additional experiment was performed to identify the primary phase.
The microstructure of the sample quenched at 1150 K can be seen in Fig. 4a. The m-phase
solidifies primarily between 1114 K and 1083 K (Fig. 4b). The microstructure of the sample
quenched at 1053 K features that the subsequent reaction is solidification of the ternary
eutectic (Fig. 4c) of AgZr, (CuAg)10Zr; and m-phases. The ternary eutectic solidification
occurred in such a way that the m-phase of ternary eutectic solidified into the primary m-
phase. The major volume of CuZr, phase was found in this sample. A solid transformation
could be seen in the DSC thermogram at 1048 K. Taking into account the structure, this
sample is located on another liquidus surface than the previous two compositions. Examined
compositions are in the neighborhood of this composition but neither of them solidifies in one
step according to DSC measurements.




Flg 4: |crostructure evolutlon of Cu45Zr36Aglgy ced from 1150 K with coollng rate
of 4 K/min (0.066 K/s) and quenched at 1150 K (a), 1083 K (b) and 1053 K (c) in water: 1 —
m-phase, 2 — AgZr, 3 — (CuAQg)10Zr7, 4 — eutectic structure

To determine the melting and ternary eutectic temperatures, thermal analysis of these
three samples has been carried out. There is no standard definition in literature as on how to
determine the liquidus temperature based on DSC measurements. Furthermore, there is no
agreement whether the peak, endset or onset temperatures should be taken into consideration.
Some researchers use the heating curve [29], some use the cooling curve [30], yet others use
both [31]. It is usually difficult to analyze the liquidus temperature of metallic liquid
especially in case of amorphizable alloys because of supercooling during the cooling process.
In present work the liquidus temperatures are determined using the DSC heating curves
according to [32-34]. The influence of heating rate on the endothermic curve of the DSC is
also taken into account. The effect of heating rate on the onset temperature (Tonset), peak
temperature of melting (Tpeax) and final temperature of melting (Tendser) Was revealed from the
DSC profiles for the three above-mentioned compositions. The temperatures obtained from
the intercepts on the y-axis for Tonset, Tpeak @nd Teng are summarized in Table 2. The values of
statistical correlation parameter are above 0.8. The difference in temperatures is below 1.5 K
for Tpeax and Teng. The liquidus temperatures for these samples are very close but the
structures are different, so the three compositions do not belong to the same liquidus surface.
The value of solidus temperature is found between 1090.9 K and 1095.5 K. On the contrary,
the solidification behavior of ternary eutectic can be revealed much better with the cooling
scans, because the melting process is overlapped with other melting processes. Thus, the
ternary eutectic solidifies at an average temperature of 1081 + 2 K, which is close to the value
published by Kiindig (1088 K) and He (1074.8 K).

3.3 Microstructure of master alloys

The primary solidified phases in master alloys are shown in Fig. 5. It can be seen that
the liquidus projection is very complicated. In the present projection only five areas of
liquidus projection have been verified by analyzing the microstructure: area of liquidus
miscibility gap, primary Ag-solid solution, AgZr, m-phase and (CuAQ)10Zr7.

The area of primary Ag-solid solution goes down to the composition with 20 at% Ag content
as predicted by He et.al. [7] and there is no separate area of Ag-solid solution in the center of ternary
diagram as predicted Kang et al. [8]. This area is bounded to the right by the surface of primary AgZr
and to the left by the liquid miscibility gap which is practically in the center of the ternary diagram.
Dendrites of Ag-based solid solution demonstrated in Fig. 6 contained 9-20 at% of Cu and 2-8 at% of
Zr, respectively, measured by EDX. In the samples, which composition was close to the boundary
between the liquid + primary Ag-solid solution and liquid + primary AgZr, two phases solidified as
primary phases from the liquid (Fig. 5). It cannot occur under equilibrium conditions excluding the
solidification of an alloy with eutectic composition. Note that cooling a master alloy in arc-melting
equipment does not provide equilibrium conditions.
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Fig. 5: The primary solidified phases and liquid separation observed in master alloy (cooling
rate ~100 K/s). Dotted lines represent the liquidus troughs based on the harmonization of
experimental results and the calculated phase diagrams.

The sample CussZrsAgys is a unique example of this fact (Fig. 6). SEM images
demonstrate faceted AgZr crystals (marked as 1) solidified primarily and simultaneously with
the dendrites of Ag-solid solution (marked as 2) but these phases do not solidify as a eutectic.
Primary AgZr phases were observed in several cases with Ag content varying from 18 at% to
70 at%, as was predicted by Kang et al. [8]. The AgZr phase contains 10-16 at% of Cu, the
(CuAg)10Zr; phase 6-8 at% of Ag, respectively, as in the DSC samples. The primary solidified
phases in the master alloy (Fig. 5) were similar to the primary solidified phases formed after
the DSC cycles, where a controlled cooling rate was applied. Different primary phases were
identified if the compositions of the samples were near the eutectic valley. For example, in the
case of CugsZrssAgig alloy the (CuAg)10Zr; was the primary phase in the master alloy (Fig.
2h), while m-phase was the primary phase in the sample with controlled cooling (Fig. 29)
suggesting that the m-phase was deeper undercooled than (CuAg)i0Zr;.

Apart from the primary phases the samples contain more or less volume of eutectic
structure. In the master alloys the eutectic structure was much finer than in the DSC samples
(Figs. 2). Also the composition of the eutectic is shifted. For instance, in the case of
Cusg71Zr41.900Ag18.3 alloy the composition of eutectic was 51 at% Cu, 28 at% Zr and 21 at%
Ag in the DSC sample and 40 at% Cu, 31 at% Zr and 29 at% Ag in the master alloy based on
SEM observations. Namely, the Ag content increased and Cu content decreased, the Zr
content did not change. In CussZr3sAgie and CussZrs; 2AQ238 master alloys the composition of
eutectic structure was the same as in the abovementioned alloy.

Projection based on the microstructure of the master alloys related to the non-
equilibrium state. However, there are fields of this liquidus projection, which are identical to
the two published liquidus projections related to the equilibrium state.




Fig. 6: SE micrographs ofthe CussZriAgas master alloy (a) and a higher magnification
image with Ag-dendrite (b): 1 — AgZr, 2 — Ag-solid solution, 3 — m-phase and 4 — eutectic
structure

3.4 Microstructure of wedge-shaped samples
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Fig. 7: The primary solidified phases, liquid separation and amorphous phase observed in
wedge-shaped samples at the thickness of 0.5 mm where the cooling rate was ~7000 K/s. Two
lines represent metastable miscibility gap and spinodal compositions, respectively predicted
by Kang et al. [8]




Owing to the rapid cooling rate the microstructures were different from the previous
ones: in some cases amorphous or amorphous/crystalline structure formed, and fully
crystalline structure formed in some samples as well.

Considering the wedge-shaped samples of the same compositions, amorphous
structure was observed in the region near the tip up to a maximum wedge thickness of 2 mm.
The bases of the wedges were fully crystalline in all samples. Literature data reported 6 mm
fully amorphous sample for this system [17] but inclusion of oxygen leads to a decrease of the
maximum thickness of amorphous part. The formed structures of wedge-shaped samples at a
thickness of 0.5 mm are presented in Fig. 7. This thickness was chosen in order to deal with
bulk amorphous sample and not with ribbon. The cooling rate here was about 7x 103 K/s [25].
The spinodal and metastable liquid miscibility gap curves published by Kang et al. [8] were
added to the experimental diagram. It features that the fully amorphous area (marked as black
circles) is narrower than the calculated one and is located between the spinodal and
metastable liquid miscibility gap curves. Fully amorphous structure with a thickness above
0.5 mm was divided into two areas: the first area featured those compositions where the
primary solidified phase was the m-phase in the master alloy (Fig. 5 and 7). The second area
belonged to the compositions situated near the boundary between Ag-solid solution and AgZr
phase liquidus surfaces, where two phases solidified as primary phase but did not form a
eutectic structure. The results demonstrate that the m-phase shows the lowest driving force of
nucleation in this system. The AgZr and Ag-solid solution have been formed also from an
undercooled liquid but they have higher driving force of nucleation, therefore, fully
amorphous structure has not been obtained.

a) b)

0um

Fig.8: SEM micrographs (a) of the Cuszs5Zr37.5A020 Wedge-shaped sample at the thickness of
0.5 mm showing needle-like crystals and TEM bright field image of the needle-like crystals
(b). The diffraction pattern (right upper corner) obtained from the area marked by white
circle.

The Cus25Zr375A020 is situated in the amorphizable area, and this alloy becomes
amorphous owing to high cooling rate in the copper mould. In this case the primary solidified
phase is m-phase both at a cooling rate of 5 K/min and in the master alloy. Based on SEM
observations, the first appeared crystals in amorphous matrix are generally needle-like bent
crystals (Fig. 8 a). Further TEM measurements are presented in Fig. 8 b. Bright field TEM
image of the crystal showed stripes caused by diffraction contrast, which demonstrated how
much the crystal was bent. According to ED patterns the needle-like crystals were not single
crystals. Some parts of the crystal showed to be monoclinic, other parts were tetragonal.
Slight differences could be observed between the monoclinic and tetragonal unit cells:




monoclinic unit cell with a;=0.480 nm, by=0.740 nm, ¢,=0.480 nm, £=91.5+0.8°; tetragonal
unit cell with a;=0.472 nm, ¢,=0.730 nm. This may be caused by chemical differences or
ordering-disordering of the constituting elements. Besides, in some ED patterns the reflections
had a diffuse character. The measured average composition of two needle-like crystals was:
Cu20Zr50Ad30.

The amorphous/crystalline composite could be obtained due to liquid separation with a
silver content up to 50 at% [27]. The ternary liquid decomposed into one Ag-rich liquid (L;)
and another liquid being rich in Cu and Zr (L), and the latter forms the amorphous phase. The
boundaries of the liquid ternary miscibility gap have been enlarged owing to high cooling rate
[27].

In CussZrs12Ag23s alloy the structure (Fig. 2c) was very different from the slowly
cooled structure. In the matrix needle-like phases appeared: one had an elevated Ag-content
with low Zr-content (Cu,sZr13Ages2) and the other had elevated Cu-Zr content (Cus3Zrs1Agos).
A 50 pm thick layer developed on the surface of the wedge which was an
amorphous/crystalline composite. Typical eutectic structure was not visible in the wedge. In
Cusg71Zr41.00A0183 alloy a needle-like phase solidified in the matrix (Fig. 2f), which
composition was the same as that of the abovementioned Cu-Zr rich phase (Cus3ZrziAgzs).
Eutectic structure was not visible either in this case.

In CussZrssAgig alloy the primary phase was not the m-phase (Fig. 2i) in contrast to
the most slowly cooled sample. The volume of eutectic structure obviously augmented with
respect to the master alloy or DSC sample (Fig. 2i). The composition of eutectic structure was
Cuszg5Zr381Ag22 4.

4. Conclusions

The bulk glass forming alloy system can be strongly supercooled; therefore
amorphous sample can be obtained. It is difficult to study solidification in such systems due to
this phenomenon. The investigation of the Cu-Zr-Ag ternary system led to the following
results:

1. It has been demonstrated experimentally that the proposed ternary eutectic
Compositions (CU452T36A919 [6], Cu39,712r41.99A918.3 [8] and CU35Zf41.2Agg3.3 [7])
published in literature are not true eutectics according to DSC and SEM
measurements. The eutectic composition published by Kiindig et al. [6]
(CugsZrsgAgre) was the closest to the ternary eutectic composition based on its
microstructure. The liquidus temperatures of the above mentioned compositions were
as follows: 1112.5 K, 1108.9 K and 1111.3 K, respectively, and the primary phases were:
AgZr and, in the latter case, the m-phase.

2. The primary phases upon solidification were identified in all the alloys cooled at three
different rates: 0.083 K/s (controlled cooling in the DSC), about 100 K/s (master
alloys cooled in the arc furnace) and about 7000 K/s (samples cast in a wedge-shaped
mould).

3. Based on the primary solidified phases liquidus projection of the Cu-Zr-Ag system has
been covered. The central part of the liquidus projection of the ternary Cu-Zr-Ag
system is determined based on the experimental results and the phase diagrams of the
two ternary calculated systems. These data particularly confirm the two liquidus
projections published in literature up to date. It has been shown that the field of liquid-
liquid separation exists and the field of primary Ag-solid solution is not a separate area
(opposite to Kang’s theory). The liquidus projection in the Cu-Zr-Ag system has been
successfully defined.



4. It has been shown that the m-phase has lower tendency to formation and growth with
respect to the (CuAg)10Zr; phase in this system.

5. The amorphization ability is influenced by the type and number of the primary
solidified phases. In the wedge-shaped samples fully amorphous structure at the
thickness of the wedge greater than 0.5 mm has been developed only in those
compositions where the primary solidified phase was the m-phase or two phases
solidified together as primary one.

6. It has been shown that the possibility of amorphization is very closely related to the
phases formed during solidification of undercooled liquid. The experimental data
confirmed that the fully amorphous area is narrower than the calculated one and is
located between the spinodal and metastable liquid miscibility gap curves [8].
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