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Abstract—The thermal stability and structure of binary amorphous Zr;,, _ ,Be, alloys have been studied
using differential scanning calorimetry and neutron diffraction over a wide concentration range (30 < x < 65).
The amorphous alloys have been prepared by rapid quenching from melt. The studied amorphous system
involves the composition range around the eutectic composition with boundary phases o.-Zr and ZrBe,. It
has been found that the crystallization of alloys with low beryllium contents (“hypoeutectic” alloys with x <
40) proceeds in two stages. Neutron diffraction has demonstrated that, at the first stage, a.-Zr crystallizes and
the remaining amorphous phase is enriched to the eutectic composition; at the second stage, the alloy crys-
tallizes in the a.-Zr and ZrBe, phases. At higher beryllium contents (“hypereutectic” alloys), one phase tran-
sition of the amorphous phase to a mixture of the o.-Zr and ZrBe, phases has been observed. The concentra-
tion dependences of the crystallization temperature and activation energy have been revealed.
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1. INTRODUCTION

The physical and technological properties of amor-
phous metallic Zr—Be alloys attract attention of
researchers as before. These properties are of interest
from the fundamental and applied standpoints. Metal-
lic Zr—Be glasses consist of components incommen-
surable with each other in atomic radii and masses and
can be obtained over a wide concentration range,
which facilitates the study of their atomic structures
and dynamics, in particular, acoustic and optical
modes [1—4].

The Zr—Be amorphous alloy ribbons several tens of
micrometers in thickness can be used as a solder in dif-
fusion welding of Zr parts for atomic industry. This can
be alternative to the method of beryllium sputtering on
the surface of a zirconium part, which is costly and
harmful to the environment [5].

In [6], the thermal stability of amorphous
Zr 40— Be, alloys was studied using differential scan-
ning calorimetry (DSC) and X-ray diffraction in a
limited concentration range 30 < x < 50. The DSC
data revealed two exothermal peaks for the samples
with x £40. The X-ray diffraction study showed that
the o-Zr phase is formed at the first crystallization
stage. It was assumed in [6] that the remaining amor-
phous phase is enriched in zirconium to the composi-
tion ZrBe,, which crystallizes at the second stage. In
samples with x > 40, phases a-Zr and ZrBe, crystallize
simultaneously. The dependence of the crystallization
temperatures and activation energies on the beryllium
concentration was not observed.

Differential scanning calorimetry and X-ray dif-
fraction were also used to study the thermal stability of

a number of amorphous metal—metalloid alloys near
their eutectic compositions [7, 8]. “Hypoeutectic”
amorphous alloys crystallize in two stages. It was also
concluded that, first, the pure metal crystallizes, and
the remaining amorphous phase is enriched to the
composition of a metastable crystalline compound
(Ni—B system) [7] or to the composition of a stable
crystalline compound, i.e., the second boundary phase
(Co—B,Si system) [8].

To better understand the processes of crystalliza-
tion of metallic glasses, we performed the DSC and
neutron diffraction investigations of the Zr,,_,Be,
system over a wider concentration range (30 < x <65).
Unlike X-rays, the amplitudes of neutron scattering by
Zr and Be are almost equal to each other, which facil-
itates the phase analysis of the sample after the first
crystallization stage.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Samples of the amorphous Zr,, _,Be, alloys with
x = 30, 40, 50, 55, 60, and 65 were prepared by rapid
quenching from melt on a rotating copper disc in a
purified argon atmosphere. The amorphous state was
confirmed by neutron diffraction on a DISK diffracto-
meter installed on an IR-8 reactor at the National
Research Centre “Kurchatov Institute” (Moscow,
Russia). The obtained structure factors S(Q) are
shown in Fig. 1. It is seen that the peaks systematically
shift toward increase in the momentum transfer as the
beryllium concentration increases. The reason is that
partial structure factors S(Q)z_z, S(Q)z_p., and
S(0)ge_p. are markedly different because of the large
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S(Q), arb. units
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Fig. 1. Structure factors S(Q) of the amorphous
Zr 00 — xBe, system with x = 30, 40, 50, 55, 60, and 65. For

convenience, the curves are shifted along the ordinate axis.

difference in the zirconium and beryllium ionic radii
[1, 2]. Thus, the neutron diffraction data are very sen-
sitive to the sample composition. It should be noted
that the X-ray diffraction data for these samples are
slightly dependent on the concentration, because X-
rays are predominantly scattered by zirconium.

The crystallization of the samples was studied using
DSC on a NETZSCH STA 449 C thermal analyzer.
The measurements were carried out at four heating
rates: 10, 20, 30, and 40 K/min. Figure 2 shows the
DSC curves measured at a heating rate of 20 K/min.
The DSC curves of the Zr,,_ Be, samples with x = 30
and 40 have two exothermal peaks, whereas the DSC
curves of the Zr,y, _ ,Be, samples with x = 50, 55, 60,
and 65 have one exothermal peak. The positions of
these peaks systematically shift with variations in the
beryllium concentration. We measured the structure
factor for the Zr;,Be;, sample that was rapidly cooled
after the first crystallization stage (Fig. 3). The peaks
are observed corresponding to the crystalline state of
zirconium and zirconium-rich amorphous phase. To
estimate the amorphous phase composition, we also
show in Fig. 3 the structure factors of samples ZrgBe,,
and Zr;sBegs. The activation energies (AE,) of the
reactions of crystallization were determined by the
Kissinger method [9]

din(n/T,)/d(1/T,) = ~AE,/R,

where 7 is the heating rate, 7, is the temperature of the
peak in the DSC curve, and R is the universal gas con-
stant. The Kissinger plots for the first and second reac-
tions of crystallization are shown in Fig. 4.

Figure 5a shows the dependence of the crystalliza-
tion temperature on beryllium content x in the alloy
(the dashed lines show a part of the Zr—Be phase dia-
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Fig. 2. DSC data for the amorphous Zry, _ ,Be, system
with x = 30, 40, 50, 55, 60, and 65. For convenience, the
curves are shifted along the ordinate axis.

gram [10]). Figure 5b shows the activation energies as
functions of beryllium content x in the alloy.

3. DISCUSSION OF THE RESULTS

According to [11], depending on the concentra-
tion, the amorphous phase can crystallize according to
one of the following scenarios: the preferred crystalli-
zation of one of the phases and the enrichment of the
remaining amorphous phase, the polymorphic (with-
out any change in the concentration) crystallization,

S(Q), arb. units
3

Q’ A_l

Fig. 3. Structure factors S(Q): (1) Zry,Be;, sample after
the first crystallization stage, (2) initial amorphous
ZrgoBeyosample, and (3) initial amorphous Zr35Begs sam-
ple. For convenience, the curves are shifted along the ordi-
nate axis.
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Fig. 4. Kissinger plots for the amorphous Zry _ ,Be, sys-

tem with x = 30, 40, 50, 60, and 65: (a) the first stage of
crystallization and (b) the second stage of crystallization.

and the eutectic (simultaneous) crystallization of both
phases.

As follows from Fig. 3, at the first stage, the o-Zr
phase preferentially crystallizes, and the enriched
amorphous phase composition is closer to the eutectic
composition (ZrgBe,,) than to the composition of the
second boundary phase ZrBe,, as was argued in [6].
The enriched amorphous phase crystallites in phases
a-Zr and ZrBe, according to the eutectic type at the
second stage of crystallization.

An analysis of the concentration dependence of the
crystallization activation energy (Fig. 5b) shows that
the crystallization activation energy of phase a-Zr in
“hypoeutectic” alloys is lower (the first stage) than
that of amorphous phase of the eutectic composition
(the second stage): 63.1 and 83.5 kcal/mol, respec-
tively. In this case, the crystallization temperature and
activation energy of phase o.-Zr increase as the eutec-
tic composition is approached, which can be
explained by the decrease in the number of frozen-in
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Fig. 5. (a) Concentration dependence of the crystallization
temperature of the (/) first and (2) second stages for the
“hypoeutectic” composition and (3) “hypereutectic”
composition. The dashed lines show the conventional Zr—
Be phase diagram. (b) Concentration dependence of the
crystallization activation energy of the (/) first and (2) sec-
ond stages for the “hypoeutectic” composition and (3)
“hypereutectic” composition. x is the Be concentration.

a-Zr crystallization centers. The amorphous Zr;;Be;
sample is close in composition to the crystalline ZrBe,
phase. Therefore, the crystallization of this sample is
polymorphic with higher crystallization activation
energy and crystallization temperature
(187.1 kcal/mol and 796 K, respectively) than those
for the eutectic composition (83.5 kcal/mol and
714 K). These parameters have intermediate values for
Zrs,Bes, and Zr,,Beg, alloy, and this fact can be
explained by the quantitative proportion of the eutec-
tic and phase ZrBe, in them. We call attention on the
“mirror correlation” between the crystallization tem-
perature of the amorphous phase and that of the liquid
phase of the “hypoeutectic” alloys (Fig. 5a). In both
cases, first, the pure metal crystallizes, and the amor-
phous and liquid phases are enriched to the eutectic
composition that crystallizes during the second stage.
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4. CONCLUSIONS

Thus, the neutron diffraction data show that, at the
first stage of crystallization of “hypoeutectic” amor-
phous Zr—Be alloys, The preferred crystallization
occurs with precipitation of the o-Zr phase and
enrichment of the remaining amorphous phase to the
eutectic composition. During the second stage, the
enriched amorphous phase crystallizes in phases o.-Zr
and ZrBe,.

The “hypereutectic” alloys do not demonstrate
preferred crystallization of the second boundary ZrBe,
phase, because it can exist in the amorphous state with
high activation energy of crystallization. Therefore,
these alloys simultaneously crystallize in a mixture of
the boundary a.-Zr and ZrBe, phases.

It can be assumed that similar crystallization is also
characteristic of metal—metalloid systems.
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