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The effect of decomposition on crystallization

in Zr41Ti14Cu12.5Ni10Be22.5 bulk metallic glass
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The decomposition as well as its effects on the crystallization of the bulk metallic glass
(MG) Zr41Ti14Cu12.5Ni10Be22.5 has been investigated using transmission electron microscopy
(TEM). It is found that the decomposition destabilizes the MG and makes the MG thermally
less stable with respect to crystallization. The effects of the phase separation on the
subsequent crystallization are discussed based on the microstructural characteristics of the
MG. C© 2000 Kluwer Academic Publishers

1. Introduction
Phase separation has been found and intensively stud-
ied in metallic glasses in the last decade, it is an impor-
tant factor in understanding the crystallization process
and the glass forming ability (GFA) of the metal-
lic glass (MG) [1–4]. Recently, Johnsonet al. [5, 6]
have developed a multicomponent glass forming sys-
tem Zr41Ti14Cu12.5Ni10Be22.5. The metallic glass can
be obtained in various shapes and sizes even by the
conventional casting process at a low cooling rate. This
brings bulk MG close to technical applicability. The
phase separation is discovered in the supercooled liq-
uid state of the Zr41Ti14Cu12.5Ni10Be22.5 MG. Intensive
attention and interest has been paid to the decompo-
sition phenomenon in the bulk MG and much effort
has been devoted to this work [7–10]. The low cool-
ing rate for the formation of the MG allows one to
observe the phase separation taking place below a mis-
cibility gap in the supercooled liquid region (SLR). It
was demonstrated that the phase separation in the su-
percooled liquid state plays a crucial role in modulating
the thermal property and modifying the microstructure
in the subsequent crystallization [9–11]. Field ion mi-
croscopy with an atom probe (FIM/AP) revealed that
the as-quenched Zr41Ti14Cu12.5Ni10Be22.5 MG decom-
posed into Be rich and Ti rich amorphous phases in the
SLR. Be and Ti show clear anti-correlated concentra-
tion fluctuations from the observation of FIM/AP, Zr,
Cu, Ni do not participate significantly in the decom-
position [8, 9]. However, up to now, the effects of the
decomposition on the subsequent crystallization are a
controversial question, because adequate experimental
data concerning the effects have not been achieved, and
the different experiments lead to contradictory results.
The relation between the microstructural characteristics
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and the decomposition of the MG is still unclear. In this
work, transmission electron microscopy (TEM) is used
as the main experimental method to study the decom-
position as well as the influence of decomposition on
the crystallization in the Zr41Ti14Cu12.5Ni10Be22.5 MG.
The effects of the decomposition on the crystallization
of the alloy are discussed by using the microstructural
characteristics of the MG.

2. Experimental procedure
Amorphous alloy ingots, with nominal composition
Zr41Ti14Cu12.5Ni10Be22.5, were prepared from a mix-
ture of the elements of purity range from 99.9% to
99.99% by induction melting under a Ti-gettered Ar
atmosphere. The ingots were remelted in a sealed silica
tube under a pure Ar atmosphere and were subsequently
water quenched, resulting in a cylindrical rod with di-
ameter of 12 mm. The details of the preparation process
of the sample was described in Ref. [10]. The cross-
sectional thin foils cut from the middle of the rod were
investigated by TEM. When the specimens were an-
nealed, each of them was heated up to the desired tem-
perature using a rate about 10 K/min. and cooled down
at about 20 K/min. to ensure the same thermal history
for all specimens. TEM experiments were performed in
a Philips EM400 operating at 120 kV. The detail TEM
experimental procedure can be seen in Ref [10].

3. Results
3.1. Decomposition of the metallic glass

in the supercooled liquid state
The homogenous glass nature of the r41Ti14Cu12.5Ni10
Be22.5 MG was previously proved by X-ray diffraction
(XRD) [12], differential scanning calorimeter (DSC)
[10, 12], TEM [10] and small angle neutron scattering
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Figure 1 TEM micrograph and corresponding selected area electron
diffraction pattern after annealing at 623 K for 62 h. The micrograph
is taken in the light of the outer diffuse halo ring.

(SANS) [8]. The DSC results show that the MG ex-
hibits a large supercooled liquid region,1T(1T =
Txl − Tg is 50 K), which is defined as the difference
of the glass transition temperatureTg(Tg = 623 K)
and the onset temperature of the first crystallization
eventTxl(Txl = 673 K). Fig. 1 shows a TEM dark field
micrograph and the corresponding electron diffraction
pattern of the MG annealed at 623 K for 62 h. The
annealing temperature is just aboveTg and well below
Txl . The alloy is in a supercooled liquid state at this
annealing condition. The diffraction pattern shows two
close diffuse diffraction rings resulting from the two
amorphous phases in the supercooled liquid state. No
sharper diffraction rings can be observed. The corre-
sponding dark field micrograph imaged by the light of
the outer ring shows that the nanosized amorphous clus-
ters of one phase are visible in the bright contrast. The
results indicate that the as-quenched MG separates into
two different amorphous phases. The microstructure of
the precipitates of the amorphous phase with a radius up
to 3 nm embedded in the second amorphous phase ma-
trix was also found by SANS [8]. The phase separation
process in the MG was confirmed by XRD [13] and
FIM/AP methods [8]. FIM/AP studies reveal that the
as-quenched MG decomposed into Be rich and Ti rich
amorphous phases, the Zr, Ni, Cu constituents do not
participate significantly in the decomposition process.

3.2. The effects of decomposition
on the crystallization

In order to determine the influence of the decomposi-
tion on the crystallization behavior, the MG specimens
were treated with different annealing conditions. One

was isothermally annealed at 623 K for 15 h, and then
additionally annealed at 653 K for 1 h. The isothermal
anneal at 623 K for 15 h was performed to cause a
decomposition of the glass prior to the crystallization,
and then to exhibit the effects of the decomposition
on the subsequent crystallization. (i.e. a treatment de-
composition preceding crystallisation). As displayed in
Fig. 2a, the Bragg peaks of the crystalline phase have
been observed in the diffraction pattern after an addi-
tional anneal at 653 K for 1 h. The results indicate that
the MG with decomposition preceding crystallisation
partially crystallizes in the SLR. The dark field picture
in Fig. 2a shows the specimen with decomposition pre-
ceding crystallisation has finer and denser nano-scale
crystallites. Another specimen was directly annealed
near the crystallization temperature, 673 K for 1 h. The
TEM dark field picture and diffraction pattern of the
specimen without a decomposition preceding crystalli-
sation are presented in Fig. 2b. The sharp crystalline
peaks arising from partial crystallization of the MG can
be seen in the diffraction pattern. The dark field picture
shows that various sizes of the crystallites are sparsely
distributed randomly in the amorphous matrix. The size
distribution of the crystallites in the specimens with and
without decomposition preceding crystallisation treat-
ment are shown in Fig. 3a and b respectively. For the
specimen with the decomposition preceding crystalli-
sation the measurement shows that the crystalline size
distribution is mainly from 1 nm to 8 nm, with the
average size of 2 nm. For the directly crystallized spec-
imen, the size of the crystallites ranges from 1 to 14 nm,
and the average size is 3.5 nm. The different crystallite
size distributions in the two specimens result from the
different nucleation processes. The crystallites in the
specimen without decomposition preceding crystalli-
sation are formed by a homogeneous nucleation due to
a composition fluctuation from the initial homogeneous
alloy. In contrast, the formation of the crystallites in the
specimen with decomposition preceding crystallisation
is influenced by the decomposition. As the phase sepa-
ration proceed in the initial MG, the interfaces between
the decomposed phases provide the nucleation sites and
facilitate the nucleation of the crystalline phases, and
the crystallites are formed by a heterogeneous nucle-
ation process. This leads to the crystallization of the
MG at a lower temperature. The decomposition pre-
ceding crystallisation thermally destabilizes the MG.
TEM observation also indicates that the crystallization
in the MG can undergo different paths to the crystal-
lization. The MG can directly crystallize by nucleation
and growth from the initial homogenous MG, or can de-
compose into two amorphous phases. The decomposed
phases crystallize at a relatively lower temperature.

3.3. Thermal stability of ZrTiCuNiBe alloy
with the change of Be content

To study the thermal stability of the decomposed phases
and clarify the effects of the decomposition on the
subsequent crystallization, the metallic glasses with
different Be contents (Zr41Ti36.5−xCu12.5Ni10Bex 15≤
x≤ 32 at.%), which may correspond to the decomposed
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Figure 2 TEM micrograph and corresponding selected area electron
diffraction patterns (a) after annealing at 623 K for 15 h, then annealing
at 653 K for 1 h; (b) after annealing at 673 K for 1 h.

products, were prepared to investigate their thermal sta-
bility and GFA. Fig. 4 shows the relation ofTxl , Tg and
the critical cooling rate of the MG with the different
Be contents. It can be seen that theTg, Txl values of the

Figure 3 The size distribution of the crystallites in the MG after partial
crystallization. (a) after annealing at 623 K for 15 h, then annealing at
653 K for 1 h; (b) after annealing at 673 K for 1 h.

Figure 4 The changes ofTx, Tg and critical cooling rate of the
Zr41Ti36.5−xCu12.5Ni10Bex MG with different Be contentsx.

MGs shift to a higher temperature with increasing Be
content. The results indicate that the thermal stability
of the MG is increased by adding more Be. The Be rich
Zr-Ti-Cu-Ni-Be MG is thermally more stable with re-
spect to crystallization. The critical cooling rate of the
alloy system is sensitive to the Be content as shown in
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the Fig. 4, the alloy with Be rich content and Ti rich
content require a much higher critical cooling rates, the
MG with more or less Be contents are not as good a
glass former as the Zr41Ti14Cu12.5Ni10Be22.5 MG. The
MG Zr41Ti14Cu12.5Ni10Be22.5, which can be prepared
at the minimum critical cooling rate, is the best GFA
defined by critical cooling rate in the ZrTiCuNiBe alloy.
This confirms that Be and Ti elements play an important
role in the GFA of the MG. The experimental results
support the suggestion that the decomposition destabi-
lizes the as-quenched MG and makes the MG thermally
less stable with respect to crystallization, because the
decomposed Ti rich phase in the MG is thermally less
stable against crystallization than the as-quenched MG
and crystallizes at the lower temperature relative to the
as-quenched MG. The crystallization process in the de-
composed MG should begin in the Ti rich amorphous
phase.

3.4. The changes of the mechanical
property in decomposition and
crystallization

Vickers microhardness (HV) measurements were ap-
plied to confirm the effects of decomposition on the
crystallization in Zr41Ti14Cu12.5Ni10Be22.5 MG, be-
cause the HV in MG is sensitive to the structural change
and phase transformation. The testing load was 1.96
Newton force. The accuracy of the measurement was
about 3%. A comparison of the HV change of the MG
which has undergone different heat treatments is shown
in Fig. 5. The HV increases from 5.40 GPa in the as-
quenched state to 6.15 GPa after the isothermal anneal
at 623 K, and then shows insignificant change even for
200 h of annealing. The MG has undergone a com-
plete decomposition during the isothermal annealing
process. The result indicates that the HV of the MG is
evidently affected by the phase separation before crys-
tallization happens. When the MG is isothermally an-
nealed at 653 K, the HV increases to a saturation value
of 6.5 GPa. The increase of the HV results mainly from
the full relaxation of the MG in the supercooled liq-
uid state, the relaxation leads to the annihilation of the

Figure 5 The HV changes of the Zr41Ti14Cu12.5Ni10Be22.5 MG after
annealing at different temperatures.

free volumes and makes a more dense randomly packed
structure of the MG. To compare the HV differences
in the MG with and without a decomposition preced-
ing crystallisation, the as-quenched MG was isother-
mally annealed at 623 K for 15 h to cause a decompo-
sition preceding crystallisation. When the MG with the
decomposition preceding crystallisation treatment was
annealed at 653 K, the HV saturation value was raised
to 7.00 GPa in comparison to 6.15 GPa in supercooled
liquid state and 6.50 GPa for the sample annealed at
same temperature without a decomposition treatment.
The HV saturation value is similar to that of the crys-
tallized sample isothermally annealed at 673 K. The
HV measurement result indicates that partial crystal-
lization occurs in the sample with decomposition pre-
ceding crystallisation, and the crystallization gives rise
to the precipitation of nanocrystallites in the MG, the
nanocrystallites/amorphous mixture resulting in an en-
hanced HV [14, 15]. The result is taken as further evi-
dence that the decomposition thermally destabilizes the
initial MG.

4. Discussion
The TEM observation results demonstrate that phase
separation occurs in the Zr41Ti14Cu12.5Ni10Be22.5 MG.
The phase separation in the supercooled liquid state
means that the composition of the MG is distinct
from the respective crystalline phases. The decomposed
amorphous phases were found to have different short
range orders compared with the as-quenched MG [16].
The results mean that the MG has significant differ-
ences in microstructure and composition compared to
the corresponding crystalline compounds. Due to the
complexity and large atomic size ratios in the multi-
component alloy, the MG has a highly dense randomly
packed microstructure, which is more closely packed
than that of the conventional MG. The microstructural
and compositional characteristics make the nucleation
and growth of the crystalline phases from the initially
homogenous supercooled liquid extremely difficult, be-
cause of the extremely slow mobility of the constituents
in the highly viscous supercooled liquid. It is very diffi-
cult for the five elements in the alloy to simultaneously
satisfy the compositional and structural requirements of
the crystalline compounds. The origin of the excellent
GFA of the MG results from the two microstructural
characteristics. The experimental results confirm that
a tendency to phase separation exists in the best glass
former Zr41Ti14Cu12.5Ni10Be22.5 MG, the tendency to
decomposition is another contributing factor to the ex-
cellent GFA of the alloy. However, the decomposition
destabilizes the MG and makes the MG thermally less
stable with respect to crystallization. The conclusion is
supported by the experimental data, which shows the
relation of the thermal stability and the Be content of
the alloy. To clarify the phenomena, a schematic plot
of the free energies diagram is illustrated in Fig. 6,
which exhibits schematically the decomposition and
crystallization behavior of the MG. The diagram can
be read as a binary cut through a multicomponent al-
loy with respect to Be and Ti components that the
phase separation involved. The free energy curves for
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Figure 6 Schematic Gibbs free energies of a supercooled liquid, two
decomposed amorphous phases and two crystalline compounds.

a supercooled liquid state of MG, two decomposed Be
rich and Ti rich amorphous phases and two crystalline
compounds are drawn in the figure. From the diagram,
one can see that the crystallization is a non-polymorphic
crystallization process, because of the microstructural
and compositional differences between the MG and its
corresponding crystalline phases. The MG can go to-
wards the crystalline states along two crystallization
paths. One process is the homogeneous nucleation of
the crystalline compounds by a composition fluctua-
tion directly from the initial homogenous melt. The
MG can also undergo a preceding phase separation in
the SLR by spinodel decomposition decomposing into
two amorphous phases with no activation barrier. The
decomposed phases have similar local structures and
composition to the respective crystalline compounds.
Thus, the subsequent crystallization process is close to
polymorphic. The two processes compete in the MG
towards the crystalline states. The TEM observation
results demonstrate that the two crystallization phe-
nomena do exist in the MG. Due to the larger composi-
tion and local structure difference between amorphous
and crystalline compounds, the nucleation barrier is
much larger for nucleation of crystalline phase di-
rectly from the homogenous MG in supercooled liq-
uid, the nucleation needs a relatively long time scale
and higher temperature. The phase separation makes
the MG decompose into two amorphous phases which
have similar composition and local structure to their
respective crystalline compounds. The nucleation bar-
rier decreases after the phase separation in the MG, and
the subsequent crystallization is close to a polymorphic
process. The nucleation probability for the formation
of the compounds in the decomposed phases increases
compared to that in the initial homogenous MG. The
phase separation may also give rise to a great decrease

in the viscosity of the supercooled liquid and then in an
increase in the mobility of the atoms in the melt [17].
Meanwhile, the interfaces induced by decomposition
promote the nucleation of the crystalline phases by pro-
viding the nucleation sites. So, the crystallization path
through decomposition preceding crystallisation is the
kinetically favored one in the MG. The phase separa-
tion affects the subsequent crystallization by promoting
the nucleation and decreasing the thermal stability of
the MG.

5. Conclusion
TEM observation confirms that the decomposi-
tion occurs in the as-quenched metallic glass
Zr41Ti14Cu12.5Ni10Be22.5. The phase separation in the
supercooled liquid state means that the composition
of the MG is distinct from the respective crystalline
phases. The decomposed amorphous phases have com-
positions and local structures close to the respective
crystalline compounds and exhibit a high nucleation
rate in crystallization compared to that of the as-
quenched MG. The decomposition in the supercooled
liquid region affects the subsequent crystallization by
promoting the nucleation and destabilizing the thermal
stability of the MG.
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