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A B S T R A C T

Crystallization of Zr-Cu-Al-Ag bulk metallic glasses containing quenched-in crystals was studied by time-resolved
in-situ neutron diffraction during isothermal annealing in the supercooled liquid region. The quenched-in crystals
grew slowly at the beginning, indicating good thermal stability of the Zr-Cu-Al-Ag metallic glass alloys. The
neutron diffraction results demonstrated that crystallization in Zr-Cu-Al-Ag metallic glasses was triggered by
quenched-in crystals, rather than traditional heterogeneous nucleation mechanisms such as atomic-level impu-
rities, container wall or surface oxides.
1. Introduction

The intrinsic glass forming ability (GFA) of a metallic liquid is gov-
erned by its homogeneous nucleation behavior [1,2]. However, in many
practical cases, heterogeneous nucleation controls the crystallization
process during glass formation. For example, the presence of oxides has
been proven to trigger heterogeneous nucleation and has a strong
negative impact on the GFA of Zr-based bulk metallic glasses (BMGs)
[3–6]. Moreover, the fabrication processes of BMGs introduce unavoid-
able contaminants, such as atomic-level impurities, surface oxides, and
quenched-in crystals (QICs). Therefore, heterogeneous nucleation
sometimes dominates the nucleation behavior when the BMGs are heated
up to their supercooled liquid region [7,8], influencing the thermoplastic
formability of the BMGs. In the 1980s’, Toloui et al. studied the effect of
QICs on the thermal stability of partially amorphous ZrNi alloy. They
reported that QICs increase the stability of the amorphous matrix against
further crystallization. The pre-existing crystals showed little further
growth during heat treatment, and there was no evidence that they acted
as heterogeneous nucleation sites [9]. Recently, Yu et al. studied the
effects of atomic-level impurities on the thermal stability of Pd40Ni40P20
BMG in the supercooled liquid region by state-of-the-art atom probe to-
mography combined with transmission electron microscopy [10]. They
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found that minor impurities dramatically influence the stability of
supercooled liquids by changing the heterogeneous crystallization
behavior of metallic glasses. Despite its importance, direct studies of
details of heterogeneous nucleation in metallic glasses are rare. How
these impurities affect the crystallization behavior of metallic glasses in
the supercooled liquid region is still not clear and seems to vary from case
to case. In this work, capitalizing on the fast data rate enabled by
high-flux neutron sources, we performed time-resolved neutron diffrac-
tion experiments [11] to study the crystallization behavior of a series of
Zr46Cu46-xAl8Agx (x ¼ 6, 8, 10, 12) BMGs (hereafter referred to as Ag6,
Ag8, Ag10, Ag12, respectively) in the supercooled liquid region with the
presence of a small amount of QICs. According to literature [12], Ag8 has
the best GFA (about 20 mm), while Ag12 has the poorest GFA (about
10 mm), among the compositions studied.

2. Experiment

Zr-Cu-Al-Ag BMGs of rod shape with a diameter of 3 mm were pre-
pared by Cu-mold casting following the same fabrication process. A
relatively slower cooling rate was applied to introduce QICs. The rods
were cut and their surfaces were mechanically polished. X-ray diffraction
measurements were carried out to characterize the quality of the
Ave., Hong Kong SAR, China.
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Fig. 2. Room temperature structure factor of the Zr46Cu38Al8Ag8 BMG, showing the
amorphous structure with a small amount of quenched-in crystalline peaks.

Fig. 3. Evolution of the S(Q) of Zr46Cu38Al8Ag8 BMG with annealing time, collected at
723 K. The quenched-in crystals grow at first as indicated by the red arrow. After about
60 min, the stable crystals appear, as shown by the blue arrow. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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samples. Small Bragg peaks were found in the diffraction pattern con-
firming the presence of a small amount of QICs. Samples with QICs were
chosen for Differential Scanning Calorimetry (DSC) and in-situ neutron
scattering experiments. The DSC experiment was performed by Netzsch
Pegasus DSC at a heating rate of 20 K/min. The neutron scattering ex-
periments were conducted at the NOMAD beamline [13] at the Spallation
Neutron Source [14], Oak Ridge National Laboratory, USA. All specimens
were isothermally annealed at 15 Kabove the glass transition tempera-
ture for up to 7 h for the measurements. A time resolution of 2 min/-
pattern was utilized.

3. Results

The DSC result for Ag8 is shown in Fig. 1. A clear glass transition
around 708 K, marked by Tg, is observed, followed by an exothermic
crystallization peak, Tx, at about 770 K. The width of supercooled liquid
region is more than 40 K, indicating an excellent thermal stability of the
sample. The isothermal annealing temperature, marked by Ta, is about
25 K below the onset temperature of crystallization.

Fig. 2 shows the structure factor S(Q) of Ag8 BMG obtained at the
NOMAD beamline at room temperature. It shows several broad peaks
whose peak heights decay rapidly with increasing Q (the moment
transfer), a typical feature of an amorphous material. An enlarged view of
the first three peaks is shown at the upper right corner of Fig. 2. Several
small peaks, marked by black arrows, can be found on top of the smooth
amorphous pattern. These peaks indicate a small amount of QICs which
formed during the fabrication process. Because the crystalline peaks are
weak, we were not able to index the specific crystalline phases.

Next, we discuss the crystallization behavior. The BMGs were first
heated up to 573 K at a heating rate of 50 K/min. They were held at 573 K
for 1 min to stabilize the temperature and heated to 723 K for isothermal
annealing. Fig. 3 is the 2-D plot showing the evolution of S(Q) of the Ag8
BMG with annealing time. The inset in Fig. 3 is an enlarged view of the
S(Q) between Q of 2.4Å�1 and 3.2 Å�1. Fig. 3 shows S(Q) changes in two
stages. In the first stage, a sharp diffraction peak at Q ¼ 2.9 Å�1, marked
by the red arrow, develops from the onset of annealing. As will be dis-
cussed below, this peak comes from QICs. When the annealing time
reaches about 45 min, the second stage starts. The intensity of the peak at
Q ¼ 2.9 Å�1 begins to decrease. Meanwhile, another diffraction peak
appears at Q ¼ 3.1 Å�1, marked by the blue arrow. The development of
this peak signifies the formation of the final crystalline phase (FCP). A
similar behavior was found for all samples in the series, with variation in
timescales for incubation and FCP growth.

The evolution of S(Q) indicates a two-step crystallization process. To
obtain a clear view of the development of these two peaks, we integrated
Fig. 1. DSC scan of Zr46Cu38Al8Ag8 BMG collected at a heating rate of 20 K/min. Tg and
Ta are the glass transition temperature and annealing temperature, respectively.
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the intensities of the S(Q) of four Zr-Cu-Al-Ag BMGs from 2.88 Å�1 to
2.98 Å�1 for the diffraction peak from the QICs and from 3.02 Å�1 to
3.12 Å�1 for the crystalline peak from the FCP. The results are summa-
rized in Fig. 4 for all samples. In Fig. 4a, the intensity of the QICs starts to
rise at the beginning of annealing but the increase halts after ~70 min
and then the intensity declines. In Fig. 4b, there is no intensity in the
region of the FCP peak at first. After an incubation period of 60 min, an
FCP peak appears and begis to grow over time. The incubation time of the
FCP generally increases with a decreasing amount of Ag content. From
Fig. 4, it can be seen that the turning point of the intensity from QICs is
roughly the same as the emergence of the FCP for all four BMGs. Ag6 has
a significantly longer incubation time for the nucleation of the stable
crystalline phase than other BMGs.

Quantitative evaluation of the amorphous-to-crystalline phase trans-
formation was carried out using the combinatorial appraisal of transition
states (CATS) software [15]. Assuming that the amorphous states remain
the same throughout the annealing, i.e., the S(Q) of amorphous phase
does not change, we can estimate the volume fraction of the remaining
amorphous phases during the entire crystallization process, as follows
[16],

SðQ; tÞ ¼ f ðtÞSaðQÞ þ ½1� f ðtÞ�ScðQÞ;



Fig. 4. Integration intensities of S(Q) for four Zr-Cu-Al-Ag metallic glasses. (a) Diffraction peak at Q~2.9 Å�1 from the quenched-in crystalline phase. It starts to grow at the beginning of
annealing and stops growing when the stable crystalline phase forms. (b) Diffraction peak at Q~3.1 Å�1 which arises from the stable final crystalline phase and starts to growing at
~60 min. The incubation time of Ag6 can be as long as 80 min.

Fig. 5. Volume fraction of the remaining amorphous phase as a function of anneal-
ing time.
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where f ðtÞ is the volume fraction of the amorphous phase, and SaðQÞ and
ScðQÞ are the structure factors for the amorphous phase and FCP,
respectively. Assuming that SaðQÞ and ScðQÞ do not vary with time, the
f ðtÞ can be calculated and the results are shown in Fig. 5. The amorphous
phase starts to decrease slightly at the beginning, which is due to the
growth of the QICs. After several minutes, the volume fraction of the QICs
shows a sudden drop, which is due to the formation of the stable crys-
talline phase.

4. Discussion

As shown in Fig. 4, the diffraction intensity at Q~2.9 Å�1 starts to
increase without incubation time. It indicates that this peak comes from
the QICs. The QICs grow slightly at the initial stage of annealing. On the
other hand, the intensity at Q ~3.1 Å�1 appears after a certain time,
indicating that it comes from a stable crystalline phase that forms during
annealing. The excellent correlation of the turning points of peak in-
tensities from Fig. 4 confirms that crystallization of the BMGs is triggered
by the QICs, which served as heterogeneous nucleation sites. After the
appearance of the stable crystals during annealing, QICs stop growing
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and start to disappear. The results indicate that the heterogeneous
nucleation in these supercooled Zr-Cu-Al-Ag BMGs is not caused by
atomic level impurities, container walls, or surface oxides. Instead, they
suggest that QICs play the most important role on the crystallization of
the BMGs annealed in the supercooled liquid region. It is quite possible
that crystallization takes place at the liquid/crystal interface of the QICs.
Once the heterogeneous nucleation completes, the surface of nucleation
sites is entirely covered by the new stable crystalline phase, preventing
further growth of the QICs. This scenario can explain the decrease of the
intensity from the QICs after the final stable crystalline phase is formed.
The experiments further demonstrate that the good glass former Zr-Cu-
Al-Ag has a very high thermal stability. Ag6 is the most stable sample,
with an incubation time for heterogeneous nucleation that can be as long
as 80 min at a temperature 15 K above the glass transition.

5. Conclusion

Time resolved in-situ neutron scattering experiments show that the
supercooled liquid of Zr-Cu-Al-Ag is very stable even when containing
QICs. The QICs grow slowly when annealed at 15 K above Tg. The QICs
dominate the heterogeneous nucleation of the supercooled Zr-Cu-Al-Ag
liquid, while traditional mechanisms for heterogeneous nucleation such
as atomic level impurities, container walls or surface oxides play less of a
role. Our experimental results also show that the BMG with the highest
resistance against crystallization (Ag6) is not necessarily the BMG of the
highest GFA (Ag8).
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