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Abstract

Melt-spun Zr,(Tig,136Nbg.058 Cug 324Nig 258 Alg.174) 100—y glassy ribbons with y=157 and 62 were investigated by differential scanning calorimetry,
X-ray diffraction and transmission electron microscopy in order to clarify the role of Zr on the crystallization behavior. The devitrification of the
ribbons is characterized by the formation of a metastable icosahedral quasicrystalline phase during the first stage of the crystallization process. With
increasing amount of Zr the thermal stability against crystallization decreases whereas the temperature range of stability of the quasicrystalline
phase increases. Furthermore, the grain size and the volume fraction of the quasicrystalline precipitates increases with increasing Zr content.
Accordingly, appropriately adjusting the Zr content allows for tuning the thermal stability as well as the microstructure evolution upon heating.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The amorphous-to-quasicrystalline phase transformation
upon devitrification of Zrs7TigNby 5Cu39Nij;1Al75 glassy
ribbons is a primary reaction (i.e. crystallization of a phase
with a different composition than the amorphous matrix) char-
acterized by the redistribution of Al and Zr between the parent
amorphous phase and the arising quasicrystals [1]. Al is slightly
depleted and Zr is slightly enriched in the nanosized quasicrys-
talline precipitates. Therefore, the diffusion of these elements is
an essential aspect of the mechanism of quasicrystalline phase
formation in this alloy, suggesting the possibility to tune the
thermal stability and the microstructure evolution of the glass by
changing the amount of Al and/or Zr. For example, by increasing
or decreasing the Zr content, the formation of quasicrystals may
be assisted or depressed, respectively. This behavior is important
not only from a scientific point of view, i.e. in order to understand
the effect of composition on the formation of quasicrystals, but
it has also significant consequences on the possible engineering
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applications of this glassy alloy as precursor for nanocomposites
materials [2]. In fact, it has been reported that the microstructure
of nanosized particles embedded in a glassy matrix yields high
strength and good ductility when the volume fraction is less than
about 40% [3,4]. In contrast, particles of micrometer size have
a strong effect on crack initiation leading to early fracture [5].
Consequently, the ability to produce a controlled microstructure
is a prerequisite for commercial application. Another funda-
mental aspect that has to be taken into account is the stability
of quasicrystals (QC). The utilization of a partially devitrified
material requires a wide temperature interval between the for-
mation of the primary phase and the subsequent transformation
events. Chemical composition has a strong influence on both
thermal stability and microstructure evolution upon heating
[6,7] and, thus, the knowledge of the influence of composition
on both these features is extremely important. Accordingly, in
this work the influence of the Zr content on the crystallization
behavior of melt-spun Zrs7;TigNby 5Cui39Nij1.1Alys glassy
ribbons has been investigated.

2. Experimental

Prealloyed ingots with nominal composition Zry(Tig.186Nbo.0s8Cuo.324
Nig2sgAlo.174)100—y (y=57 and 62) were prepared from pure elements
(purity >99.9 wt.%) by arc melting in a titanium-gettered argon atmosphere.
The ingots were remelted several times in order to achieve homogeneity in com-
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Fig. 1. Constant-rate heating DSC (40K/min) scans of the melt-spun
Zry(Tig.186Nbo.058Cup.324Nig 258 Alo.174)100—y glassy ribbons with y =57 and 62.

position. Ribbons with a cross section of about 0.05 mm x 3 mm were prepared
in a single-roller Biihler melt spinner at a wheel velocity of 14.3 m/s under an
argon atmosphere. Since oxygen contamination may influence the crystalliza-
tion behavior [8-10], special care was taken to ensure a comparable amount
of oxygen in both ribbons. This amount, evaluated by carrier gas hot extraction
using a Leco TC-436DR analyzer, was found to be about 0.05wt.%. The
microstructure was characterized by X-ray diffraction (XRD) using a Philips PW
1050 diffractometer (Co-Ka radiation) and by transmission electron microscopy
(TEM) using a Philips CM 20 microscope. The thermal stability of the samples
was investigated by differential scanning calorimetry (DSC) at 40 K/min heating
rate with a Perkin-Elmer DSC7 under a continuous flow of purified argon.

3. Results and discussion

Fig. 1 shows the constant-rate heating DSC scans (40 K/min)
of the melt-spun glassy ribbons with y=57 and 62. Both DSC
curves exhibit the same general behavior, namely, a distinct glass
transition followed by two crystallization events at higher tem-
peratures. The effect of Zr on the thermal stability data evaluated
from Fig. 1 is summarized in Table 1. The temperature of the
glass transition (T) and the crystallization temperature related to
the first crystallization event (7 ) shift to lower values by about
10 and 20 K, respectively, with increasing Zr content. Therefore,
varying the composition strongly affects the devitrification by
lowering the temperature of the transformation from the solid
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Fig. 2. XRD patterns (Co-Ka radiation) for the as-spun ribbons with (a) y=57
and (b) y=62, and for the ribbons heated up to the completion of the first
exothermic DSC peak (c) y=57 and (d) y=62.

state glass to the supercooled liquid (SCL) and by decreasing the
stability of the SCL against crystallization. The variation of T
and Ty gives rise to a decrease of the supercooled liquid region
(ATy1 =Ty — T) of about 10 K when increasing the Zr content
from y=157 to 62.

When partially crystallized materials are considered, a fun-
damental parameter that has to be considered is the temperature
range of stability of the phase formed, which in the present case is
ATy =Ty — Ty, i.e. the temperature interval between the first
crystallization temperature, where the primary phase forms, and
the subsequent crystallization event. ATy, increases by about
25 K for the alloy with y = 62 compared to the sample with y =57.

These results suggest that if one is interested in the amor-
phous material it is better to choose the alloy with the lower Zr
content, in which the glassy phase is more stable. On the other
hand, if partially crystallized material is required, the ribbons
with the higher Zr content is the better choice, since it is charac-
terized by a wider temperature range of stability of the primary
precipitating phase. Finally, while the crystallization enthalpy
AH] increases with increasing Zr content (approximately from
20 up to 30J/g), indicating an increase of the quasicrystalline
volume fraction formed, the same variation of composition has
only a limited effect on AH;, which is decreased by about 2 J/g.

The XRD patterns of the as-spun ribbons (Fig. 2(a) and (b))
exhibit the typical broad diffuse maxima characteristic of amor-

Temperature of the glass transition (Tg), onset of the first (Ty1) and the second (7)) crystallization peak, extension of the supercooled liquid region
(AT =Ty —Ty), temperature range of stability of the quasicrystalline phase (AT, =T,» — Tx1) and crystallization enthalpies (AH,1, AH,2) for the melt-spun
Zl‘y(TiQ'186Nb0.058Cu0‘324Ni0.253A10‘174)100,y glassy ribbons with y= 57 and 62

Ty (K) T (K) T2 (K) ATy (K) AT (K) AHy (J/g) AHy, (J/g)

Ribbon with y=57 646 696 748 50 52 19.1 19.9
Ribbon with y=62 637 677 753 40 76 29.8 17.9
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Fig. 3. Bright-field TEM images of the Zr,(Tio.186 Nbo.0s8 Cuo.324Nio.258 Alo.174) 100y ribbons with (a) y =57 and (b) y = 62 heated to completion of the first exothermic

DSC event and corresponding electron nanodiffraction patterns (insets).

phous materials and no traces of crystalline phases. In order to
study the structural evolution during heating, the ribbons with
y=>57 and 62 were annealed in the DSC by continuous heating
at 40 K/min up to different temperatures up to the completion of
the first exothermic DSC event and then cooling to room temper-
ature at 100 K/min. The phases formed were identified by X-ray
diffraction and their patterns are shown in Fig. 2(c) and (d). Both
glassy ribbons with different composition devitrify by precipita-
tion of an icosahedral quasicrystalline phase that can be indexed
according to the scheme of Bancel et al. [11]. With increasing Zr
content the QC diffraction peaks sharpen, suggesting an increase
of the grain size of the quasicrystals.

Fig. 3(a) and (b) shows the bright-field TEM images and the
corresponding electron diffraction patterns of the samples with
y=57 and 62, respectively, after heating at 40 K/min up to the
completion of the first crystallization event. The micrographs
reveal a homogeneous distribution of particles. While the par-
ticles precipitated in the alloy with y=57 have a size on the
order of 5-10 nm, in the samples with y =62 the dimensions of
the quasicrystalline particles are about 10-20 nm. The electron
nanodiffraction patterns taken from the precipitated particles are
presented in the insets in Fig. 3(a) and (b). The patterns clearly
exhibit five-fold symmetry. These findings confirm the XRD
results, corroborating that the particles precipitated during the
first crystallization event have a quasicrystalline structure and
that increasing the Zr content yield larger QC grains. The crys-
tallized volume fraction, estimated from the TEM images, was
found to be about 40-50 vol.% for the material with y=62. This
value is larger than for the sample with y =57, which comprises a
volume fraction of 20-30 vol.% after the primary devitrification
step. This supports the earlier assumption based on the analysis
of the crystallization enthalpies, which suggested an increase of
the QC volume fraction with increasing Zr content.

The reduced thermal stability against crystallization and the
increased size of the quasicrystalline precipitates observed when
the amount of Zr is increased might be attributed to the enhanced
ease of precipitation of the quasicrystalline phase from the
supercooled liquid. Crystallization only takes place when the
composition of a region of the size of a critical nucleus has the
composition of the nucleating phase. If the supercooled liquid

has a different composition with respect to that of the quasicrys-
talline phase, nucleation requires a significant atomic diffusion
and redistribution and, therefore, the probability to achieve a
critical nucleus of the required composition is reduced. The for-
mation of quasicrystals in the ribbon with y=57 requires the
enrichment in Zr of the nucleating phase up to a content of about
61.7wt.% [1]. The increase of Zr content favors the formation
of the quasicrystalline phase because it reduces the amount of
Zr that has to diffuse from the glassy phase/SCL to the aris-
ing quasicrystals. As a result, the formation of quasicrystals for
the Zr-rich alloy may be shifted to a lower temperature. In the
alloy with y=62 the dimensions of the quasicrystalline grains
are larger than in the sample with y=57. This suggests a higher
growth rate for the y=62 alloy. Growth rates can be enhanced
or depressed depending on the type of crystallization mecha-
nism [12]. For example, primary crystallization reactions, which
require long-range diffusion, are inherently more complex than
a polymorphous transformation that involves only local topo-
logical atomic rearrangements, and thus are expected to give
the finest microstructure [13]. Although for the alloy with y =62
the amorphous-to-quasicrystalline transformation may still be
primary, the increase of Zr reduces the required amount of redis-
tribution of Zr between the growing quasicrystalline grains and
the parent glassy phase/SCL. Most likely, this has a positive
effect on the growth rate and, consequently, increases the dimen-
sions of the quasicrystalline precipitates.

4. Conclusions

The variation of Zr strongly affects the crystallization behav-
ior of melt-spun Zr,(Tig,.186Nbo.058Cuo.324Nio.258 Alo.174)100—y
(y=57 and 62) glassy ribbons. With increasing Zr content the
thermal stability against crystallization decreases by about 20 K
together with a decrease of the extension of the supercooled
liquid region by about 10 K. However, increasing the Zr con-
tent has a positive effect on the temperature range of stability
of the quasicrystalline phase that increases by about 25K, and
on the quasicrystalline volume fraction, which increases by
about 20%.
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