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Abstract

Different Zr- and Hf-based amorphous alloys were prepared by melt-spinning, mechanical milling and copper mold casting to compare their
devitrification behaviour. The perturbed angular correlation technique was applied to characterize the local order in these amorphous samples and
its evolution with temperature. The crystallisation process, being a complex mechanism in these multicomponent alloys, is analyzed in detail.
At intermediate stages metastable phases and nuclei of intermetallic compounds are found. The hyperfine parameters of the final products are

compared with those of well defined crystalline alloys.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Crystallization behaviour of bulk metallic glasses shows a
variety of characteristic features: phase separation, incipient
nucleation, formation of metastable phases, etc. The occurrence
of a given evolution depends on composition, heat treatment,
oxygen content and, frequently, the addition of other elements.
Itis also known that in Zr—Al-Cu—Ni bulk glasses small amounts
of oxygen reduce the thermal stability and promote the formation
of quasicrystalline or metastable TipNi-type phases. In a similar
way, the preparation method may influence the crystallisation
process. Recently, it was argued that the possibility of phase
decomposition in the supercooled liquid state may influence the
crystallization process [1,2]. These facts renew the interest in
the relationship between short-range order in metallic glasses
and the formation of metastable aperiodically ordered phases.

Perturbed angular correlations as one of the electric field
gradient-sensitive techniques, have already been applied to the
analysis of the local atomic order in various bulk metallic glasses
alloys [3-6]. In this work we applied this technique to analyze
the short-range order in different Zr- and Hf-based multicompo-
nent amorphous alloys in the supercooled liquid state and after
different heat treatments.
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2. Experimental

Samples were prepared by different methods from purified elemental met-
als. The studied systems were: copper-mold cast rod of Zrs3HfyCu3zgAljoNis
(Z55) [4]; mechanically alloyed powders of Zrg3Hf,Cuy7.5Al75Nijo (Z65) and
HfgsAly 5Cuy75Nijp (H65) [5] and melt spun ribbons of Hfs5CuzgAljpNis
(H55), Zrsp sHf> Tiy7 sCupgAljgNig (ZTI) [6]. The 2 at.% addition of hafnium in
Zr-based alloys is necessary for the PAC measurements. Details on the equipment
setup and data analysis can be found in previous works [2,5]. The quadrupolar
frequency, wq, resulting from the PAC spectra after a least-squares fitting pro-
cedure, gives information on the electric field gradient (EFG) generated by the
surroundings of the probe atom by means of wq =eQV,/40h (Q is the nuclear
quadrupole moment). Other obtained parameter is the predicted relative width
8 = A,/V,,, which indicates how defined is the involved structural site, and the
asymmetry parameter, defined by n=(Vy — Vi, )/ V..

The samples were annealed at temperatures 40—-60 K below the first exother-
mic peak at increasing periods of time. Also heat treatments during 1h at
increasing temperatures were done in order to obtain the full crystallization
of the samples.

3. Results and discussion

The short-range order thermal evolution at temperatures
below the first exothermic peak in both Zr- and Hf-based alloys
were analysed. Fig. 1 shows the resulting Fourier transform of
the PAC spectra obtained for all composition at a selected step
of crystallization. In Table 1, the details on the specific heat
treatments is display together with their corresponding crystal-
lization temperatures (defined by the onset of the exothermic
events). The common feature in all the alloys annealed below
the first exothermic temperature peak is the presence of wide
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Fig. 1. Fourier transform of PAC spectra for annealed amorphous alloys. Left,
below the first crystallization temperatures (see Table 1). Right, after prolonged
heat treatments at the indicated temperatures. The vertical lines indicate the
central values of the frequency distributions.

distributions of frequencies (left side in Fig. 1). It is observed
that the H55 and Z65 alloys display one site distribution mean-
while a two site distribution is clearly evident in the other three.
As increasing annealing time the central values of these distribu-
tions changes to values corresponding to more defined structural
sites similar to those in intermetallic compounds, reducing also
their relative width. Similar changes are observed for isochronal
annealing at increasing different temperatures. On the right side
of Fig. 1 the resulting Fourier transforms of the PAC spectra
corresponding to the last annealing step done on the different
samples is shown. From the figure the more defined probe atom
environments is evident.

Fig. 2 shows the evolution with time (Fig. 2a) and with tem-
perature (Fig. 2b) of the central EFG distribution value for all
the analyzed amorphous alloys obtained after least-square fit-
tings of the PAC spectra. Full symbols represent the majority
EFG component; open symbols are the corresponding ones for
phases at minority population fraction. According to the results
obtained from PAC spectra analysis, three zones can be distin-
guished in Fig. 2b. The amorphous region, where the spectra

Table 1
Details of heat treatments done on the studied amorphous alloys
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Fig. 2. The central EFG distribution value evolution for all the analyzed amor-
phous alloys with: (a) increasing time and (b) increasing temperature. Full
symbols, the majority EFG component (right lines are to guide the eyes); open
symbols, phases at minority population fraction. Also shown are: tetragonal
Hf>(Zry)Cu (full start in (b)), Hf2(Zr2)Ni (open start in (b)), Hfs(Zrs)NiAly
(semi full circles) and a metastable TipNi-type phase (full starts in (a)).

are characterized by a wide distribution of quadrupolar frequen-
cies, well described by a distribution function P(V_;, n) based
on a dense random packing (DRP) of ions [3-6]. An interme-
diate region, corresponding to the glass transition temperatures
of the different amorphous alloys. When samples are annealed
at these temperatures the results are one or two wide distribu-
tions of frequencies, but they cannot be always described by
a DRP model [5,6]. We have named crystallization zone that

Sample Annealed treatment T (K) T (K) Intermediate phases Final phases

Zrsp sHf, Tiz 5CupgAljoNig 5Smin x 723K 716 759 TiyNi-phase + amorphous t-Zr,Cu + ZrgNiAl,
Hfs5CuzpAljoNis 25min x 793 K 855 - Nuclei HfgNiAl, HfsNiAl,

Zrs3Hf, CuszgAljgNis 30min x 723 K 767 - TiyNi-phase or nuclei ZrgNiAly ZrgNiAl,
Hfg5Al7.5Cu7.5Nijg 8 min x 793 K 823 873 t-Hf, Cu + TipNi-phase (minor) t-Hf, Cu + HfgNiAl,
Zrg3Hf,Cuy7.5Al7 5Nijo 10 min x 693 K 728 773 t-Zr,Cu + nuclei ZrgNiAl, t-Zr,Cu + ZrgNiAl,

Ty and Ty are the first and second crystallization temperatures (defined by the onset of the exothermic events). Also the observed intermediate and final phases are

shown.
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temperature region were the PAC spectra are well described by
Gaussian distributions of frequencies more similar to the ones
corresponding to the final crystallization products.

Also shown in Fig. 2 are the quadrupole parameters corre-
sponding to stable intermetallic compounds already character-
ized by PAC. The tetragonal Hf>(Zr,)Cu (full start in Fig. 2b)
and Hf,(Zr,)Ni (open start in Fig. 2b) characterized by a unique
EFG [7,8]; Hfg(Zrs)NiAl, (semi full circles in Fig. 2) which
have two inequivalent structural sites [9] and a metastable TipNi-
phase (full starts in Fig. 2a) whose quadrupole parameters are
obtained from an isomorphous compound Hf,Fe [6].

Although at a first sight a great dispersion of values is evi-
dent from Fig. 2, some trends can be inferred. For H55 sample
(upper triangle) at first stage of crystallization one frequency
distribution has observed, being its mean value close to the
low EFG component of the HfgNiAl, intermetallic compound
(V2 =4 x 10'7 V/cm?). With further annealings no changes are
produced only a slightly diminution in its wide width.

In the case of Z65 (hexagon), although the Fourier transform
displays one site wide distribution, the fit yield two EFG com-
ponent with low central values. One distribution centered at zero
frequency which is associated with nuclei of crystalline Zr,Cu,
characterized by alow EFG [7], in agreement with other reported
results at first stage of crystallization in Zr—Al-Ni—Cu alloys
[10,11]. The second EFG component (above 4 x 10Y7 V/cmz)
can be assigned to the structural site of low EFG component in
ZrgNiAly. X-ray diffractograms (not shown in this work) con-
firm the observed phases at this stage.

For ZTI, H65 and Z55 samples the intermediate stages are
rather complicated, but they have a distinctive behaviour since
all display a two widely distributed electrical field gradients. In
the case of ZTI one of these distributions is characteristic of an
amorphous phase [6]. For H65, one EFG distribution has a very
low value, close to zero, which is assigned to tetragonal Hf>Cu
[7] similar to the one observed for Z65, since both compounds
are isomorphous. The Z55 sample displays an EFG distribu-
tion which has a central value similar to the one of ZTI but not
described by a DRP model. This component evolves, with further
annealing, to the low EFG in ZrgNiAly (V=4 x 107 V/iem?).
The assignment of the other resulting component (V_, between
11 x 10'7 and 19 x 10'7 V/cm?) in the three precedent alloys is
rather ambiguous since the local environments for the metastable
Ti,Ni-type phase (22.8 x 107 V/cm?) and preclude nuclei of
Hfg(Zre)NiAly (15 x 107 V/em?) show some similarity. We
analyzed the XRD patterns for ZTI and H65 samples at this
annealing step and the corresponding diffraction peaks of the
metastable phase are clearly visible (Fig. 3) together with
some broad other crystalline peaks such as Hfy(Zr;)Cu and
Hf(Zrg)NiAly; in ZTI the characteristic amorphous halo is also
seen [6]. However, as prolonged higher temperature treatments
the TipNi-phase evolved to crystalline Hf(Zrg)NiAl; since both
hyperfine parameters, EFG and asymmetry parameter (1) are
well defined, allowing us to make a choice from the different
phase options.

Metastable ZryNi (Ti;Ni-type phase) and tetragonal Zr,Cu
have been previously reported as intermediate and final crystal-
lization products in Zr-based alloys with similar composition as
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Fig. 3. XRD diffraction patterns for: above, Zrsy sHf>Ti7 sCupoAljoNig (ZTI)
and bottom HfgsAly 5Cuy7.5Nijo (H65).

in sample Z55 [12,13]. In the case of the alloys containing Ti,
several authors have suggested the presence of metastable phases
upon crystallization [14—16]. Table 1 also shows the intermedi-
ate and final phases as identified by PAC and XRD patterns
according to the above discussion.

In summary, we have observed that the metastable TipNi-
phase formed during intermediate devitrification steps in melt
spun ZTI, mechanical milled H65 and copper mold Z55 alloys.
This result contrast with what happened in others Zr-based alloys
[1] where quasicrystalline phase formation is observed as first
stages of crystallization only in amorphous synthesized directly
from the liquid state. Phase separation prior to the crystalliza-
tion steps was only observed in ZTT sample where an amorphous
phase coexists with the metastable Ti;Ni-phase as was observed
by other authors [2]. The EFG in this metastable phase has dif-
ferent value from the EFG existing in the amorphous phase,
indicating no linkage to the short-range order in the glassy state.
Similarly, Mattern et al. [16] in ZrggTipCuyoNigAljg, a close
composition to ZTI sample, have observed by X-ray synchrotron
diffraction no structural change between glassy and supercooled
liquid states.

4. Conclusion

Analysis on the short-range order in several amorphous alloys
by means of the PAC hyperfine technique allows us to conclude:

e Thermal annealings below the first crystallization temperature
leads to the precipitation of TipNi-type metastable phase and
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nuclei of the intermetallic compounds as expected from the
equilibrium phase diagram.

e The short-range order in the metastable phase seems to have
no correlation with the existing one in the amorphous or super-
cooled liquid state.
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