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ABSTRACT ARTICLE HISTORY
In situ high-energy X-ray diffraction of NdgoFesoAl;o and Received 3 June 2016
Cez0Al10Cu,o metallic glasses is carried out under high pressure.  Accepted 4 December 2016

During compression, Ce;oAl;oCuye and NdgoFespAlip exhibit a

polyamorphic transition from low-density state below 2.0 and Metallic glasses;
10.0 GPa, to high-density state above 84 and 21.1 GPa, polyamorphism; high
respectively. The intermediate hysteresis regions are the mixture pressure; strip opposite anvil
of both phases. Electrical resistance measurements under high

pressure show that Ce;oAl;oCuyo display a discontinuous change

in pressure dependence curve of resistivity at around 1.7 GPa. The

addition of Fe atom gives a significant standoff of phase transition

pressure in NdgoFespAlqo. The results in this work suggest that the

solute element and microstructure of lanthanide solvent

aggregates have implications on the polyamorphic transition in

metallic glasses.

KEYWORDS

1. Introduction

Metallic glasses (MGs) have received widespread research interests due to their potential
for structural applications. The structural information in MGs can be conjectured from the
evolution of the first sharp diffraction peak (FSDP) in high-energy X-ray diffraction pattern
[1]. The inverse position of FSDP, 271/Q, (Q is the momentum transfer, Q = 4msin 6/, where
26 is the diffraction angle and A is the wavelength), provides direct structural information
at the atomic level and statistical information of average inter-atomic spacing d according
to the Ehrenfest relationship (i.e. d oc 1/Q,) [2]. The strong correlation between 211/Q, and d
has been used to investigate the pressure-induced polyamorphic transition in MGs. Since
the polyamorphic transition was firstly observed in CessAl;s MG, a series of lanthanide-
based MG such as Ce;sAly5Ce70AloNI1oCU,  GdagY16A124C050,  PreoCusgAlqgNisg,
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YbeoCay.5Zn50Mg17.5,PrssAls,(LagsCeq s)eaAli6NisCuy s are found to display the discontinu-
ous change of 2m/Q, under high pressure, which are attributed to a pressure-induced
low-density state (LDS) to high-density state (HDS) transition [3-9]. The transition usually
sustains in certain pressure range and the mixture of LDS and HDS phases exist in the inter-
mediate hysteresis regions [3-8]. However, it is essentially difficult to measure an accurate
density change to demonstrate the phase transition because the change of volume during
transition is very small and the whole sample cannot transform simultaneously under an
inhomogeneous pressure environment. Electronic resistance measurement under high
pressure is another effective approach to investigate the polyamorphism in MGs. The mech-
anism of polyamorphism in MGs was frequently ascribed to the lanthanide solvent-com-
ponent electronic states especially the 4f shell [3, 4]. The abrupt change of electronic
state of the lanthanide solvent-component and so induced volume change under high
pressure could perform as discontinuous electronic resistance change. Liu et al. reported
the pressure-induced polyamorphic transition in NdgoAl;oNi;oCu,q by electronic resistance
measurement [10], but owing to experiment conditions limit, terminal pressure of phase
transition is unavailable. And whether the pressured-induced polyamorphic transition in
NdgoAl;oNi;oCuy could result in discontinuous density change remains unclear. In this
work, we study the pressure-induced polyamorphic transition in two typical ternary lantha-
nide-based MGs Ce,Al;oCu,o and NdggFesoAl; o by combining synchrotron X-ray diffraction
and electronic-resistant measurement. Our results provide evidence for the volume collapse
during polyamorphic transition in NdgoFespAl;o and Ce,oAl;oCu,o MGs by high-energy X-ray
diffraction. Electrical resistance measurement provides the coincident transition pressure
with X-ray diffraction result for Ce;oAl;oCuyg MG.

2, Experimental details

NdgoFesoAl o and CezoAl;oCusg MGs ribbon was prepared using the single-roller melt spin-
ning. Master ingots were prepared by arc melting a mixture of pure neodymium (99.5 at%),
iron (99.2 at%) and aluminium (99.95 at%), and pure cerium (99.5 at%), aluminum
(99.95 at%) and copper (99.9 at%) respectively in an argon atmosphere. Amorphous
nature of the sample is verified by X-ray diffraction experiments. In situ high-energy X-
ray diffraction experiments of NdggFesgAl;o and Ce;pAloCuyy MGs under pressure are
carried out by using symmetrical diamond anvil cell on a 15U1 beamline in the Shanghai
Synchrotron Radiation Facility. The amorphous samples were cut into about 80x92x32
and 122x116x32 um?® chip and then loaded into a 120 and 150 um diameter hole of
T301 stainless-steel gasket, which was pre-indented to a thickness of about 35 and
40 pm, respectively. Silicone oil was used as the pressure-transmitting media and ruby
ball as the pressure calibrate. The wavelength of X-ray was 0.6199 A and size of the X-
ray spot was 2x3 pm? (FWHM). The Debye rings were recorded using an image plate in
a transmission mode, and the XRD patterns were integrated from the images using the
FIT2D software [11]. For calibration of detector to sample distance and detector tilting
angles, the diffraction image of a standard CeO, was collected for fitting the standard
pattern. The background profile was obtained by X-ray through the empty sample
chamber without sample and silicon oil only two diamond anvils. Under applied pressure,
the MG sample was placed at least 20 min in order to obtain structural stability. The typical
time for collecting one set of diffraction patterns was ~1 min. Pressure values of before
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Figure 1. (a) Picture of a strip opposite anvil and (b) schematic diagram of sample assembly.

and after measuring the same spectrum pattern are measured by a well-established Ruby
pressure scale. We found that the pressure error was about £0.15 GPa.

Electrical resistance measurements under high pressure were carried out in a set-up of
strip opposite anvils of tungsten carbide, which is a new type of high pressure mould
designed by Hong [12]. Compared with the Bridgman opposite anvil, pressure gradient
is small in one-dimensional direction along the central line of the strip opposite anvil.
This feature is propitious to the accurate electronic resistance measurement of linear
samples under high pressure. The culet size of a strip opposite anvil is 20 mmx5 mm
and two pieces of 23 mmx5.5 mmx0.55 mm pyrophyllite were used as gasket. The
highest pressure can be up to around 10.0 GPa and details about the strip opposite
anvils are described in [12]. NdggFespAl;o and Ce;pAl;oCusg MGs were cut into about
15 mmx0.55 mmx32 pm chip and placed on the centre line of the pyrophyllite gasket.
Four copper leg wires connect the sample to a constant direct current circuit and an oscil-
lograph was used to record the electrical resistance change under high pressure. The
picture of a strip opposite anvil and schematic diagram of sample assembly are shown
in Figure 1. The pressure was calibrated by Bi and ZnTe phase transitions.

3. Experimental results

Figure 2(a) and (b) shows selected high pressure X-ray diffraction patterns during com-
pression for the NdggFespAlig and CeypAl;oCuye MGs at room temperature. No sharp
Bragg peaks were detected within the studied pressure range, suggesting that the
glassy nature of the samples was stable under high pressure at room temperature.
Upon compression, the broad diffusive amorphous hole obviously shifts to a higher
momentum transfer (Q) due to densification of samples under high pressure. Since the
inverse FSDP position 271/Q, correlates with the volume of glass with a power law function
[2,13], we use it to estimate the relative volume change under high pressures. The pressure
dependence of inverse FSDP position 271/Q; is plotted in Figure 3(a) and (b) for NdgoFeso.
Alyo and CeyAl1oCuye MGs respectively. In Figure 3(a), the 2r/Q; decreases with an
increase in pressure and begins to exhibit an obvious deviation from the fitting curve
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Figure 2. High pressure XRD patterns of NdgoFesoAlio and Ce;oAl;oCuyg MGs. Shift of amorphous hole
towards higher Q implies the densification of sample under high pressure.

below 10.0 GPa. The deviation proceeds up to 21.1 GPa and then 271/Q; as a function of
pressure coincides with a fitting curve above 21.1 GPa. The inverse SDP (second diffraction
peak) position 2711/Q,, which relates to the second neighbour atomic distance, shows
similar discontinuous change under high pressure in Figure 3(a). It suggests that there
exist two glassy states which are distinctly separated by an intermediate transition
region between 10.0 and 21.1 GPa. The anomalous change of 21/Q; for NdgoFespAlio
MG reveals a polyamorphic transition from LDS to HDS with a volume reduction of
about 8.4% (i.e. 211/Q, ~ 3.46%) at 21.1 GPa. In Figure 3(b), the pressure dependence
curve of the inverse FSDP position 277/Q; and inverse SDP position 271/Q, for Ce;oAl;oCuyq
MG also show a discontinuous change over the pressure range of 2.0-8.4 GPa. This obser-
vation suggests that Ce;oAl;oCu,q MG exhibits a polyamorphic transition from an LDS to a
HDS with a volume reduction of about 2.7% (i.e. 21/Q; ~ 1.1%) at 8.4 GPa.

Electronic resistance measurement under high pressure is a complementary approach
to investigate the polyamorphism in MGs. The abrupt change of electronic state of the

0 4 8 12 16 20 24 28 0 2 4 6 8 10 12 14 16 18 20 22 24
P(GPa) P(GPa)

Figure 3. Evolution of inverse FSDP position 271/Q; and reverse SDP position 271/Q, for NdgoFe30Al;o and
Ce;0Al;oCuy MGs with pressure. Two distinct states with a transition region of about 10.0-21.1 and
2.0-8.4 GPa can be clearly identified for NdgoFespAl;o and CezpAl1oCuyg MGs respectively.
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lanthanide solvent-component and so induced volume change during phase transition
could perform as discontinuous electronic resistance change. Pressure-dependent
curves of electrical resistivity for NdgoFespAlip and Ce;oAl;oCuye MGs are illustrated in
Figure 4. For Ce;oAl oCuyg MG, up on compression the electrical resistance monotonically
decreases with increasing pressure. A change of slope is found at around 1.7 GPa. It is due
to the result of high-energy X-ray diffraction under high pressure. During the phase tran-
sition, the change of electrical resistivity is not sharp and it may be due to the uncom-
pleted phase transition and the mixture of two phases. For NdgoFespAlq MG, the
electrical resistivity of NdgoFesAl,o decreases with increasing pressure and there is no dis-
continuous change within 9.3 GPa.

As mentioned in the introduction part, polyamorphism has been found in series of
lanthanide-based MGs. About the mechanism of polyamorphism, the most widespread
interpretation is the electronic structural inheritance from the lanthanide solvent elements
[3-9]. Lanthanide elements are characterized by a gradual filling of the 4f shell and have a
great number of crystal polymorphic transitions for the strongly correlated 4f electrons
under high pressure. Liu et al. reported that polyamorphic transitions exist in those lantha-
nide solvent MGs with 4f electrons by comparing the selected lanthanide-based and non-
lanthanide-based MGs [6]. In this work, we found that the non-lanthanide solute elements
also have an effect on transition pressure. The phase transition pressure regions in Ceyq.
Al;oNi;oCuyg [5] and CezAl;oCuyg MGs are 2.0-10.0 and 2.0-8.4 GPa respectively. The
phase transition initial pressures NdgoFesoAl;q and NdgoAl;oNi;oCuy,oMGs are about 10.0
and 1.2 GPa, respectively [10]. Replacing Cu (10 atom9%) by Ni (10 atom%) in Ce;oAl;oNiso-
Cuy and Cey0Al1oCuyg MGs has no obvious impact on the transition pressure. However,
replacing Cu (20 atom%) and Ni (10 atom%) by Fe (30 atom%) enhances the transition
pressure from 1.2 to 10.0 GPa for NdgoAl1oNi;oCusg and NdggFespAlip MGs. In addition,
NdgoFesoAlip MG shows exceptional hard magnetic property at room temperature
because MGs are usually soft magnetic materials for their non-directional metallic
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Figure 4. Pressure-dependent curves of electrical resistance for NdgoFesoAlqo and Ce;Al oCuyo MGs.
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bonds [14-16]. The mechanism leading to the hard magnetic behaviour of NdggFespAl o
MG (and several other Nd-based containing Fe MGs) is still under hot debate [16]. It is
presumed to be related to its complex microstructure [15,16]. By using high-resolution
scanning electron microscope, it was found that the phase separation during the prep-
aration process of NdgoFespAlp MG formed finely dispersed ill-crystallized Nd-rich clus-
ters which embedded in a glassy Fe-rich matrix [15]. In that case, the large elevation
in phase transition for NdgoFespAl,¢ MG can be properly interpreted by homogeneous
deformation hypothesis [17]. These ill-crystallized Nd-rich clusters process a large
number of surface atoms. Upon structural transformation, shape deformation of nanos-
cale Nd-rich clusters results in high-index and high-energy surfaces in the high pressure
phase, which destabilizes the high pressure phase and inhibits the phase transition [17].
About the effect of solvent on the transition pressure of lanthanide MGs, Zhao et al. com-
pared the dependence of compressibility on the atom radius of solvent element in REss.
AlysCoyo (RE=Lu, Tm, Er, Ho, Dy, Tb, Pr and La) MGs and surmised that the high
compressibility of the lanthanide BMGs is related to polyamorphic transition [10]. A
larger radius of the larger atoms indicates larger atomic clearance and enables the
smaller atoms to enter the clearance more easily [10].The bulk modulus of REssAl;5Coy0
MGs is found to decrease with increased atomic radius of solvent element [10]. In this
work, the transition pressure of Ce;oAl1gNioCuyo is slightly higher than that of
NdgoAl;g Ni;gCuy. It properly indicates that the transition pressure is not related with
the atom radius but also the electronic structure of solvent element. Electronic structure
hereditary trait of MGs from solvent element or base metal has been discussed inten-
sively [4,6,18]. The results in this work suggest more investigation for the effect of
solute element and microstructure of lanthanide solvent element aggregates on the
polyamorphism in MGs.

4, Conclusions

The structure of NdgoFespAl,o and Ce;oAl;9Cuyg MGs under high pressure was studied by
in situ high-energy X-ray diffraction. The samples exhibited the densification process upon
pressure application. During compression, Ce;0Al1oCuyg and NdgoFesgAlig MGs show a
polyamorphic transition from LDS below 2.0 and 10.0 GPa, to HDS above 8.4 and
21.1 GPa respectively. Electrical resistance measurements show that Ce;oAl;oCuyg
display a change of slope in pressure dependence curve of resistance at around
1.7 GPa. By comparing two sets of Ce-based and Nd-based MGs with same quantity of
Ce and Nd solvent elements, we found that the addition of Fe atom gives a significant
standoff of phase transition pressure in NdgoFesoAlio. Hereditary traits of MGs from
solvent element or base metal were studied intensively. The results in this work may
trigger more theoretical and experimental investigation for the effect of solute element
and microstructure of lanthanide solvent aggregates on the polyamorphic transition in
MGs.
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