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Designing the microstructure of metallic glasses by phase

separation
Prof. Mattern Norbert

Institute for Complex Materials, IFW Dresden, D-01171 Dresden, Germany.

Bulk metallic glasses (BMGs) with large critical diameters >10 mm can be
prepared in various types of alloy systems such as those based on Zr, Ti, Pd,
Pt, Mg, Ln, Fe, Cu and Ni [1,2]. BMGs exhibit outstanding strength, elastic
strain, and elastic energy storage [3].

Fe-based metallic glasses are successfully used as soft-magnetic materials in
electronic devices [4]. Recent research is devoted to ultra-soft nanocrystalline
materials with enhanced saturation magnetization from heterogeneous
metallic glass as precursor [5].

The disadvantage of BMGs is the very limited plastic strain because the
deformation occurs localized in thin shear bands initially only ~10 nm thick. This localization of plastic
flow leads to shearing-off failure in most cases without any significant macroscopic plasticity. In the last
few years some plasticity has been reported for different Pt-, Cu-,Pd-, Ti-, and Zr-based glassy alloys which
is found to depend on alloy compositions and processing conditions.

When these BMGs undergo extensive deformation, they are characterized by traces of many shear bands.
Heterogeneities in the glass structure may play an important role for the mechanical properties e.g. for the
formation and propagation of such multi shear bands. They may have also impact for the formation of nano-
structures upon quenching the melt or annealing the glass. Metallic glasses own intrinsic variations and
fluctuations of the structure, which are a consequence of the disorder, but it depends on chemical
composition and preparation route. Different kinds of heterogeneities have been discussed to explain the
improved ductility observed for some bulk metallic glasses:

1. the presence of local fluctuation in density, stress or free volume in the glass,

2. the occurrence of nano-crystallization during deformation (or casting the melt),

3. phase separation within the glass, and

4. the presence of distinct short- or medium range.

Furthermore a large Poisson’s ratio v is favourable for increased plasticity and fracture toughness of the
glass [6].

Chemically driven phase separation
In the last 8 years it was demonstrated for several glass forming alloy systems, that it is possible to
manipulate the heterogeneity of bulk metallic glasses (BMGs) in a systematic manner by adding elements
having a strong positive enthalpy of mixing to one of the main constituents [7]. The structure formation by
chemically driven phase separation in several glass forming alloy systems depends strongly on the
thermodynamic properties of the liquid phase. Therefore, the knowledge of the corresponding phase
diagram is essential for the understanding of the structure formation. In order to obtain a phase separated
metallic glass the alloy has to fulfil at least two conditions:
1. upon quenching the liquid or the metastable undercooled liquid has to decompose

into two liquids and
2. the formed two liquids have to have sufficient glass forming ability.

Phase separation of Zr-Co-Al-Gd metallic glasses
The quaternary alloy system Zr-Co-Al-Gd is a suitable candidate for synthesizing phase separated MGs,
because ternary Zr—Co-Al [8] and Gd—Co—Al [9] alloys are bulk glass forming
systems and the enthalpy of mixing (AH,,;,) between Zr and Gd is +9 kJ mol.
2
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(b) (c)

Zrg.,Gd, Co,Al 5 (X =0, 2, 5, 10, 15 and 20 at%) ingots were alloyed from high-purity elements (99.9%)
using arc melting under argon atmosphere. Glassy bulk samples could not be obtained. Therefore, rapidly
guenched ribbons were fabricated by single-roller melt spinning using a quartz crucible and a wheel speed
of 30 m s1. The casting temperature was T = 1627-1677 K. The resulting ribbons had a width of 4 mm and
a thickness of 40 um. Fig. 1 shows the bright-field transmission electron microscope (BF-TEM) images and
the corresponding selected area electron diffraction (SAED) patterns obtained from the cross section of as-
spun Zrg,.,Gd,Co,5AlL ¢ (x = 5, 10 and 20) glassy ribbons. For x = 5 (Fig. 1a), the absence of any significant
contrast in BF-TEM image accompanied by the corresponding SAED pattern (inset) consisting of a single
diffuse halo was revealed. On the other hand, the BF-TEM image for x = 10 clearly shows the presence of
heterogeneities of 10 nm in size with an inter-cluster distance of 20 nm (marked by arrows). Two diffuse
halo rings in the corresponding SAED pattern (inset in Fig. 1b) confirm that the regions with dark contrast
are Gd-enriched clusters. For x = 20 (Fig. 1c), the heterogeneous microstructure consisting of a Zr-rich
glassy matrix and Gd-rich glassy phases are further coarsened by coalescence. As also shown in SAED
patterns (insets of Fig. 1) the diffraction intensity of the inner diffuse halo, which corresponds to the Gd-rich
glassy phase, increases with increasing Gd content.
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Fig. 2: Spatial distribution of constituent elements by Fig.3: Schematic phase diagram section of
APT. (a) x =5 and (b) x = 10 glasses (as-quenched). the Zrgg ,Gd,Co,5Al .

yellow iso-concentration surfaces for concentrations of Gd: 9 at% for x = 5 and 30 at% for x = 10,
respectively. These values of Gd iso-concentration are chosen from the half maximum of the Gd
concentration profiles. The microstructure of the as-quenched samples in Fig. 2 clearly illustrates that the
Gd-enriched clusters are randomly distributed throughout the sample volume, with size of 4 nm for x =5
and 7 nm for x = 10, respectively.
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Based on the experimental results, a schematic drawing of the pseudo-binary section of the quaternary Zr—
Gd-Co-Al phase diagram with miscibility gap (coloured region) is shown in Fig. 3. The results suggest that
the critical temperature of liquid—liquid phase separation T, i.e. the boundary of the miscibility gap (binodal
line in Fig. 3), strongly depends on the composition of the alloys. The metastable miscibility gap exists at
least up to 20 at% Gd. A homogeneous amorphous structure for x = 2 implies that T, is far below the glass
transition temperature T and the composition of the glass is out of the miscibility gap. APT characterized
the earliest stage of spinodal decomposition in the as-quenched state for x = 5 glass due to the fact that T is
just slightly above T,. As proved by in situ SAXS/WAXS and heat treatment, further development of the
decomposition process can be triggered by annealing the glass. For the alloys with higher Gd content (x >10
at% Gd), further developed stages of decomposition are obtained for the as-quenched state. Because T, is
much higher than T, the phase separated liquids underwent further growth during quenching.

Microstructure and mechanical properties of Zr-Cu-Al-Fe BMGs

Zr0.,ClUys Al Fes bulk metallic glasses (BMGs) with high Zr content (60-67.5 at% Zr) were reported to
exhibit unusual deformation behaviour [10]. Higher content of Zr results in lower hardness, but favours the
generation of highly localized shear bands, even if nanocrystalline phases precipitate in the glassy matrix.
Moreover, flow of the dominant shear band proceeds slowly under compressive stress without rapid shear
rupture and facture. Because Cu and Fe have positive enthalpy of mixing (+6 kJ/mole) and a metastable
miscibility gap of the liquid exists for the binary Cu-Fe phase diagram, phase separation can be a possible
reason for the increased plasticity. We investigated the influence of Fe addition on the mechanical
properties of copper-mould cast Zrg,Cu,, AlgFe, rods (x = 7 — 23 at% Fe). The largest values of plastic
deformability in compression were obtained for the alloy with 10 at% Fe. Figure 4 shows

A(mo) = 0.070932 nm
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Fig.4:XRD patterns of Zr4Cu,sAlgFe,, glassy rods Fig.5: TEM image of Zr.,Cu,;AlsFe;, BMG
with different diameter. showing local fluctuations of the structure
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Fig.6 : Stress-strain curves (compression) of Zrz,Cu,;AlgFe,, BMGs for different rod diameters

XRD-patterns of Zrz,Cu,;AlgFe,, BMGs cast with different diameters. The microstructure by TEM is
shown in Figure 5 with some contrast variation related to structural and/or chemical heterogeneities. Fig.
6 shows the deformation curves in compression measured at IFW Dresden. The plasticity range clearly
depends on the sample size. For the 3 mm samples the plasticity is much smaller compared to that of the
samples with smaller diameter. Tensile tests were performed at IMR. Tensile samples were
manufactured from 30 mm long rods 3 mm in diameter by the IMR workshop (Fig. 7). For thetensile
test an Instron machine at IMR Sendai was used equipped with high speed camera. The obtained stress —
strain curves of the two measured samples exhibit no indication of ductility in tension (Fig. 7). The
fractured samples were analyzed by SEM at IMR. Figure 8 shows corresponding images. Clear
deviation from a flat fracture surface is visible. Also, some curved shear bands apart from the fracture
surface can be detected. The patterning of the supercooled liquid phase is characterized mainly by
radiate cores (Fig. 8) as typically observed for the tensile fracture [11]. Further investigations are
necessary in order to correlate the microstructure with mechanical properties.

As next step fracture toughness measurements will be done. For this, 10 mm x 10 mm x 2.5 mm plates
of the ZrCuAlFe glasses will be prepared at IFW Dresden. Fracture toughness measurement will be
performed at IMR Sendai.
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Fig.7: Rod samples prepared at IFW Dresden and manufactured at IMR Sendai .Tensile test of
Zr5,CuysAlgFe, BMGs at IMR Sendai.

8025 28.8KU gea7 28.8KV roea 180m

Fig.8: SEM images of fracture surface of Zr;,Cu,;AlsFe,, BMG after tensile test showing radiate
core structures. Side view exhibit shear band underneath the fractured area.
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In situ observation of liguid phase equilibria of rare-earth transition metal systems

bce-Zr: o hep-zr: *
bee-Nd: x

Fig. 9: Experimental set-up for in situ XRD Fig. 10: XRD patterns of Nd,,Zr, at elevated
diffraction of levitated liquids at Spring-8 temperatures

Chemical driven phase separation of glass forming alloys is usually related to element combination
having strong positive enthalpy of mixing. For Zr- or Ti-based BMG’s, the additions of rare earth
elements like Gd, Nd, Ce, La can be exploited to initiate phase separation. Rare earth-transition metals
(RE-TM) have also importance for the use as high performance permanent magnets. The knowledge of
the corresponding phase diagrams is indispensable in order to understand the structure formation and for
the further improvement of the properties by designing the microstructure. However, even for binary
RE-TM systems, there is no reliable information of phase diagrams. One difficulty is the high reactivity
of RE-TM melts with any container, which gives rise for errors in the experimental data, especially for
the phase equilibrium with the liquid phase.

Experimental data of the phase equilibrium with the liquid phase could be successfully assessed for
different binary RE-TM alloy systems by a common experiment IMR Sendai (Y.Yokoyama, N. Mattern)
and Gakushuin University Tokio (A. Mizuno) at synchrotron SPring-8 (2013/10/16-2013/10/18). By
combining container-less levitation technique with in situ high energy synchrotron X-ray diffraction at
elevated temperatures the problem of phase reactions with a container can be overcome. Figure 9 shows
the experimental set-up at the high-energy beam-line BL04B2 at Spring-8. The samples were processed
by gas levitation using filter-purified Ar/H gas. A Laser has been applied for heating the samples.

First assessment of Nd-Zr system

Figure 10 shows selected XRD patterns | (q) of the Nd,,Zr,, alloy at different temperatures

representing the characteristic phase equilibria. The whole set of recorded XRD patterns enables to
determine the different coexistence ranges of phases as a function of temperature. Below T = 1118 K,
hcp-Nd(Zr) and hep-Zr(Nd) coexist. Up to T= 1200 K we observe the reflections of bce-Nd(Zr) and hep-
Zr(Nd). Between 1200 K < T < 1270 K we observe the equilibrium between bce-Nd(Zr) and bee-Zr(Nd)
phases. The melting of the sample can be seen by the disappearance of the bce-Nd reflections and the
occurrence of a diffuse diffraction peak in the XRD-patterns. Above T > 1274 K the Nd-rich meltis in
equilibrium with the bcc-Zr(Nd) phase. For Nd,,Zrg, upon heating up to T= 1850 K, the fraction
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Fig. 11:Temperature dependence of Fig.12: Preliminary phase diagram Nd-Zr
diffraction maxima of Nd,Zr, (N.Mattern,Y.Yokoyama in preparation)

of bce-Zr decreases with temperature, and above Tiqiqu= 1850 K £ 20 K, only liquid phase is present (Fig.
10). In the semi-solid regime one can observe a systematic shift of the position of the diffuse maxima
(dashed line in Fig. 10). The temperature dependence of the maximum position g, of the liquid phase as
well as the lattice parameter of bcc-Zr(Nd) as shown in Fig. 11 can be used to determine experimental
points of the Nd-Zr phase diagram. By using this method an experimental phase diagram Nd-Zr was
assessed and a self-consistent thermodynamic description war derived. A preliminary phase diagram is
shown in Fig. 12.

Experimental evidence of liquid—liguid phase separation in the Gd-Ti system

Gd-Ti
T T T T
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2 X X X X X L 2 1 hcp-Gd + hep-Ti
20 25 30 35 40 45 50 55 60 1000 44—
Momentum Transfer q (hm™) © 20 40 60 80 100
Gd in GdTi  (at%)
Fig. 13: XRD patterns of Gd,,Tig, at elevated Fig.14: Preliminary phase diagram Gd-Ti
temperatures (N.Mattern,Y.Yokoyama in preparation)
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Figure 13 shows selected XRD patterns | (q) of the Gd,, Tig, alloy at different temperatures. Above 2100 K
one diffuse diffraction peak indicates the (homogeneous) liquid state above that temperature. Lowering
temperature results in a splitting of the diffuse peak, as indicated by the dotted lines in Fig. 13. The
occurrence of the two maxima corresponds to the phase transition into two liquids and, is a direct evidence
of the presence of two liquids between 1850 and 2100 K. According to the binodal line (Fig. 14), the
compositions of the two liquids change with temperature which can be seen by the increase of the splitting
in Fig. 13. From the data obtained by the in situ XRD measurements of levitated RE-TM alloys, improved
or even new phase diagrams will be derived. Beside the phase equilibrium, the phase sequence upon cooling
the melt can be directly determined (Figs.10,13).
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< Alleviating the dopant segregation of Ce:YAG crystal in improving
micro-pulling down technique
Prof. Zhong Zeng

Department of Engineering Mechanics, College of Aerospace Engineering, Chongqing
University, P.R. China

From 5™ of January 2014 to 315t of March 2014, | worked as a visiting professor
to cooperate with Professor Akira Yoshikawa at the Institute of Materials
Research (IMR), Tohoku University.

In October 1996, | went to IMR for pursuiting my Ph.D. degree, under the

supervision of Professor Yoshiyuki Kawazoe, | got my Ph.D. degree in 2000, after 5 years research on
fluid dynamics in crystal growth at IMR, and then | went back to China and got a promotion at Chongging
University in 2005. It was my great pleasure to visit IMR again.
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During this three months visit, | focused myself on alleviating the dopant segregation of Ce:YAG crystal in
improving micro-pulling down crystal growth technique. The micro-pulling down technique, a melt crystal
growth method, was developed greatly by Fukuda’s laboratory. With great efforts by many researchers, the
micro-pulling down technique has been further developed and a great number of crystal fibers, including
oxide, fluoride and semiconductor fibers with diameter from 0.1 mm to 10 mm, have been grown
successfully with this technique.

Under the actions of both gravity and capillary, the melt in crucible flows downward through micro-
channel(s) to arrive the short floating zone region, where the crystal is grown, owing to the melt wettability
of the shaper, the shape of crucible bottom makes the crystal shape, including cylinders, plates, tubes and
squared rods, controllable. For micro-pulling down technique, the advantages, including its simplicity, the
easy shape control, low probability to incorporate bubbles into the crystal, high growth rate and low costs,
make this technique attractive in both research and industry.

The adopted configuration of micro-pulling down technique is illustrated in Fig. 1, the diameter of micro-
channel is much less than the crystal diameter, which is same size as the shaper, the melt is fed
continuously from the micro-channel, and the dominant convection is Marangoni flow, which occurs in
local region near free surface. These features result in serious dopant segregation in radial direction for
crystal growth with the dopant segregation coefficient k deviating far from 1 (k=0.01 in Ce:YAG, for
example). Based on the theory of hydrodynamics, several possible solutions were proposed, and two
solutions were chosen after discussing with Professor Akira Yoshikawa, Professor Yoshiyuki Kawazoe and
associate professor Yuui Yokota.

The basic idea behind the two solutions is to decrease the difference of dopant diffusion distance from
outlet(s) of micro-channel(s) to crystal-melt interface in radial direction by adjusting slightly the structure
of micro-pulling down method. Based on the modeling and numerical simulation using finite volume
method, the homogeneity of dopant in radial direction is improved in both two solutions as exhibited in
figures2 and 3 .

Besides, because of the experimental observation of gas bubble incorporation during micro-pulling down
growth of sapphire, the bubble movement owing to surface tension in temperate gradient field is also
investigated based on a hybrid lattice Boltzmann method (LBM), incorporating LBM and finite difference
method. Two manuscripts about LBM had been submitted to journal forpublication and we are preparing
two more papers, relating to alleviating the dopant segregation of Ce:YAG crystal in micro-pulling down
technique.

Figure 1: Schematic diagram of adopted micro-
pulling down system

Figure 2: Ce concentration distribution at crystal-melt
interface. Homogeneity of Ce concentration in radial direction
is improved with solution 1. (a=0° the dash line represents
the result for original system)

20 15 10 05 00 05 10 15 20
r (mm)
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Figure 3: Ce concentration distribution at crystal-melt interface.
Homogeneity of Ce concentration in radial direction is improved
with solution 2.

0010
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