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ABSTRACT

One interesting aspect of metallic glasses is the numerous instances of the deviation
of the phase selection from the amorphous state to thenﬁodynamically stable phases during
the crystallization process. Their devitrification pathways allow us to study the relationship
between the original amorphous structure and their crystalline counter parts. Among the
various factors of phase selections, size and electronic effects have been most extensively
studied. Elucidating the phase selection process of a glassy alloy will be helpful to fill in the
puzzle of the changes from disordered to ordered structures. In this thesis, Two model
ZrpPdyCw1xy and ZnNiCug. (x =0, 0.25, 0.5, 0.75 and 1) glassy systems were investigated
since: (.1) All of the samples can be made into a homogenous metallic glass; (2) The atomic
radii differ from Pd to Cu is by 11%, while Ni has nearly the identical atomic size compare to
Cu. Moreover, Pd and Ni differ by only one valence electron from Cu. Thus, these systems
are ideal to test the idea of the effects of electronic structure and size factors; (3) The small
number of components in these pseudo binary systems readily lend themselves to theoretical
modeling. |

Using high temperature X-ray diffraction (HTXRD) and thermal analysis, topological,
size, electronic, bond and chemical distribution factors on crystallization selections in
ZnPd,Cugxy and ZrNyCuy metallic glass have been explored. All ZnPd,Cuy
compositions share the same C!/b phase with different pathways of meta-stable, icosahedral
quasicrystallinel phase (i-phase), and C/6 phase formations. The quasicrystal phase formation

is topologically related to the increasing icosahedral short range order (SRO) with Pd content



vi

in Zr,PdxCug1 5 system. Meta-stable C/6 phase is competitive with CI7b phase at x = 0.5,
which is dominated by electronic structure rather than size effects. Cu-rich and Nirich
compositions in ZrNiCux trend to divitrify to CZ7b or CI6 phases respectively. In the
proposed pseudo binary phase diagram, the domain of CI16, C11b and co-existence phases
are mainly related with the topology in the amorphous structure and formation enthalpies of

crystalline phases.



CHAPTER 1. GENERAL INTRODUCTION

Introduction

Understanding the phase selection process during the crystallization of metallic glass
is critical for gaining a better grasp on both the thermodynamics and kinetics aspect of phase
transformations in the metallurgical field. There are various driving forces which control the
directions of devitrification pathways in metallic glass. The question then arises: what’s the
relationship between the amorphous structure and the crystéllization pathways?

In order to understand the above question, numerous attempts have been made to
correlate the factors, which control the devitrification, to short-range-order, atomic size or
electronic structure of the elements, thermodynamics, ezc., Several competing ideas about the
amorphous structure and crystallization process are listed below:

One of the famous hypothesis proposed by F. C. Frank [1] about 55 years ago, that
there is a very common grouping in the liquid: one atom at the center of each face of a
- regular dodecahedron. This configuration has five-fold axes, which are abhorrent to crystal
symmetry since this kind of configuration cannot be continuously extended in three
dimensions. It should be note that Frank’s hypothesis was based on one-component materials
(all the spheres are identical), whereas no pure metal has yet been quenched in the glassy
state. Later, Kelton [2] first directly demonstrated Frank’s hypothesis by experiment,

showing that a growing icosahedral short-range order with decreasing temperature in deeply



undercooled Tisg 5Zr39.5Niy; liquids by synchrotron x-ray structural studies, Because metallic
glasses are rapidly quenched. from melt liquid, one can expect some atomic configurations
kept in the structure of metallic glass from liquid, and understand the structure in ;he metallic
glass based on Frank’s hypothesis and Kelton and his collaborators’ work.

Inoue [3] proposed three empirical rules for discovering “good” systems for metallic
glass formation: (1) multicomponent systems consisting of more than three elements; (2)
significant difference in atomic sizes with the size ratios above about 12% among the three
main constituent elements; and (3) negative heats of mixing among the three main
constituent elements. Although there are many examples of multiple compoﬁent systems
which readily form metallic glass, there are a number of binary alloys [4, 5] which have been
found to be reasonable glass formers. Collected from the published reports on glass
formation of 66 binary systems, Egami and Waseda (1984) [6] used an atomic elasticity
theory to show that the minimum solute concentration C;,, which is necessary to obtain
binary amorphous alloys by rapid quenching from the melt, is inversely related to the atomic
volume mismatch. This result indicates that the atomic size ratio is the most important factor
in the determination of value of Cpjp.

Miracle [7, 8] investigated the topology on the formation of the glass. The ratio, R, of
the solute atorn radius to the solvent atom radius is the only topological parameter considered.
After analysis of a large number of binary and complex metﬁllic glasses, the first compelling
atomic structural model, dense packing of atomic clusters, was presented based on efficient
| atom packing in the first coordination shell of solute-centered clusters. It shows that solutes
have specific and predictable sizes relative to the solvent atoms (specific critical radius ratios

R*) in metallic glass. It predicts the number of solute atoms in the first coordination shell of a



- typical solvent atom. It also predicts that the local structure of metallic glasses is efficiently
packed in systems where the solutes occur at fixed radius ratios R*, in which, alloy
composition is not important in the comparison.

Hume-Rothery [9] derived a series of rules, based mainly on the investigation of Cu
and Ag alloys, indicating the factors which favor the formation of a specific structure in a
certain composition range. The most important rule concerns the preferential formation of
specific structures in a certain range of electrons-per-atom ratio e/a: number of all valence
electrons in the alloy relative to the atomic number.

The relative importance of size and electronic factors in determining the structural
trends for a limited chemistry, AB, phases, was also investigated by Ohata [10] using a tight
binding d bond model. Structures formations were interpreted within a two-step process. In
the first step, the volumes of the different structure types are adjusted to guarantee the same
repulsive energy. In the second step, the bond energies are compared at these prepared
volumes in order to see which structure is most stable. A predicted structure map was
proposed. Compared with the experimental structure, good qualitative agreement with the
experimental AB; structure map is found only if both size and electronic factors are taken
into account within the tight bonding model.

The above previous work about glass forming and phase selection theories are very
helpful for guiding the metallic glass design and crystallization investigation. But all of these
ideas have shortcomings. An important one is that Frank’s hypothesis, Egami’s atomic
elasticity theory and Miracle’s dense cluster-packing model all describe pure topological
factor and atoms has been treated simply as hard spheres, whereas all metallic glass should

counted chemical factors in. For example, Zr,Cu will devitrify to C16 phase if only



efficiency packing is considered, but from observation of devitrification process, C11b phase
forms as the primary phase from the amorphous structure. Thus, topological factor is not
sufficient to explain all the dt_avitriﬁcation process. Inoue’s three empirical rules are helpful in
searching for new metallic glass, but more and more binary alloys are found to be fine glass
formers. Hume-Rothery concluded that the structure of an alloy depends on the size of the
component atoms, as well as the valence electron concentration, and electrochemical
difference, while the alloy systems limited to sp-valence elements such as Al, Zn, Si, Ge and
Sn. Also, although Ohata’s theoretical structure maps included both size and electronic
factors in, but it is only for transition metal AB, family. In cohclusion, both packing and
electronic factors are very important on glass forming and phase selection process from the
above competing ideas, which will be given later in the literature review section in more
details.

The various possibilities of the phase selections in metallic glasses are affected by
both thermodynamic and kinetic aspects. We need to explore the various factors, such as
topology and chemistry, on devitrification to answer the question of the relationship between
the amorphous structurre and the crystallization pathways. Designing suitable systematic
metallic glasses is very important to test multiple factors during structural changes from
disorder to order in the crystallization of metallic glasses, including primary phase selection,
meta-stable phase formation, thermodynamics stable phase transformation, etc. In our present
work, we designed two series of metallic glasses forming alloys: Zr,Pd,Cuu. and
Zr,NikCugryy, (x = 0, 025, 0.5, 0.75 and 1), as two systematic models to perform
crystallization investigations. Through studying how the crystallization pathways will be

affected by the additive elements Pd or Ni, it allows us to test the fnultiple ideas, such as
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topological, size, ellectronic factors, efc., during the crystailization process for the following
Ieasons:

(1) The phase diagrams [11] of Zr-Cu, Zr-Pd and Zr-Ni binary systems are very
similar around Zr is 66.7at.% (congruently melt). Since all Zrgs7Cuass, Zrgs7Pdsas and
Zrgs7Ni33 3 are reasonable glass formers, the composition of ZrPd,Cug.x and ZroNixCuy
become of particular interest, because the starting amorphous alloy has the same composition
as the final AB; equilibrium phases.

(2) Although it is easier to form metallic glass in systerns within many different
elemental components and very different metallic radii [12], many-component systems do
~ not easily lend to theoretical modeling. The small number of components makes Zr,Pd,Cugy.x
and ZryNi,Cugx) Inetallic glass easier to carry out the theoretic simulations.

(3) Noble metals are very sensitive for i-phase formation in Zr-based metallic glass.
ngPd,‘CLil_x system is an ideal system to reveal the relationship between thé room
temperature SRO and the primary crystallization phase formation with increasing Pd.

(4) According to Hume-Rothery [9] rule: mutual solubility of the elements is very
restricted when the atomic radii differ by more than 15%. In Zr;PdCug« and ZrNi,Cug.x
metallic glasses, considering atomic size Zr 1.58A, Cul.27 A, Pd1.41 A, Ni 1.28 A [6], and
electron configuration: Zr 44%55%, Cu 3d104s', Pd 4dm, Ni 3d%4s?, Pd and Ni-can substitute
each other with Cu and form solid solution. Thus, Zr;Pd,Cuq1y, ZroNiyCu(.xy system are
good to study: (a). both the electronic factor and size factor during the crystallization process;
(b). how will the continuous content changes of additive elements Pd or Ni affect the phase

selection.



Literature review

Formation and stability of Metallic glass

Metallic glasses have aiso been called glassy alloys or amorphous alloys. The first
metallic glass was reported in 1960 by Duwez ef al [13]. To make metallic glass, the cooling
occurs rapidly enough that the nucleation of liquid alloys can be completely suppressed.
There is no-long-range order but only short-range-order in the structure of a glass. A glass
transition like that observed in conventional glass-forming melts has beeen detected in many
rapid quenched metallic glasses. The glass transition temperature, T, is a kinetic parameter,
which depends on the melt cooling rate. It defines a pseudo second order phase transition in
which a supercooled melt yields glass structure on cooling process. Below the glass transition
temperature, 'Tg, amorphous solids are in a glassy state. In inorganic glasses, with increased
temperature, more and more joining bonds are broken by thermal fluctuations so that broken
bonds begin to form clusters. Above T, these clusters become larger to facilitate the flow of
material and make the structure re-arrangement possible.

In constructing models of the atomic structure of metallic glass, it can be assumed that
the structure, in which the atoms are closely packed, will have the lowest total energy and
yield the highest density. Among numerous investigation of the geometry and topology of
metallic glass, there are mainly three important metallic glass models: (1) Mirocrystallite
models [14]: those models propose that metallic glass actually consist of innumerable small
regions with a crystalline short range order embedded in a matrix of randomly interconnected

atoms; (2) Dense random packing of hard spheres [15]: it could be described as an assembly



of tetrahedrons distorted in various ways and combined with small voids, which are bounded
by triangular faces. The dense random packing is topologically equivalent to a random
network in which vertexes are connected to one another by four bonds each; (3) polyhedral
models [ 16]: those models derive explicitly from the observation that a tetrahedral
configuration is denser than any crystalline one for a cluster of a few atoms. Frank showed
that the tetrahedral packing is favored for as many as 13 atoms [1]. He also pointed out that
among three possible 13-atom cluster configurations; the icosahedral assembly is
energetically preferred OVGI; face center cubic (fcc) or hexagonal close packing (hcp)
structures.

Turnbull [17] predicted that the reduced glass transition temperature, Ty = T/T) (the
ratio of glass transition temperature Tj to the liquidus temperature T; of alloy, can be used as
a criterion for determining the glass-forming ability (GFA) [18]. According to Turnbull’s
criterion, a liquid with To/Ty = 2/3 becomes very sluggish in its crystallization within
conventional cooling rates for casting. Up to now, the Turnbull criterion for the suppression
of crystaliization in undercooled melts remains most popular for predicting the GFA [19].
However, the reduced glass transition temperature also has some limits. First, although it is
good for predict binary systems, it might not reliable for multiple component systems, since
T, and T, differ significantly [20] in multiple component systems; Secondly, T, theory arises
from the requirement that viscosity must be large at the temperatures between T) and T, thus,
it might not hold for some systems since the temperature variation of viscosity is different
from system to system.

Apart from Ty, another extensively used parameter for GFA is ATy (=Tx-T,), which is

equal to the difference between the onset temperature of the first crystallization temperature



(Tx) and the glass transition temperature (T,). However, Lu er al. [20] reported that GFA
shows very weak dependence on ATy in many metaltlic glass systems. Although both AT, and
the ratio T, /T; are used as indicators of the GFA for metallic glasses, they did show
conUasﬁng trends on GFA in many alloy systems [21, 22].

A refined parameter taking Ty, T, and T into account was therefore proposed recently
by Lu and Liu [20]. They provided a new concept to understand the nature of GFA based on
the analysis of the characteristic features of time-temperature-transformation (TTT) curves
[23]. It was found that the glass-forming ability for noncrystalline materials was related

mainly to two factors, i.e., 1/(Tg+T)) and Ty, and could be predicated by a unified parameter y

T . . . .
defined as y = T *— ., They also combined numerous literatures for a wide variety of
8 x

systems and then compared the results of y parameter to others’ experimental observations.
To determine the v values, constant heating rate is required. Thus, it is worthwhile to notice
that v is dependent to heating rates.

As state above, Inoue [3] postulated that the alloys with the stabilized supercooled
liquid state have three features in common, i.e. multi-component systems, significant atomic
size ratios above 12%, and negative heats of mixing. One shortcoming of the multi-
component system is that they do not lead to easier modeling. However, more and more
binary or ternary systems [24, 25] are found to be moderate glass former. Zr-based glasses
with a transition or noble metal element as the second component are the most typical
example of pure binary metallic glass. Zr-Cu and Zr-Ni are probably the most widely studied
among these alloys [26]. Both systems have the advantage that they can be made amorphous

by melt spinning over a relatively wide range of composition: over a composition range of




30-70 at.% Cu in Zr—Cu system [27], and two composition ranges 33-42 an 60-76 at. % Zr in

Zr—Ni system [28]. These binary systems are good model systems for theoretic investigation.
As mentioned before, Egami [6] investigated the correlation between the atomic size

ratto of the constituent elements and the glass formability for both metal-metal and metal-

metalloid systems. A new rule was presented: when an element B is alloyed into an element

A, the minimum solute concentration to form glass, Cpiy, is small if the size ratio between the

two elements is for from unity, while Cy, is large if the size ratio is close to unity. The

relationship between Cy;, and the volume mismatch is:

0.1
RB

(E—) - 1‘

Con =

men

Where, Rs and Rp are radii of host atom A and solute atom B, respectively. It is
pointed out that the size factor plays a dominant role in determining the composition limit for
glass formation and there is essentially no difference between the metal-metal and metal-
metalloid system as far as the mechanism of glass formation is concerned. As mentioned in
‘the general introduction part, the drawback is that only topological factor was included in this
rule.

Metallic glasses can lower their free energy by crystallization during subsequent
heating, since they are meta-stable. The dynamic crystallization temperature, Ty, provides a
useful and quick means to compare the relative thermal stabilities of different glasses. Ty
values depend not only on the heating rate but also on many other factors such as the thermal
history of the glass, method of preparation, and amount of trapped gas. For most metallic

glass, Ty is between 0.4 and 0.6T,, [29, 30].
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Numerous attempts [31] have been made to correlate the relative thermal stabilities of
different glasses to crystallographic or electronic factors. Nagel ez al. [32] treated the glass as
a near free electron solid and argued that the glassy phase should be most stable at the
compositions where the Fermi level is at minimum in the density of the state (DOS). Naka et
al. [33] reported that when Fe is partially substituted by various transition metals in iron-
~ metalloid glasses, Ty is in proportion with the e_lectron/atom ratio {¢/a). Inoue et al. [34] have

shown that, in (Fe, Co, Ni)-M-B glasses, where M is transition metal, Ty increases with the
difference in electro-negativity between (Fe, Co, Ni) and M. For all of the above ideas about
the stability of metallic glass: glassy phase stabilized at the minimum of Fermi level is
commonly accepted. While Ty increases with e/a is just unique in certain system. For
example, the Ty increases a liftle (within 2%}, but the e/a values decreases 33% from Zr,Cu
to Zr;Ni. The relationship between the difference of the electro-negativity values and Ty fits
the data in Zr,Pd,Cuy;.y) and Zr;Ni,Cuyx) system very well: the electro-negativity values of
Zr, Ni,‘Pd and Cu are 1.33, 1,91, 2.20 and 1.90 accordingly; in those two systems, T, does
increase with the difference of the electro-negativity values between (Zr, Cu) and TM (TM =

Pd. Ni).

Crystallization of Zr-based metallic glass

General introduction of crystallization in metallic glass

Time-Temperature-Transformation (TTT diagram) can show schematically the
relationship between the temperature and the time when crystalline structures form from an

under-cooled melt from the kinetics aspect. The overall shape of TTT diagram is a “C” shape.
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This shape is the result of the competition between the increasing driving force for
crystallization and the slowing down of kinetics (effective diffusivity) of atom movement.
Most measurements of transformation kinetics are made well below the nose of the diagram.
InATI'I‘ diagram, if the glass is heated slowly from room temperature, crystallization begins
at the temperature Ty, which is increases with the heating rate. If the glass is heated to a
temperature (T; <T < Ty), and held isothermally for a time, it will also crystallize. The longer
the glass spends at the higher temperature, the easier to crystallize. Although, glassy state
will appear quite stable and unchanging under Tg, it is actually kinetically stable. From

thermodynamic viewpoint, all glassy state is meta-stable state and prone to crystallize.

The relationship between local structure and primary devitrification process

The primary crystalline phase has structural correlation with the local structure in
metallic glass. In 1950, Turnbull {35] demonstrated that a metallic liquid could be cooled far
below its equilibrium melting temperatures without crystallization. The undercooling is due
to the energy barrier to form nuclei in the liquid. However, for metal systems, it was thought

that this barrier was small. To explain this surprising result, Frank [1] hypothesized that the
local structures of undercooled metallic liquids are actually quite different from those of
crystal phases, containing a significant degree of icosahedral order that is incompatible with
the extended periodicity of the crystal. Such structure differences must create a great barrier
to the formation of crystal phases.

Based on Franks’ hypothesis, vigorous interest has led to describing the linkage

between the short-range order (SRO) and the formation of i-phase. To confirm Frank’s
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hypothesis, icosahedral short range order (ISRO} in the liquid must be coupled with the

nucleation barrier for crystallization.

S(q)

4 _15
qA)

Figure 1. S(g) for the Ti39_52r39_5Ni21 liquid as a function of temperature. An increase in the
intensity of the shoulder on the second peak (indicated by the arrow) is observed as the
temperature is jowered below the liquidus temperature (1083 K).

Kelton e al. [2] determined the x-ray structure factors extracted from the scattering
data for the Tiig.sZrig.sNizp liquid (Figure 1-2). They showed that this increasing ISRO is
responsible for the nucleation of a metastable Ti-Zr-Ni icosahedral quasicrystal phase (i
phase) from the undercooled liquid instead of the stable polytetrahedral C14 Laves phase.
Since the driving free energy for nucleation is larger for the Cl14 phase, the preferred
nucleation of the i phase signals a smaller nucleation barrier, indicating that the short range
order of the liquid is more similar to that of the { phase than to the tetrahedral structure of the
C14 phase. One interesting aspect of the data is the enhancement of a shoulder on the high-¢

side of the second peak in S{g) with increasing undercooling. In the same temperature range,
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nucleation of the icosahedral quasicrystalline phase (i-phase) becomes favorable. This
shoulder is consistent with local icosahedral order [36]. The relative locations of the first two
peaks in 8(g), g2/q1 = 1.72, and the location of the shoulder on the second peak over the first
peak, gshounder’qn = 1.97, are in good agreement with those expected for a perfect icosahedron
[36].

Miracle [7, 8] presented the first compelling atomic structural model, which based on

the dense packing of atomic clusters (Figure 1-1).
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Figure 2. The theoretical coordination number N” and packing efficiency P as functions of
radius ratio R
In Miracle’s structure model, the influence of efficient atomic packing on the
constitution of metallic glass has been investigated. The theoretical coordination number NT

and packing efficiency P can be deduced as functions of radius ratio R for three-dimensional

r.
clusters of spheres, in which, R =-", r represents atomic radius, and subscripts i and j
Y.

i

indicate the solute and solvent atoms, respectively. A discontinuity occurs at R=0.902, which
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related to a coordination number of 12, or icosahedra solute-centered cluster in the metallic

glass.

Quasicrystalline phase formation in the Zr-based metallic glass

Quasicrystals are known to exhibit many special properties [37, 38], such as high
hardness, high corrosion resistance, low coefficient of friction, low adhesion, interesting
electrical, thermal transport properties, erc. Recently, many Zr-based alloy systems [39, 40]
have been found to form i-phase upon crystallization process. Murty, Ping and Hono [41]
suggested that the composition of the quasicrystals is close to 70 at. % Zr in ZrgsCugzsAlys
alloy by 3-D atomic probe (3DAP).

I-phase formation appears to depend strongly on the minor element additions. The
addition elements can be roughly divided into three types: the effect of oxygen, the effect of
noble metals and the effect of other element.

(1) The effect of oxygen:

Koester’s first report [42] of i-phase formation during crystallization of Zr-Cu-Ni-Al
alloy with high oxygen content has stimulated the considerable research interest in Zr-based
alloys. Eckert et al. [43] first demonstrated that the ﬁuasicrystallization is significantly
influenced by the amount of oxygen in the (ZrggsAlgo75Cug,175Nio,10)100x0x metallic glasses.
Later, several investigators [44, 45] indicated that oxygen stabilizes the i-phase in Zr based
alloys. Murty reported the first direct evidence for the oxygen stabilization of i-phase in Zrgs.
xCuyz5Al7505 (x=0.43 and 0.82) alloys using 3DAP. Saida [ 46 ] reported that a
cjuasicrystalline phase in the Zr-based alloys is precipitated under the existence of oxygen

impurity above 1700 ppm mass% and the precipitation of the icosahedral phase strongly
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depends on the cooling rate and oxygen content in the sample preparation. Murty have
recently reported {47] that the i-phase is indeed stabilized by the presence of oxygen in Zr—
Cu-Al amorphous alloy beyond a critical concentration of 0.4 at.%. Sordelet [48] also
studied oxygeh-stabilized glass formation in Zr-Pt melt-spun ribbons. It was pointed out that
there is critical oxygen content of 1053 ppm for forming fully amorphous at a specific
quench rate. When the oxygen is low, the ribbons are fully crystallized. At higher oxygen,
the system forms mixed amorphous and quasi-crystalline structures. Adding more oxygen
into the system as high as 4737 ppm, it was found that the ribbons consist of quasicrystalline
and crystalline phases in an amorphous matrix,

However, since the control of oxygen content is difficult, the reproducibility of the
these experiments is poor [49].

(2) The effect of noble metals:

In contrast, the reproducibility of i-phase precipitation in NM-containing (noble metal,
NM=Pd, Pt, Au or Ag) Zr-based metallic alloys is good [50]. There are also numerous
reports about i-phase precipitation in NM-containing Zr-based metallic alloys [50]. Therefore,
it has been concluded that the addition of noble metals to the Zr-based alloys is important for
the formation of a reproducible i-phase. For these reasons, the formation of the i-phase and
the crystallization pathways in the NM-containing Zr-based alloys has attracted great
attention.

In the Zr-Pd-Cu metallic glass, Saksl [51] reported that when the Zr,CuPd; glassy
alloy was annealing up to 850 K, the formation of icosahedral quasicrystalline phase
followed by crystallization of tetragonal CuZr, haé been observed. While, the binary ZrsgCusq

alloy only shows a single glassy to crystalline CuZr; phase transformation. From figure 1-3,
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the in situ high-temperature XRD (with a wavelength of 0.05904 nm) patterns indicate that
only substituting 1% Cu by Pd can change the crystallization pathway of ZrspCusp amorphous

alloy.

Intensity (arb. unit)

0 12 4 T B M 2 %4 &
2 theia (deg)
Figure 3. In situ high-temperature XRD patterns of (a) Zr7oCusp and (b) Zr;oCuzePd; ribbon
samples

(3) The effect of other élements

The addition of other elements can also cause the formation of the f—phase. Xing et al.
[52] and Li [49] both reported nanoquasicrystallization in the Zr-Ni—Cu—Al amorphous alloy
containing Ti. Saida [53, 54] studied icosahedral quasicrystalline phase formation in Zr-Al-
Ni-Cu glassy alloys by addition of Nb, Ta and V elements. OQuyang[55] recently reported
devitrification of Zr-Ni-Al-Cu-Ti (Nb,Ta) glassy alloys by x-ray diffraction, TEM, and
differential scanning calorimetry. He pointed out that icosahedral phase was found to coexist

with crystalline structures in alloys contain 5 at.% Ta.



17

Metastable and stable crystalline phase formation in the Zr-based metallic glass

Trying to explain the nature of the meta stable and stable phase formation during the
crystallization process in metallic glass, besides Hume-Rothery’s earlier work [9] combined
the size and electron factor together, Dong at al. [56] have developed a constant e/a criteria
for bulk metallic glass-related phases, including quasicrystals and crystalline counterparts.
The authors reported that quasicrystals and their approximants share similar electron
concentrations.

As briefly mentioned above, Ohata and Peitifor [10] discussed the different roles
played by atomic size and electronic factors in stabilizing the transition metal Laves phases
AB, against the two competing phases: C11b and C16. In the first step, the volume of the

different structures is adjusted, based on the following equation (Figure 1-4 (a)):

AV _ 3 Aa, +RAa,, +R7Aay,
V 10 a,,+Ra,+R a,

In which, R is the relative size factor which is defined by R =2, «is the structure
Yy

coefficients. The lef-haﬁd panel of ﬁgﬁre 1-4 shows that For R = 1, BCC-based lattice C/1b
(MoSi,) is more closely packed than either the Laves phases or Ci6 (CuAly); For R > 1.31,
Laves phase assume a more compact lattice than BCC; CI6 becomes more compact as R <
0.84.

In the second step, an experimental AB, structure map (Figure 1-4 (b)) is found if size
and electronic factors are both included, which is shown as the right-hand panel in figure 1-4.
In the structure map, the closed circle is C14 phases, the open circle is C15 phase, the open

square is C36 phase, the cross symbol is C115 phase, and the open diamond is C76 phase.
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Figure 4. (a) The fractional change in prepared volume AV/V with respect to the C11b
(MoSiy) lattice versus the relative size factor R; (b) The theoretical structure maps for R=1.35
and R=0.84

There are numerous reports about the meta stable and stable phase formation during
the crystallization process in Zr-based metallic glass [51, 57].Using high temperature X-ray
diffraction (HTXRD), Kramer [58] studied the devitriffication of ZrgPdag and ZrgPdagCuig
metallic glasses (Figure 1-5). Crystal structure of the meta-stable phase and stable phase were

obtained by Rietveld fitting the XRD patterns.
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Figure 5. Image plate data for ZrgPd20Cuyq at a heating rate of 40 K/min using HEXRD. The
white lines are an overlay of the DSC curves.

From the study, both alloys have similar as-quenched structures and initially devitrify
to form a meta-stable quasicrystalline phase. The HTXRD data for the ZrgPdsp alloy shows
the coexistence of the quasicrystalline and the I4/mmm crystalline structure over a range of
25 K. Conversely, the ZryPdyCuje alloy shows an additional transformation of the
quasicrystalline phase to a meta-stable Zr,(Pd/Cu) intermetallic [4/mcm structure (also CI6),
which polymorphically transforms to the C11b phase over a very narrow temperature range.

Brauer et al. report [59] that cubic phase (space group O4/) formed in the

crystallization of amorphous Zr,Ni. But according to Ohata’s theoretical structure maps [10],

. . i e s
the radius ratio R = - = (.81 ; valence electrons of outer shell Nz,=2, Ny;=8, it indicates that
Tz

C16 phase should be the equilibrium phase for Zr;Ni metallic glass, if both size and
electronic factors are considered. Considering that slightly higher Oxygen contents (1 at.%)

cause cubic phase formed in Zr-Cu-Ni-Al metallic glass [60]. The reported cubic equilibrium



20

phase in Zrp;Ni metallic glass may be affected by oxygen content since the oxygen content

was not menticned in the literature.,

Experimental methods

Arc melfing: We use arc melting to melt the high purity meal elements and obtain
homogenous alloy ingots. Arc furnaces consist of five basic components: a chamber with
refractory vertical cylindrical sidewall, a removable electrode with support arms, a power
transformer, water-cooled system, and evacuation/gas system. Electric power is supplied
from a three phase multi-voltage transformer. The arc is produced by striking current from a
charged electrode to the metal. The electrodes are connected by heavy flexible cables to the
transformer, which is located as close to the furnace as possible to avoid excessive power
loss. The metal acts as an electrode, and is melted by striking an arc between a charged
electrode and the metal.

Melt spinning: We use melt spinning to make metallic glass ribbons. Melt spinning is
the preferred method of cooling of liquids. A copper wheel is rotated internally in a high
purity Helium atmosphere. The ingot, which is made by arc melting, is melted in thé graphite
crucible by heating coil, and a thin stream of liquid is forced onto the rapidly rotating copper
wheel by a Helium blast, causing rapid solidification. The cooling rates achievable by melt-
spinning are on the order of 10* ~107 K/s. However, the melt spinner is only able to produce
small thin ribbon shaped specimens. This limits melt spinning to mainly production of

research specimens for alloys with high critical cooling rate.
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Differential scanning calorimetry (DSC): DSC is a technique we use to study what
happens to metallic glass when they’re heated. Both the sample and reference are maintained
at nearly the same temperature throughout the experiment. We use it to study the thermal
transitions, such as subtle glass transitions and phase transformations. This technique is
associated with the later introduced X-ray diffraction and synchrotron radiation, which
provide detail structural information during the thermal transitions. The basic principle
underlying this technique is that, when the sample undergoes a physical transformation such
as phase transitions, more (or less) heat will need to flow to it than the reference to maintain
both at the same temperature.

Differential thermal analysis (DTA): We use DTA to determine the melting
temperature of two designed system alloys. A DTA apparatus consist of a sample holder
comprising thermocouples, sample containers and a ceramic or metallic block, a furnace, a
temperature programmer, and a recording system. The key feature is the existence of two
thermocouples connected to a veoltmeter. One thermocouple is placed in an inert material
such as Al;O3, while the other is placed in a sample of the material under study. In DTA, the
metallic glass under study and an inert reference are heated (or cooled) under identical
conditions.

Annealing: We use torch to seal the quarts tubes, which contain the target alloys in
wrapped Tantalum foil, then anneal them in a temperature controlled furnace. Annealing is
carried out in a high purity Argon atmosphere to avoid oxidation. We use this technique to
get the high temperature equilibrium phase for future X-ray diffraction structural analysis.
Annealing is a very common heat treatment in metallurgy and material science. It is a- process

that produces conditions by heating and maintaining a suitable temperature, and then cooling.
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Annealing occurs by the diffusion of atoms within a solid material, so that the material
progresses towards its equilibrium staté.

Transmission electron microscope (TEM) and Energy dispersive spectroscopy
(EDS): We use TEM to observe the grain growth process in the metallic glass, with the
specimens prepared by DSC, which are quenched rapidly in DSC cells at different points on
the phase transformation curve. The alloy ribbons are ion beam milled thin enough for the
beam to penetrate. TEM is a microscopy technique, in which, a beam of electrons is
transmitted through an ultra thin specimen, interacting with the specimen. After magnified
and focused by an objective lens, an image is formed. The high resolution TEM (HRTEM)
technique allows the direct observation of alloy structure at atomic scale. We use EDS to
determine the grain compositions of different phases during the crystallization process. EDS
.is an analytical technique for the elemental analysis. Its fundamental characterization
principle is based on that each element of the periodic table has unique atomic structure, and
the x-rays, which are characteristic of an element’s atomic structure, be uniquely
distinguished from each other.

X-ray diffraction (XRD), Synchrotron radiation and Rietveld refinement. We
extensively use x-ray scattering techniques and Rietveld refinement to study both amorphous
and crystalline structures during the whole crystallization process. X-ray scattering
techniques are based on observing the scattered intensity of an x-ray beam hitting a- sample as
a function of scattered angle. Conventional x-ray diffractometers consist of an x-ray
generator, a goniometer, sample holder, and an x-ray detector. X-ray tubes generate x-rays by
bombarding a metal target with high-energy (10 - 100 keV) electrons, which knock out core

electrons. An electron in an outer shell fills the hole in the inner shell and emits an x-ray
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photon. We use a common target Cu, which have strong Ko x-ray emission at 1.5418 A. X-
rays can also be generated by accelerating charged particles in a synchrotron ring, which are
used for a wide range of analytical techniques. These sources produce a continuous spectrum
of x-rays and require a crystal monochromator to select a single wavelength. Some properties
of the Synchrotron radiation are: (1) High intensity, which is many orders of magnitude more
than with X-rays produced in conventional X-ray tubes; (2) High brilliance, which exceeds
other natural and artificial light sources by many orders of magnitude; (3) High collimation
with small angular divergence of the beam; (4) Widely tunable in energy/wavelength by
monochromatization; (5) High level of polarization.

Most our synchrotron experiments are performed at the Advanced Photon Source
(APS) in Argonne National Laboratory (ANL), which is a national synchrotron x-ray
research facility funded by the Office of Basic Energy Sciences, U.S. Department of Energy.
The APS provides high energy and the brightest x-ray beams in the west hemisphere. The
extremely high photon flux of HEXRD allows rapid data collection with controlled
temperature programs, which make real time in situ observation of crystallization studies
possible. The high energy of the X-ray provides short wavelength and such in situ studies
provide detailed structural information about the crystallization material throughout the
transformation. Moreover, it is very convenient for rapidly changing andl controlling the state
of the system under study, which is better than those of conventional techniques [39]

Our synchrotron radiation experiments (also named high energy x-ray diffraction
“HEXRD?” or high temperature x-ray diffraction “HTXRD” in this thesis) performed at both
room temperature environment and in temperature controlled furnace. The instruments are

presented below.
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(a) ()]

Figure 6. Synchrotron radiation experimental instraments performed (a) at room temperature;
(b) at temperature controlled furnace.

To characterize the crystallographic structure, we need to mention Bragg's Law first.
Bragg's Law explains the diffraction of x-rays or neutrons of crystal surfaces at certain angles.
The equation refers to the simple equationnA = 2d sin&, which was derived by the English
physicists Sir W.H. Bragg and his son Sir W.L. Bragg [61]. The variable 4 is the distance
between atomic layers in a crystal, and the variable lambda A is the wavelength of the
incident X-ray beam, n is an integer. We use Rietveld refinement [62] to characterize the x-
ray diffraction patterns with peaks in intensity at certain positions. The Rietveld method uses
a least squares approach to refine a theoretical line profile until it matches the measured
profile. The height, shape and position of these peaks can be used to defermine materials
structure. Using Rietveld analysis, we can get quantitative overview of all parameters based
on structures, such as laftice, atomic positions and phase fractions. There are Iots of Rieveld
software available, such as GSAS (General Structure Analysis System), Rietica, Hugo
Rietveld, etc. We use the GSAS software package with the EXPGUI interface to perform
Rietveld analysis. GSAS has been created by Allen C. Larson and Robert B. Von Dreele at

Los Alamos National Laboratory. It is a comprehensive system for the refinement of
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structural models for both x-ray and neutron diffraction data. We must start with approximate
values for all parameters, then, we allow the software to optimize a small subset of the
parameters before any progress can be made. Slowly, additional parameters are selected to be
refined, until all parameters in the model (if the data support tﬁat) are refined.

Ab inifio calculation: The Latin term ab initio means “from the beginning”. In
science, “ab initio” or "first principles” relies on basic and established laws of nature without
additional assumptions. Ab initio calculation is a molecular dynamics simulation package.
We use Vienna Ab initio Simulation Package (VASP) to theoretically evaluate the phase
stability. VASP is a package for performing ab initio quantum-mechanical molecular
dynamics (MD) using pseudopotentials and a plane wave basis set. The approach
implemented in VASP is based on a finite-temperature local-density approximation, with the
free energy as variational quantity, and an exact evaluation of the instantaneous electronic
ground state at each MD-step. Electronic structure calculations are employed to get the total
energies of the competing crystalline structures. All calculations are performed within the

density functional theory formalism.

Thesis organization

The thesis is divided into six chapters. The first chapter is the general introduction,
including the thesis organization, literature review and motivation.
The second chapter focuses on the study of i-phase formation during the

devitrification of the Zr,Pd,Cu;.x) metallic glass. In this chapter, the short range order (SRO)
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and the thermal characteristics of the Zr,PdyCu;.xy metallic glass will be described and
discussed. The influence of Pd on formatjon of amorphous and quasicrystal phases will be
summarized and discussed.

The third chapter will mainly discuss the meta-stable CI6 pﬁase formation in the
Zr,Pd;Cu(y.x) metallic glass. In this chapter, the experimental observation of devitrification
pathways in Zr,Pd«Cu .5 metallic glass will be described. The electronic structure of the
Cl1b and ClI6 'phascs at five compositions will be calculated. Finally, the relationship
between the theoretical and experimental studies of devitrification pathways in the
- Zr)Pd,Cuyy system will be preseﬁted.

The fourth chapter details the high temperature stability of C11b phase in ngdeCu(l_;)
metallic glass. This chapter focuses particularly on the role of Pd on changing the bonding of
the C11b lattice. The changes in the crystalline lattice as a function of temperature and
composition Awere measured usin'g in situ high energy X-ray diffraction (HTXRD)
observation. The coefficients. of thermal expansion are determined and these results are
interpreted in light of and ab initio calculations.

rThe fifth chapter discusses the crystallization pathways of ZroNi,Cu().,y metallic glass
by HEXRD, thermal analysis and transmission electron microscopy (TEM). Both meta-stable
and stable phases in the crystallization pathways will be described and discussed. A
schematic phase diagram for the Zr,NiyCuy; .4 system will be proposed.

Chapter six is a general conclusion which summarizes the effects of additive elements

Pd and Ni on the crystallization pathways in the Zr,Pd,Cuyj.xy and ZryNixCuy; ) metallic glass.
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CHAPTER 2.  INFLUENCE OF PD ON FORMATION OF
AMORPHOUS AND QUASICRYSTAL PHASES IN RAPIDLY

QUENCHED ZR,CU4.5,PDyx

A paper published in Philosophical Magazine
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Abstract

The role of Pd in the transformation from an amorphous state to a metastable
icosahedral quasicrystalline phase in ZnCungPdi (x = 0 to 1) metallic glasses was
investigated using high-energy synchrotron X-rays and differential scanning calorimetry. The
total scattering functions show an increasing development of the high-Q side of the second
diffuse scattering peak at 5.09 A™! with increasing Pd content. The reduced radial distribution

functions reveals that the bonding distance of the Zr-(Pd/Cu) pairs increases from 2.76 A to
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2.82 A when x increases from 0.00 to 1.00, while the distance for the Zr-Zr pairs remains
almost constant at 3.10A. Thermal analysis and Xray diffraction together show that an
amorphous-to-quasicrystal phase transition is not observed in the Zr,Cu alloy, but partial or

total substitution of Cu by Pd in ZrCw; Pdy alloys does lead to quasicrystal formation

Keywords: Zr-based alloys; Amorphous; Icosahedral quasicrystal; Short-range order;

Thermal analysis

Introduction

Koester’s first report of icosahedral quasicrystalline (i-phase) formation during
crystallization of a Zr-Cu-Ni-Al amorphous alloy [1] has stimulated‘ considerable research
interest in metastable phases in Zr-based alloys. Eckert et al. [2] first demonstrated that
crystallization to the i-phase is influenced significantly by the amount of oxygen in a
ZrssAk sCu75Nijg metallic glass. Murty[3] and Saida[4] reported that i-phase formation
appears to depend strongly on the minor element additions of Pd, Pt, Au, V, Nb and Ta to
comparable Zr-Cu-NiAl systems. In addition, i-phase formation in Zr-Pd-Cu metallic
glasses has beenextensively reported in recent years [5~§], but no systematic study has been
published to explain the effect of the Pd:Cu ratio on the i-phase formation process. It is
uncertain what the linkage is between the short-range order (SRO) in an as-quenched glass
and the formation of a quasicrystalline phase [10, 11] in these particular systems, particularly

because most investigations have mainly focused on Z1-Pd binary systems [12, 13] or the
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ternary Zr-Pd-Cu metallic glass [6, 14]. In the current study, a systematic investigation was
performed to examine the relationship between SRO and z‘-pﬁase formation of Zr-Pd-Cu
metallic glasses. The as-quenched arﬁorphous structure of amorphous Zr,Cug1.»Pdx (x = 0.00,
0.25, 0.50, 0.75 and 1.00) alloys were compared, in conjunction with thermal analysis, to
determine what effect of substituting Pd for Cu has on formation of a quasicrystalline phase

during crystallization of these alloys.

Experimental

Five alloys of ZryCu;_»Pd, (x =0.00, 0.25, 0.50, 0.75 and 1.00) were prepared by arc
melting mixtures of pure Zr (99.95 mass%), Pd (99.97 mass%) and Cu (99.99 mass%) metals
in an ultra-high purity Ar atmosphere. The alloys were melt spun at a wheel speed of 25m/s
and a constant over pressure of 1.6x 10* Pa in an ultra-high purity He atmosphere. The O
content of the as-quenched ribbon samples was analyzed by inert gas fusion to be less then
250 ppm mass.

High-energy X-ray diffraction (HEXRD) (130keV, ? = 0.09537 A) at the Advanced
Photon Source, Argonne National Laboratory, was used to investigate the changes in the total
scattering function (S(Q)) of amorphous as-spun and partially devitrified annealed alloys.
Thermal characteristics of these alloys were studied using a Perkin-Elmer differential
scanning calbrimeter (DSC) under N; in a continuous heating mode of 0.67K/s. Laboratory
Cu-Ka X-ray diffraction (XRD) was performed with a Philips Mode! 1783 Diffractometer to

determine the structure of initial metastable devitrification phases.
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Results and discussion

Structure of as quenched Zr ,Cu;,,Pd, alloys

The corrections of the raw intensity HEXRD data to obtain the total scattering
function, $(Q) [5, 14], involve the subtraction of the instrument background, correction for
absorption, self-absorption, multiple scattering, polarization, Compton scattering, Laue
diffuse scattering, and finally normalization to the S(Q). The S(Q) data for the as-quenched
samples are shown in Fig. 1. |

With increasing Pd content, the most prominent change in the S(Q) data is the
enhancement of the shoulder at 5.09A°! on the high-Q side of the second diffuse peak, which
systematically increases in magnitude from 1.04 to 1.10 with increasing Pd:Cu ratio. The
relative locations of the first two peaks in S(Q), Q/Qr = 1.71 and Qshouiaer’Cr = 1.97, where
Oshouider 18 the location of the shoulder on the second peak, are in good agreement with the
values reported by Kelton et al[l10], 00 = 1.72 and Qupouue’Q: =1.97, which they
‘'proposed as an indication of local icosahedral order. Our S(Q} data appear to suggest
increasing icosahedral SRO (ISRO) in the as-quenched alloys with increasing Pd. |

The reduced radial distribution functions, G(r), for these five as-quenched melt spun
ZrCuxPdy alloys, Fig. 2, were obtained by Fourier transforming the S(Q) results. The
radial distances for the atomic shells are about 3.004, 5.38 A, 7.71 A and 10.28 A, which

correspond to the first four nearest-neighbor distance in Zr,Cu(.ogPdy. The first diffuse
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scattering peaks in the G(r) data exhibit a dramatic change of the first shell with subsﬁmﬁon
of Pd for Cu All the alloys show a split in the first shell, indicating two distinctly different
groupings of pair-pair lengths. However, in the first shell an increasing intensity of the left
side relative to the right side with increasing Pd content indicates that substitution of Cu by
Pd has a profound influence on the SRO. The shorter bond distances increase with Pd from
2.76 A to 2.82 A, while the radial distance of the right side peaks remain almost at the same
position at 3.10A (0 = x = 1). The differences in the values of the radial distances of the five
samples are reasonably in good agreement with contributions from Cuw/Pd-Cuw/Pd to Zr-
(Pd/Cu} or Zr-Zr pairs. For Zr-Pd-Cu system, Zr-Zr and Zr-(Pd/Cu) pairs dominate the
scattering, while Pd/Cw-Pd/Cu pairs only make a small contribution [12]. The intensity
increase in the left-side of the first peak with increasing Pd relative to the right side may be
due to increasing Zr-Pd pairs, consistent with the stronger affinity of Pd for Zr compared to
Cu. The shift of the left side peak towards bnger radial distances with increasing Pd content
1s consistent with the slightly larger bonding radius of Pd (1 .282\) compared to Cu (1.174).
The apparent increase in the ISRO in the as quenched Zr,Cugjx)Pdy alloys supports
the observation of the quasicrystal formation in Zr,Cu(j.xPdy alloys when x> 0. However,
earlier reports of only a small addition of Pd (~ 1 at. %) giving rise to the formation of the i-
phase during devitrification [4] indicates that Pd may be an even more potent minor alloying

addition than our scattering data would suggest.
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Thermal characteristics study on as quenched Zr,Cuy., Pd, alloys

The DSC results for Zr;Cugy.xyPdy alloys are shown in Fig. 3, and the tabulated values
for te glass transition temperature (T;), onset temperatures for crystallization (Ty) and
exothermic heat (? H) of the first crystallization peak are presented in Table 1.

Consistent with the structural changes discussed above, substituting Pd for Cu
strongly affects the devitrification behavior. The DSC results from the amorphous binary
Zr;Cu alloy show only one exothermic peak, resulting when the high-temperature, stable
MoSt-type tetragonal C11b structure (Space group: I4/mmm) forms directly from the glass
(see below). By substituting Pd for Cu, the alloys crystallize in multiple stages. The
temperature of the primary crystallization to the i-phase increases from 661 to 733 K with
increasing Pd (Table 2-1). The subsequent devitrification involves two closely spaced
exothermic events, whose details vary with temperature. The exothermic heats in the
formation of i-phase of ZryCuy1.»Pdy system have a maximum value at x = 0.50; moreover, a
distinct glass transition temperature is not observed at x = 0,75 and 1.00.

In order to understand the nature of the first stage of crystallization, isothermal DSC
runs were performed to more closely examine the evolving structure during initial
devitrification All five alloys were heated in the DSC at 0.67 K/s to' 20K below the first
crystallization onset temperature, annealed for 500 seconds and then rapidly cooled. The
isothermal DSC data show that the onset time of the transformation for the primary
metastable phase was delayed by approximately 103 s when Pd was varied fromx = 0.25 to
1.00. This might suggest that Pd enhances the stability of the amorphous phase relative to
the i-phase. The evolving structures of the samples from the isothermal runs were

subsequently studied by XRD. As seen in Fig. 4, the XRD spectra demonstrate that all the
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alloys, except ZrCu, yielded a quasicrystalline phase as the first devitrification product,
while the diffraction pattern of Zr,Cu was indexed as the MoSp-type tetragonal C11b phase.
Thus, the substitution of Pd for Cu clearly altered the devitriﬁqation pathways of the
amorphous alloys. The first crystallization peak observed in DSC of ZnCuxPdy (x = 0.25,
0.50, 0.75 and 1.00) alloys can be attributed to the precipitation of i-phase from the
amorphous phase. This agrees reasonably well with our current HEXRD S((Q) data for the

ZrCw1.xPdy alloys as well as previous reports from time-resolved HEXRD [7, 14].

Conclusion

Using HEXRD, the effect of Pd on altering the SRO of ZraCuyPdy (x = 0.00, 0.25,
0.50, 0.75 and 1.00} alioys was demonstrated. The S(Q) data show a systematic increase in
the high Q-side shoulder of the second diffuse scattering peak around 5.09A, which is
consistent with increasing ISRO. The radial distance corresponding to Cu/Pd — Cu/Pd and Zr-
(Pd/Cu) pairs and the number of these pairs increases with increasing Pd ;:ontent. XRD
analysis illustrates that the i-phase is the first devitrification product for ternary alloys (i.e., x
> 0). Thermal analysis with DSC reveals distinctly different devitrification pathways among
the Zr,Cug1.»Pdy alloys with increasing Pd/Cu ratio. Additionof Pd tends to delay the onset
time for and temperature of the transformation from amorphous to i-phase, indicating
increased stabilization of the amorphous structure. It remains unclear, however, why the
substitution of Pd for Cu is such a potent modifier of the structure and devitrification

pathway in this system.
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Table 1. Results of the thermal analysis of the ZrCu.xPdy alloys

x  Tg®) Ty,(K) AH(Vg)
0.00 606 669  98.75
025 626 661 19.15
0.50 647 678  21.72
075 - 699  21.04
1.00 - 734 18.76
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5(Q)

Fig 1. The structure factors S(Q) of the as quenched melt spun Zr,Cu. Pd, alloys
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Fig. 2. The reduced radial distribution functions G} of the as quenched melt spun
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Fig. 3. Differential scanning calorimetric thermograms of the ZryCuy.) Pdy alloys
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Fig. 4. X-ray diffraction patterns of the Zr,Cuy .y Pdy alloys annealed for 500

seconds at the temperatures about 20K before the primary phase transition
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CHAPTER 3. THEORETICAL AND EXPERIMENTAL STUDIES OF
DEVITRIFICATION PATHWAYS IN THE ZR,CU,.xPDx METALLIC
GLASS SYSTEM

A paper published in Acta Materialia 55, 5901-5909 (2007)

J. R. Morris ', Min. Xu™, Y. Y. Ye*°, D. J. Sordelet’*, and M. J. Kramer™**

Abstract

Using a model amorphous alloy series, ZrCu.xPd; (x = 0, 0.25, 0.5, 0.75 and 1), we
demonstrate that ab initio calculations can be used to help predict likely metastable phase
formation during devitrification by comparing these with time-resolved X-ray scattering
studies. All compositions share the same equilibrium C11, phase, yet they follow different

devitrification pathways. Only x = 0.5 leads to a metastable C/6 phase formation This
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corresponds precisely to calculations showing that for this composition, the CI6 phase is
closest in energy to the stable C! I phase. The competition is shown to be dominated by
electronic structure rather than size effects, with the favored composition for the C/6 phase
forming a pseudo-gap at the Fermi energy. All Pd-containing compounds devitrify first into

a quasicrystalline phase that has a composition near 75 at.-% Zr. Zr,Cu;.xPdy compounds
based on the NiTh O] structure, which has been previously suggested to be related to the

quasicryétal phase, are higher in energy relative to the CI6 and ClI, structures for all

compositions, and the calculations show no increase in stability with Pd concentration.

Introduction

Metallic glasses have received increased attention in the last few years as
experimental work has produced alloys with significantly decreased critical cooling rates,
allowing for bulk production of amorphous metallic alloys [1]. However, the fundamental
understanding of such materials is still lacking. Much of the alloy work being performed is
based on a few common strategies [2]. In particular, an emphasis is placed on including
many different elemental components, with very different metallic radii [3]. However,
many-component systems do not éasily lend themselves to theoretical modeling, particularly
for material-specific predictions on the effect of particular alloy additions. The difficulty of
detailed experiments examining local atomic order, as well as the statistical nature of

describing the local structure of materials, makes it difficult to directly test theoretical results.
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Scientifically, the devitrification process of these materials is a problem of crystal
nucleation and gro% during heating of the glass. As such, the relevant thermodynamic |
properties include the driving force for nucleation, the interfacial free energy and interfacial
mobility. In the case where the crystallization couples to a compositional change, solute flow
is also critical for both nucleation and growth processes [4]. In the BMG materials, often the
devitrification process occurs not directly to the stable phase, but first fo a metastable phase.
The preferential nucleation of a metastable phase can be due to the requirement of solute
flow, or to a lower nucleation barrier for a metastable crystal phase as can also occur in
quenched liquids [5], [6]. In some cases, multiple metastable phases appear before the stable
structure forms.

To study the effect ‘of composition on devitrification pathways, we have chosen the
Zr;Cuy«xPdy system. These alloys are reasonable glass formers, and these and similar alloys
have been studied extensively expeﬂmentally [7-12]. The small number of components
makes these alloys easier to study theoretically. These alloys share the same equilibrium
high temperature C7/, crystal phasa\ (Fig. la), and for this composition range this phase can
nucleate and grow without partitioning. Amorphous ZpCu, when heated, undergoes
devitrification directly to this cfystal structure. However, small amounts (~1 atomic %) of Pd
cause the system to first transform to a metastable, quasicrystalline structure (referred to here
as the i-phase) [13]. Moreover, similar compositions devitrify into the metastable CI6
structure (Fig. 1b) [12], which is the stable phase for the related compound ZnNi The
formation of the quasicrystalline phase has been attributed to a lower interfacial free energy,

due to the presence of icosahedral clusters “frozen in” during the quench from the liquid [8,
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9]. While this is plausible, there is little direct evidence; furthermore, it does not explain why
Zr;Cu does not form the i-phase, though it forms with small additions of Pd.

These results are tantalizing since no reports to date have unequivocally shown any
relationship between the experimentally detected metastable phases formation and theoretical
predictions. Further, little is known about the thermodynamic properties of the metastable
phases.' Understanding this competition is a fundamental problem in BMG research: the
stability of the amorphous phase may be determined not just by its competition with the
stable phase, but also with the metastable crystal structures. In this paper, we present
experimental and theoretical results on a series of alloys, ZroCuj.xPdyx (x = 0, 0.25, 0.5, 0.75
and 1), in order to clarify the trends in the observed devitrification pathway for these
materials [14]. The compositions have been particularly chosen to match the compositions of
the stable crystallineé phases [15] and with supercell first-principles calculations of the
competing crystal structures [16-18]. The i-phase has been reported to have a composition
closer to Zr;sPdys [9]. In order to devitrify from the amorphous Zr;Pd compound into the i-
phase, there are three possibilities. First (and most likely), it can nucleate and grow only
_ when the diffusion rates are sufficient for a change in composition to occur. Secondly, it
may nucleate and grow with the composition of the glass, rather than with the preferred
composition; however, the compositional determination was performed on a devitrified
sample, contradicting this. Finally, it may nucleate and grow only where local
concentrations are different (higher in Zr); however, the growth will be limited into regi.ons
withllower Zr content (which will be the bulk of the matrix). In any case, the preferential
composition change for the i-phase should retard its nucleation and growth from the

amorphous matrix.
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There is a third cr)}stalline phase that may compete as well: the NiTi; “big cube” type
structure (0} ) shown in Fig. 2. This phase is FCC-based, with 24 atoms per primitive unit

cell, and with local structural similarities to icosahedra. These local structures and chemical
similarity with Zr,Cu have led to suggestions that this may be a crystalline approximant to
the observed iphase [19, 20]. However, these clusters lack icosahedral symmetry, due to
their composition, and therefore we feel that they are unlikely td be related to motifs present
in the fully symmetrical i-phase. Never the less, this structure could in principle be a
metastable phase for the Zr,Cu;..Pds compounds, and therefore this structure will be included
in our analysis below.

In this work, we examine the devitrification process and phase competition through
the use of time-resolved x-ray diffraction, and ab initio calculations. By comparing the
experimental and theoretical calculations, we find that the observation of the CI6 metastable

phase during devitrification occurs only when this phase competes closely with the stable
C11p phase. This occurs only at the Zr(Cug sPdys) composition. The O,f phase is higher in

energy (relative to the C11p and CI6 phases) and shows no evidence of stabilization by
additions of Pd. The paper will be organized as follows: In section 2, the experimental and
theoretical meihods will be introduced. Section 3 will discuss the time-resolved x-ray
diffraction and present the computational results, including a comparison of the lattice
parameters for the observed metastable and stable phases. Finally, in Section 4, we will

discuss the implications of our results.
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Methods

Experimental

The devitrification pathways of these alloys during heating were studied using a
combination of differential scanning calorimetry (DSC) and high-energy Xray diffraction
(HEXRD). HEXRD studies were performed at the Advanced Photon Source (APS) at
Argonne National Laboratory using an energy of 99.55 keV, which corresponds to a
wavelengths (\) of 0.0124(7) nm. The diffraction data were obtained at the 6ID-D beamline
at APS in collaboration with the Midwest Universities Collaborative Access Team
(MUCAT). Silicon double-crystal monochromators were employed to select the wavelength.
All samples were sealed in thin-walled silica capillaries using Ar. The HEXRD> was obtained
in a time-resolved manner using a MAR CCD in an off-beamr-axis mode where only a 60
degree arc of the Debye cones intersect the CCD. This geometry wés a compromise between
obtaining a high reciprocal space data set every 20 s yet maintained a sufficiently high signal
to noise ratio to resolve subtle details of the phase transition at a modest heating rate of 10
K/min. The sample distance to the detector was calibrated using NIST Si (640C) standard.
The melting temperatures 7, of these alloys were obtained by a DTA at a heating rate of
10K/min. Room temperature lattice parameter determinations for the CI1b structures were
done on sample quenched from 700°C after annealing for 96 hrs. The XRD powder patterns

were obtained using Cu, and fitted using Rietveld analysis.
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Electronic Structure Calculations

To theoretically evaluate the effect of alloying on the phase stability, we used
electronic structure calculations fo examine the total energies of the competing crystalline
structures. Our simulations were carried out using the Vienna 4b initio Simulation Package
(VASP) [16-18]. The density functional calculations are performed using a plane-wave
pseudopotential representation, with ultra-soft pseudopotentials[16] for all species and with a
plane-wave energy cutoff of 300 eV. The k-point sampling was chosen to converge all of the
total energies to an accuracy of 2 meV/atom. The k-point grid used for structural relaxation
was 12x12x12, chosen according to the Monkhorst-Pack scheme [21], and symmetry reduced
to the irreducible Brillouin zone. For the electronic density of states, a 20x20x20 grid was
used. For each configuration, the total force on each ion is calculated using the Hellmann-
Feynman theorem; the ionic positions were then relaxed to an accuracy of 0.01 eV/A. In
addition, all periodic unit cells were relaxed to minimize the total energy. The relaxation of
both internal degrees of freedom and lattice parameters were performed together, as these are

often coupled, to find the local minimum in energy.

Results

Devitrification Pathways

The diffraction data, presented in 2D form (Fig. 3), was taken at 10 K/min, the

identical rate as the thermal analysis which is shown as a light line overlaid on the diffraction
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data. The amorphous Zr,Cu phase devitrifies directly to the C1/, structure, while small
amounts ¢=0.25) of Pd causes the system to first transform to the metastable i-phase.
Increasing Pd to x = 0.5 leads to the formation of a metastable CI6 prior to the ClI, phase.
Yet for higher Pd contents, the C/6 phase is no longer observed, but we observe a wide
temperature range of coexistence of the iphase and the €7/, phase. The HEXRD also
indicate that the reflections for the i-phase broaden with increases in x. These results indicate
that at low Pd concentrations, the nuclei of the i-phase are probably separated and their
diffusion fields do not overlap during growth {22]. At Higher concentrations, the overlap of
their diffusion fields results in the stabilization of a nanostructure. The Pd is apparently
necessary to help stabilize the i-phase. The transition from the i-phase to the Cl/, for x =
0.25, 0.75 and 1.00 show a continuity between the (221001) and the (103) reflections of the i-
phase and C11, phase respectively. It is only for x = 0.5 that a sharp transition between the i-
phase and the meta-stable C/6 is observed. Single phased C!6 rapidly gives way to CI1,

over only 15 degrees.

Theoretical calculations

The goal of these calculations is to examine the stability of the three crystal structures
shown in Figs. 1 and 2, as a function of composition. In the simplest case, the energies of all
three structures would vary linearly with composition. More generally, for a given crystal

structure, we may write

x(ZrPdY+(1-x)(ZnCu)+AH,, = ZrPd Cu,, ¢!
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where AH,;, is the heat of mixing. If the reverse reaction is favored (AH>0) then the
Cu and Pd can (in principle} diffuse and phase separate into regions of Zr,Cu and Zr,Pd.

In all cases, the lowest energy structure was found to be the CI7, phase, consistent
with experiments. For this phase, the enthalpy of mixing from the elemental components
was found to be -40 kJ/mol for Zr,Cu and -14.0 kl/mol for ZnPd. If the energies for the
mixtures are linear in the composition (AH,,=0), then the enthalpies of formation are given
by

AH =—40 kJ/mol - x(100 k}/mol) )
where the x = (0 value is the energy/formula unit for the Zr,Cu phase, and the x = 1

value is for the Zr,Pd phase. The strong decrease in energy with increasing Pd content is
consistent with the rexpen'mentally observed, nearly linear rise in melting temperature from
1296K to 1384K with x increasing from 0 to 1. These values are in reasonable agreement
with experimental values of -17 kJ/mol for Zr,Cu [23], and -126 k)/mol for Zr,Pd [24, 25].
We show the calculated heats of formation, lattice parameters, and bulk modulus for
Zr,Cu and Zr,Pd in Table 1, for all three crystal structures. The lattice parameters and the
heats of formation for the temary phases are presented in Table 2. For the stable. Cli, phase,
we compare with room temperature experimental values [26]. As can be seen, for this phase,
the calculated lattice parameters are within 1% of the experimental values, as is the ¢/z ratio.
The variable Zr atomic position (4¢) is also in good agreement with experimental values. We
also show the calculated heats of formation, relative to the elemental phases. For all three
crystal structures, this is positive, dembnstrating the general tendency of these systems to mix,
consistent with the “deep eutectic” that occurs in this system [27], and the fact that the stable

phase is a line compound.
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In Fig. 4, we show the enthalpies of mixing as a function of composition. In thé
bottom part of the figure, the trend given in Eq. 2 has been subtracted. In the figure, a

convex envelope represents the stable phases (AH > 0 in Eq. 1). We show results not only
for the stable C11; and metastable C/6 structures, but also for the O; crystal structure shown

in Fig. 2. For the stable C11, structure, all calculations are close to the energy predicted by
Eq. 2, indicating that Cu and Pd are nearly ideally mixing even at 7'=0. At x=(.5, we have
considered two different orderings of Cu and Pd. The energy for one ordered structure
(corresponding to alternating layers of Cu and Pd) is slightly lower than the trend, while a
second (shown in Fig. 1a) is slightly higher (shown as an open symbol in Fig. 4). The energy
difference between these orderings is quite small, less than 10 meV/formula unit (~1 kJ/mol).
Thus, we expect that the Cu and Pd atoms will in fact form a disordered sublattice at ambient
temperatures. Even at low temperatures, they will not phase separate; energetically,-they
would prefer to form an ordered superstructure. Above the ordering temperature, the entropy
of mixing will further stabilize the ternary phase, particularly at the composition x=0.5. For
x=0.25 and x=0.75, we have considered only one qrdering; thus, our results should be taken
to be upper bounds to the energies. Again, the energies are close to the trend of Eq. 2,
indicating a low order-disorder temperature for the Cu-Pd sublattice. This easy disordering
also suggests that the size difference between Pd and Cu (about 7%) does not play a role in
the therrnodynamics of these materiais.

A stronger trend is shown for energetics of the metastable CI6 structure. The
energies range from about 200 meV/formula unit higher than the CII, phase down to a
minimum of 60 meV/formu]a unit at x=0.5. Thus, the calculations show that the CI6 phase

has a minimum in energy precisely at the composition where this phase appears as a
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devitrification product. This minimum again indicates that the Cu and Pd will not phase
separate: alloying to x=0.5 both lowers the total energy as well as maximizes the entropy of
. mixing. Again, we have considered two different possible Cu/Pd orderings for x=0.5: the
one shown in Fig. 1b has the lowest energy, while an alternate one (with lines of pure Cu or
* pure Pd atoms, maximizing the separation of the Cu and Pd atoms) is higher in energy (also
open symbol in Fig. 3). The energy gap between these two structures is larger than for the
C11y structure, indicating a higher order-disorder transition. Again, however, the energy is
not very large, and the system is likely disordered at the glass transformation temperature.
The stronger ordering tendency of the CI6 system relative to that of CI/, is understood by
recognizing that the Cu/Pd atoms in the latter structure contain only Zr near neighbors; thus,
the Cu-Pd interactions only occur through second-nearest (or higher) neighbors.

To examine why the metastable C/6 phase has an energy minimum at the
composition ZryCug.sPdys, Fig. 5 shows the electronic density of states (DOS) for this
composition as well as the binaries Zr,Cu ahd ZrpPd. We see that for the termary compound,
the Fermi level is at a broad minimum in the DOS, unlike the binaries. Tile binaries have
weak minima, above the Fermi level for ZpPd and below it for Zr,Cu. The ternary is
optimal, as it forms a pseudogap at the Fermi level, filling the bonding states while not
occupying the antibonding states. Thus, the origin of the energetic minimum of the
metastable state (and the corresponding maximum in the glass transition temperature) is

primarily due to electronic structure effects.
For all compositions, the enthalpy of mixing of the O] structure is negative, but with

a much lower magnitude than the C/¢ phase (by <25 kJ/mol). The enthalpy difference

between the NiTh and the CI1 » phases is greater with increasing Pd content. Thus, the
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observation that small amounts of Pd added to Zr;Cu promote the formation of the

quasicrystalline /-phase is in strong contrast to the calculations for the O, structure, and we
conclude that the O structure is probably not closely related to the iphase. We also note
that the “icosahedral” structures in O; are irregular and formed by a Ni atom surrounded by

9 Ti atoms and 3 Ni atoms. While the geometry of this cluster is similar to an icosahedron,
the local icosahedral symmetry is broken by topological and compositional effects. This
makes it unlikely that the O, structure is an approximant phase for any quasicrystalline
system. We also note that Murty ef 4/ [9] have analyzed .the composition of the Zr-Pd
quasicrystalline phase using atom-probe tomography, and find a composition closer to

Zry5Pdys. Preliminary spectrosc0py'for x=0.5 support an enrichment of Zr in the /~phase over

the bulk composition,

Discussion

For all of the Zr,Cu,Pd;x compounds, the Ci/, (MoSt) crystal structure is the
thermodynamically stable phase. As in previous work [8-10], [28] no icosahedral phase
occurs for ZrzCu, which devitrifies directly into the stable phase. In contrast, all Pd-
containing compounds devitrify first into an i-phase. This demonstrates that even when the
composition is identical to the stable structure, the Zr-rich i-phase prefers to nucleate.

For the x=0.5 composition (equal amounts of Cu and Pd), the i-phase transforms to

the metastable C/6 phase (AbCu-type structure) on heating, before transforming to the stable
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phase. This is shown using the time-resolved diffraction data, and supported by the
calorimetry work. The calculations show that ‘;he composition at x=0.5 maximizes the
- competition between the ground state structure and the nearby metastable phase. This is the
first demonstration that the devitrification paths may be understood from theoretical
considerations of the competing crystalline structures. For the alloys studied, this
competition is determined by electronic structure effects in the metastable phase, dominating
atomic size effects, chemical phase separation, or other factors. The apparent epitaxy
between the i-phase and the C11,, as evidenced by the continuity between the (221001) and
the (103) reflections of the i-phase and CII, phase, would argue for a lower barrier of
formation of the C11, relative to the C16 for all compositions where the i-phase exists. We
speculate that there is a low interfacial free energy between the C76 phase and glass, relative
" to that between the stable C17; structure and the glass, leading to its preferential nucleation.
A remaining challenge is to understand the quasicrystalline i-phase, and the factors
that affect its formation. As the i-phase occurs only for Pd-containing compositions, not the
pure Zr;Cu phase, the expectation is that related metastable phases will compete more closely

with increasing Pd-content. In the absence of precise knowledge of local structures, it is
difficult to understand the strong effect of Pd on the formation of this phase. Ifthe O] phase,
as shown in Fig. 2, is an approximant structure to the i-phase we would expect that the
difference between the binding energy of this phase and the metastable phase would decrease
with increasing Pd content. Instead, our calculations demonstrate the opposite effect: this

phase increases in energy relative to the stable C1/, phase as the Pd-content increases. We

note again that although the O] phase contains motifs that geometrically are close to



59

icosahedra, the local chemical structure in these clusters break the symmetry of these clusters,
strongly suggesting that the O; phase cannot be an approximant structure for an icosahedral

phase. Furthermore, the composition of the i-phase appears to be significantly richer in Zr
than would be expected for a phase approximated by the O] structure [8-10].

Pi'esumably, the nucleation of a crystalline phase fom the amorphous state follows
similar tendencies of crystal nucleation from the melt: the balance of interfacial free energy
and driving force may favor the nucleation into a metastable phase that has a lower
interfacial free energy. Two simple arguments are suggested by the observation of #phase
nucleation with Pd additions. First, the i-phase is likely to be strongly stabilized by small
amounts of Pd, so that the driving force for nucleatioﬁ is large. Second, the local structure of
the amorphous state may be sensitive to the Pd content, with small amounts of Pd increasing
local structural similarity toward the quasicrystalline iahase, thereby reducing the intérfacial
free energy [8-10].

The preéent studies suggest something more complex, however. The simple
nucleation arguments above ignore the role of chemical diffusion, which can dramatically
alter both the energetics and the dynamics of crystal nucleation and growth from the
amorphous phase. Certainly, it is expected that crystalline structures close in composition to
the amorphous phase would tend to be preferred devitrification products. For all compounds
studied here, the glass may transform directly into either the stable C/7; or metastable C16
structure without a change in composition. In contrast, the -phase has a higher Zr content,
so the devitrification into the /-phase occurs eitﬁer with a change of composition during the

process of nucleation and growth, or only occurs in Zr-rich regions in the glass. Previous
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work on a related alloy, BAM-11, suggest that the dynamics involve the coupled change in
structure and composition [4]. Once formed, the Zr-rich i-phase must leave behind a Zr-poor
amorphous matrix. In order to form either the stable C11, phase or the metastable C16 phase
(both line compounds), again chemical diffusion must occur.

In summary, the Zr,Cu,Pd; « amorphous compounds share the same equilibrium high
temperature CI1, crystal phase; however, their devitrification pathways are compositionally
dependent. Small amounts of Pd cause the system to first transform to a metastable i;phase
first. Ab initio calculations show that the C16 phase has a minimum in energy precisely at
x=0.5 where this phase appears as a metastable devitrification product observed in the
HEXRD. This minimum in enthalpy at this composition indicates that the Cuand Pd will not
phase separate. Alloying to x=0.5 both lowers the total energy as well as maximizes the
entropy of mixing. This is the first demonstration that the devitrification paths may be
-understood from theoretical considerations of the competing crystalline structures. For the
alloys studied, this competition is dominated by electronic structure rather than size effects:
the difference in radii between Cu and Pd is less than 7 %. For the €76 phase, only the
ternary x=0.5 is optimal, as it forms a pseudogap at the Fermi level, filling the bonding states
while not occupying the anti-bonding states.

A remaining challenge is to understand the atomic structure of the i-phase, and the
factors that affect its formation. We have demonstrated that this phase is not closely related

to the O; structure. Future work will entail developing a better understanding of local

structure based on similar chemistries in the T+Zr-Ni system [29].
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Table 1. Structural parameters, calculated heats of formation, and bulk moduli for the
MoSk (C115), AbCu (CI6) and NiTi, ( 0;) type-structures, for Zr,Cu and Zr,Pd. The value

of z is an internal degree of freedom for the structure. For previous experimental work, see

also Ref. [26].

ZrnCu ZrPd
Theory 3.240 3.343
ag (A) Experiment 3.2204[30] 3.3086[31]
P 3.220(5)(present work)  3.303(2) (present work)
Theory 3.476 3.256
c/a Exper 3.473[30] 3.292[31]
xperiment 3.47(6) (present work) 3.30(0) (present work)
Theory 0.347 0.343
z Experiment 0.3460[30] 0.343[31]
0.34493 (present work) 0.34192 (present work)
Heat of Theory -40.2 -140.7
formation .
(J/mol) Experiment -17.3 [23] -126 [24, 25]
Bulk modulus (MPa) 1.101 1.062
ACusmowre(C1)
ao (A) 6.632 6.758
c/a 0.80 0.80
z 0.1576 0.1571
Heat of formation (kJ/mol) -32. -133.
Bulk modulus (MPa) 1.065 1,225
ao (A) 12371 12.643
Heat of formation (kJ/mol) -13.9 -111.3
1.153 1.057

Bulk modulus (MPa)
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Table 2. Structural parameters and calculated heats of formation for the MoSh
(C11p), ALCu (C16) and NiTh, ( O] ) type-structures, for the temary compounds ZrCuxPd; x.
The value of z is an internal degree of freedom for the €11, structure, and x is an internal

degree of freedom for the C16 structure. Error bars in the lattice constants are on the order of

0.01 A; those of the heat of formation are on the order of 2 kJ/mol.

ZrCup7sPdoas ZraCugsPdos Zr;Cug 75Pdy 25
(x=0.25) (x=0.5) (=0.75) _

Theory 3.24 3.28 3.30
Experiment 3.2235 3.2364 3.2621
c/a Theory 3.48 3.45 3.37
Experiment 349 348 342
z Theory 0.345 0.344 0.343
Experiment 0.3473 0.3457 0.3445
Heat of Theory -65 -91 -115
formation
(kJ/mol)

6.67

Experiment 6.6811

c/a Theory 0.80 0.80 0.80
Experiment , 0.79

X Theory 0.160 0.161 0.159
Experiment 0.1560

Heat of formation (kJ/mol) -60 -84. (separated) -110

L - -88. (mixed)

ag (A)
Heat of formation (kJ/motl) :
“Experimental data from HEXRD at 720 K.
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Figure 1. Possible structures for the Zr,Cu,Pd) x system. White atoms are Zr, and
darker atoms are either Cu or Pd. For the Zr,Cup.sPdg s composition, one possible ordering is
shown. (a) The CI1, (MoSh) structure (observed ground state for Zr,Cu,Pd; 4). (b) The CI6

(ALCu) structure (metastable devitrification product).
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Figure 2. The NiTh, structure ( 0;) “big cube” structure. Atom shading is same as

for Fig. 1. Inset shows local “icosahedral” cluster occurring in the crystal structure, as well

as the chemical variation that breaks icosahedral symmetry in the cluster.
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Figure 3. Top lefi, a 3D representation of the time-resolved XRD of the
devitrification of the ZrCu amorphous alloy. The next five images are a 2D representation
of the XRD (bright regions indicate stronger scattering intensity) of the 5 alloys. The light

line is an overlay of the DSC data obtained at the same heating rate.
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Figure 4. (Top) Enthalpies of formation of all structures, as a function of Pd content.

The straight line indicates a linear interpolation between the results for the C1/; ground state

structure fof Zr;Cu and Zr;Pd, as given in Eq. 2. (Bottom) Tﬁe linear relation given in Eq. 2
has been subtracted out, indicating the excess enthalpies. Positive numbers indicate less

strong binding than the linear trend shown in the top.
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Figure 5. Electronic density of states for the metastable C/6 (AbCu) structure, for

Zr;Pd, Zr,Cu, and Zr;Cup sPdys. The energy is adjusted so that the Fermi level is at Er=0.
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CHAPTER 4. IN SITU OBSERVATION OF THERMAL EXPANSION

OF TETRAGONAL C11B PHASE IN ZR,CU,;.,PDx ALLOYS .

A Paper to be submitted to intermetallics

Min Xu? Y. Y. Ye**, I. R. Morris®®, D. J. Sordelet'?, M. J. Kramer'?*

Abstract

The C11b phase crystalline structure (structure type MoSiy, space group 4/mmm) in
the ZrCug.gyPdx (x=0, 0.25, 0.5, 0.75 and 1) alloys was examined in situ using high
temperature X-rays diffraction (HTXRD) and Rietveld refinement of the data obtained at a
constant heating rate. While the cell volume increases with increasing Pd as expected by the
larger atomic radii, the coefficients of thermal expansion (CTE) do not follow a uniform
trend. The bonding in the basal plane is more elastically rigid than along the c-axis for all

compositions. The CTE is more anisotropic for Zr.Pd than for Zr,Cu, which is consistent
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with the first-principles calculations that illustrate the rigidity of ¢-axis relatively to a-axis to
be the less for Zr,Pd. The CTE of the a-axis for Zr,Pd is in fact negative over the

temperature range measured.

Keywords: B. anisotropy, crystal chemistry of intermetallics, electronic structure of

metals and alloys, thermal stability; F. X-ray diffraction

Introduction

In the pseudo-binary Zr(Pd,Cu) metallic glass system, AB, phases have been found as
both metastable phases and high temperature stable phases. Saksl et al. [1] observed that a
tetragonal Zr2Cu crystalline phase formed in the Zr7oCusg and ZrzCuzoPd, alloys. Both Saida
et al. [2] and Murty et al. [3] reported that an intermetallic Zr,Pd C715 compound formed in
the binary ZryPdsp system at high temperatures. Jiang et al. [4] and Murty et al. [5] studied
the phase transformations in binary Zr,Pd and Zr,Cu metallic glass and found that a single
Zr;T™M (TM=Pd, Cu) C11b phase formed at high temperature in both alloys. Kramer at el. [6]
reported that additional transfc;rmation of a metastable intermetallic structure, CI6 phase,
was found in ZryePd2oCuyo metallic glass; while C17b phase is the high temperature stable
phase in both alloys. We also reported that [7], although icosahedral phase (i-phase), C16
‘and CI1b phases can be formed during the divitrification process of Zr,CuPdx (x = 0~1)
glassy alloys rdepending on temperature and composition, all compositions share the same

high temperature C11b phase. In our previous work [8], it was found that the devitrification
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process of Zr-Cu based glassy alloys is very sensitive to Pd content [1, 7]. Furthermore, it
was confirmed that C1/b phase is the thermodynamically stable phase by using ab initio
calpulations [9, 10].

At a 66.7at.% Zr composition, Zr-Cu and Zr-‘Pd binary phase diagrams are very
similar [11] since both Zr;TM compounds melt congruently. According to Hume-Rothery
rules [12], Pd and Cu can form a solid solution and fully substitute for each other in Zr, (Pd,
Cu) alloys since Cu:Pd atomic radii differ less than ~15%, even though they have diffefent
ground state electronic structures (Cu is [Ar]3d'%s' and Pd is {Kr]4d1°) and the e:a ratio
varies by more than 30%. Moréover, the whole composition range of Zr;Cuq.xPdy (x = 0~1)
alloys are reasonable glass formers. Ohata and Pettifor [13] studied the various crystal
structures for the AB, family of transition-metal compounds and proposed a two-step process
for their formation. In the first step, the volumes of the different structure types are adjusted
to guarantee the same repulsive energy. In the second step, the bond energies are compared

in order to see which structure is most stable. When considering only the effect of size; as R

decreases under 0.837 (R =ri), the CI6 is favored over the C//b and the Laves phases

e
(Ci4, C15 and C36) due to its higher packing density. However, when both size and
electronic factors are considered, Ohata and Pettifor’s theoretical structure maps are in

accord with the experimentally observed CI17b structure in the Zr,Cu(Pdy alloys [8] using

the radius ratio R =7 = (.80 ~ 0.89 (TM=Cu, Pd, rz;= 1.58 A; 14 =1.41 A;1e, =127 A

rZr

[14]). Thus, the high temperature stable C/1b formation in the Zr(Pd,Cu) system is

controlled by both atomic size and electronic factors [8].
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While, previously performing in sifu high temperature X-ray diffraction (HTXRD)
devitrifcation studies [7], we noted that the lattice parameter dafa obtained at temperatures
well in excess of the formation of the stable C11b phase showed some unusual coefficients
thermal expansion (CTE). It is possible that the CTE is affected by the different electronic
structure of Cu and Pd and thus does not follow simple rules of mixture. In this paper, we
take a closer look at the high temperature behavior of the stable C11b phase as a function of

Pd:Cu ratio.

Experimental

Five Zr,Cug.Pdy (x=0, 0.25, 0.5, 0.75 and 1) metallic alloys were prepared by arc-
melting of the pure metal pieces (zirconium with a purity of 99.95 wt.%, copper with a purity
of 99.99 wt.%, and palladium with 99.97 purity wt.%) in argon atmosphere. After three-fold
re-melting, the weight losses were less than 0.1 wt.%. The alloys were melt spun at a wheel
speed of 25 m/s and a constant pressure of 1.6x10* Pa in ultra-high purity Helium
atmosphere and a graphite crucible, Aftér checked by x-ray diffraction (XRD) and
transmission electron microscopy (TEM), homogeneous amorphous structure is obtained for
all five alloys [7]. Starting from rapidly quenched amorphous structures has an advantage
that phase segregation, which can occur during conventional casting, can be eliminated
assuring homogeneity of the final high temperature phase.

The crystallization temperature Ty was measured using in situ HTXRD and

differential scanning calorimeter (DSC). HTXRD experiments were conducted at the
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MUCAT beam line at the Advanced Photon Source, Argonne National Laboratory. The
energy of the X-rays was 100.601 keV (3=0.123244 A). Mosaic Silicon double-crystal
monochromators were employed to select the wavelength. Two-dimensional diffraction
patterns of single-grain samples were obtained using a MAR charge-coupled device (CCD)
detector, which at this heating rate used was about 1 scan every 2 K. The distance from the
sample to the detector was determined using the Natural Institute of Standards and
Technology Si standard 640-c. The Debye—Scherrer geometry is employed for collecting
diffraction x-rays. Melt spun ribbons were sealed in a thin walled silica capillary (¢=2mm)
under Argon atmosphere at approximately 2.7x10* Pa pressure. DSC was also carried out
using a refrigerated cooling system with Argon gas DSC cell purge to compare the
crystallization process with the HTXRD. Melting temperature T, was measured by a Perkin
Elmer differential thermal analyzer (DTA). All of these measurements have the same heating
rate at 0.167K/s. Reitveld refinement was performed using the software GSAS (General
Structure Analysis System) to obtain the lattice parameters of C/1b phase.

Oxygen content plays an important role in the crystallization pathways in Zr-based
metallic glass [15]. Murty recently reported [5] that the i-phase is indeed stabilized by the
presence of oxygen in Zr~ Cu-Al amorphous alloy beyond a critical concentration of 0.4
at.% O. To avoid the influence of oxygen during the crystallization process, care was taken in
keeping the oxygen content in ZroCu(xPdx melt spun ribbons as low as possible: using high
purity crystal bar Zr, multiple getterings of the arc furnace and the use of graphite as a
crucible [7]. The oxygen contents of the Zr,CugPdy (x=0, 0.25, 0.5, 0.75 and I) as-
quenched ribbons are analyzed by inert gas fusion, which are 126ppm, 60ppm, 110ppm,

108ppm, 114ppm (mass) respectively. These oxygen levels in these alloys is far below the
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critical oxygen concentration reported by Murty [5], and its effect on the crystallization
process of ZraCug.xPdy metallic alloys can presumably be ignored.

We carriéd out the ab initio calculation using the Vienna ab initio Simulation
Package (VASP) [9, 10] to get the thermodynamic stable structure of CIIb phase in the
Zr,CuPdy system and compare the calculated CI17b structure changes with the
experimental results when x increases from 0 to 1. The density functional calculations are
performed using a plane-wave pseudo-potential representation, with ultra-soft pseudo-
potentials [16] for all species and with a plane-wave energy cutoff of 300 eV. The k-point
sampling was chosen to converge all of the total energies to an accuracy of 2 meV/atom. The
k-point grid used for structural relaxation was 12x12x12, chosen according to the Monkhorst-
Pack scheme [17], and symmetry reduced to the irreducible Brillouin zone. In order to
provide insight to the experimental thermal expansion of C174 phase crystalline structure
during the constant heating in the Zr,Cu(;.,4Pdx system, the elastic constants were calculated
by the full-potential linearized augmented plane-wave (FLAPW) method [18] within the
local-density-functional approach. The calculation details of the second-order elastic
constants of a tetragonal structure have been described by Fu et af [19]. Note that all

calculations are at T=0.

Results and discussion
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C11b phase structure with composition: changes of lattice parameters

and bond lengths

Ab initio calculations of the C11b structure provide insight into the role of the Pd:Cu
ratio on cell lattice parameters, cell volume and the changes in bonding. Although these
calculations are carried out at O K, the trends observed in the calculations and eﬁperiments
show striking similarities [8].

To analyze the high temperature phase structure, one common approach is to anneal
the samples at a target temperature for a certain period of time, following X-ray diffractions
and Reitveld refinement. Using this approach, we annealed all five Zr,CuPdx
compositions to 973K for 96 hours in high purity Argon environment to obtain the stable
C11b phases. After quenching, all compositions were scanned at room temperature by high
energy x-ray diffraction (HEXRD) and analyzed by Rietveld refined. We found that the

- Rietveld fitting factors wRp, Rp, and 2 are fairly high for all of the compositions, yet there
were no peaks that were missed. One explanation for the poor fitting would be disordering in
the C11b structure during the quench process after the annealing. For example, when we
allowed a stacking faqlt model to be included in the refinement, the values of wRp, Rp, and
¥2 improved from 22.59%, 17.76%, 29.06 to 18.83%, 13.62%, 20.24, accordingly. This
results suggest chemical ordering does occur at low temperatures.

Using in situ HTXRD, the effect of quenching process can be avoided. Since we
started with amorphous alloys, we define Ty, as the temperature of the first scan that the
intensity of the major diffraction lines of Cl/b phase reaches a constant value. In situ
HTXRD patterns were obtained at Ty +100k for all five compositions. From the Rietveld

refinements, the goodness of fit factors, wRp, Rp and ¥, indicate an excellent agreement
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between the observed and calculated intensities for x = 0, 0.25, 0.5, and 0.75. However, for x
= 1, the goodness of fit factors are all higher wRp (11.59%), Rp(7.84%) and x2(11.29) than
 the other four compositions. While the peak positions and peak shapes fit the model C7/b
structure, the poorer goodness of fit for x = 1 is due to poor modeling of the intensities
(Figure 1). The differer;ce in calculation intensity can arise from either texturing or from site
disorder. Since no family of planes shows uniform increase over the powder average, we
assume that the deviation from ideality is due to site disorder. The refinement of the
occupation parameters shows that when about 8% of the Zr position is partially occupied by
Pd atoms, ¥* was improved from 11.290 to 8.925. This indicates that there are more
intercalation defects or site disordering in the Zr,Pd alloy than any other compositions. This
would suggest that the entropic term may be more of a factor for the Zr,Pd compound than
the others since it has the highest formation enthalpy, yet has the highest defect concentration.

The measured a-axis of the C11b structure in Zr,Cug.xPdx (x=0, 0.25, 0.5, 0.75 and 1)
alloys shows a non-linear. increase from 3.2378(3)A to 3.3115(5) A (Figure 2 (a)). This is
most likely related to size effects because of the larger radii of Pd relative to Cu. While the ¢-
axis exhibits a maximum value of 11.312(2) A at x = 0.5. Using Pd and Cu atomic radii of
1.41 A and 1.27 A [14], the measured lattices show strong deviations from the Vegard’s law
between the lattice constants and the compositions in the solid solution of Zr,TM (TM=Pd,
Cu). Such deviation is not unusual [20, 21], since Vegard’s law only accounts for size. ‘The
difference in the eleéctron configuration between Pd ([Kr]4d'®) and Cu ([Ar]3d'%s') should
be a significant contribution on the variation of the C115 structure in Zr2Cuq.Pdy system.
Since the increase of the basal plane’s area is more than the decrease along c-axis after x >

0.5, the cell volumes increase with increasing Pd content.
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Even though ab initio calculations are performed at 0 K, they do provide insight into
thermodynamic stability [22, 23]. 4b initio calculations can be used to theoretically evaluate
the effect of alloying on the phase structure, providing a better understanding into the crystal
chemistry. From x = 0 to 0.75, the difference between the calculated values and observed
values are small. However, the a- and ¢-axis lattice pérameters for Zr,Pd shows the greatest
differences between observed and calculated values. The calculated a-axis (at 0 K) is
0.0312A larger than the observed value (at 895 K), while the calculated c-axis is 0.1881A
smaller than the observed value. This is consistent with the Rietveld fitting which suggests
some site disorder, which is difficult to examine using ab initio methods since calculations
are limited to periodic arrangement of atoms and there is a practical limit to the cell size due
to computation time. However, what is more important is that the overall trends in the
calculated lattice parameters of the Zr;Cu(.oPdy alloys as a function of x are quite similar to
the experimental value and that the observed behavior is most likely an intrinsic rather than
an extrinsic effect such as defects or second phases.

In the representative C715 cell (Figure 2 (d)), the three nearest bond fengths in the

cell are Zr1-Zr2, TM-Zr1 and TM-Zr2, in which, TM = Pd, Cu:

dozn =/0.5a% +(0.5-2z2) ¢ (1)
drpr_zn = 2C (2)
dry_z2 =+/0.5a% +(0.5—2)c? 3)

To discuss the effects of both size and electronic factors on C175 cell in detail, we
calculated the total d-bond overlap populations of TM-Zr per nominal unit with increasing x

(Figure 2 (c)). The contribution of TM-Zr bond increases with Pd content and the increasing
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rate is more rapid in Pd rich compositions. With the more covalent electrons occupying the d-
bond, TM-Zr bonding becomes stronger. This is also consisting in our previous work [7] on
the first diffuse scattering peaks in the reduced radial distribution ﬁlnctiéns of the Zr,Cu.
xPdx alloys, in which, the affinity of Pd for Zr is deduced to be stronger compared to Cu. It
should be note that although Zr-Pd is stronger than Zr-Cu, the bond lengths are not only
affected by the bond affinity, but also by atomic size at the same time. The experimental and
calculatéd bond Iengths TM-Zr1 shorten at high Pd content, even though the TM atomic size
increases. This is not surprising if we consider the trade-off effects from both size and
glectronic viewpoint. The TM-Zr1 bond length is relatively longer, and at this bond length,
size effect is less than the electronic effect. With the rapid increasing bond c;verlap
population of TM-Zr boﬁd at higher Pd content compositions, the TM-Zrl pair is more
attracted and formed shorter bond lengths. From geometric and symmetric considerations,
the c-axis length is strongly related with the bond length of TM-Zrl. This would also imply
stronger Pd-Zr bonding should account for the decrease in the c-axis with increasing x. The
TM-Zr2 bond length trend shows almost the same trends as the a-axis. This is because the
length scale of TM-Zr2 is much shorter than TM-Zrl, and, at this bond length the atomic size
effect is the main controling factor. The equ_rimental and calculated trends of Zr1-Zr2 bond
lengths shows a small discrepancy for x=0.5, which most likely arises from the
simplifications used in the calculations. In the case of the solid solutions, there are a large
number of possible arrangements for the Pd and Cu. We have not attempted a systematic
exploration of these, but consider only likely arrangements based on the mixed system,

which was described in our previous work [8].
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C11b phase structure with temperature: anisotropic thermal expansions

In situ heating diffraction measurement by HTXRD is an ideal method to obtain the
details of the high temperature crystal structure changes for Zr,CuyjxPdy alloys, since it can
reveal both stable and metastable phase changes. The Ty, (Figure 3) for x = 0, 0.25, 0.5, 0.75
and 1 will be the reference temperatures for each of their respective alloy compositions and
provide a relative comparison for the CTE measurements. No variation in the intensity of the
major lines for T > Ty, and all reflections could be indexed indicating that we maintained a
thermodynamically steady state relative to the C/ 15 phase and that the powder averaging
was good throughout the experiments.

Since the lattice parameters are both a function of composition and temperature,
comparing the a_lloys lattice pa;rameters as a function of temperature is not straight-forward.
For instance, Tx. and the melting temperature (Ty,) both increase with increasing Pd:Cu ratio
(Figure 3). But the increase Ty, is not linear with composition. This indicates that substitution
of Pd for Cu has greater effect on Ty in ZroCuq4Pdy alloys at lower Pd:Cu ratios. On the
other hand, T, also increases from 1264 K to 1358 K over the whole composition range. The
observed trend of experimental melting temperatures are in reasonable agreement with that of
the calculated heat of formation [8] 'fc‘)r Zr,CuqPdy system, which are 0.42, 0.68, 0.95, 1.19
and 1.46 eV/formula unit from x = 0 to 1. To better visualize the structural changes as a
function of temperature, we normalize the lattice parameters of the CI17b structures to the
crystallization temperature. We define a ‘homologous temperature’ Ty=T/Ty. as a means of
comparing the CI1b phase over a range of temperatures above Ty during constant heating,
and a ‘homologous lattice parameters’ az=a/a,, and cy=c/c, as a means of normalizing the

lattice parameters, in which, a. and ¢, are the l[attice parameters of C/7b phase at Ty.. For
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comparison sake, all experimental homologous lattice parameters are compared at the same
hornologous temperature.

Rietveld refinement was performed for all compositions for at least a 100 K
temperature range above Ty.. Fitted parameters include the Iatt'ice constants, the refinable
atomic positions, thermal parameters, peak shape profiles and background. The C1/b-type
structure (MoSi;) has only two atomic sites: Zr should fully occupy the 4(e) 0 0 z site, while
the TM (TM = Pd, Cu) should fully occupy the 2(a) 0 0 0 site in the ideal structure. Overall
fitting of the data was uniformly very good except with the Zr,Pd compound, which had
wRp’s less than 7% and Rp’s less than 5%. The poorer fitting of Zr,Pd indicates some site
disorder or vacancies which were discussed above.

It is observed that ¢y increases as function of Ty from x = 0 to 1 (Figure 4). Thé
increasing values of ¢y reach 0.17%, 0.18%, 0.14%, 0.22% and 0.25% for all the five
compositions, which are much more than those of ay. ay increases linearly with Ty for x=0
t6_0.75 in the C115b phase. The increasing values are pretty small, only 0.04%, 0.02%, 0.07%,
and 0.05% for those 4 compositions. The increasing homologous léttice parameters can be
deduced by the cell thermal expansion with the increasing temperature. But we can obviously
observe an exception at x = 1, ay decreases with Ty gradually, allthough the decreasing value
is only 0.05%. It indicates in Zr,Pd alloy, C115 structure experiences an abnormally change
with increasing Ty, comparing to the other 4 compositions. Using ab initio calculation, we
simulated the thermal expansion process by extending the C115b cell volume for both Zr,Cu
and Zr,Pd alloys. During the relaxation of the lattice parameters as the unit cell expanding,
the c-axis shows a rapid increasing for both alloys. While for a-axis, it remains almost

constant for Zr,Cu and decreases a little for ZrPd, which confirms the irregular a-axis lattice
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changes in Zr,Pd alloy. It also indicates the volume expansions of C115 cell during constant
heating are depended more on c-axis than g-axis. The ratio of homologous lattice parameter:
c-axis over a-axis (cu/an), is larger than 1, reflecting the thermal expansion anisotropy in
C11b structure for all 5 compositions in Zr,CugPdy system. This indicates that the c-axis
expands more readily for all compositions with increasing temperature. In addition, this
anisotropy is nearly linear with the homologous temperature. The calculated slopes from the
HTXRD experimental observation of cy/ay over Ty are 0.0086(4), 0.0118(4), 0.0052(4),
0.0142(1), 0.0233(4) for x = 0 to 1, accordingly. We can see that the largest anisotropy of
thermal expansion between the ¢ and a-axis directions was observed at x = 1 and the two
lowest anisotropy of thermal expansion was for x = 0.5 and x = 0.

The coefficient of thermal expansion, CTE, is an important thermodynamic property

of crystalline phases. The experimental CTEs can be calculated as:

CET(a) = ai(;T“) @)
[ H

CBT ()= () | 5)

CET(V) = };—(a%V_) (6)

Where, V. is the cell volume of C11b phase at Tye. The value of a,, c., and V. are
listed in Table 1. The CTEs in the a-axis dirécti.ons are significantly smaller than those of ¢-
axis directions with the increasing homologous temperature, indicating the bond strength in
the g-axis direction is much more rigid than c-axis direction for all compositions. A negative
CTE was noted in the g-axis direction for x = 1, which suggested CI15 structure of Zr,Pd

alloy has abnormal thermo-elastic properties compared to the other 4 compositions.
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To better understand the results of the thermal expansion data, first principles local-
density-function calculation [18, 19] of the elastic properties was carried out for the two
binary alloy systems Zr.Cu and Zr,Pd. We list the calculated second order elastic constants
in Tablc 2. There are three interesting features in the elastic properties of Zr,Cu and Zr,Pd
alloys: First, the shear anisotropy ratio A, defined as

e 2Cs -
(Cu - Ciz)

are 0.515 for Zr,Cu and 0.836 for Zr,Pd, indicating the anisotropy of Zr,Pd is large
than that of Zr,Cu, which is coherent with the experimental observation. Second, the
calculated second elastic constants Cy;+Cy; is larger than Cs; for both Zr,Cu and Zr,Pd.
suggesting that the elastic tensjle modulus is higher on the (0 0 1) plane than along the [001]
direction. In other words, the bonding in the basal plane is stronger than the boﬁding of c-axis
direction. This is consistent with the experimental thermal expansion, where both CI17b

structures of Zr,Cu and Zr,Pd show lattice expansion anisotropy cg/ay> 1 during the whole

heating process. The values of CutCy are 0.515 and 0.836 for Zr,Cu and ZrsPd,
33

respectively. The calculated ratio of the elastic tensile modulus of (0 0 1) plane over [0 0 1]
direction is also in good agreement with the experimental results showing greater anisotropy
of thermal expansion in the Zr,Pd. Third, the relation of Cgg > Cyq for both alloys suggests
that the <1 0 0>{0 0 1} shear is easier than the <1 0 0>{0 1 0} shear. That means, for the (0 0
1} layers, the shear of inter-layer bonds is easier than the shear of intra-layer bonds, which

also consistent with the anisotropic CTE’s measured in this system [19].
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Conclusion

With increasing x in Zr,Cu.yPdy alloys, the lattice parameter along the a-axis
increases, while lattice parameter along tﬁe c-axis reaches a maximum value of 11.312(2) A
~at x = 0.5, and then decreases from x = 0.5 to 1. The increase in the basal plane dimension
more than compensates for the decrease in the c-axis for x > 0.5, so the overall volume
increases with x. The ab initio calculations are in agreement to within 1.7% of the
experimental values. Although the shortest bond lengths in C/1b structure shows some
deviation between the experimental data and the calculated results, the overall trends are
quite similar, except for the Zrl-Zr2 bond length at x = 0.5, which may caused by
simplifications in calculated structure. The shortening of the TM-Zr] bond accounts for the
decrease in the c-axis with increasing x. The bond overlap population and atomic size form a
trade-off effect on bond changes. The thermal expansion of the CI/b phase was more
anisotropic for the higher Pd containing alloys (x = 0.75 and1). Increasing Pd relative to Cu
in the C11b system increases the crystallization temperature for the C17b phase and melting
temperature, which is consistent with the calculated heat of formation. The degree of elastic
rigidity is larger in the basal plane (0 0 1) than along the c-axis, and the anisotropy of thermal
expansion along the a and c-axes are observed for all five alloys. Using elastic constant
calculations, more anisotropy of thermal expansion for Zr,Pd than ZnCu alloys are

confirmed.
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Table 1. Experimental CTE(a), CTE(c), and CTE (V) for C115b phase in Zr;CuqPdx

metallic alloys (x=0, 0.25, 0.5, 0.75 and 1) over the 100K temperature range measured.

X 0 0.25 0.5 0.75 ]
a (A) 3.2364(2) 3.2377(2) 3.254(1) 3277(1)  3.313(2)
ce (A) 11.1931(1) 11.2484(1) 11.297(4) 11.192(4) 11.042(8)
Ve (A% 117.24(1)  117.91(1)  119.6(2) 1202(1)  121.2(3)
CTE (a) (ppm/K)  4.3(6) 2.0(1) 6.6(1) 4.5(8) -4.9(8)

CTE () (ppm/K)  17.3(1)  182(1)  13.3(8)  22.1(0)  25.0(1)
CTE (V) (ppw/K)  26.0(4)  222(3)  266(2)  313(4) 15002
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Table 2. Theoretical second-order elastic constants (Mbar) of C//b phase in Zr,Cu

and Zr,Pd metallic alloys.

Cu Ci Cs3 Cas Cess Ciz

Zr,Cu 1.979 0.756 1.553 0.273 0.315 1.016
Zr,Pd 1.921 0.863 1.493 0.265 0444 - 0981
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Figure 1. Rietveld refinement profiles of high temperature X-ray diffraction patterns
for C11b phase in Zr,CugxPdx (x=0, 0.25, 0.5, 0.75 and 1) metallic alloys. Experimental,
calculated and difference HTXRD patterns for Zr,Pd at 100K beyond Ty, with C17b phase

reflections indicated by vertical hash marks.
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Figure 2. C11b structure comparison between experimental results and ab initio

calculation with increasing x in Zr;Cugx»Pdx (x=0, 0.25, 0.5, 0.75 and 1) metallic alloys. (a)
lattice parameter g, lattice parameter c, cell volume; (b) The three types of nearest bonds,
Zri-Zr2, TM-Zrl and TM-Zr2; (c) d-bond overlap population per nominal unit for transition
metal TM (TM = Pd, Cu) and Zr atoms; (d) the representative C/1b cell, atom Zr1 and Zr2

occupy the (0, 0, z) and (0.5, 0.5, 0.5-z) positions; TM atom occupies the (0, 0, 0) position.
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Fig. 3. Crystallization temperatures (Ty) and melting temperature (Tm) of C/15 phase
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CHAPTER 5. PHASE STABILITY AND TRANSFORMATIONS IN THE

ZR;NIkCU,.x SYSTEM

A paper published in Metallurgical and Materials Transactions A 39A, 1847-1856
(2008)

M. J. Kramer'* , Min, Xu"z, Y.Y. Ye2'3, D. I Sordeletz, and J. R. Morris*’

Abstract

Since Ni and Cu differ by only one valence electron, yet have nearly identical atomic
sizes (1.27 vs 1.28 A for Cu and Ni, respectively), the amorphous ZraNiyCuyx system is ideal
to isolate the effects of electronic structure on short- and medium-range order and their
concomitant influence on devitriﬁ;:ation pathways. Thermal analysis, time-resolved high
energy X-ray diffraction and transmission electron microscopy were used to follow

metastable and stable crystalline phase formation during devitrification. Using time-resolved
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high energy X-ray diffraction, we observed that the first devitrification product in the ZrNi
system is the C16 structure if oxygen is kept sufficiently low, while the Zr,Cu system forms
the C11b structure. For x = 0.25, the initial devitrification involves forming co-existing C11b
and C16 phases. When Ni is increased to x > 0.50, the initial devitrification only involves
the C76 structure. These results are in complete accord with electronic structure calculations
showing that the enthalpy of formation for the C/1b phase is favored for x = 0, while
enthalpies for C1/5 and C!16 are nearly identical for x = 0.25 and the C/6 phase has rthe most

negative enthalpy for all compositions where x > (.25,

Introduction

The phase selection process during devitrification of a glassy alloy (i.e., whether
stable or metastable crystalline phases initially form), provides insight into the short range
order (SRO) of the preceding glassy state. The tendency to devitrify is closely related to the
stability of the glass. Studying the devitrification process allows a probe of the origin of the
stability: for example, is the stability of the glass (relative to the crystalline compounds) due
primarily to packing efficiencies, or to electronic stabilization effects.[1, 2] The range of
compositions in Zr-TM (transition metal) alloys that can be made amorphous using rapid
solidification methods together with the variability in intermetallic compounds which can
form make Zr-based systems ideal for investigations into the structural rélationships between
the amorphous alloys and their crystalline states.[3, 4, 5] Zr (or mixtures with Ti, Nb and Hf)

are alloyed with late transition metals including noble metals (Ni, Cu, Pd, Ag and Pt) to form
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a variety of bulk metallic glasses.[6, 7, 8] The stability of the metallic glass is usually
enhanced by minor alloying changes and in many cases the increased stability is attributed to
increasing icosahedral order in the glassy alloy.[9, 10]

Here we study a model alloy, ZrNikCu;.x which isolates the competing aspects
between packing efficiencies (i.e., Cu and Ni have very similar Goldschmidt radii of 1.27 vs
1.28 A, respectively) .[1 1] and that of electronic stabilization effects. Zr,Cu and Zr;Ni both
melt congruently but have different thermodynamically stable structures, [12] C11b and C16
respectively. Amorphous alloys of Zr,Cu and ZrNi can be easily made by rapid
solidification and have been shown to devitrify in a single step. Scattering studies and X-ray
absorption, fine structure spectroscopy (XAFS) have determined that the SRO consists of
short Cu-Cu (or Ni-Ni), intermediate Zr-Cu(Ni) and longer Zr-Zr bonds in the first shell. [13,
14] Recent work on the Zr-Cu and Zr-Ni glasses suggests that the former is more icosahedral
than the latter, which has polytetrahedral clusters more like the C/6 crystalline phase. [15, 16]
The authors attribute the lack of glass transition in thc'ngNi due to the similarities in the
SRO of the glass and the stable crystalline phase. In this study, we bring together time
resolved high energy X-ray diffraction (HEXRD), [17] thermal analysis and ab initio
calculations to investigate the competition between the two thermodynamically stable phases

as the Ni:Cu ratio is varied.

Methods
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Experimental

Five alloys of ZraNixCuy.x (compositions are expressed in at%, x = 0, 0.25, 0.5, 0.75
and 1) were prepared by arc melting the mixtures of pure Zr (99.95 mass%), Ni (99.99
mass%) and Cu (99.99 mass%) metals in a ultra high-purity argon atmosphere. The alloys
were melted several times in order to ensure the compositional homogeneity. Since oxygen
- content can alter the devitrification pathways, [18] crystal bar Zr having 50 parts per million
(ppm) oxygen by mass was used and melt spinning was performed using a graphite crucible
to minimize oxygen contamination. [19] Amorphous alloys were obtained by melt spinning
with a tangential wheel speed of 25m/s at a constant over pressure of 1.6x10° Pa in a ultra
high-purity Helium. The melt spun ribbons are approximately 1lmm in width and 40pum in
thickness. The oxygen content of the as-quenched ribbon samples were analyzed using inert
gas fusion and found to be to be less then 250 ppm . The devitrification pathways of these
alloys during heating were studied using a combination of differential scanning calorimetry
(DSC), differential thermal analysis (DTA), transmission electron microscopy (TEM) and
high-energy X-ray diffraction (HEXRD). DSC was performed on these samples using
constant heating rates of 0.083, 0.167, 0.333, 0.667 and 1.333 K/s and isothermally with T
offsets of 5, 10, 15, 20 and 25 K below Tx. The melting temperatures (75,) of these alloys
were obtained by a DTA at a heating rate of 10 K/min.
Since the initial phases which form during devitrification may not be the
thermodynamically stable phase, samples were wrapped in Ta foil, sealed in silica tubes
backfilled with Ar and annealed at 0.9 * T, for 24 hrs then quenched in a water bath. Phase

identification, phase fraction and room temperature lattice parameter determinations for these
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annealed samples were obtained using Rietveld analysis of XRD patterns obtained using
Cuy, radiation. [20]

HEXRD studies were performed at the Advanced Photon Source (APS) at Argonne
National Laboratory using an energy of 99.55 keV, which correSpbnds to a wavelengths (A)
of 0.0124(7) nm. The diffraction data were obtained at the 6ID-D beamline at APS in
collaboration with the Midwest Universities Collaborative Access Team (MUCAT). Silicon
double-crystal monochromators were employed to select the wavelength. All samples were
sealed in thin-walled silica capillaries using Ar. The HEXRD was obtained in a time-resolved
manner using a MAR CCD (MAR Reseach, Evanston, IL) in an off-beam-axis mode where
only a 60 degree arc of the Debye cones intersect the CCD. This geometry was a compromise -
between obtaining high reciprocal-space diffraction patterns every 20 s while maintaining a
sufficiently high signal-to-noise ratio to resolve subtle details of the phase transitions at a
modest heating rate of 10 K/min or using and isothermal hold at 20 K below the
crystallization temperature (Ty). The sample to detector distance was calibrated using a NIST
Si (640C) standard.

To examine the local atomic structure of the different compositions the HEXRD
scans were corrected for absorption, polarization, multiple scattering, and Compton
scattering to extract their coherently scattered intensity (Ie(Q)). The total scaﬁering functions,

S(Q), were then calculated according to, [21, 22]

F@%imeﬁ}
—; Eq. (1).

)

S©) =1+

>0, £(0)
i=l
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where, a; is the atomic proportion of each element and fi(Q) is the Q-dependent
scattering factor for each element. The reduced pair distribution function (RPDF), G(r), were

determined by Fourier transforming the total scattering function:
2° N
G(r)=4mip(r)-pyl= = IQ[S (Q)=1]sin(Qr)dQ Eq.(2)
} o

where p(r) is the atomic density at a distance » from an average atom located at the
origin and p, is the average atomic density of the material. The RPDF was utilized for

comparing the real-space structure of the different alloy compositions since it does not

require independent measurements of the atomic densities of the alioys.

" Electronic Structure Calculations

To theoretically evaluate the effect of alloying on the phase stability, we used
electronic structure calculations to examine the total energies of the competing crystalline
structures. Our simulations were carried out using the Vienna Ab initio Simulation Package
(VASP). [23, 24, 25] The density functional calculations were performed using a plane-wave
pseudopotential representation, with ultra-soft pseudopotentials [25] for all species and with
a plane-wave energy cutoff of 240 eV. The k-point sampling was chosen to converge all of
the total energies fo an accuracy of 2 meV/atom. The k-point grid used for structural
relaxation was 8x8x8, chosen according to the Monkhorst-Pack scheme [26] and symmetry

- reduced to the irreducible Brillouin zone. For the electronic density of states, a 16x16x16
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grid was used. With each configuration, the total force on each ion is calculated using the
Hellmann-Feynman theorem; the ionic positions were then relaxed to an accuracy of 0.01
eV/A. In addition, all periodic unit cells Were relaxed to minimize the total energy. The
relaxation of both internal degrees of freedom and lattice parameters were performed

together, as these are often coupled, to find the local minimum in energy.

Results

The room temperature S(Q) and G(r) results are consistent with previous studies for
the binary compounds (Fig. 1). In this study, the Zr,Ni,Cu; series appears to show a
systematic trend in the change in the peak positions with x. In the S(Q), there is a very small
shift in diffuse scattering peaks to lower Q (< 0.4 %) with increasing Ni. A very small pre-
peak (at Q ~ 1.8 A) is observed in the alloys for x > 0.5. More importantly, the first shell in
the G(r) displays distinct shape changes with a bimodal-like distribution that shows
increasing separation with increasing Ni concentration. The contribution from the three
reduced partial pairs (Geouni-cunis Gounize and Gzez) are well separated in this amorphous
alloy with the shortest bonds being Cu(Ni)-Cu(Ni) and longest Zr-Zr. [13, 14, 27, 28] The
contributions from the Cu(Ni)-Cu(Ni) pairs are small and are nearly identical in average
distance of about 2.56 A. [13, 28] Gaussian fitting of the first shell indicates that the Cu(Ni)-
Zr pair separation decreases by 0.06 A when replacing Ni with Cu while the Zr-Zr pairs
separation increases by about the same amount as the Cu(Ni)-Zr pair sebaration decreases.

The shortening of the Cu(Ni)-Zr bonds and a slight increase in the Zr-Zr with increasing Ni is
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consistent with Saida et al. [28] results for the Zr70Cusg and ZrzoNisp rapidly quenched alloys
they compared. The changes in the average Cu(Ni)-Zr and Zr-Zr pairs are nearly linear in
composition which would argue for a complete mixing of the Cu and Ni. The weightings of
the three Gaussians varies with the Ni:Cu ratio, indicating that the there may be some change
in bond distributions.

The DSC. results for constant heating rates 0.083, 0.167, 0.333, 0.667 and 1.333 K/s
show only a single exotherm in the vicinity of 640 to 700 K, the temperature regime for
devitrification of these alloys. Using the maximum slope method or the peak temperatures,
the crystallization temperature varies little with increasing Ni. The alloy with x = 0.25 ha;s the
highest onset temperature for all heating rates, but by only a few degrees (Table 1). This is
consistent for all heating rates. For x = (.25 there appears a small exotherm at ~ 750 K while
for x = 0.5 the beginning of an exotherm close to the upper temperature limit of our DSC of
873 K was also observed. No hints of a second transition were observed in any other of the
samples. These data suggest that for at least these two samples (x = 0.25 and 0.50) a second
solid state phase transition occurs distinct from the devitrification.

While the sensitivity of the DTA is too poor to provide any insight into the second
exotherms in the DSC, the results indicates that there is a minimum in the Tr, (~1200 K) for x
= 0.50 compared to Tm of ~1275 and 1295 K for the end members Zr;Cu and ZrNi
respectively. Data on cooling g]so show two closely related exotherms about 100 K below
the Tr, for x = 0.50 and only one exotherm for all other compositions. DSC and DTA analysis
suggest that there is a two phase region in this pseudo-binary near x = 0.5. Based on the
ternary phase diagram, multiple phases are expected in this system 7[12] with a eutecticl

forming in this pseudo-binary system. However, DSC and DTA do not provide any direct
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information on which phaseé are forming or the width of the two-phase region. In addition,
one is prone to miss metastable phases when performing heat and quench experiments. This
is particuiarly true if the large face centered cubic phase based on the Ni,Ti-type structure is
a transient phase in this ternary system. [29, 30]

Time-resolved HEXRD provides a unique method to observe the full dynamics of the
phase selection process.[17, 30] Figure 2 is a montage of 2D representations of the total
scattering function (S(Q)) as a function of temperature from 500 to 1000 K using a heating
rate of 0.167 K/s. This heating rate and the X-ray data collection frequency provide a
“temperature resolution of ~4 K. Note that the point of crystallization is sharply demarcated
for each of these composition and the temperatures indicated are consistent with the DSC
results. The initial devitrification is to a single phase for all alloys except for x = 0.25. In the
case of x = 0, only the C11b structure forms and is stable up to melting. For x = 0.75 and 1.0,
only the CJ6 structure forms, but there is a sharpening of the reflections which occurs ~ 800
K, indicating that there may be some disorder relative to the ideal structure or a kinetic
limitation to grain growth. For x = 0.5, the initial phase to form is C/6, but that undergoes a
solid state phase transition to C1/b around 800 K, slightly lower that what was expected
from the DSC, but the exact temperature of the second exotherm was difficult to determine
since the signal was small and had not returned to the base line before reaching the upper
temperature limit of our DSC. So we can assume that the second exotherm in the DSC is due
to the CI16 to C11b phase transition. Only for the x = 0.25 alloy do we see clear indication of
both C16 and CI1b forming simultaneously., The two-phase alloy is unstable and it too
undergoes a solid state transition to a single phase CI/b structure. These results are

consistent with the DSC measurements.
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One question posed by the results presented in Fig. 2 is what is the relative
partitioning of Ni:Cu between the C16 and C17b phases and does phase separation occur
prior to nucleation? For a given driving force, the nucleation of CI6 appears to be favored
over C11b, since this compound forms first in x = 0.5 before converting to C1/5. In the case
of x = (.25, the two structures coexist, but only for a short time before forming CI15,
indicating that CI6 can nucleate despite the higher driving force for CIJb. A corollary
question would be how does the SRO in the super-cooled liquid impact the energy or kinetics
of the phase selection? To help answer these questions, we must examine the details of the
phase selection process relative to the thermodynamics of the competing phases.

The HEXRD method has both the time resolution and the sensitivity to probe the
initial stages of the devitrification. In each of these alloys, the intensity of the devitrified
phase fraction ([{Q)) can be extracted from the amorphous component by estimating the

volume fraction (F|) of the crystalline component at each temperature or time (¥,

Qﬁ‘ﬂ‘
Fl,=>{ (Q)| . —I(Q)|,), where 1, is an initial state when the alloy is assume to be fully
Qmin

amorphous;

1, = 1), - 1(0), *0- F,) Eq. (3)

This technique provides a direct means of determining the volume transformed as a
function of time‘or temperature and an X-ray diffraction pattern with a minimal background
more suitable for Rietveld fitting. |

Since the temperature resolution was quite coarse for the constant heating rate

experiments (Fig. 2), we performed isothermal holds at 628 K, ~20 K below Ty (ATy). The

rate of the transition can be controlled by altering ATy since this essentially changes the
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driving force for crystallization. Given the high S:N in the synchrotron data, and using Eq. 3,
Rietveld analysis of diffraction patterns which represent as little as 2 % of the crystalline
fraction can be fit with a high degree of confidence (weighted residuals, wRp, were less than
6%) (Fig. 3). Of primary interest is x = 0.25, which is the only instance where the
coexistence of two phases was observed during the initial devitrification.

The results of the isothermal HEXRD show a gradual transitién from amorphous to
crystalline structures over an interval of approximately 200 s, staring at 300 s after achieving
the hold temperature of 628 K (Fig. 4). Extracting the crystalline fraction using Eq. (3},
sequential refinements were performed on all Z{Q)|t up to the point where the alloy was fully
devitrified to obtain the changes in ratio of C16:C115 as a function of the crystallized phase
fraction (Fig. 5). Except for the initial transients during the early stages of devitrification, the
lattice parameters for the C/6 varied little during the isothermal hold, a-axis = 6.627(3), c-
axis = 5.177(6) while the ¢ axis for the CI7b did under go a 3% contraction in the c-axis
(11.679(0) to 11.314(3)) during the initial stages of devitrification while the a-axis was
nearly unchanged, 3.291(1). The ratio of C16:C11b increased slightly from 70 to 80% during
the isothermal hold with an uncertainty of 10 % absolute for each phase fraction. The
Lorentzian portion of the peak shape profiles for the C7175 are considerably broader than the
C1I6, indicating that the C115 grains were smaller and grew slower than the CI6 grains.

To cross check the HEXRD results, we performed isothermal heating in the DSC at
643 K which is a hold temperature of 20 K below Ty followed by quenching the samples
after 4 different hold times: 6, 78, 162 and 324 s which represent ~0, 5, 70 and 100 %
crystallization (open squares in Fig. 5). Note that the onset for crystallization is occurring

quicker and has a slightly sharper transition than the HEXRD results. This is consistent with
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a slightly smaller ATy for the DSC results and is consistent with our unceﬁainty in the
absolute temperature calibration between the DSC and the furnace used for the HEXRD
experimehts which can differ by ~ 5 K. These DSC annealed and quenched samples as well
as the as-quenched alloy were then Ar ion milled using a liquid N, cooled stage and
examined in a FEI Tecnai field emission STEM operated at 200 KeV (Fig. 6). The as-
quenched alloy appeared to be homogenously amorphous and no chemical segregation was
observed usiﬁg energy dispersive spectroscopy (EDS). However, when obtaining chemical
data in STEM mode, it was noted that partial crystallization could be initiated in the thinner
regions if the beam remained in the same position for > 60 s. Samples heated and quenched
in the DSC showed a progressively increasing propoﬁion of crystalline phase fraction
consistent with the DSC and HEXRD results. The number of grains per area remained nearly
constant, but their size increased with annealing time. Initially, CI16 grains were larger, but
| by the time the sample was fully crystallized, C11b and CI6 were nearly the same size. CI11b
and CI6 phases were identified using electron diffraction and EDS. The CI1b had a lower
Ni:Cu ratio than the starting composition aﬁd the CI6 lower. In the partially crystallized
samples with residual amorphous phase (Figs. 6b and 6c¢), the Ni:Cu ratio was in between the
measured Ni;Cu rations for the crystalline C11b and C16 phases present in the alloy. Phase
proportions are difficult to quantify in the TEM, but the ratio of CI6 to CIIb (80:20)
obtained from the Rietveld analysis is consistent with the TEM results. The variations in
grain size between the C11b and CI6 during the initial stages of the devitrification are also in
accord between the TEM and Rietveld analysis since the peak shape profiles obtained for the

C11b are much broader than the C76 phase.




107

The experimental data show a strong competition between the C115 and CI6 phases.
The initial devitrification clearly favors C16 for x > 0.25. XRD analysis of the samples
annealed to 90% Tr, and quenched shows that CI /b is thermodynamically stable phase for x
< 0.5. This would suggest that both enthalpic and entropic terms are important and the phase
selection is both temperature and composition dependent. Although the scattering factors for
Cu and Ni are too similar in XRD to directly determine their respective partitioning between
the two phases using Rietveld analysis, the phase proportions and their lattice parameters do
aid in bracketing the partitioning. The change in the lattice parameters as a function of
composition for both phases provides insight to the relative strength of the Zr-Cu vs. Zr-Nj
bonds. For instance the unit cell volume of C17b and CI6 both contract with increasing Ni
(Table 2), contrary to the Goldschmidt radii. [11] More specifically, the shortest Zr-(Cu,Ni)
bonds in both the C/1b and CI6 crystal structures decrease with increasing Ni but are not
equal. For instance in the x = 0.5 alloy where C11b and CI6 coexist, the shortest Zr-(Cu,Ni)
bonds in C71b are almost 0.01 nm longer than in CI6.

First principle calculations can provide insight in to the relative stabilities of these
two competing phases by comparing their formation enthalpies over the entire composition
range for both phases. Information that is not accessible experimentally. The enthalpies are
plotted in terms of eV/formula unit (f.u.) so that direct comparison can be made (Fig. 7). The
energies of both structures vary linearly with composition. The enthalpy for C115 is less than
C16 for only x = 0 while they are nearly equal at x = 0.25. For x > 0.23, the C/6 structure
has the most negative enthalpy. For a given crystal structure, we can determine the heat of
mixing based on the enthalpies of the two end-members relative to their alloy composition:

x ® AH[(Zr;Ni)] +(1-x) ® AH[Zr,Cu] + AHpix = AH[Zr(Cu1xNi)] Eq (4)
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where A, is the Cu-Ni heat of mixing. The AH,,;, is most negative in both systems
for x = 0.25, but about 20% more negativg for the C16 structure. The AH,,; is either positive
or very small for x > 0.25 for the CI1b structure. This would indicate a limited solubility for
the Ni in the C11b structure for x > 0.25. On the other hand, the AH,; is either negative or
very small for 0.25 < x < (.75 for the C/6 structure indicating a wider degree of Ni:Cu
solubility in this crystal structure. The calculated enthalpies are consistent with the initial
devitrification which shows competition between CI11b and CI6 but a slight preference for
the C16 phase. Of course, these calculations are performed at 0 K, and include no entropy
terms; however, the close agreement with experiment indicates that the T = ¢ contribution to
the enthalpy is large, and possibly the dominant contribution to the phase competition
between these crystal structures at the devitrification temperature. In addition, we note that
the preferentially nucleated phase is determined by a balance of vélumetric and interfacial
free energies. Assuming that the interfacial free energies are determined by similarifies
between the atomic structure of the glass and the crystalline phases, a full treatment of
nucleation will also require consideration of the SRO of the amorphous alloy relative to the

competing phases.

Discussion

The room temperature results of the RPDF in the series in Figure 1 suggest that there
is complete mixing of the Cu and Ni in the amorphous alloy. The results of the end-members

are in accord with earlier work[13, 14, 28] on similar alloys. In this previous work, it is
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established that the average Ni-Zr bond distance is much shorter than that of the Cu-Zr and
they are well separated from the average distribution of the Zr-Zr bonds. In the ternary alloys,
any phase separation should result in a broadening on the left hand side of the first shell in
the PDF. Fitting of Gaussians to the RPDF shows no broadening of the peaks only linear
shifting in position with Ni:Cu ratio. The large differences then in the Cu-Zr and Ni-Zr pair
distributions in the first shell are in contrast to nearly identical average atomic radii estimated
of 1.28 A for Ni and 1.27 A for Cu [11] thus ruling out a random hard-sphere packing model
for these alioys.

The results on devitriﬁcatién of the binary end-members of this study are in
agreement with the earlier work [3, 4, 31, 32] where Zr,Cu forms the CI/b and the ZréNi
forms the CI6 crystal structures directly without any other intervening metastable phase.
However, Bauer et al., using time-resolved XRD, did report that a face-centered cubic phase
with a large unit cell (~12.35 A) formed first and then converted to the CI6, body centered
tetragonal phase. [30] Most of the work in the ternary amorphous system involved
Zr70(Cu,Ni)s. [33, 34, 35, 36, 37, 38, 39] This alloy sits in a ternary ph'ase field [12] and
therefore the devitrifcation products may not be directly comparable to our study. However,

the work by the Wang et al. consistently report on the formation of the ‘big cube’ phase, a

large FCC unit cell which is based on the Ti;Ni-type structure (O ) which is most likely the

same phase reported by Bauer et al. [30] Altounian et al. noted that the a large unit cell FFC
phase formed only in the presence of oxygen and other impurities. [29] Minor alloying
additions can have profound effect on the phase selection process in Zr-based afnorphous

alloys. [19, 28, 40, 41] The time-resolved HEXRD in the current study clearly demonstrates
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that using high-purity materials and minimizing oxygen contamination precludes the
formation of the ‘big cube’ phase.

By concentrating on the tie-line between ZrCu and Zr;Ni, we can draw a pseudo-
binary projection using the HEXRD and DTA data (Fig. 8). Since Zr,Cu and Zr;Ni melt
congruently and have different crystal structures, there should be a two phase region
separating these two compounds. Tf;e DTA data suggests that the eutectic is near x = 0.5.
The HEXRD data allows an estimation of the boundaries of the two phase region. The line
separating the single phase C7/b from the two phase region cross x = 0.25 around 770 K.
The line separating the two phase region to single phase CI6 crossed x = 0.5 around 810 K.
Of all the samples annealed at > 90% T, and quenched, only x = 0.50 was two phased. The
DTA on cooling for x = 0.50 was the only sample which exhibited two exotherms, further
indication that the eutectic point is between x = 0.25 and 0.75.

The DSC results indicate very little difference in the thermodynamic stability for
these glasses across the range of compositions, regardless of which phase or phases form.
The ab initio calculations clearly indicate that increasing Ni increases the enthalpy for C/6
over the C//b phase. However, the CI/b phase has a larger region of thermodynamic
stability than would be indicated by enthalpy alone. So, why does the CI6 phase
preferentially nucleate and grow for x = (.25 when the C11b structure is thermodynamically
‘more stable? The clear separation in the room temperature RPDF argues against phase
separation in the as-quenched state, since there appears to be a linear shift in x for the partial
pairs. The EDS results of the partially devitrified x = 0.25 samples appears to rule out phase
separation of the supercooled liquid. While there does appear to be partitioning of Cu and Ni

between C/1b and CI6, the residual glass shows no such regions of chemical separation.
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A more reasonable explanation for the observation of a metastable C16 phase for x =
0.25 is that the amorphous state is structurally more similar to the CI6, as argued by
Fukunaga et al. [16] This suggests that the interfacial free energy is lower, whiéh results in a
lower barrier to nucleation of the C/6 phase. Thus, when bulk driving forces are similar,
nucleation may favor formation of the C16 over C17b phase. This is similar to arguments
made for the observation of BCC nucleation in undercooled liquids with a stable FCC phase,
such as Fe;xNix. [42] The differences in the growth rates for the competing C11b and CI16
are also consistent with this explanation. The schematic phase diagram, Fig. 8, shows that the
C11b phase has a much lower 'solubility for Ni than the C16 phase has for Cu just above the
crystallization temperature. When the homogenous glass nucleates, regions around C115 will
become supersaturated in Ni before the region around the C16 becomes supersaturated in Cu
if their diffusivities are similar. This would explain the faster growth of the CI6 relative to

the C11b for x = 0.25 during the initial stages of devitrification (Fig. 6).

Conclusions

We have demonstrated that the Zr,Ni,Cu,.« forms a homogenous metallic glass for ail
values of x. The pseudo-binary phase diagram constructed using DTA and HEXRD data
shows that a eutectic forlms between 0.25 < x < 0.75. The thermodynamically stable
crystalline phase for the Cu-rich end has the C7/5 structure and the CI6 structure for the Ni-
rich end. The FCC, ‘big-cube’ phase was not observed in this study using alloys with oxygen

kept below 250 ppm. The C/6 phase is the preferred nucleating phase for x > 0.25. However,
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the C11b is the thermodynamically stable phase for x < 0.25. First principle calculations
show that the C/6 phase has a lower enthalpy of formation for x > 0.25 compared to the
C11b phase. These results suggest that as more Ni is added to the alloy, the amorphous state
becomes structurally more similar to the CI6 crystal structure, lowering the interfacial free

energy and therefore promoting nucleation of the C16 over C1/b phase.
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Table 1. Crystallization temperatures for 5 different heating rates for the 5 samples in

Zr;Cuy xNi. The onset of crystallization is slightly higher for x = 0.25 for all heating rates.

dT/dt(K/s) 0 0.25 0.5 0.75 1

0.083 644 647 643 645 642
0.167 652 655 650 653 651
0.333 661 663 659 660 660
0.667 670 675 669 669 670

1.333 680 685 679 680 682




118

Table 2. Room temperature lattice parameters and refinable atomic sites for the C/175b
and CI6 crystalline phases Zr,Cu; «Ni alloys heated to 0.9 T, and then quenched. The ab

initio calculations are at 0 K for the same chemistries.

Cllb Cl6

X a-axis c-axis z a-axis c-axis X
Calcuiated

0 3.233 11.206  0.346 6.632 5.304 0.158
0.25 3.227 11.162  0.345 6.656 5.157 0.157
0.5 3.219 11.068  0.348 6.614 5.166 0.156
0.75 3,232 10.851 0.351 6.562 5.209 0.159

1 3.242 10.671 0.349 6.511 5.226 0.163
Measured

0 3.212(7) 11.13(8) 0.345(4)

0.25 3.212(0) 11.14(5) 0.346(3)

0.5 3.212(7) 11.13(8) 0.345(4) 6.546(0) 5.237(0) 0.163(8)
0.75 6.527(5) 5.238(6) 0.164(4)

1 6.588(0) 5.262(1) 0.166(0)




119

S{Q

—
-y

A— Al—

rid)

Fig. 1. The as-quenched, room temperatures (a) total scattering function, S(Q) and (b)

respective reduced pair distribution function, G(r), for ZrNiCu;.«
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Fig. 3. Rietveld analysis of a 5% devitrified x = 0.25 sample with the glass fraction

removed prior to fitting, wRp is 6%.
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Fig. 4. Isothermal anneal at 628 K for the x = 0.25 sample.
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Fig. 5. The fraction crystallized based on the DSC (solid curve) and HEXRD (closed
circles) results as a function of time for x = 0.25. The faster rise and sharper transition for
the DSC results indicate that ?T was slightly smaller than that of the HEXRD. The open
circles indicate the percentage of CI6:CI11b phases based on Rietveld refinement of the
HEXRD data. The open squares represent the hold times before quenching in the DSC for the

TEM samples.




Fig. 6. TEM micrographs representing the 4 different annealing times shown in Fig. 5.
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from DSC and DTA analysis, respectively.
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CHAPTER 6. GENERAL CONCLUSIONS

Summary

The crystallization pathways selections in the pseudo-binary Zr,PdCug, and
ZrNi,Cugqy (x = 0, 0.25, 0.5, 0.75 and 1) systems were studied in this thesis. The
relationship between the disordered to ordered structures and the various factors, such as
topology, atomic size and electronic structure, of phase selections were explored. The
findings from this study allow the following éonclusions to be made:

1. Crystallization pathways of Zr,Pd,Cux and ZrNi,Cu( .y metallic glass have
been identified by HEXRD, DSC and TEM:

(a) For Zr,Pd,Cu(y.x system:

x = 0, Glassy phase — Cl1b

x =0.25, 0.75 and 1, Glassy phase — i-phase + amorphous — CI7b

x = 0.5, Glassy phase — i-phase + amorphous — C16 + C11b — Cl11b

(b) For Zr,Ni,Cu; ) system:

x =0, Glassy phase — C11b

x = 0.25, Glassy phase — Cl1b+ Cl6 — Cl11b

x = 0.5, Glassy phase — C16 —Clib+ C16

x =0.75 and 1, Glassy phase — Ci6

2. I-phase formation is mainly caused by topological factor in Noble metal

containing Zr-based metallic glass:
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2. I-phase formation is mainly caused by topological factor in Noble metal
containing Zr-based metallic glass:

(a) The total scattering functions S(Q) show that, with increasing Pd content, there is

a systematic increasing development of the high Q-side of the second diffuse

scattering peak.

(b) The radial distance of Zr-TM (TM = Pd, Cu) increases, while Zr-Zr bond length

remains constant with increasing x. It is in good agreement with the Goldschmidt

atomic radii.

3. A meta-stable crystallization phase CI6 was observed only at x = 0.5 in
ZryPdyCuq system. Ab initio calculation show that, at x = 0.5, C16 phase has a miniﬁmm in
energy; the energy is closest to that of CIIb phase. The competition is shown to be
dominated by electronic structure rather than by size effects, with the favored composition
for the C16 phase forming a pseudo-gap at the Fermi energy.

4. All compositions in ZrPd,Cuq.x) system share the same tetragonal CI1b phase as
equilibrium phase, which is in good agreement with the ab initio calculation:

(a) With increasing homologous temperature Ty, the anisotropic ratio of homologous

lattice parameter cy/ay increases. It Was found that the bonding in the (0 0 1) plane is

more rigid than alone c-axis. Moreover, a more anisotropic coefficient of thermal
expansion (CTE) for Zr;Pd than for Zr,Cu was obtained and was confirmed by the
first principles calculation.

(b) With increasing x, lattice parameter a and cell volume increase, while lattice

parameter ¢ reaches a maximum value of 11.312(2)A at x = 0.5, then shrinks a lot
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from x = 0.5 to 1. Those trends are in good agreement with the ab initio calculation.
Both size and electronic factors contributed to the CI15 st.ructural changes as x.

5. Inthe crystallization pathways of ZraNixCu(i.x system, we observed that:

(a) In the amorhous structure of ZrNi,Cuy.x) system, the changes of TM-Zr, Zr-Zr
bond distributions led to the preferential C715 or CI6 formation.

(b) For x = 0.25, the coexistence of Cl/h and CI6 was observed in the initial
devitrification process. The C11b grains show Cu-rich while CI6 grains show Ni-rich
during the grain growth process by TEM - EDS.

(¢) We observed that the first devitrification product in the ZrNi is the CI6 structure
instead of the FCC, ‘big-cube’ phase [1], if oxygen is kept sufficiently low.

(d) The pseudo binary phase diagram of Zr,NiyCug .y system was proposed. The
phase selections are main related topology in the amorphous structure and the

calculations of the enthalpy of formation.

Recommendations for future research

The devitrification process of the Zr,Pd,Cugxy and ZraNixCuqgy (x = 0, 0.25, 0.5,
0.75 and 1) metallic glass shows different phase behavior in the primary transitions. For
example, the binary Zr,Cu, Zr;Pd and Zr,Ni metallic glass lead to aﬁorphous to Cl1b, i-
phase and C16 phase transitions; a combination of C11b and CI6 phases was observed in the
primary devitrification process in Zr;Nig5Cuq7s. Thus, it is very interesting to understand the
crystallization kinetics in these two systems to clarify the temperature dependence nucleation

and growth of crystalline phases in the metallic supercooled liquid. I will investigate the high
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stability of the supercooled region against crystallization and clarifying the effect of additive
element on the structure dynamics in amorphous alloys.

There most commonly used techniques to study the crystallization kinetics are non-
isothermal and isothermal experiments [2, 3].

Kissinger equation is usually used for the non-isothermal kinetic studies [4]:

ln(%) = —£+ C
T RT

Where B is the heating rate, E is the activation energy for the phase transition process,
R is the gas constant and T is a specific temperature such as crystallization temperature.

Isothermal crystallization transformation of an amorphous alloys is often analyzed
using the so-called Johnson-Mehi-Avrami (JMA) equation and Arrhenius equation [5, 6],

which are described as:

x(f) =1l

(Eﬂ]
_ RT
rT=1€

Where x(t) is the fraction transformed after time t, 7 is the incubation time, k is a rate
constant and n is an exponent which need not be an integer, E, is .the activation energy.

Furthermore, I will combine the calorimetry information with accurate structural
information, which will be obtained by in situ HEXRD observation and Rietveld refinement.
From the crystallization kinetics study, we will reveal the crystallization mechanism during
the three dimension nucleation and growth process during the initial crystallization process.

Kinetics models for the Zr,Pd,Cug and ZrNixCug.xy systems will be obtained and
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compared. My previous work on the stability of amorphous alloys and phase selection

process lends a promising start to these problems.
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