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ABSTRACT OF THE DISSERTATION 

Enhanced Stability of Nanocrystalline Metals with Amorphous Grain Boundary 

Complexions via Compositional Manipulation 

by 

Charlette Grigorian McDevitt 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Irvine, 2020 

Associate Professor Timothy J. Rupert, Chair 

 The implementation of nanocrystalline metals is of growing interest in a variety of 

applications due to the enhancement of mechanical properties with the reduction of grain size.  

However, the significant grain boundary volume in these materials is associated with thermal 

instability and a lack of ductility.  Recent studies have focused on manipulating the grain boundary 

structure and chemistry in an attempt to address these issues.  Grain boundary complexions 

describe interfacial phases which exist in equilibrium only with their abutting phases.  Amorphous 

complexions, in particular, have been previously proven to improve the thermal stability of binary 

nanocrystalline alloys, while simultaneously improving their ductility due to their great capacity 

for dislocation absorption.  However, this type of complexion is only stable at high temperatures 

and requires very high quench rates to be retained in the microstructure during cooling, limiting 

the practicality of these materials for use in lower temperature applications.  Investigating the 

formation of these interfacial phases is also of particular interest in multicomponent alloys, as most 

alloys used in engineering applications are composed of more than two elements. 
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 In this thesis, we seek to improve the utility of nanocrystalline metals by manipulating the 

composition of the amorphous grain boundary complexion in order to maximize their thickness 

and stability against transformation to ordered grain boundaries upon cooling.  First, the formation 

of thick amorphous intergranular films is demonstrated in nanocrystalline ternary alloys.  Hf 

additions to a binary Cu-Zr alloy are shown to contribute to the thermal stability of the alloy, while 

also facilitating the formation of thicker amorphous complexions than the binary analogs.  The 

concept of developing materials with high-entropy complexions is also explored, with further 

improvements to thermal stability and complexion thickness shown in a Cu-Zr-Hf-Nb-Ti alloy.  

Finally, the influence of grain boundary composition on complexion transformations is 

investigated.  We find that ternary alloy compositions form amorphous complexions which are 

more stable against transformation to thinner or ordered grain boundaries than binary alloys, 

reducing the critical cooling rate necessary to retain the equilibrium structure at high temperatures 

and therefore improving the potential for their use in lower temperature applications.  In summary, 

we find that careful alloy design can lead to the formation of thick amorphous complexions which 

are stable against transitioning upon cooling, which can further improve the mechanical properties 

and enhance the utility of nanocrystalline metals. 
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1 Introduction 

1.1 Introduction to Nanocrystalline Metals 

The study of nanocrystalline metals has recently generated significant research interest due 

to interesting properties compared to their coarse-grained counterparts.  With a reduction in grain 

size below 100 nm, mechanical properties such as high yield strength [1] and hardness [2] are 

dramatically improved.  Nanocrystalline metals have shown also desirable chemical and physical 

properties such superior resistance to corrosion [3] and irradiation [4].  The enhancement of these 

properties is attributed to the high volume of grain boundary material associated with the reduction 

of grain size.  The relation between grain boundary volume and grain size can be described by 

𝑉"# = 1 − '
𝑑 − 𝑡
𝑑 *

+

 

where Vgb is the grain boundary volume, d is the average grain size, and t is the grain boundary 

thickness [5].  Figure 1-1 plots the volume fraction of both grain boundary material and material 

found at the grain interior assuming a grain boundary thickness of 1 nm.  

 

Figure 1-1: Plot of grain and grain boundary volume as a function of grain size [5].  The volume 
of grain boundary material present within a microstructure increases drastically within the 
nanocrystalline grain size regime. 
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Of the enhanced properties of nanocrystalline metals listed above, perhaps the most notable 

and well-studied is the significant increase in strength with reduction in grain size.  The Hall-Petch 

equation [6, 7],  

𝜎- = 𝜎. +
𝑘
√𝑑

 

where 𝜎- is the yield stress, d is the grain diameter, and k and 𝜎. are material-dependent constants, 

describes this behavior.  The strengthening of a material with a reduction in grain size occurs due 

to the presence of a high number of grain boundaries, which act as a barrier to dislocation motion.  

Figure 1-2 demonstrates this effect in pure Ni, where the open circles represent yield strength 

measurements measured using compression or tension tests, while the closed circles represent 

strength values calculated from hardness values obtained by Vickers and nanoindentation hardness 

testing, divided by a Tabor factor of 3 [8, 9].  

 

Figure 1-2: Hall-Petch behavior in Ni, demonstrating an increase in strength with reduction in 
grain size.  Data represented by open circles were obtained by compression or tension tests, 
while full circles are calculated from hardness tests. [8] 

Although nanocrystalline metals are extremely strong [1, 10], they are commonly plagued 

by two major problems: (1) poor thermal stability and (2) limited ductility.  The characteristically 
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large volume fraction of grain boundaries in nanocrystalline metals has excess energy, providing 

a large driving force for grain growth [11]. Significant grain growth at temperatures well below 

those typically required for materials processing (e.g., powder consolidation or sheet-metal 

forming) has been reported [12, 13], with some studies even reporting coarsening at room 

temperature [14-16].   

In addition, nanocrystalline metals are usually much more brittle than coarser-grained 

metals [1, 17].  This issue has been traced to the fact that dislocations must be nucleated and 

absorbed at grain boundaries, which can eventually lead to crack nucleation at relatively small 

plastic strains [18, 19].  In order for nanocrystalline metals to be fully utilized in applications which 

may benefit from their enhanced properties, the issues of microstructural instability and lack of 

ductility must be addressed.  Ideally, one would like to find a solution that can resolve both of 

these persistent issues simultaneously. 

1.2 Improving the Thermal Stability of Nanocrystalline Metals 

The thermal stability of nanocrystalline metals can be enhanced by using dopant elements 

that segregate to grain boundaries to reduce the grain boundary free energy, thereby reducing the 

driving force for grain growth.  Weissmuller first proposed the deliberate segregation of solute 

atoms to the grain boundaries as a method of improving thermal stability in order to reduce the 

excess grain boundary energy to zero [20].  More recently, Polyakov et al. showed that a sputtered 

Hf-Ti alloy retained an average grain size of 50 nm after annealing for 96 h at 800 °C due to the 

segregation of Ti to the grain boundaries [21].  Similarly, Chen et al. demonstrated that the 

segregation of C in ball milled Fe-C alloys improved thermal stability and helped to maintain grain 

sizes under 15 nm after annealing for 1 h at 573 K [22].  These studies agree on the effect of the 

dopant atoms on thermal stability but provide limited criteria for selecting this chemistry.  These 
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criteria were addressed generally by Murdoch and Schuh, who developed an approach for 

calculating segregation enthalpies of many binary alloy systems, allowing for a general estimation 

of whether a dopant alloy will segregate to the grain boundary [23].  In addition, stability maps 

developed by Darling et. al. determine, for a given grain size and temperature, the minimum solute 

concentration required to reduce grain boundary free energy to zero [24].  While manipulating the 

chemistry of grain boundaries has led to marked improvements to thermal stability, this 

phenomenon alone is not likely to significantly affect the ductility of nanocrystalline materials. 

Kinetic approaches to prevent grain growth in nanocrystalline metals include mechanisms 

such as Zener pinning [25-27] or solute drag [28-30], where the limited mobility of a second phase 

between crystallites prevents excessive grain boundary motion.  It is not uncommon for 

microstructures to simultaneously be stabilized both thermodynamically and kinetically through 

the addition of segregating dopant elements, where both grain boundary segregation and the 

formation of second phase particles which pin grain boundaries are observed [31-33].  While these 

methods have been proven to limit grain growth in nanocrystalline metals, the inherent lack of 

ductility characteristic of these materials remains an issue.  

1.3 Grain Boundary Complexions 

A potential solution to both the limited thermal stability and ductility inherent to 

nanocrystalline metals is to also consider the effects of grain boundary structure.  Recently, 

characterization and classification of atomic structure at grain boundaries has generated detailed 

models and an understanding of how these important properties are influenced, especially in 

ceramics [34-36].  The recent classification and characterization of grain boundary complexions, 

also termed grain boundary phases by some researchers [37-40], have helped elucidate previously 

unexplained phenomena in materials science.  Grain boundary complexions are phase-like 
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interfacial structures which exist in thermodynamic equilibrium with their abutting phases [34, 

35].  Dillon et al. classified six different types of grain boundary complexions originally found in 

undoped and doped alumina systems, varying in thickness as well as structural and chemical 

disorder and illustrated in Figure 1-3: (a) single layer segregation (type I), (b) clean grain boundary 

(type II), (c) bilayer segregation (type III), (d) multilayer segregation (type IV), (e) nanoscale 

intergranular films (type V), and (f) wetting films (type VI).  However, a greater number of 

complexion types have been hypothesized given the various degrees of freedom available in a 

grain boundary [34].  Complexions can be classified by their composition, i.e. whether they form 

in a pure system where the complexion composition matches that of the bulk, or whether they form 

in systems which have been exposed to impurities or purposefully doped, creating a difference in 

composition between the grain boundary phase and bulk phase.  Additionally, they can be 

characterized by the presence or lack of long-range compositional or chemical order.    

 

 
Figure 1-3: Grain boundary complexions found in silica-doped alumina samples and various 
binary alloys, in order of increasing thickness and disorder. [36] 

Several recent studies have focused on the effects of certain complexion types on the 

densification of materials as the first step in utilizing complexions in the possible retention of a 
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desired microstructure and bulk properties [41-43].  One such study investigated the densification 

of alumina-zirconia composite ceramics found that the addition of trace titania led to the formation 

of grain boundary liquid phases through Ti segregation to grain boundaries, fitting the Dillon-

Harmer description of a type V complexion [44].  Composites doped with titania were reported to 

undergo significantly enhanced densification compared to those composites with undoped grain 

boundaries, a type II complexion.   

Transitions between these different complexion types are also possible [45, 46], enabling 

control of the dominant complexion type in a microstructure, which in turn determines material 

properties [47-49].  For example, the fracture toughness of alumina with ordered complexions is 

greater than alumina doped with yttria, which is prone to disordered complexions and an associated 

embrittlement of grain boundaries [50].  An understanding of complexion transitions is necessary 

to gain an understanding of previously unexplained phenomena, such as abnormal grain growth 

[49, 51]. Transitions between complexion types can be triggered by changes in grain boundary 

chemistry, pressure, and temperature [34, 52].  Excess free energy associated with a particular 

complexion, , plays an important role in determining the dominant complexion and the associated 

transitions between these structures.  Through these transformations, a system can approach its 

minimum energy, i.e. if 𝛾3 > 𝛾5 , then complexion 𝛼	will be considered the equilibrium 

complexion type [34] and species beta will transform to this structure.  Grain boundary structures 

can exist in thermodynamic equilibrium if they have the same free energy, i.e. 𝛾3 = 𝛾5 [34, 52, 

53].  Computational and experimental studies have demonstrated that complexion types of greater 

structural disorder such as amorphous complexions are stable at high temperatures, and below a 

particular grain boundary energy, a transition from an ordered to disordered complexion, or grain 

boundary premelting, will not occur [54].  Additionally, due to the effects of anisotropy in grain 
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boundary energy, transitions between different complexion types are not immediate and do not 

occur simultaneously at all grain boundaries [41].  Efforts to further the understanding of 

complexion transitions have been taken, with the most notable being the development of grain 

boundary complexion diagrams in order to predict the conditions at which these transitions will 

take place.  Figure 1-4 shows one such example of a grain boundary complexion diagram 

developed for a Ni-Bi alloy, which was developed using density functional theory calculations and 

was proven experimentally to accurately predict the grain boundary complexion present [55]. 

 

Figure 1-4: A grain boundary complexion diagram for a Ni-Bi alloy, with scanning transmission 
electron microscopy (STEM) images verifying the predicted grain boundary phase at each 
composition and temperature [55]. 

The kinetic aspects of complexion transitions are better understood through time-

temperature-transformation (TTT) diagrams [55, 56].  Exact characteristics regarding complexion 

transitions, for example, temperatures at which discrete complexion transitions occur in a given 

alloy, or critical cooling rates necessary to avoid a particular complexion transition, are largely 

unknown or loosely defined.  A study by Cantwell et al. explored the formation of complexion 

TTT diagrams by carefully observing grain growth kinetics in Y2O3 co-doped with Er and Yb [56].  
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The onset of abnormal grain growth during sintering was used as a marker of the occurrence of a 

complexion transition, and was investigated at a variety of sintering temperatures and times in 

order to construct a TTT diagram for the complexion transition.  A deeper understanding of the 

specifics of complexion transitions is crucial in order to enable the fine-tuning of material 

properties through grain boundary structure. 

1.4 Amorphous Complexions in Nanocrystalline Metals 

Amorphous complexions form and are thermodynamically stable at elevated temperatures 

where a premelting transition occurs at grain boundaries [57, 58].  In contrast, ordered boundary 

structures are preferred at low temperatures.  While amorphous complexions were first discovered 

in ceramic systems [43, 59-62], their formation in a variety of binary metallic alloys has been 

demonstrated recently, including Mo-Ni [63], W-Ni [64], Ni-W [65], Cu-Bi [66], Ni-Zr, Cu-Zr, 

and Cu-Hf [67].  Schuler and Rupert have developed rules to predict complexion evolution, 

highlighting the tendency of dopant elements with a positive enthalpy of segregation and negative 

enthalpy of mixing in their parent phase to form thick amorphous complexions [67].  This is 

analogous to bulk metallic glass (BMG) formation guidelines, which benefits especially from three 

or more elements, a negative heat of mixing, and an atomic size mismatch greater than 12% [68, 

69].  The positive enthalpy of segregation ensures that dopant elements will segregate to grain 

boundaries, while the negative enthalpy of mixing is necessary to prevent the precipitation of a 

second phase throughout the microstructure.  Large atomic size mismatches, as well as the addition 

of multiple dopant elements, may also be beneficial in frustrating the crystallization of the 

amorphous complexion upon cooling from high temperatures.  

 The formation of amorphous complexions in nanocrystalline metals may allow for the 

issues of thermal stability and low ductility to be addressed simultaneously.  The effect of 
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amorphous complexions on nanocrystalline metal properties was first observed in nanocrystalline 

Cu-Zr alloys created by ball milling, with these materials displaying superior hardness, strength, 

and ductility [70, 71] compared to undoped nanocrystalline Cu [72, 73].  This Cu-Zr alloy was 

also reported to retain an average grain size of 54 nm even after a week of annealing at 98% of the 

solidus temperature, as illustrated in Figure 1-5.  The findings described above demonstrate the 

capacity for amorphous complexions to both stabilize the microstructure and improve ductility in 

nanocrystalline metals. 

 

Figure 1-5: XRD grain sizes vs. annealing time for Cu-3Zr alloys containing amorphous 
complexions. [71] 

In addition to improving the thermal stability and ductility of nanocrystalline metals, 

amorphous complexions have also been proven to impart further improvements to the strength of 

metals.  A study by Zhao et al. [74] demonstrated an increase in the strength of a Cu-Zr alloy 

associated with an increase in the concentration of Zr in the alloy, due to the formation of a greater 

number of amorphous-crystalline interfaces.  Molecular dynamics simulations by Turlo et al. [75] 

suggest that the increased strength of nanocrystalline metals with amorphous complexions 
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enhances the dislocation pinning effect of grain boundaries due to the presence of areas of reduced 

stress, increasing the stress required for dislocation propagation. 

Thick amorphous grain boundary complexions are of particular interest in nanocrystalline 

metals due to their ability to improve thermal stability with reduced grain boundary energy and a 

smaller driving force for grain growth [65, 71, 76].  Activated sintering is also observed in 

materials containing amorphous complexions, due to the enhanced diffusion which takes place 

with this type of grain boundary complexion [42, 77-79].  Prior work by Donaldson and Rupert 

has shown that amorphous complexions create fully dense bulk nanocrystalline samples through 

activated sintering while maintaining enhanced thermal stability from the grain boundary phase 

[79].  These amorphous complexions have also been shown to improve resistance to radiation 

effects by limiting the size and number of defect clusters formed during irradiation [80, 81].  It is 

desirable to sustain very thick amorphous complexions within a material’s microstructure due to 

their ability to enable unique mechanical properties – for example, the ability of an amorphous 

complexion to absorb dislocations, and consequently increase a materials toughness, has been 

shown via molecular dynamics simulation by Pan and Rupert to increase with increasing 

amorphous complexion thickness [18].   

The stability of these amorphous grain boundary phases is of particular interest, as well as 

the processing necessary to lock in the high temperature grain boundary structure.  To maintain 

amorphous complexions at ambient conditions and their associated benefits, a material should be 

quenched such that the high temperature structure is stabilized at standard conditions.  This 

presents a practical impediment to widespread deployment of materials with grain boundary 

enhanced properties.  Additionally, it is of interest to develop materials with very thick amorphous 

grain boundaries in order to maximize the dislocation absorption capability and microstructural 
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stabilization capacity.  An important consideration is that alloys developed to form amorphous 

complexions do not typically form them at every single grain boundary within a given 

microstructure, so careful alloy selection may also allow for the development of an alloy in which 

all grain boundaries are amorphous.   

While the vast majority of studies on amorphous complexions focus on their formation in 

binary alloys, there are demonstrated benefits in the literature associated with incorporating 

additional dopant elements.  The Gibbs adsorption theory [82], 

𝑑𝛾89 = 𝑆;<𝑑𝑇 −>𝛤@𝑑𝜇@
@

	

where 𝛾89  is the grain boundary energy, 𝑆;< is the entropy, T is the temperature, 𝛤 is the amount 

of adsorption, and 𝜇 is the chemical potential, implies that a reduction in the grain boundary energy 

can be achieved through the addition of multiple dopant elements at grain boundaries.  A study by 

Zhou and Luo found that alloys with high-entropy grain boundary compositions, which are 

generally comprised of four or more constituent elements, tend to retain nanocrystalline 

microstructures at high temperature longer than Ni-based binary counterparts [83].  These authors 

hypothesized that the greatly enhanced thermal stability of these alloys is due to high-entropy grain 

boundary complexions, allowing for greater reduction of GB energy at higher temperatures [84].  

Experimental and computational studies from Zhou and Luo have also shown that multicomponent 

alloys enable activated sintering due to the increased disorder at the GB caused by co-segregation 

of dopant atoms [85].   

The segregation of multiple dopant elements is expected to also improve the stability of 

amorphous complexions by enhancing their resistance to phase transition in a manner similar to 

BMGs.  BMGs are similarly unstable under ambient conditions and we may draw parallel 
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strategies from their processing to stabilize amorphous complexions.  Increasing the number of 

constituent elements used to form bulk metallic glasses has been proven to enhance their stability 

against crystallization upon cooling in multiple studies [86-90].  A study by Men et al. 

demonstrates this behavior in CuZr-based BMGs, where the addition of Ti decreased the glass 

transition temperature, Tg, from 670 K to 640 K [91].  Amorphous complexion formation has been 

qualitatively investigated in a variety of binary and multicomponent alloys, however, the resistance 

to amorphous-to-ordered complexion transitions has not yet been compared across chemistries.  

Therefore, a thorough understanding of this transformation and the dependence on GB chemistry 

is necessary to enable the formation of thick and stable amorphous complexions in bulk materials, 

in addition to their utilization in a variety of conditions. 

1.5 Problem Statement and Research Objectives 

The unique properties of nanocrystalline metals make them suitable for use in a variety of 

potential applications, however their lack of thermal stability and brittle failure severely limit the 

feasibility of their use.  Tuning the grain boundary chemistry and structure in order to create 

materials with very thick amorphous complexions enables the formation of nanocrystalline metals 

with high strength, ductility, and thermal stability.  While the formation of amorphous 

complexions in binary alloys has been widely studied, the study of their formation in 

multicomponent alloys has been limited and limits the practicality of use of these materials, 

considering the majority of alloys used in engineering applications are composed of more than two 

elements.  Further complicating the grain boundary chemistry may enable the formation of thicker 

and more stable amorphous complexions, allowing for the formation of these grain boundary 

phases in multicomponent alloys.  Therefore, it is the goal of this thesis to investigate the effects 
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of complicating the grain boundary chemistry on the thickness and stability of amorphous 

complexions.  The thesis is organized as follows: 

Chapter 2:  First, we explore the effect of adding a second dopant element to the thickness 

of complexions which form in a Cu-Zr alloy.  Amorphous complexions in a ternary Cu-Zr-Hf alloy 

were found to be roughly 9% thicker on average than those in the binary Cu-Zr alloy, due to the 

co-segregation of Zr and Hf atoms to grain boundaries in the ternary alloy.  The significant 

improvement to complexion thickness can also be described by the shift in thickness distribution, 

where complexions with thicknesses greater than 4 nm comprised of only 3.9% of the population 

observed in the Cu-Zr alloy, as opposed to 10% of the complexions observed in Cu-Zr-Hf. 

Chapter 3: Building on the results of the previous chapter demonstrating that more complex 

grain boundary chemistries can lead to the formation of thicker amorphous complexions, three 

quinary alloys are formed and characterized to determine whether we can maximize this effect.  

We find that amorphous complexions with high-entropy grain boundary compositions are able to 

form in a Cu-Zr-Hf-Nb-Ti alloy which are 32% thicker than those formed in the Cu-Zr-Hf alloy 

and 41% thicker than those formed in the Cu-Zr alloy reported on in Chapter 2.  17% of amorphous 

complexions observed in the quinary alloy had thicknesses greater than 4 nm, showing a significant 

increase in the number of thick amorphous complexions which form associated with greater 

chemical complexity at the grain boundary. 

Chapter 4:  Now that the correlation between chemical complexity at grain boundaries and 

amorphous complexion thickness has been well established, the stability of these grain boundary 

phases against transformation upon cooling is explored.  The thicknesses of amorphous 

complexions in binary Cu-Zr and ternary Cu-Zr-Hf alloys when exposed to a variety of cooling 

rates.  The relation between amorphous complexion thickness and cooling rate provides insight as 
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to whether the complication of grain boundary chemistry makes these amorphous complexions 

more resistant to transformation to thinner or ordered grain boundaries upon cooling.  Estimates 

for critical cooling rates necessary to avoid complexion transitions upon cooling are also presented. 
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2 Thick amorphous complexion formation and extreme thermal stability in 

ternary nanocrystalline Cu-Zr-Hf alloys 

2.1 Introduction 

 In this chapter, we investigate the effects of the manipulation of grain boundary chemistry 

by studying the difference in complexion formation behavior between binary and ternary alloys.  

Building on the discovery of tough nanocrystalline Cu-Zr alloys with amorphous intergranular 

films, this chapter investigates ternary nanocrystalline Cu-Zr-Hf alloys with a focus on 

understanding how alloy composition affects the formation of disordered complexions.  Hf has a 

positive enthalpy of segregation and negative enthalpy of mixing in Cu, and the Cu-Hf alloy has 

been previously proven to form amorphous complexions [67].  Additionally, the chemical 

similarity between Hf and Zr, in addition to their similarity in atomic size, makes Hf an attractive 

dopant choice.  This allows for the most direct observation of the effects of grain boundary 

chemistry on amorphous complexion formation.  Binary Cu-Zr and Cu-Hf alloys with similar 

initial grain sizes were also fabricated, to gain an understanding of the distribution of dopants 

throughout each sample and their contributions to thermal stability. The thermal stability of the 

nanocrystalline alloys was evaluated by annealing at 950 °C (>95% of the solidus temperatures), 

followed by detailed characterization of the grain boundary structure. All of the ternary alloys 

exhibited exceptional thermal stability comparable to that of the binary Cu-Zr alloy, and remained 

nanocrystalline even after two weeks of annealing at this extremely high temperature. Despite 

carbide formation and growth in these alloys during milling and annealing, the thermal stability of 

the ternary alloys is mainly attributed to the formation of thick amorphous intergranular films at 

high temperatures. Our results show that ternary alloy compositions have thicker boundary films 

compared to the binary alloys with similar global dopant concentrations. While it is not required 
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for amorphous complexion formation, this work shows that having at least three elements present 

at the interface can lead to thicker grain boundary films, which is expected to maximize the 

previously reported toughening effect. 

2.2 Materials and Methods 

To begin, we must select alloying elements and compositions which will allow for dopant 

segregation to the grain boundaries and possibly transformation into amorphous complexions.  As 

mentioned previously, Schuler and Rupert developed materials selection guidelines for AIF 

formation which emphasized a positive enthalpy of segregation and a negative enthalpy of mixing 

[67].  Bulk metallic glass formation guidelines suggest that multicomponent systems with three or 

more elements, a negative heat of mixing, and an atomic size mismatch greater than 12% 

encourage the formation of amorphous phases [68].  The thermal stability and mechanical behavior 

of nanocrystalline Cu has been widely studied [15, 92, 93], and both Zr and Hf dopants have 

already been shown experimentally to exhibit strong tendencies to segregate to grain boundaries 

in Cu [67, 71].  Zr and Hf both possess positive enthalpies of segregation and negative enthalpies 

of mixing with respect to Cu [23, 94] and have atomic radii that are 25% and 24% larger than Cu, 

respectively.  Although Zr and Hf have nearly identical atomic radii, it has been shown in prior 

studies that the addition of small amounts of Hf in Zr-based bulk metallic glasses enhances the 

glass forming ability [95, 96].  In addition, binary phase diagrams for Cu-Zr and Cu-Hf both show 

deep eutectic points at nearly identical temperatures and concentrations [97, 98].  The similarity 

of the binary phase diagrams allows for a relatively clear comparison of the ternary mixtures with 

the two binary baseline systems.  Although the ternary phase diagram would be helpful for 

choosing temperatures and compositions, we could not find a reliable source in the literature. 
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Binary Cu-Zr, binary Cu-Hf, and ternary Cu-Zr-Hf alloys were produced using elemental 

Cu (Alfa Aesar, 99.99%, -170 + 400 mesh), Zr (Micron Metals, 99.7%, -50 mesh), and Hf (Alfa 

Aesar, 99.8%, -100 mesh) powders as starting materials.  The powders were ball milled in a SPEX 

SamplePrep 8000M high-energy ball mill using hardened steel milling media for 10 h under inert 

atmosphere (99.99% pure Ar) in order to force dopant atoms into solid solution with the Cu matrix, 

and to ensure grain size refinement.  A ball-to-powder weight ratio of 10:1 was employed and 1 

wt.% stearic acid was added to the powder mixture prior to milling as a process control agent in 

order to prevent excessive cold welding.  While stearic acid was used for all of the samples 

discussed in detail here, limited additional powders were processed using hexane, methanol, and 

toluene as alternative process control agents to observe the effect on contamination during milling.  

Before milling the targeted alloys, Cu powder and 1 wt.% stearic acid was ball milled for 2 hours 

and then disposed of in order to coat the vial and milling media with a thin layer of Cu, which 

helps to minimize Fe contamination from the collisions with the vial walls and media.  For the 

binary alloys, we created samples with low (4-5 at.%) and high (10-11 at.%) dopant 

concentrations.  The Zr concentration in the ternary alloys was kept relatively constant at 4-5 at.% 

in order to make a direct comparison of their thermal stability and complexion formation behavior 

to binary alloys.  The Hf concentration of the ternary alloys was then varied from 1 to 5 at.%.  

Sample compositions were determined using energy dispersive X-ray spectroscopy (EDS) in a 

Tescan GAIA3 scanning electron microscope (SEM) and are displayed in Table 2-1. 
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Table 2-1: Chemical compositions, XRD grain sizes, and TEM grain sizes of each alloy 
investigated in this study.  All samples were annealed for 1 h, 24 h (1 day), 168 h (1 week), and 
336 h (2 weeks) at 950 °C.   The average TEM grain sizes of samples annealed for 168 h (1 
week) agree with the XRD grain sizes for the same samples.  Dopant concentrations obtained 
with EDS are typically subject to measurement error of ~1 at.%. 

Specimen 
Nominal 
Composition 
(at. %) 

EDS dopant 
concentration 
(at. %) 

XRD grain size (nm) TEM grain 
size (nm) 

Annealing Time 

Zr Hf 0 h 1 h 24 h 168 h 336 h 168 h 

Cu 0 0 25 108 109 - 132 - 

Cu-5Zr 4.7 0 20 34 44 51 66 50 

Cu-4Hf 0 3.9 19 50 59 68 113 63 

Cu-10Zr 9.8 0 12 23 24 49 47 39 

Cu-11Hf 0 11.3 25 80 90 117 134 103 

Cu-4Zr-1Hf 4.2 0.9 24 44 44 52 62 48 

Cu-5Zr-3Hf 4.9 2.7 21 41 45 45 67 52 

Cu-5Zr-5Hf 4.8 4.7 22 39 54 47 60 50 
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The milled powders were then encapsulated under vacuum in SiO2 tubes, annealed at 950 

°C, and then rapidly quenched by immediately dropping into water to freeze in the microstructure 

which is stable at high temperature.  Annealing of the samples encourages the diffusion of Zr and 

Hf atoms from the Cu matrix to Cu grain boundaries, allowing for the formation of the amorphous 

phase at the grain boundary through a premelting transition.  Such an extreme annealing 

temperature, greater than 95% of solidus temperature for both binary alloys, was chosen in order 

to investigate the thermal stability of all samples at temperatures where AIFs are able to form.  

Annealing times of up to two weeks or 168 h were employed in order to probe the long-term 

stability of the nanocrystalline alloys.  The various dopant concentrations in each sample and 

anneal times are tabulated in Table 2-1.  All samples were analyzed using X-ray diffraction (XRD), 

with phase identification, volume fraction, and grain size measurements for both Cu and any 

second phases made via Rietveld analysis [99].   XRD patterns were collected with a Rigaku 

SmartLab X-ray diffractometer equipped with Cu Ka radiation and a 1D D/teX Ultra 250 detector.  

A LaB6 standard sample was used to calibrate instrumental parameters, including contributions to 

peak profile (axial divergence, instrumental broadening) and position (goniometer alignments). 

Specimens for investigation with the transmission electron microscope (TEM) were 

prepared by the lift-out method using a Tescan GAIA3 SEM that is also equipped with a focused 

ion beam (FIB).  A final 2 kV polish of all specimens was performed using a Fischione Model 

1040 NanoMill in order to remove excess Ga+ ion beam damage or amorphization of the surface 

that may have been caused by earlier preparation steps.  A JEOL JEM-2800 TEM equipped with 

dual EDS detectors was used to perform detailed microstructural characterization and chemical 

analysis.  Selected area electron diffraction (SAED) patterns, high resolution imaging, and high-

angle annular dark field scanning TEM mode were also employed for further phase identification 
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and microstructural characterization.  To confirm the validity of grain sizes obtained via Rietveld 

refinement of XRD scans, the average grain sizes from at least 100 grains were measured from 

TEM micrographs for each sample that had been annealed for one week (Table 2-1).  In order to 

observe solute and second phase distribution throughout the sample, chemical analysis was 

performed with EDS in order to observe dopant and second phase distribution throughout the 

microstructure.  EDS line scans across grain boundaries were performed in order to confirm 

segregation of both dopant elements to the grain boundaries in each sample.  It is important to note 

that overlapping grains and slight misalignments from a perfect edge-on condition could not be 

completely ruled out for these EDS measurements, so the data should be interpreted as a qualitative 

measurement of boundary chemistry.  In order to investigate the effects of the addition of a ternary 

alloy composition on AIF thickness, at least 50 AIFs were imaged from each the Cu-5Zr, Cu-4Hf, 

and Cu-4Zr-1Hf samples after annealing for one week.  Care was taken to ensure that the grain 

boundaries investigated were in an edge-on condition by using stage tilting and Fresnel fringe 

imaging.   

2.3 Results and Discussion 

2.3.1 Microstructural Evolution during Annealing  

XRD patterns and the associated phase identification of all as-milled powders are shown 

in Figure 2-1.   
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Figure 2-1: (a) X-ray diffraction patterns of the as-milled samples.  Phase identification shows 
the presence of HfC phases for all samples containing Hf, as well as ZrC and ZrH2 phases in Zr-
containing samples.   (b) Zoomed view of the low angle region where carbide and hydride 
phases can be seen. 
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The nanocrystalline metallic phase is face centered cubic (fcc) in all cases.  ZrC and HfC 

phases have also formed during ball milling and are present in the microstructure for all alloys 

(Figure 2-(b)), even before heat treatment.  The formation of carbide phases is likely due to the C-

containing process control agent used during mechanical alloying.  Possible alternative process 

control agents were explored (methanol, hexane, and toluene), but these all contain C and lead to 

similar amounts of carbide formation.  Small peaks corresponding to the ZrC phase are evident in 

the diffraction pattern for the Cu-5Zr but are wider and more prominent in Cu-10Zr.  Pronounced 

HfC peaks are present in all Hf-doped samples, with the intensities of the HfC peaks increasing 

with increasing Hf concentration.  The volume fraction and evolution of the carbide precipitates 

in each sample will be described in more detail later in the paper.  A very small amount of ZrH2 

phase is present in all of the as-milled specimens containing Zr, although this phase disappears 

after annealing. 

The average grain size of the fcc phase was calculated from XRD and is displayed in Figure 

2-2 as a function of annealing time. 
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Figure 2-2:  (a) Grain sizes for all alloys calculated from XRD patterns as a function of anneal 
time.  Binary Cu-Zr and ternary Cu-Zr-Hf alloys display greater thermal stability than the Cu-Hf 
alloys.  (b) Zoomed view of the grain size data for the Cu-Zr and Cu-Zr-Hf alloys.  The 15 nm 
error bar shown in (a) represents the error in XRD grain size from the results of Rietveld 
refinement. 
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Figure 2-2(a) presents all data, while Figure 2-2(b) presents a zoomed view of the Cu-Zr 

and Cu-Zr-Hf alloys.  Grain sizes of ball-milled, pure Cu are also included for comparison.  For 

all annealing times, the vast majority of the alloyed samples exhibit superior thermal stability as 

compared to the pure Cu sample, with the exception of Cu-11Hf after 336 h (i.e., 2 weeks).  Grain 

sizes calculated via XRD pattern refinement are reliable up to roughly 100 nm [100], which is 

marked by the orange dashed line in Figure 2-2.  The pure Cu sample grows beyond the XRD 

resolution by the first measurement (1 h), while the binary Cu-Hf alloys all exceed the XRD 

resolution by the end of the tests.  In contrast, both the Cu-Zr and Cu-Zr-Hf alloys remain 

nanocrystalline with grain sizes in the range of ~50-65 nm after annealing for 2 weeks at 950 °C.  

The ternary alloys exhibit grain growth trends that closely track the behavior of the Cu-5Zr alloy 

(their binary analog, since it has a similar amount of Zr). These results represent a significant 

increase in thermal stability for nanocrystalline alloys as compared to prior studies.  For example, 

Darling et al. investigated the thermal stability of ball-milled Cu-Ta alloys, reporting an average 

grain size of 167 nm after annealing for 4 h at 97% of the melting temperature for Cu [101].  In 

addition, a thermal stability study of a ball-milled W-20 at.% Ti alloy reported an average grain 

size of 24 nm after annealing at 1100 °C for one week [102].  It is important to note, W is an 

extremely refractory metal and 1100 °C is only ~32% of the melting temperature of pure W.  In 

comparison, all ternary alloys investigated in this study remain well within the nanocrystalline 

regime even after 2 weeks of annealing at 96-98% of solidus temperature of the binary alloys. 

Figures 3(a-d) present bright field TEM micrographs of the Cu-4Hf and Cu-Zr-Hf alloys 

that were annealed for 1 week, as well as SAED patterns for phase identification.  The SAED 

patterns confirm the presence of HfC phase dispersed throughout the microstructure in all Hf-

doped samples, which can be visually observed in the micrographs at the grain boundaries of the 
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larger Cu grains.  No intermetallic phases were found in any of the samples in this study.  Grain 

size distributions measured by TEM for each sample annealed for 1 week are shown in Figure 2-

3(e), and the average values are listed in Table 2-1. 

 

Figure 2-3: Bright field TEM images and SAED patterns for (a) Cu-4Hf, (b) Cu-4Zr-1Hf, (c) Cu-
5Zr-3Hf, and (d) Cu-5Zr-5Hf samples that have been annealed for 1 week at 950 °C.  SAED 
patterns confirm the XRD phase identification results, showing the presence of HfC particles.  
Cu and HfC phases in the SAED patterns are represented by red and green lines, respectively.  
Grain size distributions after 1 week of annealing at 950 °C are shown in (e).  At least 100 
grains were measured from TEM micrographs of each sample.  A narrow grain size distribution 
and an average grain size in the nanocrystalline range (<100 nm) is observed for the majority of 
the samples, with the Cu-11Hf sample being the exceptio
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The grain size measurements and phase identification from XRD agree with TEM analysis.  

Abnormal grain growth, which presents as a bimodal distribution of grain size [36, 46, 103], was 

not observed.  The inhibition of abnormal grain growth in these alloys is in stark contrast to many 

other materials possessing AIFs, particularly in several ceramic systems [103-105] where the 

presence of AIFs is associated with rampant abnormal grain growth.  Dillon, Harmer, and 

coworkers reported abnormal grain growth associated with AIF formation in calcia and silica-

doped alumina [36, 106].  Abnormal grain growth in alumina without planned dopants due to AIF 

formation has also been reported to occur, due to exposure to very small amounts of impurities 

during the sintering process [17].  However, for the alloys in this present study, the presence of 

AIFs actually serves to stabilize the microstructure.  With the exception of Cu-11Hf, which has a 

very broad distribution of grain sizes from 30 nm up to 250 nm, all alloys have narrow grain size 

distributions and retain nanocrystalline grain sizes after 1 week of annealing (Figure 2-3(e)).  This 

finding is in agreement with previously reported results from a study of a binary Cu-Zr alloy [70, 

71].  The formation of AIFs has also been achieved in a variety of other metallic alloy systems, 

such as Mo-Ni [63], Ni-W [65], and Cu-Hf [67], with no abnormal grain growth reported.  

Average carbide particle sizes and volume fractions measured from XRD patterns, are 

shown in Figure 2-4(a) and 4(b) respectively.   
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Figure 2-4:  (a) Carbide grain size and (b) volume fraction from XRD as a function of anneal 
time.  The carbide grain sizes in (a) stay relatively constant during annealing, with any 
fluctuations being within the expected error (shown as a black error bar) of the XRD 
measurements.  The carbide volume fractions in (b) also stay constant during annealing, with the 
exception of Cu-10Zr and Cu-11Hf which experience a slight decrease in carbide volume 
fraction during the early stages of annealing.  (c) HAADF STEM micrograph and (d) EDS line 
scan from a Cu-4Hf sample annealed for one week, showing the presence of carbides with 
various sizes. 

It is evident that the grain size of the carbide precipitates stays relatively constant in each 

sample during annealing, with any fluctuations being within the measurement error of XRD grain 

size measurements.  The carbide volume fractions shown in Figure 2-4 (b) also stay constant for 

most samples, except for the Cu-10Zr and Cu-11Hf samples, where a decrease in carbide phase 

fraction is found after annealing for 1 h.  Despite having 1 at. % less dopant, the Cu-4Hf sample 

has a significantly higher volume fraction of carbides than the Cu-5Zr sample; after one week of 

annealing, the Cu-4Hf sample had a carbide volume fraction of 0.023, which is more than double 
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the carbide volume fraction of 0.009 found in Cu-5Zr.  This provides an explanation for the 

difference in thermal stability behavior between these two samples, as there are fewer Hf atoms 

available to segregate to grain boundaries and thermodynamically stabilize the microstructure.  In 

general, the Cu-Hf alloys have higher volume fractions of the carbide phase than the Cu-Zr alloys 

with similar overall dopant concentration, suggesting that HfC is easier to form than ZrC under 

similar processing conditions.  This observation is supported by the calculated formation 

enthalpies of ZrC (-207 kJ/mol) and HfC (-226 kJ/mol) [107].  In contrast, the Cu-5Zr and Cu-

4Zr-1Hf alloys have nearly identical carbide phase volumes and also the lowest amounts of all 

samples investigated in this study, meaning that they should have the same number of dopant 

atoms free to segregate to grain boundaries to stabilize the microstructure.  This is highlighted by 

the nearly identical thermal stability behavior exhibited by these two samples in Figure 2-2. 

HfC phase distribution throughout the microstructure was further investigated using STEM 

imaging and EDS.  Figure 2-4(c) shows a high angle annular dark field STEM micrograph of a 

carbide precipitate at a grain boundary in the Cu-4Hf alloy, which are observed throughout the 

sample microstructure.  An EDS line scan across one of these precipitates in Figure 2-4(d) 

demonstrates a high Hf concentration, suggesting that these are HfC particles.  While smaller 

precipitates are indeed scattered throughout the microstructure along the grain boundaries of the 

Cu-rich, fcc phase, we also occasionally find much larger HfC particles that are ~100-200 nm in 

diameter.  These large precipitates are more common in the samples with larger dopant 

concentrations. 

The microstructures of the Cu-5Zr and Cu-4Zr-1Hf samples annealed for one week were 

subjected to a more rigorous analysis of the carbide phase distribution throughout the samples.  

These two specimens were chosen due to their very low, and nearly identical, phase volume 
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fractions, as well as their similar thermal stability behavior.  A representative micrograph of the 

carbide phase distribution in Cu-5Zr annealed for one week is shown in Figure 2-5(a), showing 

the presence of slightly larger precipitates at the grain boundaries, but also particles scattered in 

the grain interiors.   

 

 
Figure 2-5: (a) HAADF STEM micrograph showing the distribution of carbides within grain 
interiors and at grain boundaries in the Cu-5Zr alloy annealed for 1 week at 950 °C.  (b) 
Cumulative distribution functions demonstrating the similarity in carbide size distribution at 
both the grain boundaries and grain interiors for the Cu-5Zr and Cu-4Zr-1Hf alloys.  (c) Grain 
size estimated by the Zener equation for an average second phase (carbide in this case) particle 
size of 20 nm, versus second phase volume fraction, f.  The black dashed line represents the 
predicted grain size for Zener-pinned grains from Equation 2.  TEM grain sizes for samples 
annealed for 1 week as a function of f are plotted on this figure.  With the exception of Cu-11Hf, 
all alloys have grain sizes much smaller than that predicted by the Zener equation, indicating 
that microstructural stabilization by boundary doping and AIF formation plays a significant role 
in their thermal stability. 



 

30 
 

Figure 2-5(b) shows that the size distribution of the carbide particles in the Cu-5Zr and Cu-

4Zr-1Hf samples, both at the grain boundaries and within the grain interior, are identical between 

the two samples.  The average size of these particles measured from STEM images agrees well 

with that measured using XRD.  The following discussion will focus primarily on the Cu-5Zr and 

Cu-4Zr-1Hf samples due to their similarity in microstructure and thermal stability, allowing for 

the clearest possible investigation of the effects of the addition of a second dopant element on the 

grain boundary structure. 

Since all of the alloys studied here do contain second phase carbide precipitates, it is 

reasonable to ask whether the thermal stability we observe can be attributed to these particles.  

Grain size stabilization by Zener pinning can be modeled by [25]:  

𝑑B = 𝛽
𝐷
𝑓F 

where 𝑑B is the estimated grain size of Zener-pinned grains, 𝐷 is the second phase particle size, 

𝑓	is the volume fraction of second phase particles, and both 𝛽 and 𝑚 are constants.  Hillert [108] 

suggested that the constants 𝛽 = 0.44 and 𝑚 = 0.93 be used.  The grain sizes of Zener-pinned 

grains for all alloys annealed for one week are shown in Figure 2-5(c).  Grain sizes that are at or 

above the predictions of Equation 2, in the region that is shaded blue, can possibly be explained as 

a purely kinetic stabilization caused by second phase particles.  On the other hand, grain sizes 

below these values must be either stabilized by predominantly thermodynamic effects (reduction 

in grain boundary energy) or, most likely, a combination of kinetic and thermodynamic effects.  

Of the alloys studied here, only the Cu-11Hf sample falls in the blue region.  All of the other 

samples have grain sizes that are much too small for only kinetic stabilization alone.  As such, we 

next move to confirm dopant segregation to grain boundaries in the different alloys, and investigate 
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the effects of a second segregating dopant element on grain boundary structure; specifically, the 

formation of thicker amorphous intergranular films which can account for the extreme thermal 

stability demonstrated by these alloys.  

2.3.2 Dopant Segregation and Amorphous Complexion Formation 

Previous studies by Khalajhedayati and coworkers [70, 71] reported the formation of 

amorphous intergranular films in nanocrystalline Cu-Zr alloys processed under conditions similar 

to those used to create the alloys studied here.  To study this behavior, grain boundary segregation 

of the dopants was observed via STEM and EDS, confirming the conditions necessary for AIF 

formation.  Figure 2-6(a) shows a HAADF STEM micrograph of the microstructure of Cu-4Zr-

1Hf, annealed for 1 week. 

 
 

Figure 2-6: (a) HAADF STEM micrograph showing heavily doped boundaries in a Cu-4Zr-1Hf 
alloy annealed for 1 week.  Arrows point to regions of brighter contrast associated with Zr and 
Hf segregation to these grain boundaries.  (b) HAADF STEM micrograph and (c) corresponding 
EDS line scan showing Hf segregation to grain boundaries in a Cu-4Hf sample annealed for 1 
week.  (d) HAADF STEM micrograph and (e) corresponding EDS line scan showing segregation 
of both Zr and Hf to grain boundaries in a Cu-4Zr-1Hf sample annealed for 1 week.  In both 
cases, the grain boundaries are heavily decorated with the dopants.  The location of the grain 
boundaries in parts (c) and (e) are indicated with grey dotted lines. 
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Regions of bright contrast are seen along several grain boundaries, suggesting segregation 

of higher Z atoms (Zr and/or Hf) to those boundaries.  To confirm dopant segregation, EDS line 

scans were performed across grain boundaries in Cu-4Zr and Cu-4Zr-1Hf samples annealed for 

one week, shown in Figures 6(b-e).  It is apparent that there are significant spikes in dopant 

concentration above the noise level inside of the crystals at the grain boundaries, supporting the 

hypothesis that thermodynamic effects from dopant segregation are also working to stabilize the 

microstructure.  Special care was taken to avoid precipitated secondary phases and ensure that all 

line scans were taken across grain boundaries only.  Even though carbides have formed in the 

samples doped with Hf, as shown in Figure 2-4, there remains sufficient unreacted Hf in the alloy 

to segregate to the grain boundaries.  Figure 2-6(e) also demonstrates the variability of dopant 

segregation behavior that can occur within a given microstructure, where one boundary is co-

doped with both Zr and Hf, while another boundary is doped only by Zr.  The occurrence of co-

doping of grain boundaries is promising for the hypothesis that thicker, more stable AIFs will form 

in ternary alloys as compared to binary alloys, since it demonstrates that the multiple added 

elements have a synergistic effect where the segregating dopants attract each other to the interface 

rather than compete for segregation sites [109].  This behavior is not surprising, as Zr and Hf have 

very similar chemical properties with nearly identical atomic and ionic radii [110], and exhibit 

attractive interactions as evidenced by the fact that they are commonly found together in nature in 

the same ores [94, 110-112].   

Following the confirmation of grain boundary segregation in binary and ternary alloys 

doped with Hf, high resolution TEM was used to investigate the details of grain boundary structure 

in each alloy.  Figure 2-7 presents representative examples of complexions found in various alloys 

annealed for 1 week at 950 °C. 
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Figure 2-7:  HRTEM micrographs of various complexions found in binary and ternary alloys 
annealed for 1 week.  Dotted red lines denote AIFs between two crystalline regions.  In (a), fast 
Fourier transforms of the crystalline and amorphous regions are shown on the left and the 
region that is edge-on is highlighted by a dashed yellow box.  In (b), a zoomed view of the 
complexion in (a) to display the region of the grain boundary complexion where thickness 
measurements are made.  The thickness of the complexion shown in (a) and (b) is 4.1 nm.  A 
clean boundary in Cu-3Hf is shown in (c). 
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Figure 2-7(a) shows an example of a thick AIF in the binary Cu-5Zr sample, where fast 

Fourier transforms confirm the amorphous structure of the grain boundary region and the 

crystallinity of the abutting grains.  Obvious AIFs were found in all of the samples presented in 

this work. However, Figure 2-7 also makes it clear that these AIFs had a variety of thicknesses.  

Figure 2-7(d) shows the thickest AIF found in this study, having a thickness of ~9 nm.  On the 

other hand, the boundary from the Cu-5Zr-5Hf sample that is shown in Figure 2-7(e) is amorphous 

but relatively thin in comparison.  An important consideration to note is that the grain boundary 

should be edge-on when measuring the thickness of an AIF in order to ensure accuracy of the 

measurement.  Figure 2-8(a) shows an example of an AIF found in the Cu-5Zr sample annealed 

for 1 week, with a thickness of 3.4 nm.  Images of the complexion at defocus values of -6, -3, 0, 

3, and 6 nm are also shown in order to demonstrate an edge-on imaging condition where the 

thickness of the AIF does not vary, and guarantees integrity of the measurement.  Figure 2-8(b) 

shows a similar image series for an AIF in the Cu-4Zr-1Hf sample.  

To allow for a meaningful discussion of AIF thickness for different samples, the 

thicknesses of at least 50 grain boundary complexions from each of the Cu-5Zr, Cu-4Hf, and Cu-

4Zr-1Hf alloys annealed for one week from HRTEM micrographs of grain boundaries in an edge-

on condition were measured, and are plotted in Figure 2-9.  These three samples were selected for 

detailed inspection because this allows for the direct observation of the effect of global dopant 

concentration on AIF thickness, as well as a comparison between binary and ternary alloy 

compositions with the same global dopant concentration.  Additionally, these samples have 

relatively low carbide volume fractions (all are < 3 vol.%).  Since the specimens with a great deal 

of carbides may have less dopant available for possible segregation, this allows us to make the 

cleanest possible comparison of grain boundary structure between the samples.  It is important to 
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note that the thicknesses of all AIFs from all samples were measured from the thinnest observable 

region in the edge-on portion of each grain boundary, in order to make conservative measurements 

and reliable comparisons across all three samples.  Taking thickness measurements from the edge-

on region of the grain boundary helps to ensure that we do not report artificially high thickness 

values that come from a boundary being inclined with respect to the viewing direction.  An 

instructive example of the potential error that could be introduced by taking measurements from 

an improperly aligned region is found in Figure 2-7(a).  Although it may look as though there is a 

significant variation in thickness across the length of this AIF, only the region of the AIF denoted 

in the dashed box is in an edge-on condition.  In fact, if the region near the top of this figure is 

inspected at greater magnification, we find evidence of small regions where lattice fringes are 

visible, suggesting that this is a projection of both a crystal and an amorphous region (i.e., an AIF 

that is inclined with respect to the viewing direction).  Therefore, thicknesses taken from such a 

region would not be reliable measurements.  Figure 2-8 shows the process by which thickness 

measurements are reported for each AIF investigated in this study.
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Figure 2-8:  HRTEM micrograph of complexions in (a) a Cu-5Zr sample (scale bar 5 nm), (b) a 
Cu-4Zr-1Hf sample (scale bar 2 nm), and (c) a Cu-4Hf sample annealed for one week at 950 °C.  
The AIF thicknesses of 3.4 nm in the (a) Cu-5Zr sample and 1.2 nm in the (b) Cu-4Zr-1Hf sample 
remains unchanged in under-focused, focused, and over-focused imaging conditions, 
demonstrating that the grain boundary complexion is edge-on.  (c) HRTEM image of an AIF in 
Cu-4Hf, showing the potential measurement error when taking care to measure from the thinnest 
region of the AIF.  A maximum thickness variation of less than 0.1 nm is found. 

Figure 7

0 nm-3 nm-6 nm +3 nm +6 nm

(b) Cu-4Zr-1Hf
0 nm-3 nm-6 nm +3 nm +6 nm
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1.30 nm1.34 nm1.39 nm1.30 nm

(c) Cu-4Hf



 

37 
 

Measurements are taken from the thinnest observed region of the AIF, with care taken to 

ensure a perfect edge-on viewing condition.  Figure 2-8(c) shows that the maximum variation in 

thickness is less than 0.1 nm, meaning that the human error introduced from the thickness 

measurement is extremely small.  The data in Figure 2-9 is plotted with both a linear scale and a 

logarithmic scale along the X-axis, to better show the differences in the curves. 

 
 

Figure 2-9:  Cumulative distribution function of AIF thicknesses in Cu-5Zr, Cu-4Hf, and Cu-
4Zr-1Hf alloys annealed for 1 week.  At least 50 AIFs were measured from HRTEM micrographs 
of grain boundaries in an edge-on condition in each of the three samples.  Distributions pushed 
to the right indicate thicker AIFs.  Complexions in the Cu-4Zr-1Hf alloy are noticeably thicker 
than those found in binary alloys.  
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This data shows that the ternary Cu-4Zr-1Hf alloy is able to form the thickest AIFs, with 

the cumulative fraction curve furthest to the right in the figure.  Analysis of the mean AIF thickness 

shows that the ternary Cu-4Zr-1Hf alloy (average AIF thickness of 1.85 nm) has AIFs that are on 

average ~9% thicker than the binary Cu-5Zr alloy (average AIF thickness of 1.7 nm).  However, 

the usage of the mean suppresses some detail, and a more nuanced analysis can be performed on 

the data set.  The cumulative distribution functions of AIF thickness diverge significantly for the 

thickest ~60% of AIFs observed.  The fact that the top half of the AIF thickness curve for the 

ternary alloy does not overlap at all shows that this material has a population of significantly 

thicker AIFs.  To give another perspective, only 3.9% of AIFs measured in binary Cu-5Zr had 

thicknesses greater than 4 nm, while 10% of AIFs measured in Cu-4Zr-1Hf had thicknesses greater 

than 4 nm.  It is important to note that this is the cleanest possible comparison among samples in 

this study, as the only difference between the Cu-5Zr and the Cu-4Zr-1Hf samples is the 

complexity of the dopant chemistry (the two samples have identical grain size, global dopant 

concentration, carbide volume fraction, carbide size, and carbide distribution throughout the 

sample), and a clear difference is found.  Although a comparison to the Cu-4Hf sample is not as 

clean, since this specimen has a higher carbide volume fraction which can reduce the amount of 

dopant available for grain boundary segregation, we include this data for completeness.  There is 

very little quantitative data about the distribution of AIF thickness available in the literature, so we 

believe it does add some value to include the raw data. 

The advantages of introducing a second dopant element in order to create a ternary alloy 

composition has important implications regarding grain boundary segregation and the formation 

of thick, stable AIFs.  The bulk metallic glass research clearly shows that a multicomponent 

composition helps to reduce the free energy penalty associated with the formation of an amorphous 
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phase, and also stabilizes the amorphous phase by lowering the critical cooling rate necessary [68].  

In addition, a previous study by Luo et al. has demonstrated that thicker AIFs are able to more 

easily accept dopant atoms, further increasing the grain boundary dopant concentration and AIF 

thickness due to this reduction in the free energy penalty [43]. We hypothesize that the ternary 

alloy composition most directly affects the AIF thickness, which in turn means that more dopant 

can be accepted by the boundary.  This contrasts with a situation where the ternary composition 

directly leads to higher boundary concentrations, with the higher concentration leading to thicker 

films.  However, a definitive answer to which event happens first or drives the overall behavior is 

beyond the scope of the present study. 

Although we hypothesize that more heavily doped boundaries can sustain thicker AIFs, it 

is important to remember that alloys with higher global dopant concentrations may also have more 

precipitation, which can compete with grain boundary segregation.  The data regarding the Cu-

10Hf alloy in Figure 2-2 actually show that beyond a certain dopant concentration, the thermal 

stability of the alloy will be reduced due to the formation of a significant amount of larger carbide 

particles which do not assist in the pinning of grain boundaries and potentially wick away excess 

dopant from the fcc phase grain boundaries.  It is apparent that in this alloy there is a significant 

propensity for HfC phase to form, so care must be taken to determine an ideal Hf concentration at 

which the thick AIFs still play the dominant role in stabilizing the microstructure.  Similar behavior 

was observed in a study by Donaldson et al., in which it was found that annealing of 

nanocrystalline W-Cr led to the formation of Cr-rich grains similar in size to the W-rich grains, 

whereas the use of Ti as the dopant led to Ti segregation to grain boundaries upon annealing [19].  

The decreased thermal stability of W-Cr as compared to the W-Ti system was attributed to the 

formation of the large dopant-rich particles throughout the microstructure, which essentially 



 

40 
 

“stole” dopant atoms out of the grain boundaries.  In addition to the global dopant concentration, 

the concentration ratio of dopant elements in ternary alloys is also an important factor that should 

be considered.  Simulations in a prior study by Hu et al. demonstrated a correlation between global 

dopant concentration and AIF thickness in a binary Al-Cu and a ternary Al-Zr-Cu alloy with a 1:1 

Cu:Zr concentration ratio [113].  However, it was also demonstrated that the film thickness could 

be substantially increased by increasing the ratio of Cu to Zr atoms, while still maintaining the 

same global dopant concentration.   

The Cu-5Zr and Cu-4Zr-1Hf samples investigated in this study provide the cleanest 

possible comparison of the influence of dopant chemistry on amorphous film thickness.  These 

two samples have the same grain size, carbide volume fraction, carbide size distribution, and 

spatial distribution of carbides throughout the microstructure, as previously shown in Figures 4(b) 

and 5(b).  The only difference is that there are two types of atoms at the grain boundaries in Cu-

5Zr (Cu and Zr atoms), while the boundaries are decorated with three types of atoms in Cu-4Zr-

1Hf (Cu, Zr, and Hf atoms).  Figure 2-9 shows that the ternary Cu-4Zr-1Hf alloy has significantly 

thicker AIFs, which can only be explained by the increased complexity of the grain boundary 

chemistry. 

The formation of AIFs in ternary and multicomponent alloys will have some additional 

complications compared to similar complexions in binary alloys or single-phase systems.  

Complicating factors to consider include the potential competition between dopants for grain 

boundary adsorption sites, as well as attractive or repulsive interactions between different dopant 

elements [84] , both of which can significantly influence the propensity of an alloy to form AIFs.   

Previous studies by Zhou and coworkers have investigated the development and experimental 

validation of grain boundary phase diagrams for binary and multicomponent alloys [85].  These 
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studies show that attractive interactions between dopant elements in the liquid phase led to higher 

grain boundary excess concentrations, which overpower any effects of site competition and 

promote grain boundary pre-wetting transitions and disordering at grain boundaries [84, 85].  The 

evidence of thicker AIFs in the Cu-4Zr-1Hf alloy than the Cu-5Zr alloy possessing the same global 

dopant concentration supports these findings.  The formation of thicker AIFs on average is a sign 

that the free energy penalty for the formation of an amorphous phase has been reduced by the 

switch to a ternary grain boundary composition, since AIF thickness is inversely proportional to 

this energy [43].  The ternary alloy is found to have thicker complexions on average, indicating 

that the introduction of a second dopant element further stabilizes the amorphous complexion at 

the grain boundaries.  The complexions found in the Cu-Zr-Hf are thicker than any found in 

metallic systems to date, including Ni-W [65], W-Ni [64], Mo-Ni [63], and Ni-Zr . 

Schuler et al. [67] recently showed that AIFs can act to stabilize a nanocrystalline grain 

structure.  AIFs fundamentally form because they have a lower overall energy compared to the 

“normal” type of grain boundary, which will consequently reduce the driving force for grain 

growth.  In addition, heavy levels of dopant segregation should also kinetically limit grain 

boundary migration, as these dopants would have to diffuse along with the interface as it moves 

(or there would be an increase in system energy).  The introduction of thicker AIFs to 

nanocrystalline metals is also desirable due to their demonstrated ability to significantly improve 

the ductility and fracture toughness of these materials [18, 70].  Pan and Rupert [18] showed that 

thicker AIFs can absorb more incoming dislocations before cracking, meaning that a 

polycrystalline sample should be more ductile with thicker AIFs distributed within its 

microstructure.  
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2.4 Conclusions 

In this study, nanocrystalline Cu-Zr-Hf alloys were created by mechanical alloying in order 

to gain an understanding of their thermal stability and ability to form amorphous complexions.  

The microstructures of these alloys were compared to baseline binary Cu-Hf and Cu-Zr alloys to 

gain insight on the role of each dopant element in stabilizing the microstructure.  We draw the 

following conclusions from the results reported here: 

• All ternary alloys investigated in this study showed excellent thermal stability, retaining 

grain sizes well within the nanocrystalline regime after annealing for two weeks at a 

temperature above 95% of the solidus temperature for binary Cu-Zr and Cu-Hf alloys.  The 

thermal stability is primarily attributed to the formation of thick amorphous intergranular 

films, with a minor contribution from HfC and ZrC precipitates located at the grain 

boundaries. 

• Amorphous intergranular films were observed to form in all binary and ternary alloys 

investigated in this study.  Thicker films were found in the ternary Cu-4Hf-1Zr, even when 

possessing the same global dopant concentration as a binary Cu-5Zr alloy.  The 

introduction of a second dopant element to form a ternary composition in the grain 

boundary region reduces the energy penalty for AIF formation.  Finally, the ternary alloy 

contained the thickest amorphous complexions observed to date in metallic materials. 

The results of this study highlight the enhanced ability to form thick, stable amorphous 

intergranular films in nanocrystalline alloys by utilizing a ternary composition.  Although the grain 

sizes for the Cu-5Zr and the Cu-Zr-Hf alloys were found to be very similar, the presence of many 

thick AIFs is advantageous for improving the ductility of a nanocrystalline material.  The ability 

of AIFs to serve as dislocation sinks which can delay crack nucleation and therefore increase 
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fracture toughness is a significant motivator in fabricating nanocrystalline materials for structural 

applications.  The results of this study motivate future work into the investigation of the mechanical 

properties of ternary alloys with thick AIFs versus binary alloys with thinner, less stable AIFs. 
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3 High entropy complexions: Stabilizing nanocrystalline grains with thick 

amorphous intergranular films 

3.1 Introduction 

 In Chapter 2, the addition of a second dopant element was found to increase the thickness 

of amorphous complexions as compared to binary alloys with the same dopant concentration.  It 

was concluded that an increase in the chemical complexity at grain boundaries was found to allow 

for the formation of thicker amorphous complexions.  Chapter 3 serves to extend this idea to 

multicomponent alloys.  As most metals used in engineering applications are composed of more 

than three elements, the study of the formation of amorphous complexions in materials in which 

multiple alloying elements are present is of significant interest.  In this chapter, three alloys (Cu-

Zr-Hf-Mo-Nb, Cu-Zr-Hf-Nb-Ti, and Cu-Zr-Hf-Mo-W) are studied to compare the influence of 

chemical complexity on thermal stability of the nanocrystalline structure and the precipitation of 

secondary phases.  As the co-segregation behavior of Zr and Hf to grain boundaries was already 

demonstrated to lead to the formation of thicker amorphous complexions, the Cu-Zr-Hf alloy is 

used as a base.  Mo, Nb, Ti, and W are predicted to segregate well due to their large atomic size 

mismatches with Cu of 39%, 38%, 28%, and 40%, respectively.  We find that the Cu-Zr-Hf-Nb-

Ti alloy is the most thermally stable alloy of the three, with this alloy therefore chosen for more 

in-depth characterization of the grain boundary chemistry and structure.  Zr, Nb, and Ti are 

observed to heavily segregate to the grain boundary in this alloy, creating a quaternary interfacial 

composition, which prevents significant grain growth even after 1 week at >95% of the melting 

temperature.  This level of thermal stability is attributed to the high levels of chemical disorder at 

the grain boundary that is a consequence of the multi-component segregation.  High resolution 

electron microscopy of the grain boundary structure shows that this quinary alloy contains 
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amorphous complexions which are much thicker than those reports in the prior binary and ternary 

Cu-rich alloys.  The amorphous complexions formed in the Cu-Zr-Hf-Nb-Ti alloy are found to be 

32% thicker on average than those formed in the Cu-Zr-Hf alloy studied in Chapter 2, and 41% 

thicker on average than the Cu-Zr alloy discussed in the same chapter.  The results discussed in 

this chapter demonstrate a direct correlation between chemical disorder at the grain boundaries 

and complexion thickness. 

3.2 Materials and Methods 

Alloy compositions were selected in order to maximize dopant segregation to grain 

boundaries, creating a high-entropy grain boundary composition.  Schuler and Rupert [67] have 

outlined specific alloy selection criteria to maximize the ability to form amorphous complexions 

at grain boundaries in binary alloys, including a positive enthalpy of segregation, a negative 

enthalpy of mixing, and a large atomic size mismatch with the bulk phase.  The formation of thick 

amorphous intergranular films has been previously demonstrated in a ternary Cu-Zr-Hf alloy, due 

to the co-segregation of Zr and Hf dopants to grain boundaries [76].  In order to investigate the 

effects of adding multiple dopant elements on the formation of amorphous complexions with high 

entropy compositions, Cu doped with 2 at.% Zr and 2 at.% Hf was used as a base alloy.  Two 

additional dopant elements were added to the base Cu-2Zr-2Hf alloy in the amount of 2 at.% each 

to investigate interactions between different dopant elements and the influence on grain boundary 

segregation and thermal stability.  Specifically, Mo, Nb, Ti, and W were chosen as dopant 

elements, due to the demonstrated segregation behavior of these dopants in binary Cu-Mo [67], 

Cu-Nb [114, 115], Cu-Ti [116], and Cu-W [117] binary alloys.  Additionally, Mo, Nb, Ti, and W 

are predicted to segregate well due to the large atomic size mismatches with Cu of 39%, 38%, 

28%, and 40%, respectively.  While the large atomic size mismatch of dopant elements with Cu is 
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an important consideration, the relative atomic size mismatch amongst dopant atoms themselves 

provides additional disordering at the grain boundary and may also help improve the disordering 

of the grain boundary phase.  The atomic sizes of Zr and Hf are larger than Cu by 25% and 24%, 

respectively.  While these dopant atoms are smaller than Mo, Nb, and W, the large variation in 

atomic size in these multicomponent alloys may also allow for a higher packing density and further 

frustration of the crystallization of amorphous complexions which are able to form. 

Cu-2Zr-2Hf-2Mo-2Nb, Cu-2Zr-2Hf-2Nb-2Ti, and Cu-2Zr-2Hf-2Mo-2W alloys were 

formed via mechanical alloying in a SPEX SamplePrep 8000M Mixer/Mill.  Starting Cu (Alfa 

Aesar, 99.99%, -170 + 440 mesh), Zr (Micron Metals, 99.7%, -50 mesh), Hf (Alfa Aesar, 99.8%, 

-100 mesh), Mo (Alfa Aesar, 99.95%, -100 mesh), Nb (Alfa Aesar, 99.8%, -325 mesh), Ti (Alfa 

Aesar, 99.5%, -325 mesh), and W (Alfa Aesar, 99.9%, -100 mesh) powders were alloyed in an 

argon atmosphere with a hardened steel mixing vial and milling media.  A 10:1 ball-to-powder 

mass ratio, and an addition of 1 wt.% of stearic acid as a process control agent in order to prevent 

excessive cold welding.  Prior to milling each of the desired alloys, pure Cu powder and 1 wt. % 

stearic acid was milled for 2 h and subsequently disposed of to coat the vial walls and milling 

media with a thin layer of Cu, limiting the contamination of the alloy with Fe from collisions with 

the hardened steel during milling.  Confirmation of the chemical composition of the powders was 

performed using energy dispersive X-ray spectroscopy (EDS) in a Tescan GAIA3 scanning 

electron microscope (SEM).  Measured compositions for each sample from EDS are shown in 

Table 1.  While there is some deviations of the measured compositions from the target values, 

these are within the ~1 at.% error of EDS estimates and we quote the nominal composition values 

from here on out.   
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Alloy powders were sealed inside of quartz tubes under vacuum prior to annealing, in order 

to limit exposure to atmosphere which could cause the formation of additional phases such as 

oxides during heat treatment.  The powders were first annealed at 500°C for 5 h in order to 

encourage the segregation of the various dopant elements to Cu grain boundaries.  This was 

followed by an additional annealing treatment at 950 °C for 5 min (0.083 h), 1 h, and 1 week (168 

h) to allow for the formation of amorphous complexions.  We only quote the second annealing 

step when describing the powder microstructures in subsequent text, but remind the reader that all 

samples were first exposed to the lower temperature annealing treatment.  The high temperature 

annealing step should provide the correct conditions for grain boundary premelting while also 

allowing for the investigation of the thermal stability of the microstructure.  The powder samples 

were quenched at the end of the anneal in order to freeze in the equilibrium grain boundary 

structure at high temperatures, including any amorphous complexions that were able to form.  The 

as-milled and annealed powders were then characterized using a Rigaku SmartLab X-ray 

diffractometer (XRD) with Cu Ka radiation and a 1D D/teX Ultra 250 detector.  Phase 

identification, grain size measurements, and volume fraction determination of all phases were 

extrapolated from XRD patterns via Rietveld analysis using MAUD software [118].  The grain 

sizes of the Cu-rich phase in all as-milled alloy powders were in the range of 19-32 nm. 

A sample of the Cu-2Zr-2Hf-2Nb-2Ti sample that was annealed at 950 °C for 5 min was 

created for inspection via transmission electron microscopy (TEM) via the focused ion beam (FIB) 

lift-out method using a Tescan GAIA SEM/FIB.  Excess Ga+ ion beam damage of the lamella 

caused during sample preparation was removed with a final 5 kV polish.  Detailed characterization 

of the microstructure of this sample was performed in the TEM, including bright field TEM, 

selected area electron diffraction (SAED), high resolution transmission electron microscopy 
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(HRTEM) of the grain boundary structure, high-angle annular scanning transmission electron 

microscopy (HAADF STEM), and EDS were performed using a JEOL JEM-2800 TEM equipped 

with dual EDS detectors.  The presence of second phases extracted from the XRD pattern was 

confirmed with SAED.  The average grain size obtained from the XRD pattern was also confirmed 

by measuring >160 grains imaged using bright field TEM.  The distribution of dopant elements 

throughout the sample microstructure was observed using EDS.  Line scans allowed for the 

observation of dopant segregation or depletion at grain boundaries where amorphous complexions 

are expected to form.  The influence of alloy chemistry on the thickness of amorphous complexions 

is investigated by measuring the thickness of 46 amorphous complexions imaged with HRTEM in 

an edge-on condition.  The edge-on condition of each grain boundary was confirmed by verifying 

that no change in amorphous complexion thickness is observed when viewing it in under- and 

over-focused conditions. 

3.3 Results and Discussion  

XRD patterns of each of the three alloys in their as-milled state, as well as after annealing 

for 5 h at 500 °C, followed by anneals at 950 °C for 5 min, 1 h, and 1 week, are shown in Figure 

3-1.   

 

Figure 3-1: X-ray diffraction patterns of the (a) Cu-2Zr-2Hf-2Mo-2W, (b) Cu-2Zr-2Hf-2Mo-
2Nb, and (c) Cu-2Zr-2Hf-2Nb-2Ti samples.  Patterns are shown of the as-milled powders, as 
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well as samples subject to an initial heat treatment at 500 °C for 5 h, followed by an anneal at 
950 °C for 5 min, 1 h, and 1 week.  Phase identification shows the presence of carbide phases 
and intermetallic phases which either formed during mechanical alloying or during annealing. 

During mechanical alloying, HfC forms in all three alloys investigated in this study.  The 

formation of carbide phases in the alloy during ball milling is due to the addition of stearic acid as 

a process control agent, which is necessary to resist cold welding [119].  However, in the patterns 

of the as-milled Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-Nb powders in Figure 3-1(a) and Figure 3-1 

(b), peaks for Mo and W are also seen, indicating that these alloying additions did not completely 

mix to form a solid solution with Cu during the mechanical alloying process.  In the Cu-Zr-Hf-

Nb-Ti sample, a very small amount of NbZr intermetallic phase (~1 vol.%) is seen in the as-milled 

powder, indicating its formation during the mechanical alloying process.  In order to attempt to 

force all dopant atoms into the Cu matrix to form a solid solution and therefore have a more 

consistent starting point for the dopant atoms prior to annealing, the three alloys were mechanically 

alloyed once more for 20 h and 40 h.  However, additional milling time did not help to further 

improve the alloying of these samples.  The second phase volume fractions and XRD grain sizes 

of the second phases for the three alloys as a function of annealing time at 950 °C are shown in 

Figure 3-2. 
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Figure 3-2: The volume fractions of second phases present in the (a) Cu-2Zr-2Hf-2Mo-2W, (b) 
Cu-2Zr-2Hf-2Mo-2Nb, and (c) Cu-2Zr-2Hf-2Nb-2Ti alloys are plotted as a function of annealing 
time at 950 °C.  Grain sizes of these phases for each of the three alloys are shown in parts (d), 
(e), and (f).  The Cu-2Zr-2Hf-2Mo-2W alloy has the greatest total volume fraction of second 
phases, while the Cu-2Zr-2Hf-2Nb-2Ti has the lowest volume fraction. 

During heat treatment, the unalloyed W in the as-milled Cu-Zr-Hf-Mo-W becomes greatly 

reduced after 5 min at 950 °C and is fully gone after 1 h at 950 °C, while Mo2C precipitates form 

during annealing.  In the Cu-Zr-Hf-Mo-Nb alloy, the peaks for unincorporated Mo disappear while 

Mo2C peaks appear, in addition to the formation of a new NbC phase.  Upon annealing the Cu-Zr-

Hf-Nb-Ti sample, the NbZr intermetallic phase is no longer found within the microstructure, but 

a small amount of NbC phase appears.  The amount of the NbC phase present stays constant at 3.5 

vol.%, with a slight increase in grain size of this carbide phase as annealing time increases.  After 

annealing for 1 week, a small amount of Ti-rich hexagonal close packed phase also begins to 

precipitate. 
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Figure 3-3: (a) Grain size of each of the three alloys plotted as a function of annealing time at 
950 °C.  The Cu-2Zr-2Hf-2Nb-2Ti alloy is the most stable against grain growth in this study, 
retaining a grain size of 63 nm after a week of annealing.  (b) SAED pattern confirming the 
presence of NbC and HfC phases in the Cu-2Zr-2Hf-2Nb-2Ti alloy annealed for 5 min at 950 °C.  
(c) Bright field TEM micrograph of the microstructure of the Cu-2Zr-2Hf-2Nb-2Ti sample 
annealed for 5 min.  Grain size distributions for this sample are shown in (d), after measuring 
167 grains. 

The XRD grain sizes of the face centered cubic Cu-rich phase (the majority or matrix 

phase) as a function of annealing time at 950 °C are reported in Figure 3-3(a).  After 5 min of 

annealing at 950 °C, the grain sizes of all three alloys are very similar, within error for XRD 

measurements of grain size.  However, after only 1 h of annealing, the difference in grain sizes 

highlight their relative thermal stability; the Cu-Zr-Hf-Nb-Ti alloy has an average grain size of 43 

nm, while the Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-Nb alloys both coarsen noticeably to average 
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grain sizes of 95 and 71 nm, respectively.  The high thermal stability of the Cu-Zr-Hf-Nb-Ti alloy 

is further demonstrated by the relatively small grain size of 63 nm after 1 week (168 h) of 

annealing, while the average grain sizes of the Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-Nb alloys 

continue to grow to 98 nm and 102 nm, respectively.  It is important to note that these grain sizes 

approach the resolution limit of roughly 100 nm for XRD measurements of crystallite size, so it is 

possible that these samples no longer have a nanocrystalline microstructure after 1 week of 

annealing.  Further inspection of these samples using TEM would be necessary to confirm the 

accuracy of these grain size measurements, i.e. whether the Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-

Nb samples are coarse-grained after this heat treatment, or at the upper end of the nanocrystalline 

size regime.  The decreased thermal stability in the Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-Nb may 

be attributed to the early precipitation of second phases during annealing.  Figure 3-2(a) shows 

that the overall volume of second phases throughout the microstructure of the Cu-Zr-Hf-Mo-Nb 

alloy increases from roughly 0.054 in the as-milled state to 0.089 after only 1 h of annealing.  In 

the Cu-Zr-Hf-Mo-W microstructure, however, the increase in the total second phase volume 

fraction is greater, growing from 0.06 in the as-milled state to 0.108 after 1 h of annealing, with 

this value staying relatively constant with further annealing time.    With the precipitation and 

growth of such second phases, there will be much fewer dopant atoms available to segregate to 

grain boundaries in the Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-Mo-Nb alloys, potentially reducing the 

thermodynamic stabilization of the microstructure and allowing for grain growth.  Additionally, 

the average sizes of the second phase particles within the Mo-W alloy are too large to maintain 

kinetic stabilization of a nanocrystalline microstructure via Zener pinning of the grains [120, 121].  

The Cu-Zr-Hf-Mo-Nb coarsens more gradually than the Cu-Zr-Hf-Mo-W alloy, which is likely 

related to the greater availability of grain boundary segregating species.  In contrast, the Cu-Zr-
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Hf-Nb-Ti alloy maintains the smallest total second phase volume even after one week of annealing 

at 950 °C, and at the same time is able to retain a grain size of 63 nm.  The correlation of thermal 

stability and the amount of dopant content available to segregate to the boundaries (i.e., the inverse 

of the second phase volume percent) amongst the three alloys suggests that boundary segregation 

is the dominant stabilizing mechanisms in these materials, not Zener pinning.   

Due to its superior thermal stability, the Cu-Zr-Hf-Nb-Ti sample was chosen for further 

investigation via TEM, in order to discern the distribution of each dopant to the grain boundary 

regions.  The grain boundary structure of this alloy is also investigated in detail to determine 

whether the addition of multiple dopant elements is conducive to the formation of thick amorphous 

intergranular films.  The sample which was annealed for 5 min at 950 °C was chosen for this 

investigation.   

A selected area electron diffraction (SAED) pattern and bright field TEM image of the 

sample region from which the pattern was taken are shown in Figures 3(b) and 3(c), respectively.  

The SAED pattern confirms the presence of the NbC and HfC phases previously detected with 

XRD, while the TEM image confirms the nanocrystalline grain size.  Figure 3-3(d) presents the 

grain size distribution measured in this sample, with an average grain size of 38 nm, which is in 

agreement with the previously measured XRD average grain size of 43 nm (XRD measurements 

typically are assumed to have up to 25% error).  This sample was also viewed in HAADF STEM 

conditions, where bright contrast at grain boundaries indicate regions of segregation of higher Z 

atoms, such as Nb, Zr, and/or Hf, pointed out by the yellow arrows in Figure 3-4. 
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Figure 3-4: HAADF STEM micrograph of the Cu-Zr-Hf-Nb-Ti alloy.  Yellow arrows point to 
regions of bright contrast at grain boundaries, associated with dopant segregation and the 
possible formation of amorphous complexions. 

As seen in the figure, the majority of grain boundaries appear to be decorated with higher 

Z dopant elements, evidenced by the bright contrast.  EDS line scans were performed across grain 

boundaries with high contrast in order to confirm the presence of dopant segregation.  The yellow 

lines in Figures 5(a) and 5(c) indicate the locations where the line scans shown in Figures 5(b) and 

(d) were taken, respectively. 
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Figure 3-5: (a) HAADF STEM micrograph and (b) corresponding line scan across a grain 
boundary in Cu-2Zr-2Hf-2Nb-2Ti.  The segregation of Nb, Ti, and Zr atoms to this grain 
boundary is observed, as well as the depletion of Hf.  (b) A HAADF STEM micrograph and (c) 
corresponding line scan demonstrate the variation of possible grain boundary segregation 
behavior in this alloy, where the boundary is found to be enriched with both Nb and Ti, but 
depleted of Zr and Hf. 

Both EDS scans show heavy segregation to the boundaries, but the dopants which are 

present changes.  In Figure 3-5(b), the segregation of Nb, Ti, and Zr are clearly observed at the 

grain boundary, confirming the feasibility of forming high-entropy compositions at grain 

boundaries where at least 4 elements are present.  In contrast, the line scan in Figure 3-5(d) 
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demonstrates that only Nb and Ti are present and no Zr segregation is observed.  In both cases, Hf 

was not observed in either the grain boundary or crystalline regions.  These observations are 

representative of XX such measurements of the   While the presence of Zr was found to vary across 

different grain boundaries, the co-segregation of Nb and Ti atoms was found to be consistent across 

all boundaries characterized.  However, segregation of Hf was not found at any grain boundaries 

in this study.  The variation in grain boundary chemistries seen here is similar to that seen in a 

prior study of Cu-Zr-Hf alloys, but the segregation of Hf atoms to the grain boundaries was 

observed in those alloys [76].  It is possible that the presence of Hf at grain boundaries is more 

likely to be observed as the volume fraction of HfC significantly decreases after annealing for a 

week, as shown in Figure 3-2 (c).   It is reasonable to expect that the variation in second phases 

present throughout the microstructure of the Cu-Zr-Hf-Nb-Ti alloy with annealing time may also 

incur changes in grain boundary chemistry, and therefore induce grain boundary phase transitions. 
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Figure 3-6:  HRTEM micrographs of various amorphous complexions found in the Cu-2Zr-2Hf-
2Nb-2Ti alloy.  Yellow dashed lines are included to highlight the amorphous phase. 

HRTEM micrographs of amorphous intergranular films in the Cu-Zr-Hf-Nb-Ti sample 

annealed for 5 min are shown in Figure 3-6.  Yellow dotted lines are included to highlight the 

boundaries of the amorphous complexion.  While amorphous complexions were found at grain 

boundaries throughout the microstructure of this sample, they are not found at every single grain 

boundary and some remained ordered.  Figures 7(a) and 7(b) show the population of amorphous 

complexion thicknesses measured for 46 amorphous complexions in cumulative distribution 

function and histogram form, respectively.  It is important to note that all amorphous complexions 

in this study were observed and measured in an edge-on viewing condition.  In addition, thickness 

measurements were taken from the thinnest observable region of the complexion to ensure 

consistency.  The mean thickness of amorphous complexions in this sample was found to be 2.44 
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nm, with a standard deviation of 1.36 nm.  In order to compare the thicknesses of amorphous 

complexions found in the Cu-Zr-Hf-Nb-Ti sample with high-entropy grain boundary compositions 

with those found in previously studied Cu-4Zr-1Hf and Cu-5Zr alloys [76], the complexion 

thickness distributions for these samples are plotted in Figure 3-7(a) in grey and black, 

respectively.  The average complexion thickness of the ternary sample from the prior study was 

found to be 1.85 nm.  It is apparent that the quinary alloy is able to form much thicker complexions 

than those formed in the ternary alloy, due to the increase in average complexion thickness by 

roughly 32%.  While the range of complexion thicknesses measured in the ternary and quinary 

samples are the same, there are a larger number of very thick amorphous complexions in the 

quinary alloy than in the ternary alloy.  For example, roughly 30% of amorphous complexions 

measured in the quinary sample have a thickness greater than 3 nm, compared to only 10% of 

those measured in the ternary alloy.  This can be attributed to the addition of multiple dopant 

elements which segregate to Cu grain boundaries in the quinary alloy.   
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Figure 3-7: (a) Cumulative distribution function of AIF thicknesses measured from the Cu-Zr-
Hf-Nb-Ti sample.  46 AIFs were measured from HRTEM micrographs of grain boundaries in an 
edge-on condition.  AIF thicknesses from a prior study of Cu-4Zr-1Hf are plotted alongside the 
data from the present study to demonstrate the increased amorphous film thickness associated 
with a more complex grain boundary chemistry.  (b) AIF thicknesses measured from the Cu-Zr-
Hf-Nb-Ti sample, presented in a histogram.  The mean AIF thickness was found to be 2.44 nm, 
with a standard deviation of 1.36 nm. 

While the increased thickness of amorphous complexions found in quinary alloys may be 

at first attributed to the increase in the global dopant concentration (8 at. % dopant in the quinary, 

versus 5 at. % in the ternary), it is worth noting that the difference in the distribution of the dopant 

elements actually allows for a more even comparison.  In the Cu-Zr-Hf alloy, Hf atoms were shown 

to segregate to grain boundaries, however, there was no segregation of Hf atoms to any grain 

boundaries observed in the Cu-Zr-Hf-Nb-Ti alloy.  This implies that a maximum of only 6 at. % 

of the total 8 at. % of dopant atoms added to the quinary alloy are capable of contributing to the 

formation of complexions, since only Zr, Nb, and Ti atoms were found at grain boundaries.  

However, yet another fraction of those dopant atoms which do segregate to grain boundaries are 

consumed during the formation of second phases.  It is therefore reasonable to assume that the 

difference in the total number of dopant atoms available to contribute to the formation of 
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amorphous complexions is quite small, and cannot fully explain the 32% difference in average 

amorphous film thickness alone, and it is more likely due to the presence of a greater number of 

dopant elements.  

The increased thickness of amorphous complexions in the quinary alloy may be in part due 

to the greater number of dopant atoms which are available to segregate to grain boundaries to form 

amorphous complexions.  However, it is important to consider the effects associated with multiple 

dopant elements present at grain boundaries in order to stabilize the amorphous grain boundary 

phase, as well as the influence of second phase formation on the formation of amorphous 

complexions.  For example, the prior study on amorphous complexion formation in Cu-Zr-Hf 

alloys also demonstrated their formation in Cu-4Hf alloys which displayed excellent thermal 

stability; however, increasing the dopant concentration to 10 at. % Hf actually proved to be 

detrimental to the thermal stability of the alloy.  The formation of a large volume of HfC particles 

throughout the microstructure was hypothesized to have decreased the amount of dopant available 

to segregate to grain boundaries, inhibiting the formation of amorphous complexions and therefore 

limiting the stabilization of grain size in this alloy.  Such behavior has been observed in 

nanocrystalline W-Cr alloys in a study by Donaldson et al., where the precipitation of a Cr-rich 

phase was found to reduce the thermal stability of the alloy due to the lack of Cr atoms present at 

grain boundaries [19].  In contrast, a Cu-10 at.% Zr alloy investigated in the prior study proved to 

be more stable against grain growth than the Cu-5 at.% Zr alloy, implying that Zr atoms may have 

a stronger tendency to segregate to grain boundaries to facilitate amorphous complexion formation 

than Hf alloys.  These results highlight the fact that the formation of thick AIFs is not as simple as 

increasing the concentration of dopant atoms in the alloy.  The addition of multiple dopant 

elements to an alloy creates even more complications for grain boundary segregation, where 
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attractive or repulsive forces between dopant atoms themselves may encourage co-segregation of 

particular elements or cause the depletion of others.   

The interaction between dopant elements in ternary and multicomponent alloys in the 

context of grain boundary segregation is an important topic of consideration in the formation of 

thick and stable AIFs in metals.  Prior studies by Xing et al. have investigated the interactions 

between dopants and their influence on grain boundary segregation in ternary and multicomponent 

alloys [122, 123].  It was found that induced co-segregation of dopant atoms can occur, even when 

a particular dopant element is predicted to desegregate from grain boundaries in the binary 

counterpart, as was the case in the Pt-Au-Pd alloy investigated [123].  The authors were able to 

develop a model to predict the segregation behavior of dopant elements in a ternary alloy and 

whether there would be dopant depletion, site competition, or induced co-segregation of the 

dopants to grain boundaries.  The materials selection rules for the formation of AIFs in binary 

alloys suggest choosing dopant elements which have a positive DHseg, a negative DHmix, and an 

atomic size mismatch of greater than 12% [67].  By these standards, it would be expected that 

AIFs would not form in a binary Cu-Nb alloy, due to the positive DHmix value calculated, indicating 

that it would be preferable for the precipitation of a Nb-rich phase to occur [124, 125].  However, 

AIFs were still found to form in the Cu-Zr-Hf-Nb-Ti alloy, with the co-segregation of Nb and Ti 

to grain boundaries to be a common occurrence.  This highlights the complexity associated with 

effectively selecting dopant elements which will allow for the formation of AIFs, due to the 

additional interactions between individual dopant elements which must be accounted for.  This 

behavior has been observed in a variety of alloys, where the addition of dopant has been proven to 

either inhibit or enhance the segregation behavior of the other dopant elements.  This phenomenon 

is well studied and has significant effects on the mechanical behavior of steels.  For example, Mo 
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and P are found to co-segregate to grain boundaries in steels, where the concentration of P at grain 

boundaries increases with that of Mo [126].  In contrast, the addition of C to Fe-P alloys is found 

to decrease the amount of P segregating to grain boundaries, suppressing the grain boundary 

embrittlement caused by P segregation [127-129].  However, it was also found that Cr additions 

increase the grain boundary segregation of P in Fe-C-P alloys, but has no effect in Fe-P alloys 

[127].  The variation in segregation behavior that can be introduced by the presence of multiple 

alloying elements may provide an explanation as to why no segregation of Hf was observed in the 

Cu-Zr-Hf-Nb-Ti sample, while it was previously observed in the ternary Cu-Zr-Hf alloy.  This 

may also explain the relatively poor thermal stability observed in both the Cu-Zr-Hf-Mo-W and 

Cu-Zr-Hf-Mo-Nb samples investigated in this study.  This behavior can also be examined by 

comparing the volume fractions of second phases containing Mo in the Cu-Zr-Hf-Mo-W and Cu-

Zr-Hf-Mo-Nb alloys.  During annealing, the maximum amount of Mo2C which forms in the Mo-

Nb alloy is only 3 vol.%, while a much greater maximum 8.4 vol.% forms in the Mo-W alloy.  

This implies that there may be some repulsive interaction between Mo and W atoms which 

prevents the segregation of Mo to grain boundaries, limiting the number of dopant atoms available 

to form amorphous complexions and stabilize the microstructure.   

The current guidelines available for materials selection rules to enable the formation of 

amorphous complexions in binary metallic alloys developed by Schuler and Rupert [67] are largely 

based on guidelines proposed by Inoue for the formation of bulk metallic alloys (BMGs), including 

a positive heat of segregation, a negative heat of mixing, and a large atomic size mismatch [68, 

69].  These guidelines have been shown to be effective in predicting the formation of amorphous 

complexions in a variety of binary alloy systems, and do provide an effective baseline for the 

formation In the context of bulk metallic glasses, these guidelines are considered when developing 
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BMGs in order to maximize their glass forming ability, as well as the use of three or more elements 

in order to frustrate the crystallization of the amorphous phase.  Glass forming ability is typically 

characterized by the critical cooling rate required to retain the amorphous structure, or the critical 

thickness, describing the maximum size of a glassy phase that can be achieved upon cooling, 

essentially describing the resistance of the glassy phase to transformation back to an ordered phase 

[86, 130, 131].  Several studies have demonstrated the enhanced glass forming ability with the 

addition of multiple alloying elements in bulk metallic glass.  This effect is expected to carry over 

to amorphous intergranular films; the thickness of amorphous complexions found in the Cu-Zr-

Hf-Nb-Ti alloy investigated in this present study were found to be 32% thicker than those found 

in a previously studied Cu-Zr-Hf alloy.  The increased thickness of the complexions in the present 

study analogously describe a greater resistance to transformation back to ordered grain boundary 

complexions, due to the increased chemical and structural disorder induced by the presence of 

multiple dopant elements.  This implies that a lower cooling rate may be utilized in order to retain 

the amorphous grain boundary structure due to the enhancement of the phase stability.  These 

findings have great implications for the development of bulk nanocrystalline alloys containing 

amorphous complexions, as a reduction in the cooling rate necessary to retain amorphous 

complexions would simplify the formation of these materials, enabling their utilization in a variety 

of appropriate lower temperature applications. 

3.4 Conclusions 

In this study, three quinary alloys were formed via mechanical alloying and annealed in 

order to understand the thermal stability and potential for amorphous complexion formation in 

each alloy.  Dopant elements (Mo, W, Nb, Ti) were added to a Cu-Zr-Hf base material in different 

combinations but with a consistent total doping level.  The following conclusions can be drawn: 
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• Second phase formation was observed in the Cu-Zr-Hf-Mo-W, Cu-Zr-Hf-Mo-Nb, and 

Cu-Zr-Hf-Nb-Ti alloys investigated in this study, primarily in the form of carbide 

phases but also with some secondary metallic phases appearing.  The grain size of the 

bulk face centered cubic phase observed in each alloy had a positive correlation with 

the second phase volume, meaning that precipitation “robbed’ the grain boundaries of 

potential dopant species so there were fewer atoms available to segregate and reduce 

excess grain boundary energy.  Kinetic stabilization of the microstructure by Zener 

pinning was not a dominant effect in this study.   

•  The Cu-Zr-Hf-Nb-Ti was found to have the greatest thermal stability, retaining a grain 

size of 63 nm after a week of annealing at 950 °C, or >95% of the melting temperature 

of Cu.  The superior thermal stability of this alloy is attributed to the segregation of Zr, 

Nb, and Ti atoms to grain boundaries, enabling the formation of thick amorphous 

intergranular films with chemically complex compositions.  As a result, the interfacial 

complexions in this alloy can be termed “high-entropy complexions.”  The 

complexions measured in this study were found to be 32% thicker than those found in 

a previously studied Cu-Zr-Hf alloy, and 41% thicker than those found in a Cu-Zr alloy 

from the same study.  The increased complexity in grain boundary composition is 

expected to enhance the stability of the amorphous intergranular film, allowing for the 

retention of thicker complexions upon quenching from high temperatures. 

• The addition of multiple dopant elements significantly effects the segregation behavior.  

Hf atoms, which were previously found to segregate to grain boundaries in a prior study 

of Cu-Zr-Hf alloys, did not segregate in the Cu-Zr-Hf-Nb-Ti alloy investigated in the 

present study, instead being consumed by the carbide second phases.  The competition 
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between elements for grain boundary segregation, as well as the balance between 

segregation and second phase formation for a specific atomic species, remains an open 

area for future research. 

The results of this work demonstrate the improvement of amorphous intergranular film 

thickness through the utilization of high-entropy grain boundary compositions.  This work also 

highlights the complications associated with grain boundary segregation and amorphous 

complexion formation in multicomponent alloys, due to the variety of interactions between 

different dopant elements.  This work motivates experimental and computational studies to further 

the understanding of alloy selection for the formation of amorphous complexions beyond binary 

and ternary chemistries, as well as characterizing the arrangement of the various dopant atoms 

within the amorphous complexions themselves.  
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4 Critical cooling rates for amorphous-to-ordered complexion transitions in 

Cu-rich nanocrystalline alloys 

4.1 Introduction 

In Chapters 2and 3, the dependence of amorphous complexion thickness on the chemical 

complexity at the grain boundary is demonstrated in a ternary Cu-Zr-Hf alloy and a quinary Cu-

Zr-Hf-Nb-Ti alloy.  The ability to form thick amorphous complexions is promising in their ability 

to stabilize nanocrystalline microstructures, as well as improving strength and ductility.  However, 

the stability of these phases has yet to be investigated.  Amorphous complexions are able to form 

and are stable at high temperatures, and very fast quench rates must be utilized in order to retain 

them at room temperature.  This severely limits the utility of nanocrystalline metals with 

amorphous complexions for lower temperature applications.  In Chapter 4, the influence of grain 

boundary chemistry on the stability of amorphous complexions is explored.  A cooling rate 

gradient through the height of bulk Cu-Zr and Cu-Zr-Hf samples.  Amorphous complexion 

thicknesses were then measured at various heights throughout the binary and ternary alloys, in 

order to assess the stability of the phase against transformation back to ordered grain boundaries 

when exposed to a variety of cooling rates.  A positive correlation between local cooling rate and 

complexion thickness is revealed in the binary Cu-Zr alloy.  In contrast, the complexion 

thicknesses in the ternary Cu-Zr-Hf alloy are found to be invariant with local cooling rate, 

demonstrating an enhancement in stability of the amorphous complexion with increasing chemical 

complexity.  The experimental results are then used to construct time-temperature-transformation 

diagrams of the amorphous-to-ordered complexion transition for both the binary and ternary 

alloys.  The critical cooling rate necessary to avoid complexion transitions in the ternary alloy is 

found to be at least three orders of magnitude slower than that for the binary alloy.  These results 
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reveal the importance of increasing chemical complexity in improving both the thickness and 

stability of amorphous complexions.  This increases the feasibility of utilizing nanocrystalline 

metals with amorphous complexions in lower temperature applications.  

4.2 Materials and Methods 

Cu-3 at.% Zr and Cu-2 at.% Zr-1 at.% Hf alloys were produced from powders of elemental 

Cu (Alfa Aesar, 99.99%, -170 + 400 mesh), Zr (Micron Metals, 99.7%, -50 mesh), and Hf (Alfa 

Aesar, 99.8%, -100 mesh).  The total global dopant concentration was chosen to be constant at 3 

at.% to best compare the complexion transition behavior between the binary and ternary alloys.  

These samples are simply referred to from here on as Cu-Zr and Cu-Zr-Hf, respectively.  The 

starting powders were ball milled for 10 h in a SPEX SamplePrep 8000M high-energy ball mill 

using a hardened steel vial and milling media.   A ball-to-powder weight ratio of 10:1 was used 

with 1 wt.% stearic acid added to the powders prior to milling as a process control agent, in order 

to prevent excessive cold welding of the powders.  The individual alloy compositions were 

confirmed using energy dispersive X-ray spectroscopy (EDS) in a Tescan GAIA3 scanning 

electron microscope (SEM) equipped with a 150 mm2 Si drift detector.  Following the mechanical 

alloying process, phase identification and grain size determination for the as-milled powders were 

performed in a Rigaku SmartLab X-ray diffractometer (XRD).  The resulting Cu-Zr and Cu-Zr-Hf 

alloys had grain sizes of 25 and 29 nm, respectively, measured via Rietveld refinement of XRD  

patterns using MAUD analysis software [99].  

The alloy powders were consolidated to form bulk samples using an MTI Corporation 

OTF-1200X-VHP4 hot press.  The powders were first cold pressed under 25 MPa for 10 minutes 

in a graphite die.  The resulting green bodies were then hot pressed under 50 MPa for 10 hours at 

a temperature of 900 °C, allowing for full densification of the samples, as well as the segregation 
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of dopant elements to the grain boundaries.  According to prior work by Donaldson and Rupert 

investigating the densification behavior of Cu-4Zr alloys with amorphous complexions, the 

relative density of bulk samples formed under these particular pressing conditions was found to be 

99.7% [79].  It is important to note that while amorphous complexions do form at grain boundaries 

during sintering, they are not retained after this process due to the slow cooling of the bulk piece 

back to room temperature while in the hot press, which allows time for the glassy interfacial 

complexion to transition back to an ordered structure.  The resulting cylindrical bulk samples had 

a height of 6.47 mm and a radius of 5.34 mm, and were cut in half lengthwise to form a semi-

cylinder, as shown in Figure 4-1(a), prior to subsequent annealing in a tube furnace at 950 °C for 

10 minutes to re-form the amorphous complexions.  The samples are then removed from the 

furnace as quickly as possible and placed on an Al heat sink that is cooled by a liquid nitrogen 

reserve (Figure 4-1(a)).  This allows for the sample to be rapidly cooled, while also inducing a 

gradient of cooling rates as a function of distance from the surface of the heat sink.  The surface 

directly in contact with the aluminum (bottom) will be very quickly quenched compared to the 

interior (middle) and opposite side of the sample (top).  A thin oxide film formed at the surface of 

the sample upon transfer from the furnace to the Al block was removed prior to further processing.  

The semi-cylindrical samples were then cut in half once more to expose the center of the sample 

for characterization in order to investigate the effect of varying the cooling rate on the local grain 

boundary structure. 
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Figure 4-1: (a) Bulk nanocrystalline samples are exposed to variable cooling rates by placing on 
an Al cooling block in liquid nitrogen, following annealing at 950 °C for 10 min to re-form 
amorphous intergranular films at grain boundaries.  (b) Temperature profile throughout the bulk 
sample at t = 0.05 s after contacting the cooling block, simulated using COMSOL Multiphysics 
software.  The blue, orange, and red circles represent the fast, medium, and slow quenched 
locations on the sample, respectively. 

The cooling rate gradient induced and its connection to the measured complexion 

population are expected to reveal the stability of the amorphous complexions against 

transformation to thinner complexions or ordered grain boundaries.  The population of amorphous 

complexions which form in a particular alloy is associated with the alloy composition and the 

annealing temperature.  However, the high temperature complexion population may differ from 

what is observed at room temperature, as some amorphous boundaries could transform back to an 

ordered grain boundary structure if the region is not quenched quickly enough.  This is equivalent 

to what is observed regarding the nucleation of crystalline regions in BMGs when cooled below 

the critical cooling rate necessary to retain a completely amorphous microstructure [132, 133].  

Complexion transformations may be even more sensitive to variations in cooling rate due to the 

very nanometer length scales at which complexion transitions occur.  Therefore, we expect that 
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the section of the sample which is quenched the fastest and is in direct contact with the Al heat 

sink would be closest to the high temperature microstructure, and will be henceforth referred to as 

the fast quench surface.  The center of the sample is referred to as the medium quenched region, 

while the top of the sample farthest from the heat sink is referred to as the slow quenched region. 

Transmission electron microscopy (TEM) specimens were taken from the Cu-Zr and Cu-

Zr-Hf samples at the fast, medium, and slow quenched sections of the sample using the focused 

ion beam (FIB) lift-out method with a Tescan GAIA3 SEM/FIB.  A final 5 kV polish was used on 

all samples to remove any excess ion beam damage from earlier preparation steps.  Microstructural 

characterization, including bright field TEM (BF TEM), selected area electron diffraction (SAED), 

high resolution TEM (HRTEM) of the grain boundary structure, measurement of AIF thickness, 

and high-angle annular dark field STEM (HAADF) were performed using a JEOL JEM-2800 

TEM.  The thicknesses of at least 20-40 amorphous complexions from the fast, medium, and slow 

quenched regions of both the Cu-Zr and Cu-Zr-Hf samples were measured by orienting the grain 

boundaries in an edge-on condition, which was confirmed by ensuring that there is no variation in 

the thickness of the complexion when viewed in under-focused and over-focused imaging 

conditions. 

4.3 Results and Discussion 

4.3.1 Simulation of Temperature Distribution within the Bulk Samples  

To provide insight into the cooling rate variation within the sample, a COMSOL 

Multiphysics simulation of the cooling process was performed, as shown in Figure 4-1(b).  A Cu 

(for the consideration of heat transfer properties) semi-cylinder with the aforementioned sample 

dimensions was constructed.  To replicate the experimental cooling conditions, a temperature of 

77 K is assigned to the bottom surface of the sample, representing the location where the specimen 
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contacts the Al cooling block.  The cooling block is much larger than the nanocrystalline pieces 

and in constant contact with the liquid nitrogen reservoir, so the block is assumed to remain at 77 

K during cooling of the specimen.  Conductive heat transfer occurs from this bottom surface, while 

the other sample surfaces are cooled by radiation and convection into the air at room temperature.   

Figure 4-1(b) shows the temperature profile within a bulk piece 0.05 s after contact with 

the cooling block.  The blue dot represents the fast quench side of the sample which is directly in 

contact with the Al block, while the orange and red dots represent the medium (middle) and slow 

(top) quenched regions of the sample, respectively.  It is also important to note that temperature 

and cooling rate data for the fast and slow quenched regions of the sample, as well as the TEM 

specimen extraction described later, were obtained at a distance of ~100 µm from the surface of 

the sample in order to avoid the effects of a thin oxide layer which forms on the surface when the 

hot piece is exposed to air during transfer from the furnace.  The temperature of each of these three 

regions is plotted as a function of time (t) in Figure 4-2(a), with t = 0 representing the initial contact 

with the cooling block. 
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Figure 4-2: (a) Plot of temperature versus time at the fast, medium, and slow quench regions of 
the bulk samples, as predicted by a simulation of the quenching procedure.  (b) Plots of the time 
for each of the three sample positions to reach a temperature of 0.4Tm, 0.6Tm, and 0.85Tm.  
0.85Tm represents the highest temperature at which an amorphous-to-ordered complexion 
transition could potentially occur upon cooling, while 0.4Tm represents a possible temperature 
below which complexion transitions would be restricted due to limited diffusion and atomic 
rearrangement.  (c) Cooling rate as a function of time at the fast, medium, and slow quenched 
regions of the samples.  (d) Maximum cooling rates at the fast, medium, and slow quenched 
regions as a function of distance from the surface in direct contact with the Al heat sink. 

The quenching at different locations can be quantified in a number of ways, with the first 

being the time required for sample position to reach a given temperature.  This would be most 

useful if specific target temperatures such as the glass transition temperature for the amorphous 

complexion or the temperature associated with the “nose” (i.e., the temperature where nucleation 

and growth competition is optimized) of a transition to an ordered complexion from an interfacial 
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TTT diagram were known.  These temperatures are not known currently, although some 

approximate values can be hypothesized.  For example, a prior study by Khalajhedayati and Rupert 

suggests that the transition to an amorphous complexion for Cu-3Zr occurs somewhere between 

750 °C and 850 °C, in the range of roughly 82% to 90% of the solidus temperature for this alloy 

[71].  This is in agreement with Luo et al. [134], who have predicted that grain boundary premelting 

transitions can begin at temperatures as low as 60-85% of the melting temperature.  The upper 

bound of relevant temperatures would therefore be roughly 0.85Tm or 785 °C, the highest 

temperature below which transitions from an amorphous to an ordered complexion would be 

expected.  The lower bound of this range at 0.6Tm or 474 °C represents a possible intermediate 

temperature to consider, as ordered complexions would be preferred while there is still enough 

thermal energy for rapid diffusion.  A possible lower bound would be where diffusion has slowed 

significantly, which we take as a temperature of 0.4Tm, or 225 °C, to match the description of rough 

bound for a “high temperature” when considering other diffusion-based processes such as creep.  

These temperatures are not meant to be exact values of great importance, but rather to give a rough 

sense of the important cooling times.  Figure 4-2(b) displays the time required for each location to 

reach each of these three temperatures.  The entire sample cools to a temperature of 0.4Tm in less 

than 0.2 s (reminding the reader that this is not accounting for the short amount of time required 

to quickly transfer the sample from the furnace to the heat sink).   

To gain a better understanding of the quenching at each position, the derivative of the 

cooling curves or the cooling rate, �̇�, is shown in Figure 4-2(c), while Figure 4-2(d) shows the 

maximum cooling rate, �̇�FIJ, for each sample position.  We note that the maximum cooling rate 

for the fast quench location, shown in blue, is much faster than the other two locations, so this 

peak is out of the y-axis range in Figure 4-2(c).  The results reported in Figure 4-2 confirm that the 
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chosen method of controlled quenching achieves a variety of cooling rates at different sample 

positions, with �̇�FIJ  ranging from ~5900 K/s in the slow quench region to 1.03 ´ 106 K/s in 

the fast quench region, spanning multiple orders of magnitude.  These cooling rates are on par with 

or exceed those necessary to form bulk metallic glasses in Cu-Zr and Cu-Hf alloys via processing 

methods such as melt spinning [135-137].  The significant differences in the cooling rates between 

sample positions allows for the investigation of the impact of quench rate for the retention of AIFs 

in both the binary and ternary nanocrystalline alloys. 

 

4.3.2 Characterization of Microstructure and Grain Boundary Structure 

Detailed characterization of the microstructure at each of the fast, medium, and slow 

quench positions for the Cu-Zr and Cu-Zr-Hf samples was next performed in order to probe grain 

size and grain boundary segregation state.  HAADF micrographs of representative microstructures 

of each of the three investigated sample positions in the binary and ternary samples are shown in 

Figure 4-3(a).  The average grain sizes for each sample location, plotted in Figure 4-3(b), are nearly 

identical, confirming that the variations in cooling/quenching rate do not induce a gradient in grain 

size or provoke abnormal grain growth.  The average grain sizes were found to be between 67 nm 

and 73 nm in all cases, showing very small variations within the expected noise in the 

measurement.  The similar grain sizes mean that the volume of grain boundary material is also 

nearly the same for all samples investigated in this study.  In Figure 4-3(a), the presence of second 

phase precipitates throughout the microstructures of both the Cu-Zr and Cu-Zr-Hf samples is found 

to be minimal, and therefore should not significantly influence the amount of dopant that is 

available to segregate to grain boundaries.  More detailed characterization of the limited ZrC and 

HfC second phases that form in Cu-Zr and Cu-Zr-Hf microstructures can be found in our prior 
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study of these alloys [76].  Bright contrast at the grain boundaries is observed for both samples 

and at all positions, indicating locations where Zr and/or Hf dopant atoms have segregated during 

either the powder consolidation and/or annealing steps.  Heavily doped boundaries are likely sites 

for the formation of amorphous complexions, as increased local composition above a critical 

threshold value can lead to the transition to an amorphous structure at high temperatures [138].  

The fact that the samples have the same global dopant concentration, grain size, grain boundary 

volume fraction, segregation state, and carbide content allows for a direct comparison of 

complexion populations between samples, with only the complexity of the grain boundary 

chemistry (binary versus ternary) and quench rate (fast, medium, or slow) changing. 

 

Figure 4-3: (a) HAADF images of the microstructures in the fast, medium, and slow quenched 
regions for the Cu-Zr and Cu-Zr-Hf samples. (b) Box and whisker plots of grain sizes from the 
three regions in both samples show nearly identical grain size distributions in all regions.  Dots 
within the box represent the mean grain size for each region, while horizontal lines represent the 
median grain size. 
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HRTEM of the grain boundaries was next performed.  We focused on identifying interfaces 

which had maintained the amorphous complexion structure and then the subsequent measurement 

of the thicknesses of these structures.  Micrographs of representative amorphous complexions 

found in the Cu-Zr alloy are shown in Figure 4-4.  Very thick amorphous complexions are found 

regardless of the maximum cooling rate at each sample position.  However, we emphasize that 

there are boundary-to-boundary variations in amorphous complexion thickness, which has been 

shown previously to be related to variations in dopant concentration that depend on boundary 

character [138].  It is also important to note that not every grain boundary within the microstructure 

is an amorphous complexion, as some doped but ordered interfaces are still found.  We observe 

here that amorphous complexions are more likely to form at grain boundaries where high levels of 

dopant segregation are observed, such as those of high contrast noted in Figure 4-3(a), a finding 

that is consistent with prior work on these alloys [35, 36]. 
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Figure 4-4: HRTEM micrographs of amorphous complexions found in the fast, medium, and 
slow quench regions of the Cu-Zr sample.  Yellow dotted lines denote the edges of the 
amorphous complexion between abutting grains. 

Figure 4-5 shows a micrograph of an interesting grain found in the fast quench region of 

the Cu-Zr sample which had the majority of its boundaries in an amorphous state.  The overlay of 

red and blue dashed lines on the micrograph represent ordered and amorphous grain boundaries, 
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respectively.  This grain demonstrates the efficacy of rapid quenching for freezing in many thick 

amorphous complexions within the microstructure.  It is important to note that measurements of 

complexion thickness, presented later in the work, are not taken from low magnification images 

such as the one shown in Figure 4-5.  Measurements of amorphous complexion thickness are 

obtained at very high magnification and exclusively from those boundaries in an edge-on 

condition, verified by ensuring there is no variation in thickness when viewing the amorphous 

boundary in under- and over-focused imaging conditions.  Additionally, amorphous complexion 

thickness measurements are taken from the thinnest observed region in order to ensure consistency 

in the reported measurements. 

 

Figure 4-5: TEM micrograph of a grain found in the fast quench region of the Cu-Zr sample that 
is predominantly surrounded by amorphous grain boundary complexions.  Ordered grain 
boundaries and amorphous complexions are indicated in the micrograph on the right by red and 
blue dotted lines, respectively. 
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Representative micrographs of amorphous complexions found in the Cu-Zr-Hf alloy from 

the fast, medium, and slow quenched regions are shown in Figure 4-6.  Again, thick amorphous 

complexions are found in all locations.  The rapid cooling rates during the bulk sample quench 

against the Al heat sink apparently allow amorphous complexions to be stabilized for both alloy 

systems.  In order to compare the effect of these varying cooling rates on amorphous complexion 

populations in the two bulk samples, 20-45 amorphous complexions were isolated and the 

thickness measured in an edge-on condition from the fast, medium, and slow quench regions of 

the binary and ternary samples.  Cumulative distribution functions of amorphous complexion 

thickness at each of the three positions in the Cu-Zr sample are shown in Figure 4-7(a).  These 

complexion thickness distributions reveal an obvious dependence of the ability to retain thick 

amorphous complexions on the local cooling rate.  The fast quench side of the sample sustains by 

far the thickest amorphous complexions (average thickness of 2.9 nm, with a number of very thick 

amorphous films above 4 nm), while the thinnest ones are found on the slow quench side of the 

sample (average thickness of 1.3 nm). 
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Figure 4-6: HRTEM micrographs of amorphous complexions found in the fast, medium, and 
slow quench regions of the Cu-Zr-Hf sample. 
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To put the amorphous complexion thickness populations into perspective, we compare 

these results with the amorphous complexion thickness results from a prior study where a Cu-4Zr 

powder sample encapsulated under vacuum in a quartz tube was quenched by dropping into a water 

bucket from the same annealing temperature [76].  While the sample was quickly put into the 

quenching medium in [76], there was likely some delay in the reduction of the temperature of the 

powder particles.  The distribution of amorphous complexion thicknesses measured in the 

quenched powder sample are also plotted in Figure 4-7(a), with an average thickness of 1.6 nm.  

The rapid quenching method used in this study allows for a larger number of thick amorphous 

complexions to be sustained in the Cu-3Zr microstructure, with roughly double the average 

complexion thickness compared to the Cu-4Zr powders quenched in a quartz vial.  While 

amorphous complexions were achieved in all specimens through the careful selection of dopant 

elements which segregate to grain boundaries, the results of this study highlight the importance of 

processing conditions, in particular cooling rate, to capture thick amorphous complexions by 

preventing transitions to thinner amorphous films or ordered grain boundary phases altogether.   
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Figure 4-7: (a) Cumulative distribution function of complexion thickness populations in the Cu-
Zr sample at the fast, medium, and slow quench regions, as well as from a Cu-4Zr powder 
sample quenched in a quartz tube investigated in Ref. [76].  (b) Cumulative distribution function 
of complexion thickness populations in the Cu-Zr-Hf sample at the fast, medium, and slow 
quench regions, indicating that the average complexion thicknesses in this sample are 
independent of cooling rate. 

In contrast, the complexion thickness distributions for the Cu-Zr-Hf alloy shown in Figure 

4-7(b) show no dependence on the cooling rate.  This resistance to transforming to ordered grain 

boundaries under identical cooling profiles can be attributed to the resulting reduction in the energy 
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for the amorphous phase with a more complex chemistry, moving from two elements at the grain 

boundary to three, which further stabilizes the amorphous grain boundary phases that are able to 

form [34, 139, 140].  The addition of three or more alloying elements is a widely used method of 

improving the stability of bulk metallic glasses, whereby increasing the number of constituent 

elements enables the formation of a highly dense, randomly packed amorphous structure while 

hindering the nucleation and growth of a crystalline phase due to the increased difficulty of long-

range atomic rearrangements [69, 141]; the same materials design concept appears to also improve 

the stability of amorphous complexions.  We also note that the amorphous complexion populations 

in the Cu-Zr-Hf sample are nearly identical to that of the fast quench region of the Cu-Zr sample.  

This similarity suggests that these amorphous complexion populations are likely representative of 

the high temperature state, while the other two populations in the binary alloy represent states 

where some of the amorphous boundaries have either become thinner or transformed back into 

ordered grain boundaries.  While our prior study reported that thicker amorphous intergranular 

films were found in Cu-Zr-Hf than Cu-Zr due to the more complex grain boundary chemistry [76], 

the difference observed in that study may have been associated more with the slower cooling rate 

associated with quenching the powders than the difference in compositional complexity.  We 

hypothesize that the amorphous complexion population in the binary alloy in [76] became thinner 

more quickly than the ternary alloy during the cooling step, rather than there being a difference in 

the complexion structure at high temperature.   
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4.3.3 Time-Temperature-Transformation Diagrams for Amorphous-Ordered Complexion 

Transitions 

The equilibrium structure and thickness of a grain boundary complexion is largely 

determined by the temperature and grain boundary composition, so it is expected that amorphous 

complexions will thin or even undergo a transition to the ordered structure as the temperature of 

the material is reduced.  However, analogous to bulk phase transitions, this complexion transition 

would not happen immediately upon cooling due of the time required for an ordered complexion 

to nucleate and grow along the boundary.  We hypothesize that the addition of Hf to a Cu-Zr alloy 

adds additional chemical complexity to the grain boundary region, making the transition to an 

ordered grain boundary more difficult and therefore making the complexion more resistant to 

transformation.  The significant differences in the retained amorphous complexion populations in 

the Cu-Zr for different cooling rates motivate a more in-depth analysis of the amorphous-to-

ordered complexion transformation in these two alloys. 

The relative stability of the amorphous complexions formed in Cu-Zr and Cu-Zr-Hf can be 

understood using a TTT diagram similar to the one shown in Figure 4-8(a).  The blue, yellow, and 

red arrows represent the fast, medium, and slow quench cooling paths, respectively.  Conditions 

that provoke transition to thinner amorphous or ordered grain boundary complexions in the binary 

Cu-Zr alloy are represented by the shaded green region, while the more stable ternary Cu-Zr-Hf 

alloy transformation region appears as a shaded purple region.  With our hypothesis that the 

complexion population at the fast quench region of the Cu-Zr sample is representative of the high 

temperature grain boundary structure, the transformation region is drawn to the right of the fast 

cooling curve.  This indicates that this region is cooled at a rate which is greater than the critical 

cooling rate (Rc) necessary to retain the population of thick, premelted boundaries formed during 
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annealing.  However, at regions quenched slower than Rc, represented by the slow and medium 

quench curves, amorphous complexions undergo a complexion transition, resulting in thinner 

complexion populations.  In contrast, the nose of the curve representing the transition to thinner 

amorphous or ordered complexions in the ternary Cu-Zr-Hf alloy is shifted to the right on Figure 

4-8(a), indicating that the premelted grain boundary containing three elements is more stable 

against crystallization for a longer period of time as compared to the binary alloy.  Therefore, Rc 

is reduced and the cooling rates of the fast, medium, and slow quenched cooling rates are sufficient 

to avoid the complexion transition for Cu-Zr-Hf, as evidenced by the identical amorphous grain 

boundary thickness distributions that are observed.   

 

Figure 4-8: (a)  Schematic of a time-temperature-transformation (TTT) diagram for the binary 
Cu-Zr and ternary Cu-Zr-Hf alloys.  Blue, orange, and red cooling paths correspond to the fast, 
medium, and slow quench regions, respectively.  The complexion transition region for the 
ternary alloy is shifted to the right, indicating that AIFs formed in this alloy are more stable 
against transitions to thinner amorphous films or ordered grain boundaries than those in the 
binary alloy. (b) Cumulative distribution function of complexion thicknesses in Cu-Zr, where the 
dashed lines represent subsets of the data from the fast quench sample.  The distribution subsets 
denoted by solid black lines aligned with measurements of the medium and slow quench curves 
and represent the bottom 74% and 37% of the fast quench data, indicating that 26% and 63% of 
the amorphous boundaries in these regions have transformed, respectively.  (c) Plot of the 
percentage of AIFs which have transformed to thinner films or ordered boundaries as a function 
of local maximum cooling rate. 
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We note that the schematic view in Figure 4-8(a) does not distinguish between the different 

complexion transitions that can result during cooling.  An amorphous complexion of a given 

thickness at the annealing temperature would want to take on a smaller thickness at a lower 

temperature, but this transition would take time to occur.  Therefore, a more complete TTT diagram 

would have many such transition regions defined, one each for each amorphous complexion 

thickness and another for the final reversion to an ordered structure.  Such a representation would 

be unwieldy but also only hold exactly true for one given boundary.  Another interface with a 

different segregation composition and a different crystallography would have these transition 

regions positioned at slightly different locations [35, 138, 142].  Since we are looking at the 

behavior of a larger population of amorphous interfacial films, we simplify this view to have all 

transitions to either thinner amorphous films or to an ordered structure outlined by a single 

transition region for each alloy.  A more complete description of the connection between the 

thickness of a single amorphous complexion and temperature is available in a number of prior 

studies, expressed as grain boundary phase diagrams [55, 85, 143].   

The extent to which amorphous complexions in the medium and slow quench regions of 

the Cu-Zr samples have transformed to thinner or ordered boundaries during cooling can be 

estimated by comparing the amorphous complexion thickness distributions between the different 

quench rates.  Because the complexion population in the fast quench region of the binary alloy 

matches the invariant amorphous complexion populations found in the ternary alloy, we make the 

assumption that it is representative of the equilibrium complexion thickness population at high 

temperatures (i.e., no thick amorphous-to-thin amorphous or amorphous-to-ordered complexion 

transitions have occurred).  To represent the transition of a fraction of the original amorphous 

complexions, the thickest measurements are removed one by one from the fast quench population 
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and the remaining populations are replotted as cumulative distribution functions in Figure 4-8(b).  

In this figure, the dashed grey lines represent subsets of the fast quench complexion thickness data, 

where the bottom X% of the high temperature or fast quenched distribution is plotted, meaning 

that 100-X% of the amorphous boundaries have become thinner, either remaining amorphous but 

with reduced thickness or transforming to an ordered structure.  Using these curves, we can 

estimate the fraction of complexions in the medium and slow quenched regions which have 

transformed.  The medium quench region is best fit by X = 74%, implying that 26% of the original 

amorphous complexions have transformed.  Similarly, the slow quench region is best fit by X = 

37%, implying that 63% of the original complexions have transformed.  We note that this analysis 

makes no specific claims about the behavior of any given boundary or implies any specific 

transition, other than the general shift of the statistical thickness distribution to the left as 

amorphous complexion thickness in general decreases.  Figure 4-8(c) reports the fraction of 

amorphous complexions in the Cu-Zr alloy that have transformed to either a thinner amorphous or 

ordered complexion plotted as a function of the local maximum cooling rate, showing that the 

number of amorphous complexions which transform increases as the cooling rate decreases.     

A quantitative comparison of Rc for the transformation of thick, disordered to thinner or 

complexions boundaries in the Cu-Zr and Cu-Zr-Hf alloys can be demonstrated with TTT curves 

analogous to those developed for bulk metallic glasses.  In order to construct these curves, we 

again must that the population of complexions in the fast quench regions are representative of the 

high temperature grain boundary structure.  In addition, it is assumed that this region has cooled 

at a rate only just sufficient to avoid the complexion transition, and therefore the cooling path of 

the fast quench region narrowly misses the nose of the TTT curve for the binary alloy.  TTT curves 

constructed for both the Cu-Zr and Cu-Zr-Hf alloy are shown in Figure 4-9.  The temperature 
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corresponding to the nose of the crystallization TTT curve for bulk metallic glasses has been 

previously shown to be roughly the average of the glass transition temperature and liquidus 

temperature, Tl, for the alloy [144, 145], indicated by the 0.5(Tg+Tl) line.  The Tl of a bulk metallic 

glass is analogous to the solidus temperature of the alloys in this study (Tsolidus).  Tg is most closely 

analogous to the temperature at which ordered complexions transform to amorphous complexions 

(TAIF), which is taken to be 0.85Tsolidus to account for the upper temperature limit at which an 

amorphous-to-crystalline complexion transition can occur. [134].    The nose of the two TTT 

curves are placed at a temperature halfway between these limits, at 879 °C.  The nose of the binary 

alloy transition region is positioned to be tangential to the fast quench cooling path, suggesting 

that while no complexion transition occurred, any reduction in quench rate would have led to a 

decrease in amorphous complexion thickness.  This is an inherently conservative assumption.  

Although the cooling rates in our experiment are not constant, estimated constant cooling rate Rc 

curve is plotted alongside actual cooling curve of the fast quench region to provide an estimate 

that a constant cooling rate of ~6´106 K/s would be needed to avoid the complexion transition.  

The medium and slow quench regions of the bulk binary sample cool at considerably slower rates 

and traverse through the transformation region in the TTT curve, resulting in reconfiguration of 

the AIFs in these regions to either thinner AIFs or ordered complexions. 
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Figure 4-9: TTT curves for Cu-Zr and Cu-Zr-Hf, with plotted cooling paths for the fast, medium, 
and slow quench regions obtained using COMSOL.  Tnose for both transition regions is set as the 
average of the solidus temperature, Tsolidus, and the highest temperature at which amorphous 
complexions begin to form upon heating, TAIF.  Estimates of the critical cooling rates necessary 
to avoid complexion transitions for the binary and ternary alloys are found to be 6´106 K/s and 
1.8´103 K/s, respectively, corresponding to a critical cooling rate for the ternary alloy that is 
roughly 3000 times slower than that for the binary alloy. 

A similar TTT curve for the Cu-Zr-Hf alloy is drawn further to the right on this figure, 

indicating the observed resistance to the complexion transition.  The fact that the quenching curves 

do not pass through the complexion transition region on the schematic illustration is justified by 

the complexion thickness distributions measured in the ternary alloy and the observation that these 

distributions appear to be insensitive to cooling rate within the boundaries probed here.    To again 

make a conservative estimate, we again assume that the nose of the transition region would have 
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begun at a time immediately after the time taken for the slow quench region of the sample to reach 

Tnose.  Again overlaying a constant cooling curve, we calculate that the Rc of the ternary alloy with 

be ~1.8´103 K/s.  Comparison of the estimated Rc values therefore suggests that the ternary alloy 

can be cooled over 3000 times slower and still retain the complexion population that is 

representative of the high temperature equilibrium structure, demonstrating a significant 

improvement in the stability of thick amorphous complexions with increasing chemical 

complexity.  It is important to note that the magnitude of reduction in Rc is not strongly dependent 

on any of the assumptions made about the location of Tnose for these TTT curves.  For example, if 

a much lower Tnose value of 225 °C (corresponding to 0.4Tsolidus below which diffusion would be 

very slow) is alternatively chosen, Rc in the Cu-Zr-Hf sample is still roughly three orders of 

magnitude lower than Rc for the Cu-Zr sample.   

The reduction of Rc by a significant factor helps explains the observed difference in 

amorphous film thickness between Cu-Zr and Cu-Zr-Hf alloys in our prior investigation on powder 

specimens in Ref. [76].  In this prior work, fewer complexion transitions occurred, leading to an 

amorphous complexion population that was thicker and closer to the high temperature distribution.  

In addition, the complexions found in the fast quench region of the binary sample and throughout 

the entire ternary sample are the thickest stable amorphous intergranular films reported to date.  

With an average thickness of 2.9 nm, the amorphous complexions are ~40% thicker than the 

complexion population observed in the ternary sample in Ref. [76].  With an eye toward future 

work and more rigorous confirmation of the high temperature structure, we expect that the most 

accurate evidence would come from in situ TEM heating experiments to directly observe 

equilibrium amorphous complexion thicknesses at high temperature.   
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The choice of elements with a positive enthalpy of mixing, negative enthalpy of 

segregation, a large atomic size mismatch, and the use of multiple constituent elements are all 

guidelines suggested to maximize the glass-forming ability (GFA) of metallic glasses.  A variety 

of parameters, including but not limited to the inverse of Rc, are used to quantify the GFA of bulk 

metallic glasses.  Improvements to GFA have been associated with the addition or substitution of 

dopant elements in these materials, analogous to the improvements in amorphous complexion 

stability reported in this study.  For example, Yu et al. [146] demonstrated an improvement in GFA 

of a binary Cu-Zr alloy upon addition of a third and fourth element, evidenced by both a dramatic 

decrease in Rc as well as an increase in the critical casting diameter.  The selection of elements 

with a positive enthalpy of segregation, negative enthalpy of mixing, and multiple constituent 

elements has also been shown to promote the formation of amorphous complexions at grain 

boundaries in prior studies [67, 76].  However, the impact of the implementation of each of these 

criteria has not been proven to improve the stability of the amorphous complexions or shown to 

resist transition back to the ordered structure prior to this study.  While the present results 

demonstrate a significant reduction in Rc is achieved with the addition of a second dopant element, 

to achieve a ternary grain boundary composition, we note that this improved stability is achieved 

despite the fact that Zr and Hf have very similar atomic radii (Zr: 160 pm, Hf: 156 pm), with an 

atomic radius difference of 2.5%.  This is consistent with several studies of bulk metallic glasses 

that have also shown that the replacement of a fraction of Zr with an appropriate amount of Hf can 

lead to a significant improvement in GFA [96, 147, 148].  One such example is a study of an Fe-

based bulk metallic glass, where the GFA of the base alloy containing 8 at.% Zr was improved 

upon substituting 3 at.% Hf for 3 at.% Zr, with a reduction in glass transition temperature used to 

show the effect [148].  The results of this study confirm that increasing the compositional 
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complexity of the grain boundary region helps to prevent the local atomic rearrangements 

necessary for the amorphous complexion to crystallize into an order boundary structure.   

The ability to sustain thick amorphous complexions in a bulk material through the 

reduction of Rc also holds significant important from a materials processing perspective.  While 

the presence of amorphous complexions has been shown to improve the fracture toughness, 

strength, and ductility of nanocrystalline materials, these features must be sustained within the 

material’s microstructure in order to impart these effects [18, 70, 74].  A simple practical 

observation from this work is that bulk samples were produced that contained thick amorphous 

complexions with a stable thickness distribution throughout the specimen, opening the doorway 

for larger nanocrystalline specimens with improved properties. 

4.4 Conclusions 

In this study, amorphous grain boundary complexions were investigated in binary and 

ternary Cu-rich alloys with an eye toward evaluating their relative stability against transformation 

while cooling from a high temperature.  Bulk Cu-3Zr and Cu-2Zr-1Hf alloys were created by 

sintering mechanically alloyed powders, and were then annealed and quenched in a special manner 

in order to induce a cooling rate gradient.  The fast, medium, and slow quench regions of both bulk 

samples were inspected using HRTEM to characterize and tabulate the thicknesses of the 

amorphous complexions.  The following conclusions can be drawn: 

• Amorphous complexions formed at all positions throughout both the binary and ternary 

bulk samples.  The quenching method utilized in this study, in which bulk samples are 

placed on an Al heat sink immersed in liquid nitrogen, retained much thicker 

amorphous complexions compared to previous studies where powder samples of 

similar compositions were quenched into water baths inside of quartz vials.  The 
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increased amorphous film thickness in this study is attributed to achieving cooling rates 

greater than the critical cooling rate necessary to avoid amorphous complexions 

transforming back to thinner films or ordered boundaries. 

• Amorphous complexions in the Cu-Zr-Hf sample were significantly more stable 

against complexion transitions to thinner or ordered grain boundaries compared to the 

AIFs in Cu-Zr.  On average, the complexions in the binary alloy were thinner at slower 

cooling rates, while the complexion thickness population for the ternary alloy was 

found to be invariant with cooling rate.  The addition of a third element serves to 

stabilize the amorphous grain boundary complexion, therefore reducing the critical 

cooling rate necessary to prevent the amorphous-to-ordered complexion 

transformation.  The value of the critical cooling rate was found to be at least three 

orders of magnitude slower in the ternary alloy compared to the binary alloy. 

The results of this study demonstrate the enhanced stability of thick amorphous 

complexions with complex grain boundary chemistries.  This finding makes nanocrystalline alloys 

with amorphous complexions accessible by a greater range of conditions and enables applications 

that might benefit from the unique properties of amorphous complexions, such as enhanced 

thermal stability, fracture toughness, and resistance to radiation damage.  These findings 

demonstrate that complexion TTT diagrams are valuable tools for understanding complexion 

transitions and the stability of complexion networks.  The results of this study motivate further 

experimental and computational work to construct TTT diagrams for a variety of complexion 

transitions, as well as the investigation of the stability of amorphous complexions which form in 

more compositionally complex alloys. 
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5 Conclusions 

Nanocrystalline metals are highly desirable materials to use in a variety of applications in 

which high strength, radiation tolerance, and resistance to corrosion.  The enhancement of these 

properties with the refinement of grain size is due to the associated increase in interfacial material.  

However, the large amount of grain boundary material limits the use of nanocrystalline metals in 

suitable applications for two main reasons, namely, the thermal instability of the microstructure 

due to the high amount of grain boundary excess energy, and also the lack of ductility.  The recent 

classification and characterization of grain boundary complexions has opened the door to 

manipulating the grain boundary structure and chemistry as a means of tuning bulk material 

properties.  In the context of nanocrystalline metals, amorphous complexions have been previously 

shown to impart significant improvements to thermal stability, strength, radiation tolerance, and 

ductility, with these effects being further enhanced with increasing complexion thickness.   

 The goal of this thesis is to improve the utility of nanocrystalline metals through the 

introduction of thick amorphous complexions at grain boundaries, in order to maximize their 

microstructural stability and beneficial properties.  The manipulation of grain boundary chemistry 

was hypothesized to both further reduce the grain boundary energy, as well as increase the 

structural and chemical disorder at grain boundaries to frustrate crystallization and lead to the 

formation and retention of thick amorphous complexions.  Additionally, the formation of 

compositionally complex complexions was hypothesized to increase the stability of the 

complexion itself, allowing for easier formation and making them more resistant to transformation 

upon cooling to lower temperatures where they are no longer the stable grain boundary phase.  The 

main conclusions of this thesis are reviewed below. 
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 In Chapter 2, the effects of adding an additional dopant element to a previously studied 

binary Cu-Zr alloy known to form amorphous complexions is investigated.  Hf was chosen as a 

dopant due to its similarity in reactivity and atomic size to Zr, allowing for the direct investigation 

of increasing only the chemical complexity on both the thermal stability and amorphous 

complexion formation behavior.  Ternary Cu-Zr-Hf alloys in varying compositions were formed 

via mechanical alloying and subsequent annealing at 950 °C, or 98% of the solidus temperature, 

to study the thermal stability behavior and allow for the formation of grain boundary complexions.  

Binary Cu-Zr and Cu-Hf alloys were formed in the same manner in order to compare and contrast 

the dopant distribution in the various alloys.  The Cu-Zr and Cu-Zr-Hf alloys were found to be 

highly resistant to grain growth, retaining nanocrystalline microstructures even after two weeks of 

annealing at high temperature.  However, the Cu-Hf alloys were found to be less thermally unstable 

with increasing Hf additions, due to the wicking away of atoms available to segregate to Cu grain 

boundaries by HfC phase which formed during mechanical alloying.  We find that the ternary Cu-

Zr-Hf alloys form thicker amorphous complexions than both the binary Cu-Zr and Cu-Hf alloys 

with nearly identical global dopant compositions, due to the co-segregation of Zr and Hf atoms to 

grain boundaries.  This demonstrates the potential for utilizing grain boundary composition as a 

means to improve the thickness of amorphous complexions.   

 In Chapter 3, the ideas explored in Chapter 2 are extended to investigate complexion 

formation in quinary alloys.  Two additional dopant elements are added to a base Cu-Zr-Hf alloy, 

to study whether the further complication of grain boundary chemistry would lead to the formation 

of thicker amorphous complexions.  Cu-Zr-Hf-Mo-W, Cu-Zr-Hf-Mo-Nb, and Cu-Zr-Hf-Nb-Ti 

alloys were formed via mechanical alloying, and subject to a 500 °C anneal for 5 hours to 

encourage segregation of dopant elements, followed by a high temperature anneal at 950 °C for 5 
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minutes, 1 hour, and 1 week to allow for the transformation of grain boundaries to an amorphous 

structure and also probe the thermal stability of each alloy.  The Cu-Zr-Hf-Mo-W and Cu-Zr-Hf-

Mo-Nb alloys exhibited the lowest thermal stability, associated with the high volume fraction of 

second phases which formed in these alloys.  In contrast, the Cu-Zr-Hf-Nb-Ti alloy which formed 

the least amount of second phases exhibited the highest thermal stability, retaining a grain size of 

63 nm after a week of annealing at >95% of the melting temperature.  The Cu-Zr-Hf-Nb-Ti alloy 

annealed for 5 minutes at 950 °C demonstrated inhomogeneous segregation of Zr, Nb, and Ti 

atoms to grain boundaries, allowing for the formation of high-entropy grain boundary 

compositions.  However, unlike the previously studied Cu-Zr-Hf alloy, no Hf segregation to grain 

boundaries was found in this alloy.  The grain boundary structure of this alloy was studied, and it 

was found that the amorphous complexion thickness was found to be 32% thicker than those 

measured in the Cu-Zr-Hf sample, and 41% thicker than those in the Cu-Zr sample studied in the 

previous chapter.  The results presented in this chapter serve to further solidify the correlation 

between the chemical complexity at grain boundaries and amorphous complexion thickness.  

However, these results also highlight the complications associated with proper dopant selection 

when forming an alloy capable of forming amorphous complexions, as the interactions between 

dopant atoms themselves can influence their segregation behavior, leading to enhanced enrichment 

or depletion of particular dopant elements which was not previously observed in binary analogs. 

 In Chapter 4, the stability of the amorphous complexions themselves was studied as a 

function of chemical complexity.  Bulk Cu-Zr and Cu-Zr-Hf alloys were formed and exposed to a 

gradient cooling rate, in order to investigate the sensitivity of the amorphous complexions against 

transformation to thinner or ordered grain boundaries when exposed to different cooling rates.  The 

average thickness of amorphous complexions exposed to varying local cooling rates was used as 
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a metric to probe the grain boundary phase stability.  It is found that the thickness of complexions 

found in Cu-Zr alloys is found to be dependent on the local maximum cooling rate.  In contrast, 

the thicknesses of complexions found in Cu-Zr-Hf alloys were found to be invariant with cooling 

rate.  This demonstrates that the increased chemical complexity at grain boundaries increases the 

stability of the amorphous complexion against transformation to thinner or ordered grain 

boundaries, allowing for the use of lower cooling rates to retain the equilibrium thickness at high 

temperatures.  Using this data in combination with COMSOL Multiphysics simulations of the bulk 

sample quench, time-temperature-transformation diagrams are constructed for the complexion 

transformations in the binary and ternary alloys.  It is found that the addition of a second dopant 

element reduces the critical cooling rate necessary to retain thick amorphous complexions by at 

least three orders of magnitude. 

 In conclusion, the results presented in this thesis highlight the significant effects of careful 

alloy selection on the formation of thick, amorphous complexions which are highly stable against 

transformation.  The presence of amorphous complexions simultaneously addresses the issues of 

limited thermal stability and ductility in nanocrystalline metals, and the increased stability of this 

grain boundary phase in multicomponent alloys increases the potential for the widespread utility 

of nanocrystalline metals in a wide variety of suitable applications.   
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6 Future Work 

The results presented in this thesis have highlighted the importance of grain boundary 

chemistry and its influence on grain boundary structure, which in turn significantly effects the 

properties of the material on the bulk scale.  However, there are several areas of research which 

are left unexplored. 

6.1 Materials selection criteria for the formation of amorphous complexions in 

multicomponent alloys.   

As demonstrated by the results presented in this thesis, the complication of alloy chemistry 

and interactions between multiple dopant elements can serve to enhance segregation behavior or 

cause the depletion of a particular element at grain boundaries.  Computational studies of the 

segregation of dopants in multicomponent alloys would allow for a more systematic investigation 

of the formation of amorphous complexions in these materials, and would also allow us to probe 

the effects of varying the atomic size mismatch and heat of mixing with other dopants as opposed 

to only the atoms in the bulk phase. 

6.2 High-resolution characterization of grain boundary complexion chemistry. 

The use of high-resolution STEM imaging, EDS, and EELS techniques would allow for a 

more detailed view of the segregation of dopant elements to grain boundaries, and the repulsive or 

attractive interactions between these dopants which would lead to grain boundary enrichment or 

depletion.  It would also allow for a quantitative idea of the exact dopant compositions necessary 

to induce a transition to an amorphous grain boundary, as well as the distribution of dopant 

elements within the complexion itself.  Detailed characterization of dopant distribution would also 

allow for observations of gradients of short-range order within an amorphous complexion, which 

has been previously demonstrated both experimentally and computationally [149-151].  The 
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influence of temperature and grain boundary composition on regions of short-range order within 

high-entropy complexions can be explored. 

6.3 Observation of complexion transitions.  

In Chapter 2 of this thesis, various estimates of the temperatures at which grain boundaries 

experienced a transition from ordered to amorphous were made, based largely off of ex-situ 

observations of alloys annealed and quenched at a variety of temperatures.  In-situ heating 

experiments of alloys would allow for the direct visualization of a complexion transition at a 

particular grain boundary with a known dopant concentration and misorientation, allowing for the 

determination of an exact temperature at which these transitions are expected to occur.  Such 

information would be invaluable in verifying the accuracy of complexion phase diagrams which 

are currently being designed for a variety of alloy systems. 

6.4 Complexion formation in other crystal structures. 

The results presented in this thesis demonstrate the formation of thick amorphous 

complexions in Cu-based alloys.  However, it is of interest to extend this application to non-FCC 

crystal systems.  In particular, the formation of thick amorphous complexions in multicomponent 

Fe-based alloys would have significant implications on the use of these materials in structural 

applications. 
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