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ABSTRACT 

Bio-inspired superhydrophobicity has attracted significant attention over the last 

two decades. Efforts have been made to unravel the physics of different wetting regimes 

and to understand the effects of two governing parameters – surface chemistry and 

topography – on wetting. The majority of this research has focused on polymeric 

materials due to ease in the fabrication of textured surface over multiple length scales. 

The effect of surface texture on wetting of metals remains ambiguous, however, because 

of our inability to controllably fabricate micro- and nano-scale metal structures and to 

isolate the contributions of chemistry and topography. This ambiguity is amplified by the 

complexity of surface patterning techniques for metals, which often alter the structure 

and the chemistry of metals. To overcome this obstacle, we used metallic glasses as 

model materials because they can be patterned using thermoplastic techniques without 

affecting their chemical and the structural states. We developed two new thermoplastic 

patterning methods for metallic glasses to study the effects of topography on wetting. The 

first method allows the patterning of metallic glasses without the use of chemicals that 

may modify their surface chemistry. The second method allows to build multi-tier (nano 

to macro) patterns on metallic glass surfaces, enabling the study of the effectiveness of 

bio-inspired approaches to metallic materials. Our results show that single scale surface 

patterns can render inherently hydrophilic metallic glass hydrophobic when its surface 

chemistry is preserved. Combining micro- and nano-scale patterns results in metallic 

glass that exhibits a superhydrophobicity similar to that of biological systems like petal 

leaves and pigeon feathers. These results suggest that inconsistencies reported in previous 
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studies on the wetting of textured metals stemmed from undesirable chemical changes 

that are avoided in the present work.  
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation 

The dewetting behavior of the Colocasia leaf, consumed as a vegetable in South 

and Southeast Asia, was one of the biggest mysteries of my childhood. I used to pour one 

glass of water after another onto the leaf to get it wet, but the water rolled off of its 

surface. I even used a water jet, hoping that if I hit hard the leaf would get wet. My 

efforts were in vain, however, and the superhydrophobicity of the Colocasia leaf 

remained an enigma to me for many years. During my graduate study, I learned that like 

the Colocasia leaf, many other living organisms (such as lotus, rice, and taro leaves) repel 

water beads, and this water repellency is known as “lotus effect.” Since the discovery of 

the lotus effect by Barthlott and Neinhuis in 1997 [1], mimicking surface topographies of 

water repellent biological organisms in the manufacture of artificial materials and 

systems has emerged as a rapidly developing subfield of biomimetics. Figure 1.1 shows 

the number of papers published on “superhydrophobic” or “superhydrophobicity” in the 

last ten years. The increasing numbers of papers published in last few years reveal that 

bio-inspired superhydrophobicity is still an active field of research. The rapid 

development of wetting science has led to exciting physical insights and practical 

applications, including enhanced corrosion resistance in metals [2], transparent [3] and 

anti-reflective coatings [4], anti-freezing surfaces [5], smart filtering for oil-water 

separation [6], and drag-reducing topographies [7]. 



Texas Tech University, Molla Hasan, August 2017 

2 

Figure 1.1: The number of papers on the topic of “superhydrophobic” or 
“superhydrophobicity" published  in last ten years, according to web of science. 

Wetting is governed by surface chemistry and roughness. Surface chemistry 

determines  surface energy (or surface tension) and according to Young’s equation, 

surface tension affects the contact angle (CA) of a liquid droplet. High surface energy 

materials – such as metals and semiconductors – are typically hydrophilic (CA < 90o). In 

contrast, low surface energy materials – such as poly(methyl methacrylate) (PMMA), 

polyvinylidene fluoride (PVDF), and polydimethylsiloxane (PDMS) – are intrinsically 

hydrophobic (CA ≥ 90o). However, surface chemistry alone cannot render a material 

superhydrophobic (CA > 130o). Superhydrophobicity is essential for water repellency and 
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self-cleaning properties desirable for many applications. Even the material with the 

lowest surface energy can only generate a water CA of about 119o [8]. An optimal 

combination of surface chemistry and topography must be achieved to make surfaces 

superhydrophobic. Many artificial superhydrophobic surfaces have been fabricated via 

simultaneous manipulation of chemical compositions and surface topographies. The 

effect of surface roughness on superhydrophobicity is not well understood, however, and 

continues to be a subject of scientific inquiry. Wenzel was the first to include surface 

roughness to quantify the wetting  of rough surfaces [9]. According to his model, surface 

roughness increases intrinsic wetting behavior of a surface; in other words, hydrophobic 

surfaces become more hydrophobic when their roughness is increased and hydrophilic 

surfaces becomes more hydrophilic when their roughness is increased. Figures 1.2 and 

 

Figure 1.2: The increase of hydrophobicity in PDMS. Images of water droplets and 
corresponding lateral views of the PDMS surfaces reveal that surface roughness 
promotes hydrophobicity. PDMS surfaces were wrinkled by mechanical compression to 
change their surface roughnesses. Reprinted with permission [10]. 

1.3 demonstrate the physical manifestation of the Wenzel model for hydrophobic and 

hydrophilic materials, respectively. The CA of hydrophobic PDMS increases with its 

roughness, as is shown in Figure 1.2. Conversely, for intrinsically hydrophilic silicon (Si)  
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Figure 1.3: Water droplets on silicon nano-structured films. (Left column) The CA of the 
film decreases as its roughness increases. (Right column) The silicon nano-structured 
film turns hydrophobic after treated with hydrofluoric acid. The CA of the hydrophobic 
film increases as its roughness increases. Eventually, the film becomes 
superhydrophobic. Reprinted with permission [11]. 

film roughness enhances hydrophilicity, resulting in lower CA (Figure 1.3). According to 

the Wenzel model, therefore, hydrophilic materials (e.g. metals and semiconductors) 

cannot be rendered superhydrophobic through topography manipulation. Wenzel’s 

hypothesis has been challenged by several studies [12,13], in which superhydrophobicity 

was demonstrated in metals through topographical engineering alone. The effect of 

topography on wetting of metallic surfaces remains controversial, however, as surface 

patterning techniques often result in concomitant changes in surface chemistry. Our 

understanding of wetting properties of metal surfaces is limited by our inability to 

independently vary the surface roughness and surface chemistry and by the lack of 
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methods to systematically fabricate micro, nano, and hierarchical structures on metallic 

surfaces. A few methods – including femtosecond laser irradiation [13,14], 

electrochemistry [15], chemical etching [16], and sandblasting [17] – have recently been 

introduced to engineer the surface topographies of metals. However, these methods 

cannot produce controllable structures, which is crucial for quantifying the effects of 

surface roughness on wetting. Another drawback of these methods is that they change 

chemical and structural states of the metals during processing, affecting and possibly 

overshadowing the true wetting behaviors of the metals. Moreover, previous studies on 

the metals have been limited to patterns of one length scale or two length scales, both of 

which are micron-sized.  Combining micro- and nano-scale features is essential to testing 

the wetting hypotheses derived from biological systems, which are inherently 

hierarchical. The objectives of this dissertation are to: 

(1) Decouple the effects of surface chemistry and surface roughness on the wetting of 

metallic materials. 

(2) Develop a fabrication technique to pattern metallic surfaces at multiple length 

scales. 

1.2 Brief Outline 

Metallic glasses (MGs) have emerged as model materials for studying the wetting 

behavior of metals [18-22] because they can be readily patterned with micro [23], nano 

[24], and hierarchical structures [25,26]. Surface topographies of these structures are 

essential for quantifying the effects of surface roughness on wetting. I will begin by 

discussing different models that describe the physics of wetting and by briefly reviewing  
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the literature on the wetting behavior of metals. Then, I will describe the synthesis and 

characterization of MGs, review existing techniques for the surface texturing of MGs, 

and discuss the limitations of these techniques for studying wetting. Next, I will describe 

the two novel surface patterning methods developed by this work. The first eliminates 

surface chemistry contamination to unravel the effect of topography on wetting. The 

second enables the fabrication of hierarchical structures that can mimic the multi-tier 

architectures of natural superhydrophobic systems. Finally, I will summarize the 

outcomes of this dissertation and propose future research.    
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CHAPTER 2 

WETTING 

“Wetting” is defined as the spreading of a liquid onto a solid surface. When a 

drop of liquid is placed onto a solid surface, the intermolecular interaction results in one 

of three scenarios (Figure 2.1): (1) complete wetting, (2) partial wetting, and (3) complete 

dewetting. These scenarios are quantified by their contact angles – a contact angle (θ) is 

defined as the angle formed by the intersection of a liquid-solid interface and a liquid-air 

interface (Figure 2.1b). Complete dewetting and complete wetting are desirable for 

different practical applications. Complete dewetting is ideal for self-cleaning and   

Figure 2.1: Three wetting scenarios resulting from a sessile drop on a solid surface. (a) 
In complete wetting (θ = 0o), the liquid spreads onto the solid surface. (b) During partial 
wetting, θ is between 0o to 180o. (c) In complete dewetting, θ is equal to 180o and the 
droplet rests on the surface as a sphere. 

corrosion resistant surfaces, for example, while complete wetting is preferred for 

lubrication and painting. Surface partially wetted by water can be characterized as 

hydrophilic, hydrophobic, and superhydrophobic (Figure 2.2). A surface is hydrophilic if 

θ < 90o, hydrophobic if θ ≥ 90o, and superhydrophobic if θ > 130o. 

Due to chemical inhomogeneity and surface roughness, a variety of contact angles 

can be observed for the same solid surface-liquid pairing. In Figure 2.3a, for instance,  
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Figure 2.2: Three wetting scenarios resulting from a water droplet on solid surface: (a) 
hydrophilic, (b) hydrophobic, and (c) superhydrophobic. 

two different contact angles (θ1 and θ2) are observed in a single droplet resting on an 

inclined solid surface; the droplet cannot be in equilibrium if θ1 and θ2 are equal [27,28]. 

The values of θ1 and θ2 change as the inclination angle (α) increases, and at a critical 

value of α, the droplet starts to slip. This critical inclination angle is called the  

Figure 2.3: (a) A liquid droplet rests on an inclined surface. Contact angles θ1 and θ2 
vary with the inclination angle α. (b) An advancing contact angle (θA) occurs when the 
drop is inflated. (c) A receding contact angle (θR) occurs when the drop is deflated. 

“sliding angle,” and the values of θ1 and θ2 at the sliding angle are known as the 

“advancing contact angle (θA)” and the “receding contact angle (θR),” respectively. 

Another way to measure the advancing and receding contact angles of a droplet on a 
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surface is by inflating and deflating the droplet [Figure 2.3(b, c)]. As is depicted in Figure 

2.3b, when a droplet is inflated (up to a certain volume), its boundary (represented by the 

triple line) is pinned to the surface. When the surface is rough or chemically 

inhomogeneous, this pinning can result from physical or chemical heterogeneities of the 

surface. This pinning also occurs on atomically smooth surfaces because of long-range 

(van der Waals) forces [29,30]. During pinning, the contact angle (θ) increases to a 

threshold value, beyond which the boundary of the droplet moves. This threshold value is 

known as the “advancing contact angle.” For a deflating drop (Figure 2.3c), in contrast, θ 

decreases to a limiting value, θR, referred to as the “receding contact angle.” The 

difference between θA and θR is called the “contact angle hysteresis,” and it governs the 

sliding of a liquid droplet on a surface. A small contact angle hysteresis (< 5o) is needed 

for superhydrophobic surfaces with excellent water repellencies.   

2.1 The Young model 

The first wetting model was proposed by Thomas Young, considered the founder 

of wetting science. The Young equation is derived for a sessile drop on an atomically flat, 

chemically homogenous, and non-deformable solid substrate referred to an ideal surface. 

The drop contacts the substrate where the three phases – solid, liquid, and air – coexist. 

Typically, the contact angle of an ideal surface is known as the Young contact angle (θY). 

θY is defined by the static equilibrium of the drop under the action of three interfacial 

tensions as shown in Figure 2.4. The static equilibrium can be written as: 

, (2.1)
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where γSA, γSL, and γLA are the surface tensions of the solid-air, solid-liquid, and liquid-air 

interfaces, respectively. Equation 2.1 yields a single value for θY of a given solid-liquid 

pairing. θY is also referred to as the “intrinsic contact angle.”  

Figure 2.4: Schematic illustration of the Young model. 

2.2 The Wenzel model 

The Young equation relates the θY to interfacial tensions (energies) in ideal 

smooth surfaces. However, since real surfaces are not usually smooth, wetting of most 

real scenarios cannot be quantified by using the Young equation. Therefore, Wenzel 

proposed an equation that relates the contact angle to surface roughness and surface 

energies [31]. It can be written as: 

∗, (2.2)

where θ*
 is the apparent contact angle (which combines chemical and roughness effects), 

r is the roughness factor (the ratio of the actual surface area to the apparent area). The 

Wenzel and Young model can be correlated as: 

∗ . (2.3)

The Wenzel model assumes that the wetting regime on rough surface becomes 

homogenous as liquid penetrates into the grooves formed by its surface roughness  
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Figure 2.5: Two different wetting states for rough surfaces: (a) homogeneous wetting and 
(b) heterogeneous wetting. The chemical compositions of the dark and light areas are 
different. (c) A special case of Cassie-Baxter wetting in which droplet is supported 
partially by a solid and partially by air. (d) A mixed wetting state in which the liquid 
penetrates into the grooves, but cannot reach their bottoms.   

(Figure 2.5a). According to Equation 2.3, this model implies two important conclusions: 

(1) Hydrophilic surfaces (θY < 90o) become more hydrophilic as their roughness factors 

(r) increase, and inherently hydrophobic surfaces (θY > 90o) become more hydrophobic 

for the same reason.   

(2) Apparent contact angle (θ*) is independent of the droplet shape and external forces 

(e.g. gravity).  

Although the Wenzel model thoroughly explains roughness induced increases in 

hydrophobicity and hydrophilicity of intrinsically hydrophobic and hydrophilic surfaces, 

respectively, it fails to account for the hydrophobicity of intrinsically hydrophilic surfaces 
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due to change of  roughness. Moreover, it cannot be applied if a surface is composed of 

different chemical phases. Therefore, a new model was needed to explain the 

superhydrophobic behavior exhibited by many naturally occurring materials and systems. 

2.3 The Cassie-Baxter model 

The Cassie-Baxter wetting model was introduced for flat chemically 

heterogeneous surfaces [32]. Figure 2.5b illustrates a heterogeneous wetting state in 

which a droplet rests on a surface with two different chemical compositions. The Cassie-

Baxter equation for a heterogeneous surface is:  

∗ , (2.4)

where f1 and f2 are the fractional areas of the chemically distinct phases, and θ1 and θ2 are 

the intrinsic (or Young) contact angles for the two phases. The Cassie-Baxter model can 

also be applied to rough surfaces on which a liquid droplet rests on a mixed surface 

comprised of solid portions and air pockets (Figure 2.5c). The Cassie-Baxter equation for 

solid-air heterogeneous wetting state is deduced from Equation 2.4, and can be written as:   

∗ 1 1, (2.5)

where fs is the relative fraction of solid surface. It has been experimentally shown that 

Equation 2.5 accurately describes the wetting behavior of porous substrates [33], 

including the wetting transition of intrinsically hydrophilic surfaces to superhydrophobic 

ones and the excellent liquid repellency of these surfaces due to their lower sliding angles 

or their lower contact angle hystereses. The Cassie-Baxter model is not sufficient to 

explain the petal effect, however, which refers to superhydrophobic surfaces with high 

adhesion between surface and droplet. To explain the petal effect, many variants of the 
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Cassie-Baxter model have been proposed. 

2.4 The Combined model 

On the solid-air heterogeneous surfaces (described in Figure 2.5d), partial filling 

of the grooves due to capillary effect is more realistic, and as a result, a transition from a 

Cassie-Baxter wetting state to a mixed wetting state is highly likely. The combined model 

is comprised of the Wenzel and the Cassie-Baxter hypotheses and can quantify the 

wetting behavior of the mixed wetting state. The apparent contact angle (θ*) for the 

mixed wetting state is described by combining Equations 2.3 and 2.5 as follows:   

∗ 1. (2.6)

This revised model has been successfully used to describe the wetting behavior of 

surfaces with complex hierarchical topographies. Equation 2.6 can also be used to 

describe the relationship between sliding angles and contact angles on rough 

superhydrophobic surfaces [34].  

2.5 Superhydrophobicity 

In 1997, while studying the wetting properties of plants, Barthlott and Neinhuis 

were the first to reveal the phenomenon of superhydrophobicity [1]. They discovered that 

the extreme water repellency and self-cleaning properties of the lotus (Nelumbo nucifera) 

are due to the dual effects of its unique surface architecture and its chemistry. Most of the 

primary parts of plants (except) roots are covered by a protective layer called a “cuticle,” 

which is a composite of a polymer matrix and soluble lipids. The cuticle is intrinsically 

hydrophobic, but some plant surfaces exhibit superhydrophobicity when cuticle combines 

 with the micro- and nano-scale topographies of those surfaces. Barthlott et al. coined 
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Figure 2.6: Examples of living organisms that demonstrate superhydrophobicity. Water 
beads on (a) butterfly wings and (b, c) dove feathers. 

extreme water repellency as “lotus effect” [1], and since then, similar phenomena have 

been reported in a wide variety of biological systems, e.g. butterfly wings and bird 

feathers (Figure 2.6). 

Since the focus of this dissertation is the wetting of metals, it briefly reviews 

recent progress in mimicking bio-inspired wettability. The discussion is concentrated on 

two different routes for tuning the wetting behavior of metals: (1) changing their surface 

roughness, and (2) modifying their surface chemistry with low surface energy molecules. 

Many different processing techniques have been developed to alter the surface 

topographies of metals. The most commonly used methods are discussed in the following 

sections. 

2.5.1 Electrochemical processing 

Electrochemical processing is widely used to obtain particular surface  

morphologies covering large areas. These morphologies include needles, fibers, tubes, 
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rods, ribbons, cones, sheets, hollow spheres, dendrites, flower-like structures, 

cauliflower-like structures, and urchin-like structures [35]. The process can be top-down 

or bottom-up. In the top-down approach, surfaces are structured by etching, laser, and 

lithography. In the bottom-up approach, various materials can be deposited via 

electrospinning and layer-by-layer growth processes. Electrochemical processing is an 

easy surface texturing method that is relatively fast and very reproducible. 

Electrochemical oxidation (i.e. anodization) can induce superhydrophobicity in copper 

[36] , niobium [37], zinc [38], and tin [39]. During anodization, nano-structures 

composed of metal oxides (e.g. zinc, niobium, and tin) or metal hydroxides (e.g. copper) 

grow on a surface. Because of their dimensions and architecture, such nano-structures are 

an excellent way to trap air and stabilize a Cassie-Baxter superhydrophobic state.  

2.5.2 Laser irradiation 

Laser irradiation can modify the surface morphologies of inorganic and organic 

materials. Femtosecond laser irradiation modifies the topographies, grain sizes, and 

compositions of metals by melting and resolidifying their surfaces. One of the major 

advantages of using lasers for surface processing is that they allow precise control of 

topography through adjustment of the processing parameters, such as wavelength, pulse 

duration (nano and femto second), fluence, and pulses number. Kietzig et al. were the 

first to report the transformation of steel via laser irradiation from hydrophilic to 

superhydrophobic [13]. Although patterned steel surfaces were initially hydrophilic, they 

turned superhydrophobic over time because carbons accumulated on their rough surfaces. 

The dual-scale roughness created during laser irradiation accelerated the adsorption of 
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Figure 2.7: Special wettability of platinum. (a) The black area of a platinum surface 
irradiated by femtosecond laser exhibits the lotus effect for water. The structured area is 
hydrophilic for methanol. (b) Femtosecond laser induced periodic surface structures 
(FLIPSS) show enhanced hydrophobicity for water (compared to a water droplet 
deposited on an untreated flat surface [Figure 2.7(a)]). Reprinted with permission [40].  

carbon. This technique has been extended to pure metals [41], such as copper, titanium, 

iron, and aluminum. Laser irradiation induced superhydrophobicity has also been 

observed in platinum [40] as shown in Figure 2.7. Some researchers have used two-step 

method for rendering superhydrophobicity in which laser irradiated metals are further 

treated with materials with lower surface energies [42,43]. 

2.5.3 Self-assembled monolayers 

The use of self-assembled monolayers (SAMs) is a convenient method for 

tailoring the interfacial properties (e.g. wetting) of metals and metal oxides. When this 

method is used, organic molecules dissolved into a liquid attach to a solid substrate when 

the substrate is immersed into the liquid. Love et al. [44] and Ulman [45] provided 

detailed reviews of SAMs technology. Laibinis et al. reported enhanced hydrophobicity  
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Figure 2.8: Gradient wetting surface of gold prepared by SAMs. Reprinted with 
permission [46]. 

in copper, gold, and silver after adsorption of n-alkanethiols SAMs [47]. Similar 

improvements in hydrophobicity of palladium [48] and platinum [49] have been observed 

after using SAMs. SAMs alone cannot make a surface superhydrophobic, however, since 

the largest contact angle it has achieved was around 120o. Contact angles can be 

increased dramatically, though, when SAMs were applied to nano-textured surfaces of 

gold, platinum, and palladium [50]. The major advantage of SAMs is that it can render 

non-planar surfaces superhydrophobic[51]. Additionally, SAMs produces gradient of 

wetting (Figure 2.8), when the immersion time for the different parts of the substrate is 

varied [46].  

2.5.4 Other methods 

In addition to the methods discussed above, several other methods – such as 

electrical discharge machining [52], sand blasting [17], and thermoplastic embossing [18-

21] – have been developed for mimicking bio-inspired superhydrophobicity in metals. 

Bae et al. fabricated microscale sinusoidal patterns on aluminum alloy through wire 

electrical discharge machining [52]. These sinusoidal patterns (along with secondary 

roughness in the form of micro-craters generated during the exfoliation process) 

decreased the wettability of the alloy and made it superhydrophobic. Sand blasting has 
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been reported to tune the wettability of Ti6Al4V alloy by creating crater-like structures 

[17]. This is a two-step method.  First step, the surface of the alloy surface is sandblasted 

with SiO2 to create pores on the surface, though many SiO2 particles embed into the 

surface. Second, embedded particles are dissolved in hydrofluoric (HF) aqueous solution. 

As a result, the crater-like structures with micro- and nano-pores formed on the surface, 

rendering it superhydrophobic. Thermoplastic embossing has been used to investigate the 

effect of topography on the wetting of MGs. This method is mainly applicable to MGs, 

and will be discussed in detail in chapter 4.  
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CHAPTER 3 

METALLIC GLASSES 

Metallic glasses (MGs) are a class of multi-component metal alloys that are free 

of crystals. However, short-range and medium-range atomic environments in MGs may 

be similar to their crystalline counterparts. The first known metallic glass was 

synthesized in an Au-Si system through rapid quenching [53]. Since then, MGs have 

captured the attention of the scientific community with their unique set of mechanical 

properties, such as high yield strength, large elastic strain limit, enhanced wear resistance, 

and relatively high fracture toughness. Additionally, studies into MGs have advanced our 

understanding of undercooled liquids, crystallization, quasicrystals, and structure-

property relationships in nano-crystalline materials. 

Over the last 50 years, hundreds of glass forming metallic alloys have been 

developed based on Al, Au, Co, Cu, Fe, Ni, Pd, Pt, Ti, and Zr. MGs that can be patterned 

with micro- and nano-structures through thermoplastic forming (which will be discussed 

in the next chapter) are ideal candidates for studying the effect of topography on 

properties, such as wetting, corrosion, cellular response, reflectance, friction, and 

adhesion. For example, due to their excellent glass forming ability and thermoplastic 

forming ability, Pd40Cu30Ni10P20, Zr35Ti30Cu8.25Be26.75 (Zr-MG), Pd43Cu27Ni10P20 (Pd-

MG), and Ni60Pd20P17B3 (Ni-MG) MGs have been widely used to investigating the 

topography-wetting relation [18-20]. These MGs are prone to oxidation, however, and are 

thus unsuitable for decoupling the effects of surface contamination and topography on 

wetting. To overcome this challenge, we selected Pt57.5Cu14.7Ni5.3P22.5 (Pt-MG) for its 
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inertness. It has been reported that Pt-MG exhibits high oxidation resistance and retains 

its homogeneous glassy state during thermoplastic processing. Moreover, Pt-MG has 

glass forming ability and can be easily fabricated in bulk form without resourcing to 

expensive casting equipment. 

3.1 Synthesis of MGs 

MGs can be synthesized using various non-equilibrium techniques, such as 

quenching, laser treatment, mechanical milling, and thin film deposition [54]. Rapid 

quenching is the most commonly used method for preparing MGs. During rapid 

quenching, an alloy is rapidly cooled from a liquid to a glassy state to prevent 

crystallization. The cooling rate required to bypass crystallization can be estimated from 

a time-temperature-transformation (T-T-T) diagram. Figure 3.1 shows a schematic T-T-T 

diagram for a hypothetical glass forming alloy. The C-shaped transformation curve 

indicates the time required to form a detectable crystalline phase at a given temperature. 

If the cooling line (represented by line 1 in Figure 3.1) intersects the C-shaped curve, the 

solid product will become crystalline. If the cooling rate (represented by line 2 in Figure 

3.1) is fast enough to bypass C-shaped curve, however, the liquid will vitrify into a glassy 

state below the glass transition temperature (Tg). The minimum cooling rate required to 

avoid crystallization and achieve glass formation is called the critical cooling rate (Rc), 

and it strongly depends on alloy composition.  

In principle, any material can be vitrified if the required critical cooling rate can 

be achieved. Rc determines the maximum sample thickness that can be prepared in a 

glassy state using practical techniques. The Rc for pure metals is above 1012 Ks-1 –  
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high enough to imposes a practical limitation on sample size. The Rc can be lowered, 

however, by adding additional elements to form alloys as illustrated in Figure 3.2. 

Designing an alloy composition with a lower Rc requires a thorough understanding of 

phase diagrams, thermodynamics, and the structure of competing crystalline phases. 

Hundreds of binary, ternary, and higher order glass forming alloys have been developed 

in the quest to lower the values of Rc and to increase the sample sizes. The Rc for binary 

MGs is in the range of 104 – 106 Ks-1, for example, while ternary or quaternary alloys can  

Figure 3.1: Schematic time-temperature-transformation diagram for a hypothetical alloy.
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Figure 3.2: T-T-T diagram consists of three different systems: pure metals, binary alloys, 
and multicomponent (MC) alloys. MC alloys consist of more than two elements. Rc1, Rc2, 
and Rc3 are the critical cooling rates required to obtain glass structures for pure metals, 
binary alloys, and MC alloys, respectively.  The leftmost C-curve represents the 
crystallization kinetics of pure metals. The C-shaped curve shifts to the right with 
increasing numbers of alloying elements, and as a result, the cooling rate continues to 
decrease. MC alloys have the lowest rate of the three systems (Rc1 > Rc2 > Rc3) and can 
thus most easily be produced as glass.       

be vitrified below 102 Ks-1. Consequently, the binary MGs are limited in size to thin 

ribbons or tapes a few microns thick. Recently developed multicomponent MGs, in 

contrast, can be prepared in samples thicker than 1 mm using conventional casting 

methods. For example, Pd40Cu30Ni10P20 MG can be prepared with a sample diameter as 

large as 72 mm [55]. This is the largest sample size to date for any glass forming metallic 

alloy. 
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3.1.1 The water-quenching method 

Water quenching is a simple method for cooling material rapidly and has been 

used for centuries to harden steel. In the water quenching method, high temperature metal 

or alloy (in either a solid or a molten state) is soaked in a water-bath. The water 

accelerates the phase transformation by quickly extracting heat from the hot metal. The 

cooling rate achieved using the water quenching method depends on the heat transfer 

efficiency of the medium (water), the heat transfer parameters of the alloy (thermal 

conductivity and heat transfer coefficient), and the size (thickness) of the sample to be 

quenched. The cooling rate achieved using the water quenching method is typically on 

the order of 102 Ks-1, which is sufficient to bypass crystallization of some metallic alloys. 

The critical cooling rates of Pt- and Pd- MG formers are approximately 10 Ks-1 and 0.1 

Ks-1, respectively. Consequently, rods of Pt- and Pd-MGs as large as 8-10 mm in 

diameter can be prepared using the simple water quenching technique. 

Ingots of Pt- and Pd-based alloys were made by melting a mixture of the elements 

of each alloy in vacuum sealed quartz tubes at 1323 K. The ingots were melted two more 

times to achieve compositional homogeneity and were fluxed with boron oxide (B2O5) 

under high vacuum. Fluxing is known to improve the glass forming ability of alloys by 

reducing the heterogeneous nucleation sites, especially the oxides. The ingots were 

subsequently melted and water quenched in thin-walled quartz tubes. A typical sample 

diameter of water quenched MGs used in this study was about 2 mm (Figure 3.3). 

3.2 Characterization of MGs  

Three techniques – X-ray diffraction (XRD), transmission electron microscopy  
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Figure 3.3: As-cast Pt- and Pd-MG rods made using water quenching. 

(TEM), and differential scanning calorimetry (DSC) – are employed to verify the 

amorphous structures of MGs.  XRD and TEM reveal the structural details through 

diffraction, while DSC provides the phase transformation behaviors of MGs. In XRD, the 

existence of an amorphous phase is confirmed by the presence of a broad peak as 

opposed to the multiple sharp peaks indicative for crystalline states. In TEM, the 

signature of a glassy structure is the presence of diffuse rings in the selected area electron 

diffraction pattern. During heating, MGs undergo multiple phase transitions, including 

glass-to-supercooled liquid (endothermic), supercooled liquid-to-crystalline (exothermic), 

and crystalline solid-to-liquid state (endothermic). The first two transformations are 

characteristic of glassy materials and are absent in crystalline materials. Therefore, all 

three characterization methods provide complementary support for the amorphous 

structure of water-quenched MGs. 

The Pt- and Pd-MGs used in this study, were characterized using a TA DSC Q20. 
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Figure 3.4: Pt-MG DSC heat flow curve obtained with a constant heating rate of 0.33 
K/s. The curve displays four important temperatures- the glass transition, the onset of 
crystallization, the solidus, and the liquidus (ordered left to right). 

In DSC, one small aluminum pan is used for the sample and another is used for the 

reference. Typically, 5-10 milligrams (mg) of MG is placed in the sample pan and sealed 

with a crimper, while the reference pan remains empty. Both pans are then subjected to 

an identical thermal program and the difference between the amount of heat required to 

increase the temperature of the sample and the amount of heat required to increase the 

temperature of the reference is recorded so that the evolution of heat as a function of 

temperature can be analyzed. Figure 3.4 shows the transformations Pt-MG undergoes 
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while being heated in a DSC at a rate of 0.33 K/s. The sample remains in a glassy state 

until the temperature reaches the glass transition temperature (Tg), at which point the heat 

flow begins to increase because glass transition is an endothermic process. Above Tg, the 

material enters a metastable supercooled liquid state that persists until the onset of 

crystallization (Tx).  Crystallization is identified by a series of exothermic peaks. The 

presence of multiple crystallization peaks indicates that the glassy phase transforms into 

different crystalline phases at different temperatures. Since Pt-MG consists of four 

elements, multiple equilibrium crystalline phases are possible during heating. After 

further heating, the alloy starts to melt at the solidus temperature (Ts). This melting, 

which is endothermic in nature, completes at the liquidus temperature (Tl).  Table 3-1 

lists the thermal properties (Tg and Tx) of Pt-, Pd-, Ni-, and Zr-MGs. 

Table 3-1: Thermal properties (Tg and Tx) of different MGs. 

MG Tg (K) Tx (K) Heating rate (K/s) 

Pt57.5Cu14.7Ni5.3P22.5 498 567 0.33 

Pd43Cu27Ni10P20 570 675 0.33 

Ni60Pd20P17B3 575 680 0.33 

Zr35Ti30Cu8.25Be26.75 578 715 0.33 
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CHAPTER 4  

THERMOPLASTIC FORMING OF METALLIC GLASSES 

Thermoplastic forming (TPF) is a well-established precision manufacturing 

process used in polymers. In TPF, a thermoplastic polymer is heated to its viscous liquid 

state above Tg and reshaped by being pressed against a mold. A similar approach (known 

as superplastic forming) has been applied to certain crystalline metals and alloys. In 

superplastic forming, a crystalline metal is heated to close to its melting temperature for 

reshaping. Because high processing temperatures and small grain sizes are required to 

achieve superplasticity, however, the use of TPF in metals is limited to the creation of 

simple shapes. Moreover, finite grain size does not allow to form sub-micron features 

(Appendix A, A1). The need for scalable metal manufacturing led to the exploration of 

MGs, which mimic the rheological behavior of thermoplastic polymers. As described in 

the DSC curve (Figure 3.4), MGs exhibit a metastable supercooled liquid state well 

below their melting temperature. This metastable supercooled liquid state can be utilized 

in thermoplastic processing techniques for metallic materials. Though the potential of 

supercooled liquid state in MG for reshaping was recognized as early as 1978 (by 

Patterson [56]), the field remained unexplored until 1999. This was because the early MG 

formers remained supercooled liquid only within narrow temperature ranges and 

demonstrated limited thermal stability against crystallization. The development of 

multicomponent MGs with wide supercooled liquid temperature ranges renewed interest 

in the TPF of MGs. Saotome and his colleagues were the first to demonstrate the 

fabrication of complex 3D parts via the TPF of MGs [57]. Subsequently, Schroers and his 
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coworkers harnessed the supercooled liquid states of MGs to develop  various operations 

for shaping metals, including foaming [58], net-shaping [23], blow-molding [59], surface 

patterning [24], rolling [60], extrusion [61], and joining [62]. Other notable contributions 

in the TPF of MGs include nano-scale surface gratings by Chu et al. [63], MEMS 

components by Jeong et al. [64], multi-tier structures by Bardt et al. [65], and atomically 

smooth surfaces by Kumar et al. [66]. Due to their high viscosities, MG supercooled 

liquids flow like Newtonian fluids. This makes it convenient to model their thermoplastic 

forming operations using simple fluid mechanics laws. 

4.1 Processing MGs: die casting vs. thermoplastic forming 

The most trivial method for producing MG components is direct casting (or die 

casting), wherein a molten alloy is injected or poured into a die (mold) and is then rapidly 

cooled below Tg. This cooling must be fast enough to avoid crystallization, as is predicted 

by the T-T-T diagram (Figure 4.1). The requirement of rapid cooling imposes a time 

constraint, making it challenging to fill complex mold cavities. Due to their competing 

time requirement, rapid cooling and intricate mold filling cannot be achieved 

simultaneously. Another disadvantage of direct casting is the formation of voids due to 

Rayleigh-Taylor instability in the molten alloy-air interfaces. These limitations can be 

overcome in the thermoplastic forming process, however, which decouples the cooling 

and the mold filling steps. Typically, MGs are synthesized in simple geometries (e.g. as 

cylinders or plates) through rapid cooling. Subsequently, theses MGs are used as 

feedstock for TPF operations. During TPF, MGs are heated above their Tg (Line 1 in 

Figure 4.1) to obtain their supercooled liquid states that remain stable for sufficient 
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Figure 4.1: Two approaches to obtaining MG parts are illustrated in the T-T-T diagram 
of a MG: (1) direct casting and (2) thermoplastic forming. To avoid the formation of 
crystals, direct casting requires rapid solidification. To process MGs, thermoplastic 
forming utilizes the supercooled liquid region beneath the crystal zone. 

duration due to slow crystallization kinetics. Viscosities between 106 to 1010 Pa.s can be 

accessed for typical bulk MGs. TPF is performed at a constant temperature and the 

processing time is kept shorter than the crystallization time (Line 2 Figure 4.1). After 

forming, MGs can be slowly cooled below Tg (Line 3 Figure 4.1). Because MGs do not 

interfere with crystal zone during TPF, glassy states remain unchanged after TPF.  

TPF has many advantages over casting and other metal processing methods. It  
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produces negligible internal stress because the forming is conducted isothermally and the 

subsequent cooling is relatively slow. Shrinkage, which results from the phase-transition 

shrinkage and thermal contraction, is reduced in TPF because the as-cast MGs do not 

experience any phase transition during solidification and because the processing 

temperature is well below the melting temperature. The influence of oxygen content on  

glass forming ability is more pronounced at temperature above the nose of the T-T-T 

diagram (Figure 4.1). At these temperatures, the presence of oxygen can reduce 

processing time and slight variation in oxygen content can drastically affect 

crystallization kinetics. On the other hand, oxygen content has a minor influence on the 

crystallization kinetics and surface oxidation in the temperatures below the nose. Since 

the processing temperature of TPF lies below the nose, glass forming ability does not 

deteriorate with the presence of oxygen and as a result, TPF can be performed in the air. 

The porosity of the as-cast material arising from the solidification can be minimized 

significantly using TPF. The porosity of an as-cast MG with a 2% porosity and pores of 

10 μm, for example, will be reduced to 0.001% after thermoplastic deformation under 

200 MPa of pressure [23]. The advantageous flow patterns of some MGs during TPF 

smooth their surfaces at the atomic-level by removing rough surface oxides. This enables 

replication of nano-scale features in a single processing step. TPF also allows the joining 

of two similar or dissimilar MGs that have an overlapping supercooled liquid region well 

below their melting temperatures [62,67]. 

 4.2 Thermoplastic surface patterning  

In thermoplastic surface patterning, MG is heated above Tg and pressed into a 
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mold textured with predefined features. After it is separated from the mold, the surface of 

the MG is imprinted with inverse replicas of the features of mold. Any solid material 

durable under thermoplastic processing conditions (i.e. its required pressure and 

temperature) can be used as a mold for the surface patterning of MGs. Thermal expansion 

mismatch and wetting behavior between the MG and the mold are important parameters 

to consider when selecting a mold material. Stress caused by high thermal expansion 

mismatch can lead to pattern distortion or even mold fracturing during cooling. The effect 

of wetting is small for microscale and large features, but it may become the controlling 

factor for sub-micron features. Typical mold materials include silicon, silicon dioxide, 

metals, carbon, alumina, and high-temperature polymers. Silicon and silicon dioxide 

molds are suitable for precise microscale patterning because of their ease in fabrication 

by photolithography. Nano-porous alumina molds fabricated through electrochemical 

etching are widely used for nano-scale patterning because of their high aspect-ratio 

features and low cost. Similar features in silicon or silicon dioxide are challenging and 

expensive to achieve. Metal molds fabricated through electroplating, LIGA, and 

micromachining have also been used to pattern MGs. Demolding the metal mold can be 

challenging if mechanical separation is impossible, however, because dissolving metals 

into etchants like KOH and H3PO4 (phosphoric acid) takes longer time and can affect the 

surface chemistry of the MGs. Figure 4.2 shows examples of typical nano-porous 

alumina and micro-scale silicon molds, which were used in this study.  

Thermoplastic surface patterning of MGs is schematically illustrated in Figure 

4.3. The assembly of mold and MG is heated above Tg. At low strain rates, the viscous  
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Figure 4.2: (a, b) Pictures of an alumina and a silicon mold used for nano- and micro-
patterning, respectively. (c, d) SEM images of nano- and micro-pores of an alumina and 
a silicon mold, respectively. 

MG flows homogenously as a Newtonian fluid into the mold features. After cooling 

below Tg, the MG is released from the mold either by mechanical separation (if the 

features are shallow) or by etching the mold. Figure 4.4 shows representative SEM 

images of Pt-MG patterned through TPF. During micro- and nanomolding Pt-MG disks 

were pressed against silicon and porous alumina molds, respectively at 545K. At this 

temperature, the estimated viscosity is 107 Pa.s, sufficient for the MG to flow under 

external pressure and the isothermal crystallization time is 15 min. Because the 

processing time was less than a minute, isothermal crystallization during mold filling was 
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Figure 4.3: Schematic for the surface patterning of a MG through thermoplastic forming. 
Above Tg, the MG fills the mold cavities under external pressure. Demolding allows the 
separation of patterned MG.   

 

Figure 4.4: SEM images of Pt-MG embossed with four different single scale micro- and 
nano-structures: micro-holes, micro-pillars, nano-pillars, and nano-pores.   

highly unlikely.  

  The flow behavior of MG supercooled liquids can be attributed to creeping flow 

due to low Reynolds numbers (Re << 1). Therefore, the mold filling kinetics of viscous 
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Figure 4.5: A cylindrical pore with diameter d and length l is filled with a MG at 
supercooled liquid state. The flow of the MG can be characterized as creeping flow 
because of its low Reynold’s number. The velocity profile is parabolic due to a no slip 
boundary condition at the MG-mold interfaces.  

MGs can be modeled using the constitutive laws of Newtonian fluid. The mold filling 

kinetics for a single feature into a cylindrical pore is illustrated in Figure 4.5. Feature 

dimension is governed by two parameters: (1) pressure and (2) temperature (which 

controls the viscosity). At fixed temperatures (viscosities), the forming pressures for 

macro- and micro-scale features (> 1 micron) can be estimated using the Hagen-

Poiseuille equation [23]: 

32
, 

(4.1)

where p is applied pressure, l and d are the length and the diameter of the feature 

respectively, η is the viscosity of the MG, and t is the processing time. At sub-micron 

scales, capillary pressure plays the dominant role and should be considered, if the  
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Figure 4.6: The thermoplastic forming pressure for a cylindrical MG features as a 
function of the aspect ratio of the feature. The diameters of the features ranges from sub-
100 nm to 1 mm. The pressure was calculated using Equation 4.2, where the viscosity, 
molding time, surface tension, and wetting angle were taken to be 107 Pa.s, 60 s, 1 Nm-1, 
and 150°, respectively. The pressure requirements are distinct in macro- to nano-scale 
regions because of strong contributions from capillary pressure. 

molding process is to be accurately described. The modified Hagen- Poiseuille equation 

[24], which includes both the viscous and the capillary pressures, becomes: 

32 4 cos
, 

(4.2)

where  is the surface tension and  is the contact angle between the viscous MG and the 

mold. Figure 4.6 plots the pressures required to fill cylindrical features with diameters 
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ranging from sub-100 nm to 1 mm under typical thermoplastic conditions and given 

typical MG interfacial properties. Molding pressure strongly depends on size because of 

capillary pressure (the second term in Equation 4.2), which can be comparable to or even 

higher than viscous pressure (the first term in Equation 4.2). Molding pressure increases 

from below 10 MPa for macro-scale features to above 100 MPa for nano-scale features. 

Wetting behavior between a mold and a MG is crucial to controlling the feature length 

below 100 nm. Complete wetting ( 0 ) results in instantaneous filling of the mold as 

the pressure becomes negative (i.e. the second term in Equation 4.2 becomes higher than 

the first term). Complete dewetting ( 180 ), on the contrary, leads to maximum 

 

Figure 4.7: SEM images of Pt-MG nano-structures with three different aspect ratios. The 
average diameter of the features is 75 nm, but the aspect ratio can be varied by adjusting 
the applied pressure. 

pressure, making the molding process challenging, especially for high aspect-ratio 

features. Partial wetting is thus suitable for producing various aspect-ratio features by 

controlling the applied pressure. Figure 4.7 shows nano-structures of Pt-MG with three 

different aspect ratios: 0.5, 2, and 8. The diameters of the nano-structures are 75±5 nm, 

and so according to Equation 4.2 the pressures required to emboss MG surfaces with 

0.25, 1, and 3 aspect ratio nano-structures are 45, 51, and 95 MPa, respectively. Wetting 

also dictates the geometry of patterned nano-structures. Due to dewetting nature between 
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Figure 4.8: The effect of wetting on nanomolding. (a) PMMA wets (θ < 90o) the side wall 
of alumina pores, resulting in the formation of tubular structures. (b) A dewetting (θ < 
90o) interaction between Pt-MG and alumina produces solid nano-rods. 

Pt-MG and the mold, for instance, the MG is forced to fill the entire mold, resulting in 

solid structures with semi-circular tips as shown in Figure 4.8a. PMMA melt wets the 

mold, in contrast, and so preferentially climbs along the mold walls. This leads to form 

tubular structures, as is shown in Figure 4.8b.   
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CHAPTER 5  

WETTING OF METALLIC GALSSES 

Some of the contents of this chapter have been published in modified form in 

Scripta Materialia (2016, 123, 140-143) and Nano Letters (2015, 15, 963-968). 

The surface properties of MGs, such as their wetting and tribology have been less 

thoroughly explored than their mechanical and other thermophysical properties. Initial 

efforts to modify the wettability of MGs were chemical: MGs were roughened through 

etching and then coated with low surface energy materials. Zhao et al. and Liu et al. 

rendered Ca-based and Ce-based MGs superhydrophobic, respectively, by changing both 

their surface chemistries and topographies [22,68]. Recent studies, however, have shown 

that the wetting of MGs can be tuned by varying their topography alone. Micro-patterned 

Pd40Cu30Ni10P20 and Zr35Ti30Be26.75Cu8.25 MGs have exhibited higher CAs and adhesions 

with water (i.e. the “petal effect”) [19,21]. Increased hydrophobicity has also been 

reported in nano-patterned Pd43Cu27Ni10P20 MG [20]. The effect of surface roughness on 

wetting, has not been conclusively determined from these studies, however, as the studied 

MGs are susceptible to oxidation during thermoplastic processing. As a result, the change 

in wetting behavior observed could have been due to the dual effects of surface chemistry 

and topography. It is crucial, therefore, to select an inert MG former that allows the 

independent variation of topography and surface chemistry. For this purpose, we have 

selected Pt57.5Cu14.7Ni5.3P22.5 (Pt-MG) because of its high oxidation resistance.  
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5.1 Effects of topography on the wetting of MGs 

To understand the effect of surface texture on wetting, Pt-MG samples were 

thermoplastically patterned with three different topographies: flat, nano-pattern, and 

micro-pattern (Figure 5.1). Silicon and alumina were used as molds for the micro- and  

 

Figure 5.1: (a) Schematic illustration of the surface patterning of MGs through 
thermoplastic embossing. (b) SEM images of flat, nano- and micro-patterned MGs and 
their corresponding CAs.  

nano-patterning, respectively. A silicon mold consisting of micro-pores was fabricated 

using lithographic techniques and nano-porous alumina was acquired from commercial 

vendors. Both the nano- and the micro-molding were performed at same temperature 

(543K), but the nano-molding required a higher pressure to meet the capillary pressure 
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requirements. The embossing pressures for the micro- and the nano-patterned MGs were 

10 MPa and 50 MPa, respectively. After thermoplastic embossing, the MG and the mold 

were mechanically interlocked due to thermal expansion mismatch. Demolding was 

therefore carried out by etching the molds in 2M KOH solution at 350K. Typically, 

silicon molds take three to four hours longer to dissolve in KOH than do alumina molds, 

which dissolve within an hour. The MG was then rinsed with deionized water and dried 

with argon gas prior to the wetting experiments. Wetting behaviors were characterized 

using the sessile drop method, in which 2 μl droplets of deionized water were dispensed 

onto the surfaces of MGs using a micro-pipette, and the static CAs were measured using 

a goniometer (Wet Scientific). The CA of the flat Pt-MG was 55o
, but patterning made the 

samples more hydrophilic (Figure 5.1b) as the CAs of the micro- and the nano-patterned 

surfaces were 5o and 14o, respectively. According to the Wenzel model (Equation 2.3), 

the possible causes for this increased hydrophilicity in the textured MG samples are: (1) 

an increase in surface roughness (r) due to patterning, leading to a decrease in apparent 

contact angle (θ *) and/or (2) a decrease in intrinsic contact angle (θY) due to changes in 

surface chemistry during thermoplastic embossing and/or wet etching, resulting in lower 

θ *.  

Since similar surface patterns facilitate the hydrophobicity of other MGs, it is 

important to determine whether the surface chemistry of Pt-MG changes during 

thermoplastic forming and wet etching. To this end, the surface chemistry of the Pt-MG 

was analyzed using X-ray photoelectron spectroscopy (XPS) at different stages of 

thermoplastic processing. Four samples of Pt- MG were prepared to mimic the different  
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Figure 5.2: The XPS spectra of four elements of Pt-MG (Pt, Cu, Ni, and P) at four 
different processing states: as-cast, thermoplastic processing at 533K and 553K, and 
after treated with KOH. 

stages of the thermoplastic embossing experiment. The first sample was prepared from  

the as-cast Pt-MG and used as a reference. Two disc-shaped samples were prepared via 

thermoplastic embossing at 533K and 553K, two typical processing temperatures used for 

Pt-MG. Another sample was thermoplastically embossed at 533K and exposed to KOH 

for two hours at 350K. These four samples captured the different stages of the 
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thermoplastic embossing experiment. Figure 5.2 shows the high-resolution XPS spectra 

of the Platinum (Pt) 4f, Copper (Cu) 2p, Nickel (Ni) 2p, and Phosphorus (P) 2p of the Pt-

MG in the as-cast state, after thermoplastic forming (533K and 553K), and after KOH 

exposure. The binding energies of the XPS spectra were calibrated using the C 1s peak 

(284.8 eV). In principle, the states of a surface element can be determined from the 

number of peaks in the binding energy spectrum and their positions. Figure 5.2a shows 

the Pt 4f spectra, which feature two doublets (4f7/2, 4f5/2) in each of the four samples. For 

all four Pt-MG samples, the peak position of the 4f7/2 ranges from 70.9 eV to 71.4 eV. 

Previous studies have reported the position of the 4f7/2 peak between 70.7 eV [69] and 

71.2 eV [70]. This suggests that in Pt-MG, the state of Pt remains unaffected during 

thermoplastic processing and subsequent KOH exposure. Cu also retains its metal form 

after each thermoplastic processing step, as is indicated by the positions of the Cu 2P3/2 

and the 2P1/2 peaks, which vary less than 0.2 eV from those of the as-cast sample (Figure 

5.2b). The peak positions of the metal Cu 2p spectra thoroughly agree with those 

identified in the previous studies [71,72]. The XPS spectra of the Ni 2p, in contrast, differ 

significantly in the positions and numbers of their peaks. According to previous study 

[73], the Ni 2p3/2 and the 2p1/2 peaks for the as-cast and the thermoplastically formed 

sample at 533K are resemble to the spectrum of the pure Ni metal. The samples 

thermoplastically formed at 553K and exposed to KOH, however, show additional peaks 

next to the metal Ni 2p3/2 and 2p1/2 peaks (Figure 5.2c). Moreover, the satellite peaks 

become pronounced in these two spectra (Figure 5.2c). Changes in the spectra of these 

two samples suggest that the chemical state of Ni in Pt-MG has been partially changed. 
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The binding energies of additional peaks and their satellite peaks can be attributed to NiO 

[70,74], indicating the preferential oxidation of Ni atoms in Pt-MG during high 

temperature processing and KOH exposure. Surprisingly, P itself is oxidized in the as-

cast Pt-MG, as is indicated by the presence of phosphorus pentoxide (P2O5) peak in the 

spectrum in addition to the 2p peaks (2p1/2, 2p3/2) (Figure 5.2c) [70,75,76]. No further 

variation in state of P is observed after thermoplastic processing but KOH appears to 

dissolve P2O5.  

The findings of the XPS studies reveal that: (1) the surface chemistry of Pt-MG 

after thermoplastic processing at 533K is analogous to the surface chemistry of the as-

cast sample, but oxidation occurs when the processing temperature approaches the 

crystallization temperature (563K) and (2) Pt-MG is oxidized (NiO) by KOH. NiO is 

hydrophilic in nature because of the strong cohesive force between the water droplet and 

oxide of the NiO [77-79] (see Appendix B, B1). Therefore, increased hydrophilicity 

observed in Pt-MG (Figure 5.1) is likely due to the formation of NiO. It is apparent from 

these results that the surface chemistry of Pt-MG can be retained during thermoplastic 

processing at low temperatures. Any KOH exposure or high temperature processing, 

however, results in the oxidation of the Ni in Pt-MG. Similar issues are expected for MGs 

that are more oxidation prone than Pt-MG. These changes in surface chemistry may 

preclude an unambiguous explanation of the correlation between topography and wetting 

in MGs. Therefore, thermoplastic patterning of MGs using silicon or alumina molds is 

not ideal for wetting studies because it requires KOH for mold separation. Instead, a 

chemical-free demolding method is required to avoid any undesirable change in surface 
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chemistry of thermoplastically patterned MGs. Another possible solution may be to use 

flexible molds, which can be separated without the use of chemicals [80]. However, 

flexible molds are not suitable for molding of high aspect-ratio features, since they 

require high pressures, resulting shrinkage and expansion of the mold in perpendicular 

and longitudinal direction, respectively. Moreover, the MG features are not uniform due 

to the deformation of the molds during embossing.     

5.2 Mechanical Demolding 

Mechanical separation of rigid molds and MGs after thermoplastic embossing can  

 

Figure 5.3: (a) Schematic illustration of the mechanical demolding of a MG at room 
temperature. The mold breaks into pieces when it is pulled. (b, c) SEM images of the 
textured Pt-MG surface after separation. Pt-MG micro-structures anchor the broken 
silicon mold.    

 



Texas Tech University, Molla Hasan, August 2017 

45 

 

Figure 5.4: Thermal stress development after a thermoplastically molded MG cools to 
RT. (a) A schematic illustration of the thermal stress generation of any combination of 
mismatches (αMG > αmold or αMG < αmold) in thermal expansion coefficients.                    
(b)Thermomechanical analysis for silicon (Si) and Pt-MG performed using the finite 
element method shows the distribution of thermal stresses at MG-mold interfaces. 

potentially eliminate the need for KOH and the risk of oxidation associated with it.  

Attempting to mechanically separate a MG from a mold at room temperature (RT), 

however, typically results in mold fracture without complete demolding (Figure 5.3a). 

Figure 5.3b shows SEM images of a Pt-MG surface after a failed mechanical separation 

from a silicon mold. Mechanical demolding at RT is challenging due to thermal 

expansion mismatch between the MG and the mold, as is illustrated in Figure 5.4. The 

coefficients of thermal expansion (α) for MG formers are often higher than those of the 

molds (Table 5-1). Any combination of mismatches in  (MG > mold or MG < mold),  

αMG > αmold αMG < αmold

Molding at T > Tg 
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Table 5-1: The , the Tg, and the Young’s modulus for selected molds and MG formers. 
Maximum thermal stresses are calculated from the thermomechanical analyses of MG 
formers cooled in silicon from Tg to room temperature. 

however, results in thermal stress build up on the MG-mold interfaces during cooling 

below Tg, preventing subsequent demolding (Figure 5.4a). A 2D thermomechanical 

analysis was performed using the finite element method to estimate the extent of residual 

thermal stress for the Pt-MG molded against the silicon mold (Figure 5.4b). The code for 

the finite element analysis is available at Appendix A, A2. Rectangular cavities in the 

silicon mold that were filled with Pt-MG were cooled from 503 K (the Tg of Pt-MG) to 

RT. The thermal stress distribution due to a mismatch in  was calculated using the 

elastic constants of Pt-MG and silicon. In thermoplastic operation, residual stress 

develops only during cooling below Tg. Above Tg, the MG supercooled liquid can relax 

through rapid structural rearrangement. Compressive stress as high as 177 MPa was 

observed on the interface due to the different thermal shrinkage of the Pt-MG and the 

 Material  

 (×10-6 K-1) 

Tg 

(K) 

Young’s 

modulus 

(GPa) 

Maximum 

thermal 

stress (MPa) 

Molds 

 

Silicon (Si) 2.8   169  

Nano-porous Alumina 16.7  100-125  

Electroplated Nickel 13  165-205  

MGs Pt57.5Cu14.7Ni5.3P22.5  12.5 503 94.8 177 

 Pd40Cu30Ni10P20  17  588 96  369 

 Z35Ti30Cu8.25Be26.75 9.3 578 92.5 159 

 Zr41.2Ti13.8Cu12.5Ni10Be22.5 9.9 623 95 206 

 Zr65Al7.5Cu17.5Ni10 11.3 653 97 272 
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silicon (Figure 5.4b). The stress was highest at the interface close to the MG substrate 

because of its large shrinkage. A similar analysis was performed for other MGs and 

silicon molds, and the resulting maximum thermal stress values are listed in Table 5-1. In 

silicon molds, scalloping roughness generated through deep-reactive-ion-etching (DRIE) 

causes additional mechanical interlocking between the MG and the mold. The 

combination of thermal stress and roughness prevents mechanical demolding of MGs. 

5.3 Non-destructive demolding 

MG supercooled liquids exhibit a variety of flow behaviors, depending on the 

temperatures (viscosities) and strain rates (Figure 5.5a). At low strain rates, MG 

supercooled liquids flow homogeneously as Newtonian fluids [81-83]. At higher strain 

rates, in contrast, the viscosities of MG supercooled liquids become strain rate dependent 

and their flows turn non-Newtonian though they remain spatially homogeneous [81,84]. 

Further increases in strain rates result in solid-like yielding and inhomogeneous (shear-

localized) deformation [81,82]. Low strain rates are used to thermoplastically mold MGs 

because their Newtonian behavior can be precisely described by using constitutive 

equations to model the shaping process [85]. In addition, low strain rate loading 

minimizes the risk of premature mold failure. Ideally, the thermoplastic molding and 

demolding of a MG should be performed at the same temperature to avoid the thermal 

stress due to different thermal shrinkage of the MG and the mold. However, the no-slip 

boundary condition between the MG supercooled liquid and the mold prevents their 

mechanical separation above Tg. Low strain rates demolding above Tg results in distortion 

of MG supercooled liquids because their flow stresses (cohesive strengths) are lower than 
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Figure 5.5: (a) Schematic illustration of different flow regimes (Newtonian, non-
Newtonian, and shear-localized) in MG supercooled liquids with varying temperatures 
and strain rates. (b)The proposed molding and non-destructive demolding approach 
based on the strain rate dependent flow behavior of MG supercooled liquids. A MG 
supercooled liquid is molded at a low strain rate followed by a high strain rate 
demolding at the same temperature. Isothermal molding-demolding eliminates thermal 
stress, while high strain demolding promotes adhesive failure. SEM images of a silicon 
mold (Si-mold) before and after molding-demolding demonstrates that the mold remains 
pristine after demolding. SEM images of MG by etching silicon (Si) and by demolding Si 
showcases that outcome of mechanical demolding is comparable to that of etching.  

their adhesive strengths with their molds. The flow stresses of MG supercooled liquids 

increase with increasing strain rates in Newtonian and non-Newtonian regimes and 

become comparable to the yield strengths of their glassy counterparts in the shear- 
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localized regime [81]. The strain rate dependent flow behavior of MG supercooled 

liquids can be utilized for sequential molding and non-destructive demolding operations. 

Thermoplastic molding can be performed in the Newtonian regime, in which the MG 

supercooled liquids deform under low applied pressure. Subsequent demolding can be 

conducted at the same temperature, but higher strain rates are required to reach the shear-

localized regime. At high strain rate demolding, the flow stress of a MG supercooled 

liquid exceeds the adhesive strength, resulting in separation at the MG-mold interface. 

The proposed methodology can overcome both thermal stress and adhesion issues to 

allow the mechanical demolding of MGs.  

Figure 5.5b illustrates the proposed mechanical demolding scheme and its 

feasibility for Pt-MG. A MG is heated above its Tg and molded slowly into a mold 

features under low pressure. The MG and the mold are then rapidly pulled apart at the 

same temperature. The isothermal condition eliminates thermal stress, while the high 

strain rate separation promotes adhesive failure. This non-destructive demolding obviates 

chemical etching of the mold to free the MG. After demolding, the MG supercooled 

liquid is cooled below Tg to vitrify a patterned MG. Surface tension driven changes in the 

pattern during cooling are negligible for micro-scale features but fast cooling is necessary 

to retain nano-scale features. Figure 5.5b compares SEM images of patterned Pt-MG 

prepared by etching and patterned Pt-MG prepared by mechanical demolding of a silicon 

mold. The similarity between the overall geometries of pattern features in the etched and 

the mechanically demolded samples demonstrates the capability of high strain rate 

mechanical separation. The SEM image of the silicon mold after demolding shows that  



Texas Tech University, Molla Hasan, August 2017 

50 

the mold is free of cracks and MG residue (Figure 5.5b). The mold can therefore be  

reused multiple times, enabling the cost-effective patterning of MGs.  

The demolding process described above can be optimized to achieve structures 

with a wide range of aspect-ratios and shapes for different MG formers (Figure 5.6). For 

 

Figure 5.6: The versatility of the non-destructive demolding approach is demonstrated by 
releasing three thermoplastically molded MG formers from silicon templates, producing 
features with different aspect-ratios and shapes. SEM images of Pt-MG micro-pillars 
released through high strain demolding. These pillars show (a) a cylindrical geometry 
with varying aspect ratios; and (b) other geometries, including rectangular, tubular, and 
honeycomb features. (c) SEM images of rectangular micro-pillars of Pd- and Zr-MGs. 
The Zr-MG patterned with rectangular features was used as a template to imprint micro-
holes into the Pt-MG after successful demolding.   
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example, cylindrical micro-pillars with varying aspect-ratios (Figure 5.6a) and  

rectangular, tubular, and honeycomb geometries (Figure 5.6b) can be achieved when    

Pt-MG is successfully demolded from silicon molds under optimal strain rates. Although 

the critical strain rate for demolding is determined by the MG-mold interfacial area and 

the processing temperature, a strain rate higher than 102 s-1 was sufficient to demold 

majority of patterns for three MG formers considered here: Pt-MG, Pd-MG, and Zr-MG. 

Additionally, mechanical demolding allows the patterned MG to be used as a mold for 

another MG with a lower Tg. For example, a Zr-MG patterned with rectangular micro-

pillars was used as a stamp to imprint micro-holes in a Pt-MG (Figure 5.6c). Metallic 

molds are more durable than silicon molds, but their use for MGs has been hindered by a 

number of fabrication and demolding challenges. First, metal molds cannot be fabricated 

as conveniently as silicon molds because patterning techniques for metals are expensive. 

Second, the thermal stresses and high adhesions between MGs and metal molds prevent 

separation after molding. These issues are overcome by the molding-demolding approach 

presented here. MG molds are prepared through thermoplastic molding and demolding 

using master silicon molds. The patterned MGs can then serve as replica molds for other 

MGs. In addition to prolonging the service lives of molds, two types of patterns (male 

and female) in MGs can be produced from a single master mold.    

5.4 Effects of topography and chemistry on the wetting of metallic glass 

To study the effects of topography and chemistry on wetting, Pt-MG surfaces 

with different textures were fabricated through mechanical demolding. Both the molding 

and the mechanical demolding were carried out at 533K to avoid oxidation and thermal 
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expansion mismatch. During molding, the MG was slowly pressed against the mold up to 

10 MPa. During demolding, the MG was pulled away at a speed of 120 mm/min. Both 

the molding and the demeolding were completed in under a minute, and the MG was 

cooled to RT immediately after it was demolded. This short processing time allowed the 

MG to retain its glassy state after texturing. Figure 5.7a shows the SEM images of the 

patterned Pt-MG surfaces and the corresponding contact angles (CAs) of the as-prepared 

surfaces before and after KOH exposure. Water CA increased from 54o to 110o with 

 

Figure 5.7: The effects of surface chemistry and topography on the wetting behavior of 
Pt-MG. Mechanically demolded samples show a clear correlation between CA and 
surface topography. KOH exposure (5 min), in contrast, obscures the topographic effects 
and renders all samples hydrophilic. The measurement error in CA is ± 5°. 

different surface textures in mechanically demolded samples. In contrast, all of the 

samples exposed to KOH exhibited hydrophilic (CA ~20o–39o) behavior regardless of 

their topographies. Oxide formation during KOH exposure overrides topographic effects 
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on the wetting of MGs, and hence, chemical demolding is not suitable for studying the  

correlation between MG topography and wetting.  

To investigate the role of topography, Pt-MG was systematically patterned to vary 

the fractional solid area (fs). Figure 5.8a shows the CAs of water droplets on MG surfaces 

with different fs. Hydrophilic MG turned to hydrophobic as it CA increased with decrease 

in fs, but after reaching a certain value, the patterned MG became hydrophilic again. This 

wetting behavior can be explained by the reversible Wenzel-to-Cassie wetting transition. 

The Cassie-Baxter equation indicates that the apparent contact angle of a material can be 

increased even if the CA of the smooth surface of that material is less than 90o. The 

Cassie-Baxter model is thus appropriate for describing topography-induced 

hydrophobicity in MGs. The micro-pillars on the surface trap air in the gaps between 

them. This trapped air acts as a cushion, preventing water from penetrating the gaps. As a 

result, the wetting state changes from Wenzel to Cassie, in which the droplet sits on a 

solid-air heterogeneous surface (Figure 5.8b). According to the Cassie-Baxter model, CA 

can be increased by decreasing fs (i.e. by minimizing solid-liquid contact area). This is 

illustrated in the plot (Figure 5.8c). Our experimental results, however, did not show 

monotonic increases in CA with decrease in fs. Rather, we observed a decline in CA at 

lower fs values ( 0.03). This change is due to the transition of wetting from Cassie to 

Wenzel. Increasing the gap (r) between the pillars, as depicted in Figure 5.8d, reduces the 

solid-liquid contact area and yields higher CA. If the spacing between the pillars is too 

large, however, the liquid bridge can collapse as the water pressure overcomes the 

pressure of trapped air supporting it. The pressure needed to penetrate the grooves is  
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Figure 5.8: Changing the wetting behavior of Pt-MG by varying the fractional solid area 
(fs). (a) SEM images and corresponding photographs of water droplets on flat and micro-
patterned surfaces with five different fs. The micro-pillars are equal in diameter (25 μm) 
and aspect ratio (3). (b) The Wenzel and the Cassie wetting states on rough surfaces. In 
the Wenzel state, liquid (water) wets the grooves. In the Cassie state, the droplet sits on a 
composite solid and air surface. (c) Comparison of the experimental CAs for different fs 
using the Cassie-Baxter equation, which is drawn considering θY = 50o. (d) Schematic of 
solid-liquid contact scenarios for various spacings (r) between the pillars. Higher 
spacings decrease fs (and also reduce the solid-liquid contact), but pillars located too far 
apart cause the liquid bridge to collapse.         

composed of three separate pressures: the atmospheric pressure, the hydrostatic pressure, 

and the capillary pressure. If the volume of a water droplet is fixed, the atmospheric 

pressure and the hydrostatic pressure remain constant, regardless of fs. Moreover, the 
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effect of the hydrostatic pressure is negligible because the radius of the droplet is smaller 

than the capillary length. However, the capillary pressure (pc) required to wet the grooves  

depends on the spacing and can be expressed as: 

2 cos
′

, 
(5.1)

 where ′and   are the spacing between two pillars and the surface tension of the water, 

respectively. Since pc is inversely proportional to ′, increasing the spacing facilitates 

water penetration into the grooves. As a result, the wetting regime switches from Cassie 

to Wenzel when fs < 0.1 and the CA eventually decreases. 

The aspect ratio of the micro-structures is also needed to stabilize the 

heterogeneous wetting mode, as is demonstrated in Figure 5.9. The two transition 

mechanisms [86], sag (Figure 5.9c) and vertical depinning (Figure 5.9d), depend on the 

aspect ratio of the structures. The liquid bridge can remain pinned at the tops of the 

pillars, but form a curve due to the Laplace pressure, which relates the pressure inside a 

drop to its curvature. The curve of the pinned droplet can touch the base due to the sag 

type wetting transition (also known as drooping). The maximum sag, or droop, (δ) of the 

droplet is located in the middle between the two pillars and can be defined as [87]:   

√2
8

, 
(5.2)

where P is the pitch between two pillars,  D is the width or diameter of the pillars, and R 

is the radius of droplet’s curve. The transition of wetting from Cassie to Wenzel occurs if 

δ ≥ pillar height (H). Therefore, high aspect-ratio structures can prevent the transition 

from Cassie to Wenzel, thereby conserving hydrophobicity. If the liquid bridge cannot  
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Figure 5.9: The role of aspect ratio in wetting transition. (a, b) SEM images and 
corresponding photographs of water droplets on flat and micro-patterned surfaces with 
four different aspect ratios. The CA increases with the aspect ratio. (c, d) Schematics for 
sag transition and vertical depinning.  

remain pinned at the tops of the pillar, it proceeds downwards into the grooves and fully  
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wets the base surface. As a result, the wetting becomes homogenous and the CA  

decreases. Lack of pinning occurs if the contact angle formed by the liquid-air interface is  

greater than the maximum contact angle (advancing contact angle) that can be sustained 

at the corner of the specific liquid-pillar system [88]. The roughness of the sidewalls of 

the pillars may stop liquid penetration after multiple depinnings. Hence, high aspect-ratio 

structures can maintain the heterogeneous wetting state and high CA despite liquid 

infiltration.  

MG surfaces embossed with micro-holes can also support the Cassie wetting 

mode and make MG hydrophobic (Figure 5.10). Due to their isolated holes, triangular 

and honeycomb patterned surfaces can trap air better than the surfaces consisting of 

micro-pillars. To compare the stability of air trapped in closed cavities to air trapped in 

interconnected ones, dynamic tests – such as droplet impact from some height – are 

 

Figure 5.10: SEM images of thermoplastically embossed triangular-holes and 
honeycomb structures and of the corresponding CAs of the water droplets. 
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necessary.  

These findings suggest that though single scale micro-structures can turn MGs  

hydrophobic, they are not sufficient to induce superhydrophobicity. Since natural 

superhydrophobic surfaces, such as lotus and rose petal leafs, have hierarchical textures, 

mimicking this hierarchy is necessary for creating superhydrophobic MGs.  

5.5 Hierarchical patterning of MGs 

Hierarchical surface patterning of MGs can be achieved by single step hot 

embossing or injection molding against molds with multi-scale features. Fabricating 

hierarchical molds requires multiple expensive lithographic steps, however. One way to 

create hierarchical structures on the surfaces of MGs is through the type of multistep 

processing with thermoplastic polymers [89]. However, despite a similar flow mechanism 

of thermoplastic polymers and MGs, adapting thermoplastic processing techniques for 

polymers to MGs has been a challenge. This is because the surface tensions (∼1 Nm-1 vs 

∼0.03 Nm-1), viscosities (∼107 Pa·s vs ∼105 Pa·s), and thermal conductivities (∼15 Wm -

1K-1 vs ∼0.2 Wm-1K-1) of MGs are higher than those of polymers in a supercooled liquid 

state. The low surface tensions and viscosities of thermoplastic polymers result in low 

processing pressures for replica molding of nano- to macro-sized features of any shape. 

The high surface tensions and viscosities of MG supercooled liquids, in contrast, strongly 

require size-dependent pressure for thermoplastic molding (as is discussed in section 4.2). 

Additionally, the low thermal conductivities and viscosities of polymers allow the 

localized heating and restructuring of preformed features to build hierarchical 

architectures [89,90]. Such large, controlled thermal gradients are not feasible in MGs 



Texas Tech University, Molla Hasan, August 2017 

59 

 

Figure 5.11: Schematic illustration of the sequential embossing of MGs at T > Tg. In first 
step, the MG is patterned with the smallest features by being embossed against a mold. 
The resulting patterned MG is subsequently embossed onto a mold with larger features. 
This sequential patterning can be continued to add additional length scales. The air in 
the mold cavities is utilized as a protective cushion between the MG and the mold. 

because of their high thermal conductivities and their risk of heating-induced 

devitrification. To overcome these hurdles, we developed a sequential thermoplastic 

embossing technique for MGs that enables deterministic fabrication of hierarchical 

structures without the use of hierarchical molds or temperature gradients. 

Figure 5.11 shows a schematic illustration of this sequential embossing scheme 
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and the resulting multi-tier patterns formed on MG surfaces. In the first step, a MG was 

patterned by being embossed against a mold with features of one length scale. For nano-

sized features, commercially available anodized aluminum oxide (AAO) molds were 

used. For micro-sized features silicon molds were used. Due to size dependent pressure 

requirements (Chapter 4, Figure 4.6 ), the first embossing step was performed using the  

mold with the smallest feature size. To add a second length scale, the tier 1 patterned MG 

was used as feedstock for the second embossing, which was carried out using a mold with 

larger features. After the second embossing the MG was textured with 2-tier patterns. As 

the examples shown in Figure 5.11 demonstrate, features ranging from sub-100 nm to  

500 µm can be incorporated into 2-tier hierarchical patterns. Subsequent embossing of 

the 2-tier textured MG resulted in the formation of a hierarchical surface composed of 3 

length scales. This fabrication sequence can be continued as long as the MG can deform 

thermoplastically. The proposed sequential embossing can be applied to thermoplastic 

polymers to create multi-level surface architectures (Appendix C). 

The key requirement for the sequential thermoplastic embossing of MGs is to 

retain the surface features during multiple operations. This can be ensured by selecting 

feature sizes and processing conditions using the guidelines presented in Chapter 4 

(Figure 4.6). There are two means by which MG surface features can be distorted during 

thermoplastic embossing: (1) physical contact with the mold can smear out the features 

and (2) viscous flows driven by Laplace pressure ( surface tension/ radius of curve) can 

alter the shape of features. By embossing progressively larger features and utilizing 

trapped air as a protective cushion, direct contact with the mold can be largely minimized 
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(Figure 5.11). Each cavity of the mold is filled with ambient air that remains trapped 

during embossing and gets squeezed as the process progresses. As a result, the air 

pressure inside each cavity grows very high. For instance, the pressure of trapped air will 

increase to 10 MPa when its volume (or, equivalently, the length of the cavity it fills) 

reduces to ~1/100 of its initial volume. It follows that there will always be an air gap 

between the MG and the mold, preventing the MG surface being crushed against the 

mold. The length of the column containing air will depend on the dimensions of the 

cavity and the pressure difference (applied pressure minus the viscous and capillary 

pressures) generated during embossing (Figure 5.11, final stage). In a mold cavity with a 

starting length 100 µm, an air column of length ~ 1 µm will exist with a pressure 

difference of 10 MPa. This implies that under these embossing conditions, the surface 

features shorter than 1 µm will not come in contact with the base of the mold. A MG 

patterned with nano-structures can thus be sequentially embossed into micro-sized  

 

Figure 5.12: A surface feature is subjected to hydrostatic pressure (p). 

cavities without squashing its features against the mold. Moreover, increases in feature 
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size lower the required molding pressure, reducing the smearing effect. The surface 

features also experience hydrostatic pressure by means of trapped air (Figure 5.12), 

which helps to retain the shapes of the features. This hydrostatic pressure hinders the 

deformation of the features. The effectiveness of such an air-cushion was investigated in 

detail by studying the shape of MG surface features annealed in air and oil (Figure 5.13). 

The annealing experiments were performed at a temperature 40K above Tg in two 

different heating media, air and oil. SEM images of the micro- and nano-pillars of the Pt-

MG before and after annealing are shown in Figure 5.13(b-d). As-prepared micro-pillars 

(Figure 5.13b, first column) display a typical scalloping roughness after being transferred 

from silicon molds etched using DRIE. Annealing in air above Tg subtly decreases 

roughness without affecting overall pillar morphology (Figure 5.13b, second column). 

The sample heated in an oil-bath shows almost no scalloping roughness, though it retains 

the cylindrical shape of micro-pillars (Figure 5.13b, third column). The surface tension 

driven thermoplastic smoothening of micro-scale features on MG surfaces has been 

quantified analytically by Kumar et al. [66] and numerically by Henann et al [91]. 

Smaller features are expected to incur larger deformations due to higher Laplace 

pressures. Surprisingly, there is no detectable change in nano-pillars after annealing in air 

(Figure 5.13c, 2nd column). This is likely because of the formation of an oxide layer or 

because of surface cooling, both of which can increase the rigidity of MG surface 

features. This hypothesis is supported by the SEM image of the nano-pillars annealed in 

the oil-bath (Figure 5.13c, 3rd column). The free-ends of the nano-pillars form bulbous 

regions once they are heated above Tg. The surface featuring nano-pillars with very low 
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Figure 5.13: Deformation of Pt-MG surface features during annealing at 50K above Tg. 
(a) Schematic illustration of annealing experiments performed in air and oil. (b) SEM 
images of micro-pillars before (first column) and after annealing (second and third 
columns). No change is observed after annealing at air. After annealing in an oil bath, 
however, the micro-pillars become smooth due to surface tension driven viscous flow but 
show no change in shape. (c, d) SEM images of nano-pillars before (first column) and 
after annealing (second and third columns). The nano-pillars show no change during 
annealing in air (c-, d-second column) but form bulbous ends (c-third column) and are 
completely wiped out (d-third column) when heated in oil. 

aspect-ratio is smoothened by annealing in an oil bath (Figure 5.13d, 3rd column). Thus, 

a detectable distortion of nano-sized features is observed only under uniform heating 

conditions, such as are obtained using liquid media. In summary, the annealing 



Texas Tech University, Molla Hasan, August 2017 

64 

experiments reveal that the changes in MG features that results from Laplace pressure are 

minimal in the presence of air. These results suggest that MGs will retain patterns of any 

size if physical contact between the pattern features and the heating medium is prevented.  

5.6 Wetting of hierarchically patterned MG surfaces 

To study the effect of dual-scale roughness, Pt-MG was patterned with 

hierarchical features consisting of micro- and nano-structures. Two-step sequential 

embossing was employed to erect the desired textures. In the first step, a disk of Pt-MG 

was embossed against a nano-porous alumina template at 543K under a pressure greater 

than 50 MPa. The alumina was then dissolved in KOH, freeing the patterned MG. In the 

next step, the nano-patterned MG was molded against a silicon template at 513K under a 

pressure of less than 10 MPa. The low temperature (high viscosity) and pressure did not 

allow the MG to flow deep into the pores. Therefore, the textured MG was mechanically 

separated from the silicon template at room temperature. Although the MG was 

demolded chemically after first molding (which altered the surface chemistry), pristine 

MG from the bulk flew into the surface during the second molding and recovered 

chemical change incurred due to KOH exposure (see Appendix B, B2). Figure 5.14 

shows the effect of hierarchical patterning on the CA of Pt-MG. Dual-scale texturing 

rendered the MG surface superhydrophobic (its CA exceeded 130o) (Figure 5.14b). Due 

to high adhesion, the water droplet could not roll on the patterned MG surface and 

remained suspended when the MG substrate was inclined or turned upside down [Figure 

5.14(c, d)]. Such a large CA with strong adhesion is typically referred to as petal effect, 

because rose petals exhibit similar behavior [92]. Since the Wenzel model does not  
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Figure 5.14: (a) Photograph of superhydrophobic Pt-MG and SEM image of the 
hierarchical MG surface on which squat mirco-pillars are covered by nano-structures. 
(b-d) The shapes of water droplets on MG with three different tilt angles: (b) 0o, (c) 90o, 
and (d) 180o.  

explain the existence of the rose petal effect on inherently hydrophilic surfaces, the  

wetting regime depicted in Figure 5.15a is not appropriate for describing the petal effect 

observed in hierarchically patterned Pt-MG. Hence, the wetting of hierarchical MG 

surfaces needs to be described using either Cassi-Baxter or the mixed wetting models. 

Pure Cassie-Baxter wetting (Figure 5.15b), however, should result in the lotus effect, 

demonstrating a high CA but low adhesion. Therefore, it is possible that the droplet 

shown in Figure 5.14a stabilizes in the mixed wetting state, in which the liquid partially 

fills the larger grooves. The nano- scale grooves, in contrast, are not wetted and trap air 

as shown in Figure 5.15c. According to Bhushan et al., micro-structures control contact 
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Figure 5.15: Schematic of four wetting scenarios for a surface with hierarchical 
roughness: (a) Wenzel, (b) Cassie-Baxter, and (c) mixed wetting, and (d) Cassie-Baxter 
filled nano-structures.  

angle hysteresis (adhesion) while nano-structures are responsible for high CAs [93].   

Thus, the wetting mode portrayed in Figure 5.15c will demonstrate superhydrophobicity 

with high contact angle hysteresis. The Cassie-Baxter filled nano-structures illustrated in 

Figure 5.15d would also be responsible for the petal effect on hierarchically patterned 

MGs and other metallic materials with similar topography. In this wetting scenario, air 

trapped in the micro-grooves acts as a cushion against water, maintaining heterogeneous 

wetting, which results in a higher CA; filling the nano-structures with water provides 

strong droplet anchoring.   

5.7 Wetting of Pd43Cu27Ni10P20 metallic glass 

High strain rate demolding was also used to study the wetting behavior of 

Pd43Cu27Ni10P20 (Pd-MG). To compare the effects of topographies, Pd-MG was 

embossed with three different textures: flat, micro-pillars, and honeycomb. The flat 
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surface was made through the thermoplastic forming of as-cast Pd-MG at 613 K. The 

other two textures were rendered on Pd-MG through high strain rate demolding 

(described in section 5.3). To achieve the viscosity required for the micro-patterns, the 

 

Figure 5.16: SEM micrographs and corresponding water droplets photographs of flat 
and two different textured (micro-pillars and honeycomb) Pd-MGs.   

Pd-MGs were molded and demolded at 633 K – 20 K higher than the temperature used in 

making the flat sample. Figure 5.16 shows the wetting behavior of the flat and the 

textured MGs with single scale structures. Although single scale patterns decreased the 

wettability of Pt-MG (Figure 5.8 and Figure 5.10), they increased the wettability of Pd-

MG, i.e. the CAs of the patterned Pd-MG surfaces were less than that of the flat surface. 

Because Pd-MG is oxide prone, surface oxidation occurs during thermoplastic forming. 

The oxides can undermine the topographic effect and cause the Pd-MG to retain its 

hydrophilic nature. Appendix D provides more details on the surface oxidations and 

wetting behaviors of flat Pd-MG under different processing conditions. Similar 

hydrophilicity was also observed in the Pd-MGs that were demolded chemically (see 

Appendix D, Figure D2). As it does with Pt-MG, KOH alters the surface chemistry of Pd-
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MG, influencing the wettability. Although previous studies have shown hydrophobicity 

in textured Pd-based MGs demolded by chemical etching [18,20], our results contradict 

them. We did observe, however, that the Pd-MG exhibited time-dependent  

 

Figure 5.17: The wetting kinetics of flat and nano-patterned Pd-MGs. (Inset) An SEM 
image of a nano-patterned MG. 

superhydrophobicity after topography modification. Figure 5.17 demonstrates the wetting 

kinetics of chemically demolded Pd-MG. Flat Pd-MG remains hydrophilic regardless of 

waiting time, while Pd-MG textured with nano-structures becomes superhydrophobic 

after ten days in air. The time dependence of superhydrophobicity can be correlated with 

the surface chemistry changes in air. Previous studies hypothesized that increases in the 
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Figure 5.18: The XPS spectra and atomic percentages of carbon (C), oxygen (O), 
palladium (Pd), copper (Cu), nickel (Ni), and phosphorous (P) for (a) flat Pd-MG and (b) 
nano-patterned Pd-MG. 

carbon contamination of metallic surfaces cause  this time-dependent 

superhydrophobicity [13,78,94].  

To verify this hypothesis, we quantified the chemical composition of the nano-

patterned Pd-MG surface at day 1 and at day 20 and compared it to the carbon content of 

the flat surface. The XPS results show that the nano-patterned surface adsorbed more 

carbon than did the flat surface (Figure 5.18). The atomic percentage of carbon of the flat 

Pd-MG surface increased by 7%, while  the carbon content of the nano-patterned Pd-MG 

surface content increased by 14%. Due to their large surface areas, MG nano-structures 
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adsorbed more carbon from the air than did the flat ones. Spontaneous deposition of 

hydrocarbon molecules on nano-textured surfaces has also been reported in other nano-

structured materials [78,94,95]. Time-dependent wetting transitions were also observed in 

the mechanically demolded samples (Appendix E). To understand the role of carbon in 

wetting, we produced similar texture on a Pt-MG (Figure 5.19a) and measured the CAs of 

the patterned surface as a function of time (day). Although the CA of the Pt-MG  

 

Figure 5.19: (a) SEM image of nano-patterned Pt-MG and its surface chemical 
composition at day 1 and at day 20. (b) The CA of nano-textured Pt-MG on different 
days. 

increased after a few days, its wetting regime remained hydrophilic over an extended 

period, as is demonstrated in Figure 5.19b. Surprisingly, the atomic percentage of carbon 

in the surface chemical composition of the nano-patterned Pt-MG increased by 36% after 

20 days (Figure 5.19a), indicating the nano-structures amplify carbon content. The 

presence of large carbon content did not significantly affect the wetting behavior of the 

Pt-MG, however. Moreover, the addition of Pd to the Pt-MG enabled the wetting 

transition over time (see Appendix E, Figure E1).These results imply that an increase in 
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carbon content is not the sole reason for Pd-MG transition from hydrophilic to 

superhydrophobic. An additional systematic study is needed to understand the time-

dependent wetting behavior of MGs.   
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CONCLUSION 

In this work, we used thermoplastic molding against pre-defined templates to 

systematically vary the topography of MGs. This enabled us to study the effects of 

topography on wetting of MGs. Our early observations revealed that the chemicals used 

to demold templates alter the chemical states of MGs, thereby obscuring the effect of 

topography on wetting. To overcome this problem, we developed a mechanical 

demolding technique for MGs by harnessing the effects of strain-rate and temperature on 

their flow behaviors. This mechanical demolding does not require any chemical etching 

to free patterned MGs after thermoplastic embossing and thus precludes surface 

contamination. In addition to preserving the chemical states of MG surfaces, this 

mechanical demolding allows the reusability of expensive templates. The use of 

sacrificial templates has been a major roadblock to the proliferation of thermoplastic 

techniques for MGs. We demonstrate that by optimizing the processing temperature and 

the strain-rate, templates with a wide range of features can be non-destructively 

demolded after the thermoplastic patterning of MGs. Mechanically demolded MGs were 

used to decouple topographic and chemical effects on wetting.    

Our wetting experiments reveal that inherently hydrophilic MGs, like crystalline 

metals, can be rendered hydrophobic through topographic control. Single scale texturing 

is not sufficient to induce superhydrophobic behavior in MGs, however, though it induces 

such behavior in low surface energy polymers. Topographical hierarchies composed of 

micro- and nano-scale structures are needed to generate superhydrophobic MGs. Such 

hierarchical surface structures cannot be created using conventional embossing 
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techniques used for MGs. We proposed a new approach in which increasingly smaller 

can be added sequentially to build unmatched multi-tier textures on MG surfaces. This 

unique embossing paradigm can give metallic materials bio-inspired functionality, which 

has in the past been limited to polymeric materials. We demonstrate this by creating a 

superhydrophobic MG using topographical engineering alone. The mechanism of 

superhydrophobicity in hierarchically patterned MGs has been identified as mixed 

Cassie-Baxter based on its combination of high contact angle and adhesion. This is 

typically referred to as the “petal effect”. In contrast, the “lotus effect,” which exhibits a 

high contact angle and water repellency, reported in superhydrophobic polymers was not 

observed in MGs textured with any surface feature.  

Previous studies have shown that Pd-based MGs demolded via chemical etching 

can exhibit hydrophobicity. Our findings contradict this. Our results show that each of the 

two MGs (Pt- and Pd-MG) studied here remain hydrophilic after chemical demolding 

regardless of their topography. We did notice, however, that wetting of Pd-MG is highly 

sensitive to time (as is discussed in chapter 4). Preliminary XPS data suggest the 

adsorption of carbon as a possible reason for the time-dependent wetting behavior in Pd-

MG. However, a systematic study of Pd-MG is needed to reconcile the present data with 

that of published literature. Furthermore, understading the effect of carbon adsorption on 

other MGs is also necessary to ascertain carbon’s role in time-dependent transition from 

hydrophilic to hydrophobic behavior. 
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APPENDIX A 

A 1. Superplastic forming 

Superplasticity is the capacity of certain crystalline metals and alloys to deform 

extensively at elevated temperatures without premature failure. If the grain size of an 

alloy is small, grain boundary sliding [1] and grain rotation [2] can cause superplastic 

flowing. Typically, the grain size of a metal should be less than 10 µm for material to 

flow [3]. At high temperatures (those close to the melting temperatures of materials),  

 

Figure A1: Schematic illustration of the mold filling of alloys. (a) The polycrystalline 
alloy is unable to go into the hole because the grain size is bigger than the diameter or 
width of the hole. (b) Smaller grain size enables the alloy to flow into the pore, but the 
complete filling of the pore may not be possible due to irregular sizes of the grains. (c) 
MG is excellent in mold filling due to its Newtonian flow behavior above Tg.   
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superplastic alloys can fill a mold cavity under external load [4,5]. However, the smallest 

feature that can be made from a given alloy by superplastic forging depends on the grain 

size of the alloy [6]. If the grain size of a polycrystalline alloy is larger than the size of 

mold cavity, the material cannot flow into the opening (Figure A1a). Hence, the grain 

size must be smaller than the size of cavity to achieve microformability through 

superplastic deformation (depicted in Figure A1b). In contrast, MGs are structurally 

homogeneous at sub-nanometer length scales and their flow behaviors at supercooled 

liquid states resemble those of viscous fluid. During thermoplastic forming, therefore, 

MGs can fill the mold cavity at low stress, as is illustrated in Figure A1c. Moreover, the 

absence of any grain size limitation allows the formation of sub-micron features.  

A2. FEA codes for 2D thermomechanical analysis 

ANSYS Mechanical APDL 16.1 was used to perform stress analysis of MG-

template interfaces. The following scripts (codes) were written to do the simulation   

!!!!ANSYS script 
finsh 
/clear,start 
/prep7 
! DIMENSIONS OF MATERIALS 
MT=100E-6   ! METALLIC GLASS (MG) THICKNESS 
PL=75E-6      ! PILLAR LENGTH 
PD=25E-6      ! PILLAR DIAMETER 
HD=100E-6    ! SILICON HOLE DEPTH 
ED=50E-6      ! EDGE TO EDGE DISTANCE BETWEEN TWO HOLES 
ST=200E-6     ! SILICON SUBSTRATE THICKNESS (EXCLUDING HOLE DEPTH)  
! MATERAIAL PROPERTY 
  !METALLIC GLASS (MG) 
Y_MG= 96e9         ! YOUNG'S MODULUS OF MG 
Nu_MG=0.373           ! POISSION'S RATIO OF MG 
Alpha_MG= 9.9e-6   ! CTE OF MG 
Tg_MG= 623         ! GLASS TRANSITION TEMPERATURE OF MG IN KELVIN 
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!TEMPLATE (SILICON) 
Y_Si=169e9                ! YOUNG'S MODULUS OF SILOCON 
Nu_Si=0.27                ! POISSION'S RATIO OF SILICON 
Alpha_Si=2.8e-6        ! CTE OF SILICON 
! CREATE THE GEOMATRY 
k,1,0,0 
k,2,(2*PD+2*ED),0 
k,3,(2*PD+2*ED),(HD+ST) 
k,4,(2*PD+1.5*ED),(HD+ST) 
k,5,(2*PD+1.5*ED),ST 
k,6,(PD+1.5*ED), ST 
k,7,(PD+1.5*ED),(HD+ST) 
k,8,(PD+0.5*ED),(HD+ST) 
k,9,(PD+0.5*ED), ST 
k,10,0.5*ED,ST 
k,11,0.5*ED,(HD+ST) 
k,12,0,(HD+ST) 
k,13,0.5*ED,(HD+ST-PL) 
k,14,(PD+0.5*ED),(HD+ST-PL) 
k,15,(PD+1.5*ED),(HD+ST-PL) 
k,16,(2*PD+1.5*ED),(HD+ST-PL) 
k,17,(2*PD+2*ED),(HD+ST+MT) 
k,18,0,(HD+ST+MT) 
A,1,2,3,4,16,5,6,15,7,8,14,9,10,13,11,12    
A,12,11,13,14,8,7,15,16,4,3,17,18 
! DEFINE AREAS FOR EACH MATERIAL 
mp,ex,1,Y_Si         !SILICON 
mp,prxy,1,Nu_Si 
mp,alpx,1,Alpha_Si 
mp,ex,2,Y_MG         !MG 
mp,prxy,2,Nu_MG 
mp,alpx,2,Alpha_MG 
! CREATE MESH 
ET,1,PLANE183  
Asel, s,area, ,1 
AATT,1,,1,0,  
Asel, s,area, ,2 
AATT,2,,1,0,  
Allsel,all 
LESIZE,ALL,5e-6, , , ,1, , ,1, 
Amesh, all  
! APPLY BOUNDARY CONDITIONS AND LOADS                          
nsel,s,loc, y,0 
nsel,r,loc,x,0 
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D,all,UX,0 
D,all,UY,0 
nsel,s,loc, y,0 
nsel,r,loc,x,(2*PD+2*ED) 
D,all,UY,0 
ALLSEL,ALL 
TUNIF,-(Tg_MG-300) 
FINISH   
! SOLVE  
/SOL 
/STATUS,SOLU 
SOLVE    
FINISH   
/POST1   
/EFACET,1    
PLNSOL, S,3, 0,1.0   
!!! End of code 
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APPENDIX B 

B1. Wettability of NiO 

Pt-MG can be oxidized during thermoplastic embossing (if the processing 

temperature is close to Tg) and chemical demolding. The XPS studies revealed that the 

oxide was mainly in the form of NiO. To understand the wettability of NiO, we thermally 

grew the NiO film on a pure Ni metal substrate and compared the spreading of two water 

droplets, one on each surface (Figure B1). The NiO is more hydrophilic than the pure Ni: 

the CA of the water droplet on the Ni metal is 51o and CA of the water droplet on the 

NiO is 14o. Therefore, the formation of NiO was responsible for the enhanced 

hydrophilicity observed in the contaminated Pt-MGs after topographical changes.   

 

Figure B1: Comparing the wettability of the pure Ni metal and the NiO. The NiO has 
more affinity for the water than the pure Ni metal and hence, the water droplet spreads 
more on the NiO than do the pure Ni metal. 

B2. Reversing the KOH effect on wetting  

To undo contamination done by KOH and its consequence on wetting, we 

quantified the oxidation by probing the depth of the oxide layer. We sputtered a Pt-MG 

surface tainted by KOH to different depths using argon ion and collected the XPS spectra 

of the subsurfaces. From the depth profiles shown in Figure B2, it is evident that the Ni 

2p spectra for the different sputtering depths are significantly distinct from spectrum of  
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Figure B2: The XPS spectra of Ni 2p of Pt-MG before and after sputtering to different 
depths. Sputtering depth is indicated for each spectrum. That the unsputtered surface was 
partially oxidized is confirmed by the presence of both Ni metal (Ni 2p3/2) and NiO peaks. 
The NiO peaks present in unsputtered MG are absent in the spectra of the sputtered one, 
indicating that sputtering removed the oxide.  

the unsputtered surface. The NiO peaks are pronounced in the spectrum of the 

unsputtered Pt-MG, but they disappear after the surface was etched only 3 nm. These 

results suggest that the thickness of the oxide layer is less than 3 nm. Such ultra-thin 

nanolayer can be broken if MGs experience any perturbation due to flow stress. During 

thermoplastic deformation, shear flow occurs and the surface area increases (Figure B3). 

Typically, a metal oxide is more brittle than its corresponding metal and a shear strain  
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Figure B3: (a) Schematic of the breaking of an oxide layer during thermoplastic molding. 
The oxide film fails because of shear stress and pristine MG from the bulk comes to the 
surface through the cracks. (b) Graphical illustration of the bending of a Pt-MG 
substrate rendered with nano-structures. The Pt-MG is placed between a mandrel and a 
mold. The side without any nano-structures is in contact with the mandrel. The mandrel 
is pressed against the MG at 523 K, which results in a curve of the MG substrate. The 
diameter and the depth of the mold must be sufficient for the substrate to conform to the 
mandrel shape without suffering any physical damage because of contact between the 
nano-structures and the mold wall. (c) Effect of additional thermoplastic forming on 
wetting. Planar Pt-MG embossed with nano-structures is hydrophilic (CA 5o), but turns 
hydrophobic (CA 128o) when thermoplastically bent.         

less than 1% is sufficient to crack the film. For this reason, the oxide layer ruptures 

during embossing due to high shear stress. The fresh MG from the bulk flows through 
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these cracks and covers the oxide layer [1]. As a result, the MG surface becomes oxide 

free. To prove this hypothesis, we thermoplastically bent a chemically (KOH) demolded 

nano-textured Pt-MG and measured the CAs of water droplets on its surface before and 

after bending [Figure B3(b,c)]. As expected, oxidation (NiO) made the nano-patterned 

MG hydrophilic. Conversely, the CA of the curved nano-patterned Pt-MG increased 

dramatically because the surface of the MG did not have NiO. 
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APPENDIX C 

Application of proposed sequential embossing to thermoplastic polymers 

Typically multi-level structures in thermoplastic polymers are fabricated by 

sequential patterning of preformed large features [1,2]. It requires controlled thermal 

gradient [1] or capillary driven filling [2] of smaller features without affecting the 

preformed larger features. In contrast, the sequential embossing of progressively larger 

features as described in section 5.3 can be easily applied to any thermoplastic polymers. 

Figure C1 shows the schematic of making two-tier structures formed on PMMA surface 

 

Figure C1: (a) Graphic illustration of sequential embossing in PMMA to create dual 
scale pattern. (b-e) SEM micrographs of PMMA surface after each embossing step. 
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without the use of hierarchical templates or thermal gradients and SEM images of 

patterned PMMA. PMMA was embossed against nano-porous alumina mold to make 

nano-structures. The embossing temperature and pressure were 423 K and 5 Mpa, 

respectively. Due to extremely fragile nature of alumina mold, it was hard to peel off 

PMMA and hence, alumina was dissolved in KOH to release the patterned PMMA. To 

add the second length scale, the nano-texture PMMA was pressed against a silicon micro-

mold with a pressure less than 5 Mpa at 408 K, and was separated mechanically.  
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APPENDIX D 

Oxidation of Pd-MG at different processing stages 

To observe oxidation at different processing stages of surface patterning, we 

prepared a flat Pd-MG disk through thermoplastic forming at 613 K, annealed it at 633 K 

for 30 sec, and dipped it into 2M KOH solution for two hours at 353 K. Figure D1 shows 

a digital photograph of the Pd-MG disk after each step and an image of water droplet 

corresponding to each step. Although there was no visible oxide layer at 613 K, brown 

and green appeared on the surface of the disk after annealed at 633 K . Interestingly, 

these colors disappeared when the disk was treated with KOH. Such changes of color 

indicate that Pd-MG contaminates at 633 K and during KOH contact. This change in 

surface chemical composition increases the wettabillity of Pd-MG. Therefore, the CA of 

Pd-MG does not increase after various topographies have been introduced onto the      

 

Figure D1: The photographs of Pd-MG disk after processed at three different conditions: 
(a) thermoplastically formed at 613 K, (b) annealed at 633 K for 30 sec, and (c) exposed 
to KOH, and corresponding water droplets to measure CAs.    
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surfaces through thermoplastic embossing and chemical demolding (KOH), as is shown 

in Figure D2. 

To identify the nature of contamination, the surface chemistry of Pd-MG was 

examined in three different conditions: as-cast, after having been thermoplastically  

 

Figure D2: The SEM images and corresponding CAs of Pd-MGs decorated with nano-
rods, micro-pillars, and honeycomb. All the patterns were embossed at 633 K and 
released by dissolving the mold in KOH. 

deformed at 633 K, and after having been thermoplastically shaped at 613 K and treating 

with KOH. Figure D3 presents Palladium (Pd) 3d spectra of the three samples. The Pd 

remained metal during thermoplastic processing; the position of the 3d5/2 for all the three 

samples is 335.2±0.4 and the metal peak position of 3d5/2 has been reported at 335.0 eV 

[1]. Although the position of the 3d5/2 peak for KOH treated sample does not shift 

significantly, its full width half max (FWHM) is higher than those of the other two 

samples. This indicates that the Pd had been affected by KOH. Copper (Cu) was not 

affected by thermoplastic forming because binding energy locations of Cu 2P3/2 and Cu 

2P1/2 do not shift [1-3](Figure D3b). However, that the Cu had been dealloyed from the 

surface during exposure to KOH is confirmed by the disappearance of the peaks from the  
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Figure D3: The XPS spectra of Pd-MG elements (Pd, Cu, Ni, and P) for three samples. 
The first sample was an as-cast Pd-MG. The second sample was prepared by 
thermoplastically compressed an as-cast Pd-MG into a flat disk at 633 K. The third 
sample was made by thermoplastic forming of as-cast Pd-MG at 613 K and then was 
treated with KOH. 

spectrum. Figure D3c shows the Nickel (Ni) 2p spectra of the samples underwent the 

aforementioned conditions. The Ni spectrum of the as-cast sample (black line) 

significantly differs from both the thermoplastically processed sample and the KOH 

treated sample. In the sample prepared at 633 K, there are two pronounced peaks, located 

at 856.1 eV and 874.34 eV. These are adjacent to the Ni metal peaks 2p3/2 (853.1 eV) and 
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2p1/2 (870.14 eV), and indicate that a fraction of the Ni converts to NiO[1,4]. After the 

sample was exposed to KOH, the remaining Ni transformed to NiO. As a result, the metal 

peaks disappear from the spectrum. That phosphorus pentoxide (P2O5) was formed during 

thermoplastic forming is confirmed by the presence of its peak at P 2p spectrum [5,6] 

(shown in Figure D3d). However, both the species of Phosphorus (P) were leached due to 

chemical etching which is supported by the absence of the peaks in P 2p spectrum of the 

sample exposure to KOH. The findings of the XPS studies reveal: (1) Pd-MG oxidizes 

readily during thermoplastic forming and creates NiO on the surface, and (2) the surface  

chemistry of Pd-MG is altered by KOH. The formation of NiO is key to the enhanced 

wettability of Pd-MG (Figure).   
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APPENDIX E 

Time-dependent wetting  

As shown in Figure E1Textured Pd- MGs, demolded either chemically or mechanically,  

 
Figure E1: The time-dependent wetting transitions of Pd- and PdPt-MGs after 
topographic modification. The SEM micrographs and CAs of water droplets at day 1 and 
at day 20 of (a) Pd-MG separated mechanically and (b) Pd- and PdPt-MGs demolded 
chemically. 
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exhibit time-dependent wetting transitions. MGs remain hydrophilic after they are 

rendered with suitable single scale micro- and nano-patterns that favor heterogeneous 

wetting state, but wettability decreases over time and eventually, the CAs exceed 90o.   

Although the wetting kinetics of Pt-MG is not significant, mixing Pd-MG with Pt-MG 

amplifies the transition. Figure E1 displays the change of wetting mode of Pd75Pt25- and 

Pd50Pt50-MGs over time. In Pd75Pt25, weight percentages of Pd-MG and Pt-MG are 

75% and 25%, respectively, and in Pd50Pt50, both the MGs have equal weight 

proportions. 
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APPENDIX F 

Permissions 
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