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ABSTRACT OF THE DISSERTATION 

 

Scalable Manufacturing of Metal Micro/Nanowires and Applications by Thermal Fiber      

Drawing   

 

by 

 

Injoo Hwang 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2017 

Professor Xiaochun Li, Chair 

 

The objective of this study is to better understand the fundamental principal of the thermal 

fiber drawing process with metal-core preforms. This would enable us to overcome the 

fundamental limits of current thermal drawing techniques by tuning material properties of core 

metals and interactions between core and cladding materials using nanoparticles. Metal 

micro/nanowires with controlled size, aspect ratio and spatial configurations of core and cladding 

materials exhibit extraordinary mechanical, thermal, electrical and optical properties. These metal 

micro/nanowires can be utilized for widespread applications such as: thermoelectric, conductive 

electrode and plasmonic photonic crystal fibers. Thermal fiber drawing method has emerged as an 

advanced scalable manufacturing technique for micro/nanowires production due to its unique 

characteristics that allow mass production of continuous and arbitrary designed wires. It is of 

tremendous scientific and technical interests to conduct a fundamental study on thermal fiber 
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drawing methods and to break the current limits of the crystalline metal core thermal fiber drawing 

process.  

In this study, metal core was fabricated by cold compaction of the Zinc (Zn)–Tungsten 

Carbide (WC) nanopowders. Our characterizations through scanning electron microscopy (SEM) 

and energy dispersive X-ray spectroscopy (EDS) showed that WC nanoparticle are uniformly 

dispersed in Zn matrix. The effects of WC nanoparticles on the mechanical properties and 

degradation rate in Zn–WC nanocomposites were carefully analyzed by tensile, compressive, 

hardness, degradation and viscosity tests.  

Metallic stents are commonly used to expand blood vessels that have been narrowed by 

plaque buildup (atherosclerosis). Fabrication difficulty and other constrains of metallic stents 

result in high cost.  Zn–WC nanocomposite microwires were controllably drawn for stent struts 

with a diameter of 200 µm. Characterizations by the tensile and degradation tests of Zn–WC 

nanocomposite microwires validate the eligibility for stent fabrication. Single cell Zn–WC 

nanocomposite stents were fabricated by braiding thermally drawn Zn–WC nanocomposite 

microwires on a weaving stage built by 3D printing. Zn–WC nanocomposite stents with an inner 

diameter of 2 mm was expanded up to 10 mm without recoil by a catheter, which is thin tube 

inserted into human body serving in a broad range of functions. For the purpose of in vivo test, 

Zn–WC nanocomposite stents were deployed in a pig by percutaneous coronary intervention 

method (angioplasty with stent). The surgery under fluoroscopy that continuous X–ray beam is 

passed through the body part being examined. X–ray opaque Zn–WC nanocomposite stents were 

distinctly shown to be expanded by a catheter and remained without bounce back through the 

whole procedure. The Zn–WC nanocomposite stents were extracted from the pig a month later and 

studied for the degradability by SEM and EDS mapping analysis. SEM images of Zn-WC stents 
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showed that the degradation of the stents was uniformly proceeded on the surface without fractures. 

While the Zn–WC nanocomposite stents stayed inside the vessel, good endothelializations 

between the Zn–WC stents and surrounding cell tissues as well as no acute pathological problems 

were discovered from this study.  

One of the current challenges of thermal fiber drawing process for crystalline metal 

nanowires is low aspect ratio (< 10,000). A molten metal nanowire in a cladding material breaks 

up into shorter nanowires or smaller droplets due to Plateau–Rayleigh instability. It was 

experimentally and theoretically shown that molten liquid tends to minimize their surface area by 

virtue of surface tensions. The Tomotika model introduced the relation among instability time, 

viscosities of core and cladding materials, the wavelength and diameter of the core fluid, and 

interfacial energy between core and cladding materials as specifying the Plateau–Rayleigh 

instability [1]. The instability time was impeded by high viscosity of the Zn–WC nanocomposite 

core material while the preform of Zn–WC nanocomposite was thermally drawn by the stack-and-

draw method. Consequently, high aspect ratio (> 1,500,000) of Zn–WC nanocomposite nanowires 

that are 200 nm in diameter and up to 31 cm length were achieved. Herein, we present that WC 

nanoparticles decreased interfacial energy between metal and glass due to its inherent 

characteristic such as partly metallic bonding. As a result, the nanoparticle can play the role of 

anchors to prevent breakage by capillary instability in nanoscale thermal fiber drawing process. 

Zn–WC nanocomposite nanowires surrounded by borosilicate glass were shown through the TEM 

(transmission electron microscope) diffraction patterns. By the electrical resistance test, not only 

the electrical resistance and but also the continuity of the Zn–WC nanocomposite nanowires was 

presented.  
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In summary, a high volume fraction of Zn–WC nanocomposite materials by cold compact 

method were fabricated to overcome capillary instability in nanoscale thermal fiber drawing 

process. WC nanoparticles enhanced viscosity of the liquid state Zn–WC nanocomposite materials 

and played as the anchors to prevent wire breakage due to fluid instability. Finally, Zn–WC 

nanocomposite stent was shown to be promising material for application biomedical field such as 

stent. The in vivo test further confirmed that the Zn-WC stent was biocompatible.  
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CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

Thermal fiber drawing method is a scalable manufacturing process for fabrication of 

uniform and continuous wires that are stretched by their self-weight or external pulling forces 

under well controlled temperature. Only amorphous materials such as glasses and polymers whose 

viscosities are variable depending on temperature are suitable for cladding materials, whereas any 

kind of materials is selected for core materials. The diameter of drawn wires is determined by the 

ratio between the preform feeding speed and wire pulling speed. Characteristics of the thermal 

fiber drawing process, such as the variety of material selections and retention of preform structures 

after thermal drawing, enable this process to be widely used for various applications in different 

industries over the past few decades [2-10]. 

The thermal drawing tower in figure 1.1 consists of three parts, a feeding system, an 

electrical resistance furnace, and a pulling system. The preform, which consists of metal core 

which are surrounded by cladding materials (e.g. glasses and polymers), is lowered into an 

electrical resistance furnace by a stepper motor. The heated preform under a precise temperature 

control necks down under external pulling force or its own weight at above the glass transition 

temperature of cladding materials (Tg). The thinned fibers go through a pinch wheel and are wound 

onto a spool.  
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Figure 1.1 Schematic of a fiber drawing tower 

The draw down ratio (Dr) is defined as the ratio between the fiber pulling speed (vf) and 

preform feeding speed (vp) at a steady state condition. The diameter of preforms (Dp) and draw 

down ratio resulted from the pulling and feeding speed determines the diameter of drawn fibers 

(Df).   

𝐷𝑟 ≡
𝑣𝑓

𝑣𝑝
= (

𝐷𝑝

𝐷𝑓
)

2

                                                   (1-1) 
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1.2 OVERARCHING GOALS AND SPECIFIC RESEARCH OBJECTIVES  

The overarching goals of this study is to achieve the scalable manufacturing of metal 

micro/nano-wires from macro size preforms by thermal fiber drawing with the specific objectives: 

(a) to significantly advance the fundamental understanding of the physical phenomena in thermal 

fiber drawing, (b) to overcome the existing limit of the drawing process and fabricate 

nanocomposite materials for the preform, (c) to extend capability and application area of the metal 

nanocomposite micro/nanowires. 

1.3 OUTLINE 

The dissertation will be organized as follows. 

 Chapter 2 reviews the literatures of relevance to this study. 

 Chapter 3 describes Zinc–Tungsten Carbide nanocomposite manufacturing 

 Chapter 4 discusses the fabrication of microwires of Zinc–Tungsten Carbide 

nanocomposite by thermal fiber drawing 

 In Chapter 5 focuses on the stent fabrication with Zinc-Tungsten Carbide nanocomposite 

microwires 

 Chapter 6 explores fabrication and characterization of Zinc-Tungsten Carbide 

nanocomposite nanowires 

 The conclusions of this work are made in Chapter 7. 

 Future work is recommended in Chapter 8. 
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CHAPTER 2. LITERATURE REVIEW 

The literature review begins with a brief introduction to the thermal fiber drawing process 

from metal-core preforms and its applications, followed by a thorough review on the state-of-art 

studies of multifunctional metal micro/nanowires. The applications of the thermal fiber drawing 

method with metal wires core are described in detail. Metallic stents are commonly used in 

coronary interventions. Herein, materials for metallic stents and their manufacturing techniques 

are introduced. Stent properties originated from properties of its constituents and global patterns 

determine surgery methods, embedded locations and treatment period. Metal microwires drawn 

by thermal fiber drawing process can be utilized for stent fabrications, hence literature surveys on 

metallic stents are presented. Finally, the theories and processing methods of metal matrix 

nanocomposites (MMNCs) are reviewed in order to produce metal – nanoparticles composite 

materials for metal nanocomposite micro/nanowires fabrication. 

2.1 THERMAL FIBER DRAWING PROCESS 

Thermal fiber drawing process is a continuous manufacturing process where heat energy 

is used to draw a preform. Many research endeavors have been done on various preforms which 

consist of a core and an amorphous cladding since the formation of metal micro wires by thermal 

fiber drawing was first reported [11] due to its potential for scalable manufacturing of 

multifunctional fibers with unique features such high aspect ratio and materials properties [12-21]. 

Minimal criteria of thermal fiber drawing process with cladding materials required for a continuous 

fiber are summarized here: 
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1) Cladding is an amorphous material and its viscosity should fall between 103.5 to 107.6 

Poise at drawing temperature in order to be stretched by an external force. 

Thermoplastic polymers and glasses are typically used as cladding materials. 

2) The melting point of core metal should be lower than the drawing temperature. If the 

core is an amorphous material, its glass transition temperature should be lower than 

that of the cladding material. 

3) The coefficient of thermal expansion of the core and cladding materials should be 

relatively compatible at the drawing temperature to avoid cracks or voids. 

4) Chemical reactions between a core and cladding material should be avoided or 

minimized except intentionally designed for a specific purpose. 

5) Good adhesion/wetting between a core and cladding material can act positively for 

drawing continuous fibers. 

2.1.1 Metal micro/nano wires 

Metal micro/nano wires by the thermal fiber drawing process are produced as a cladding 

material squeezes a core metal while the cladding is stretched by an external force or a self-weight. 

The melting point of a core metal determines the kinds of cladding materials. Low melting 

temperature metals such as Indium (In), Tin (Sn) and Selenium (Se) have been thermally drawn in 

polymer claddings (Polysulfone (PSU), Polyethylenimine (PEI) and Polyehersulphone (PES) ) 

whose glass transition temperature are 185 °C, 217 °C and 220 °C respectively. 
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With the stack-and-draw approach, significant effort has been done to fabricate smaller 

diameter and longer metal wires with a variety of metal core. Indium microwires of 5 µm diameter 

were continuously drawn with PMMA (Polymethylmethacrylate) [22]. Tin (Sn) and Tin alloy 

(Sn95Ag5) microwires with a diameter of 4~6 µm were fabricated using borosilicate glass and 

PES (Polyehersulphone) [23]. Yaman et al. achieved to draw indefinitely long Selenium (Se) 

nanowire of 250 nm in diameter [12].  

On the other hand, Fused Silica and Borosilicate glass (Pyrex) have been used for high 

melting point metals due to their higher softening temperatures than those of polymers. Gold (Au) 

microwires of 4 µm in diameter were fabricated over a 5 cm length. However, length of this Gold 

wires were dwindled  to 20 µm as their diameter reached to 260 nm [24]. Lithography assisted 

fiber drawing achieved fibers with 300 nm in diameter and 2 cm in length [25]. Copper (Cu) 

microwires of 4 µm in diameter and nanowires of 300 nm in diameter were reported [18, 26], but 

no experimental evidences were provided to prove continuous length of drawn metal wires. 

To the best of our knowledge, heretofore long crystalline metal nanowires up to tens of 

centimeters –have not been achieved yet, whereas amorphous semiconductors and polymers were 

drawn to smaller than 100 nm with indefinitely length [12] as shown in Table 2.1. 
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Table 2.1 Metal micro/nanowires by thermal fiber drawing 

Core material Cladding material Core diameter Length Author and year 

In PMMA 5 µm Indefinite Kuhlmey, 2012 

Sn95Ag5 PES 4 m Indefinite Yaman, 2011 

Se PES 250 nm Indefinite Yaman, 2011 

Se PSU 200 nm 2 cm Deng, 2010 

Au Fused silica 260 nm 20 um Tyagi, 2010 

Au Silicate 330nm 2 cm Gholipour, 2016 

Cu Fused silica 6 um 50 cm Hou, 2008 

Cu Borosilicate glass 200~300 nm N/A Ioisher, 2011 

CuP Borosilicate glass 500 nm N/A Zhang, 2008 

Zn, Sn Borosilicate glass 6 um N/A Zhang, 2008 

 

2.1.2 Applications of multifunctional metal wires 

Metal wires have been utilized for various applications throughout the industry due to 

structural characteristics and materials properties. In addition, spatially arranged metal wires 

enable their functionalities to be broadened as interacting with cladding materials (polymers and 

glasses). The intrinsic mechanical, thermal, electrical, optical and magnetic properties of metal 

wires with intentionally spatially designed structures give rise to unprecedented functionalities. 
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2.1.2.1 Plasmonic photonic crystal fibers 

Surface plasmons which are generated by photon – electron interaction at the interface 

between a conductor and a dielectric lead to guiding and manipulating electromagnetic waves on 

the nanoscale [27]. As analyzing absorbed light onto a conductive surface (metal surface), 

Photonic Crystal Fibers (PCFs) with Surface Plasmonic Resonances (SPRs) have been exploited 

for sensors to detect various targets; specific elements, temperature, structural geometries or 

chemical reactions [28-30]. A great deal of investigations has been carried out to improve sensor 

performance or to develop new sensing principles. Graphene coating on the metal surface prevents 

oxidation while the birefringent nature of the coating structure enable to improve the sensitivity 

[31]. A specifically designed sensor, which consists of selectively coated structures, demonstrates 

narrower resonance spectral width and greater resonance depth. These two critical parameters 

result in enhancement of sensing performance [32].  

2.1.2.2 Conductive electrode fibers 

The high electrical conductivity, the intrinsic property of the metal micro/nanowires, 

improves the range of applications by combining with their geometric features of wires. Silver (Ag) 

and Copper (Cu) nanowires (diameter less than 100 nm and length longer than 10 µm) have been 

utilized in the next generation display devices which are assembled with transparent, flexible and 

conductive films. High electrical conductivity and nanoscale features of the nanowires increase 

the electrical conductivity of polymer films while maintaining original optical transparency [33, 

34]. Various research groups for rolled up displays have studied to surpass material properties of 

Indium Tin Oxide (ITO) as fabricating thinner and longer metal wires [35, 36].  Other applications 
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of metal wires as conductive electrode fibers are flexible electrodes for electrical woven fabric and 

bendable batteries. One-dimensional fiber-shaped supercapacitors can be used as flexible power 

sources in wearable electronics or cable-type flexible batteries [37, 38]. Due to lower energy 

densities of current electrode fibers, creative structural designs of fiber supercapacitors and 

enhancement of material properties have been investigated [39]. 

2.1.2.3 Photovoltaic fibers 

Photovoltaic fibers have been emerged as next generation power sources due to specific 

advantages: no pollution and no greenhouse gas emissions. With high electrical conductivity and 

a round shape feature, metal wires achieve long-distance transport of current and constant 

electrical efficiency regardless the direction of incident light [40, 41]. A great deal of work has 

been taken to increase conversion efficiency of photovoltaic fibers with various materials and 

creatively designed structures. Graphene and Carbon Nano Tubes (CNTs) can be utilized for 

improve electrical and mechanical properties of electrodes as spinning into flexible fibers [34, 42]. 

In order to absorb sunlight over a broad range of wavelength and different incident angles, 

specifically designed structures have been experimented [6, 43]. High-density and highly ordered 

Zinc Oxide (ZnO) nanowire arrays on Gold (Au) and Silver (Ag) enable conversion effective area 

to increase while keeping optical transparency [44].  

2.1.2.4 Metamaterials fibers 

Artificially structured metamaterials, which are usually arranged in repeating 

subwavelength scale patterns, have enabled unprecedented phenomena as manipulating 

electromagnetic wave [45-48]. Tapered wire array metamaterials enable to take subdiffraction 
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images as focusing light to subwavelength spots and transmitting images at terahertz frequencies 

(THz) over optically long distances [49].  The permittivity at a particular frequency is adjusted by 

various kinds of core and cladding materials and geometric structures such as diameters and 

spacing among wires. Such anisotropic structured metamaterials present extraordinary properties: 

negative refraction, enhancement of spontaneous emission [50]. Electromagnetic invisibility as 

light passes through structures without absorption, distortion and scattering has been theoretically 

proved and realized with various materials and structures [45, 51]. Key factors for invisibility, 

permittivity and permeability, can be tuned and reported at specific frequencies and directions with 

metamaterial structures. However, it is the challenge for an invisible cloak to create metamaterials 

which can cover all regions of visible wavelength and directions. 

2.1.2.5 Thermoelectric fibers 

Thermoelectric materials interconvert thermal gradients and electric fields for power 

generation or temperature sensing [52]. Their efficiency depends on the dimensionless parameter 

ZT which is a function of the Seebeck coefficient, electrical resistivity, absolute temperature and 

thermal conductivity [53]. Recent efforts on the nanostructured thermoelectric materials with 

nanowires have shown superior performances to bulk counterpart due to phonon scattering at 

nanoscale surface and interface [54]. Carbon fibers which had been intercalated with bromine and 

sodium improved thermocouple sensitivity up to 82 µV/ ºC [55]. High sensitivity and flexibility 

of thermoelectric fibers can be applied for waste heat recovery system or wearable power 

generations [56, 57].  
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2.1.3 Summary on thermal fiber drawing process 

Thermal fiber drawing process of metal core preforms realizes a scalable manufacturing 

and massive assembly of metal micro/nanowires simultaneously. The unique characteristics such 

as a variety of material selection and retention of preform structures after drawing can be used in 

a wide range of applications. Various technologies which exploited the mechanical, thermal, 

electrical and optical properties of metal as well as interaction between core and cladding materials 

are reviewed in this study to illustrate the significance of the thermal fiber drawing and its 

applications. Overcoming the current challenges such as crystalline metal nanowires, high aspect 

and dense of nanowires enable potential applications in biomedical industry and more specifically 

stent fabrication. 

2.2 BIODEGRADABLE METAL STENT 

Metals have high mechanical strength, ductility and toughness compared to other materials. 

Biocompatibility of several metals such as stainless steel, cobalt, chromium, iron, magnesium and 

zinc make them suitable for implanting to human body. Metallic stents have been widely used for 

stent applications due to superior performance when used via balloon angioplasty as reducing 

restenosis and preventing a lumen shrinkage [58]. However, the use of permanent metallic 

implants made by stainless steel or cobalt-chromium alloy at the early stage of stents were limited 

to use extensively due to long-term drawbacks such as endothelial dysfunction, chronic 

inflammatory local reaction and permanent physical irritation [59]. Stents are required to last for 

6 ~ 12 months to remodel and heal the arteries.  After this period, they cause side effects rather 

than being beneficial [60]. Table 2.2 shows the desired properties for bioabsorbable metal stents. 
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Table 2.2 Desired properties for bioabsorbable metal stents 

Properties Constraints References 

Mechanical integrity > 6 ~ 12 months [61-64] 

Yield Strength > 200 MPa [65] 

Ultimate Tensile Strength > 300 MPa [65] 

Elongation to Failure 

(% strain) 

> 15 ~ 18 % 

Higher ductility is better for expansion with 

enough toughness 

[65, 66] 

Elastic Modulus 

Low elastic modulus to be able to bend around 

the human circulatory system, but need enough 

radial force to open lesions 

[67-69] 

Elastic Recoil  on expansion < 4 % [65] 

Cell Response 
Encourage endothelia cell attachment and 

inhibit smooth muscle cell attachment 
[59, 70] 

Hydrogen Evolution < 10 µL/cm2/day [65, 71] 

Biocompatibility Nontoxic, non-inflammatory, hypoallergenic [72] 

Corrosion rate < 20 µm/year [73] 
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2.2.1 Iron-Based Biodegradable Stents 

Thinner stents can be fabricated from pure iron due to its high mechanical strength and 

modulus. The first biodegradable metallic stent was fabricated by laser cutting commercial Iron 

tubes (99.8% iron, Goodfellow). Stents were implanted in the descending aorta of New Zealand 

white rabbits [74]. The result of the Iron implantation showed no significant toxicity and 

mechanical failures during the first 6 month [75]. These short-term effects of the iron-based stent 

were concluded that Iron is a suitable material for biodegradable stent fabrication [76]. However, 

the Iron stents did not completely corrode during follow up testing (~ 18 months). Thus, it caused 

long-term issues such as chronic inflammation and endothelial dysfunction [77]. To achieve faster 

degradation rate, a great amount of studies on Iron based alloy have been conducted. Hermawan 

et al. investigated the effect of alloying elements such as Manganese (Mn) in Iron based stents [78-

80]. The Fe-Mn binary alloy showed that the degradation rate is two times faster than that of pure 

Iron with comparable mechanical properties to 316L stainless steel. This happened due to a low 

inhibition to metabolic activity of fibroblast cells on the stents.  Shcihammer et al. studied addition 

of Mn and Pd to accelerate the degradation rate of Iron [81]. The controlled formation of noble 

intermetallic phase with Fe-10Mn-1Pd gave rise to increasing corrosion rate and enhancing 

strength of Iron. Mn and Pd have been shown to be suitable alloying additions as Mn lowered the 

standard electrode potential of the alloy and Pd formed noble intermetallic structures that acted as 

cathodic sites. Fe-30Mn-6Si was suggested as a potential candidate for biodegradable material by 

Liu et al. [82]. While pure iron has a single α-ferrite phase, it was shown by XRD that the alloy 

consists of ε-martensite and γ-austenite phases and Si increased γ-austenite. Since α-ferrite has 
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higher corrosion resistant than ε-martensite and γ-austenite phases, it was shown that the corrosion 

rate of Fe30Mn6Si alloy was higher than Fe30Mn and pure Iron. Furthermore, Liu et al. studied 

the effect of Mn, Co, W, Sn, B and C elements on pure Fe [83]. The alloying elements Mn, Co, W, 

B and C can improve the yield and ultimate strength of Iron, while Sn brought about severe 

reduction of mechanical properties. The corrosion rate of the Fe-X binary alloys was in the same 

order of magnitude with that of pure Iron. Mechanical properties and in vitro degradation rate of 

Iron based alloys from the potentiodynamic polarization test are shown in Table 2.3. 

 

Table. 2.3 Mechanical properties and degradation rate of Iron based alloys 

Materials 

Yield 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

In vitro 

degradation 

rate 

(mm/year) 

References 

316L SS 

(annealed) 
190 490 40 - [84] 

Pure Iron 

(annealed) 
150 200 40 0.19 [75, 85] 

Fe-35Ma alloy 

(annealed) 
230 430 30 0.44 [78-80] 

Fe-10Mn-1Pd 

(heat treated) 
850~950 1450 ~ 1550 2~8 - [81] 
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Fe-30Mn-Sn6 

(solution treated) 
180 450 16 0.30 [82] 

Different elements 

(Mn, Co, W, Sn, 

B and C) 

(as cast) 

100~220 190~360 12~23 0.10~0.17 [83] 

 

 

2.2.2 Magnesium-Based Biodegradable Stents 

Magnesium (Mg) is another promising material for biodegradable implants due to its 

biocompatibility [86]. However, the mechanical and corrosion properties of Mg are not suitable 

for stent materials [87]. Mg alloying with various elements have been studied to improve 

mechanical strength and decrease corrosion rate. Heublein et al. investigated AE21 alloys 

containing aluminum (2%) and rare earth metals (1%) through coronary animal study [88, 89]. 

The corrosion rate of the alloy showed a lower degradation rate than that of pure Mg with a 

negligible inflammatory response. However, the alloy was expected that the mechanical integrity 

would be still forfeited between 5 ~ 8 weeks and up to 50 % mass would be lost in the first half-

year. WE43 alloy (Yttrium 4%, Zirconium 0.6% and rare earth metals 3.4%) have been implanted 

in mini-pigs and in lower limb ischemia patients by Di Mario et al. and Peeters et al., respectively 

[90, 91]. There were no toxic reactions on surrounding tissues, but no effect on the long-term 

patency of blood vessels was observed which demonstrating that less neointima formation did not 

lead to large lumen of vessels [92, 93]. The Mg–Y–Zn alloys denoted as ZW21 (Zn 2%, Y 1%, 
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Nd 0.5%, Zr 0.3%, Sn 0.5%, Ca 0.05%) and WZ21 (Zn 1%, Y 2%, Ca 0.25%, Mn 0.15%) offer 

high mechanical strength and plasticity with grain refinement method [94, 95]. With smaller grains, 

the elongation were 17% ~ 20% and fairly homogeneous degradation was presented [96, 97]. 

Furthermore, to improve the corrosion rate of Mg alloy, biodegradable polymers such as PLGA 

(Poly Lactic-co-Glycolic Acid) and PLA (Poly(lactic acid)) were coated on the surface of the alloy 

stents [98, 99]. The polymers not only decrease the degradation rate with multi-layer films, but 

also seals defects on the stents surface (i.e. micro cracks and holes). Moreover, they can play the 

role of carriers for anti-proliferative drugs in the prevention of coronary stent restenosis [100]. 

Table 2.4 summarizes mechanical properties and degradation rates of Mg alloys. 

Table 2.4 Mechanical properties and in vitro degradation rate of Mg alloy 

Materials 

Yield 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

In vitro 

degradation 

rate 

(mm/year) 

References 

316L SS 

(annealed) 
190 490 40 - [84] 

Pure Mg 

(as cast) 
20 86 40 0.19 [101] 

AE21 

(extruded) 
210 305 8 - [102] 

ZW21 

(extruded) 
200 270 17 - [96, 97] 
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WZ21 

(extruded) 
140 250 16 20 [96, 97] 

 

2.2.3 Zinc based biodegradable alloys 

Recently, Zinc (Zn) has been emerged as a potential biodegradable material for stent 

applications. Compared to Mg, Zn has a significantly lower corrosion rate. Mg and Zn have similar 

mechanical properties and cytotoxicity [103]. Zn has low mechanical strength, therefore alloying 

approaches have been used to enhance the strength. Dambatta et al. studied the effects of Zn alloys 

with Mg [104]. In order to increase the elongation, homogenization treatment was needed. The 

Zn-3Mg alloy displayed mechanical strength (88 MPa) and elongation (9%) at failure. Addition of 

Mg, Ca and Sr were investigated by Li et al [105]. The extruded Zn-1X binary alloys with Mg, Ca 

and Sr showed that ultimate tensile strength and elongation were 265, 245 and 260 MPa and 8.5, 

7.5 and 10.5 %, respectively. In addition, Zn-based alloys with Mg, Ca and Sr presented similar 

tensile strength with that of binary Zn alloys, but the elongation showed 5 ~ 7% which were 50 % 

lower than that of binary Zn-1X alloys [106]. Mechanical properties and corrosion rate of Zn based 

alloys were exhibited in Table 2.5.  
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Table 2.5 Mechanical properties and corrosion rate of Zn based alloys 

Materials 

Yield 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

In vitro 

degradation 

rate 

(mm/year) 

References 

Pure Mg 

(extruded) 
20 85 15 0.74 [103] 

Pure Zn 

(extruded) 
20 35 11 0.03 [103] 

Zn-3Mg 

(as cast, heat 

treatment) 

15 88 9 0.13 [104] 

Zn-1Mg 

(extruded) 
205 265 8.5 0.15 [105] 

Zn-1Ca 

(extruded) 
200 245 7.5 0.16 [105] 

Zn-1Sr 

(extruded) 
215 260 10.5 0.17 [105] 
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2.2.4 Summary of biodegradable metal stent 

Biodegradable metal stents have been developed to prevent long-term problems 

demonstrated by permanent stents. High mechanical properties of iron based alloy resulted in 

thinner struts for stents, but its low corrosion late can cause chronic issues. On the other hand, Mg 

based alloys have fast degradation rate. Thus a great number of studies have been conducted to 

decrease the corrosion rate of Mg using alloy additions and polymers. Zn based alloy were recently 

emerged as a potential materials for biodegradable implants due to its native corrosion rate and 

biocompatibility. However, due to low mechanical strength of Zn, it is challenging to use Zn for 

stent fabrication. 

2.3 SUMMARY 

Various applications of metal micro/nano wires were reviewed. Thermal fiber drawing is 

a promising technology for the scalable manufacturing of metal wires that can be utilized in 

existing and emerging applications. There exists a fundamental limit of molten metals by a fluid 

instability. It is believed that addition of nanoparticles can alter material properties of a core metal 

in thermal fiber drawing to overcome an existing challenge such as fiber breakage.  

Mechanical property improvement and corrosion rate modification of Iron, Magnesium 

and Zinc based alloys have been investigated as biodegradable implant materials. To this date, 

most researches have been focused on alloying approaches to tune mechanical and corrosion 

property. Furthermore, it was shown that addition of nanoparticles into biodegradable metals such 

as Zn can be a potential pathway for biodegradable stent fabrication. 
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CHAPTER 3. ZINC-TUNGSTEN CARBIDE NANOCOMPOSITE 

MANUFACTURING 

Zinc (Zn) is commonly used for galvanization due to its high corrosion resistance as 

applying a protective Zn coating to steel or iron to prevent rusting. With a low electrical resistivity 

( 6.0 × 10−8Ω ∙ 𝑚 ) and good biocompatibility (one of essential elements in human body), 

applications of Zn have been confined in constructive and automotive industries as a secondary 

material due to its weak mechanical strength. Therefore, there is a need to reinforce the pure Zn to 

enhance its mechanical strength. Adding suitable nanoparticle reinforcement can increase 

mechanical properties of metals. Tungsten Carbide (WC) has high mechanical strength, good 

electrical conductivity, high melting point, and high thermal stability and thermal conductivity. 

Therefore, WC (in nanoparticle form) is a great candidate to be utilized as nanoscale reinforcement 

for Zn matrix. In this study, WC and Zn were used as nanoparticle reinforcement and matrix, 

respectively. In order to incorporate nanoparticles into Zn, cold compaction by a hydraulic press 

machine was utilized for producing Zn-WC nanocomposites with a high volume percentage of 

nanoparticles. Characterizations of the microstructures and mechanical performance of the 

nanocomposites were carried out via SEM images and EDS mapping analysis. Viscosities of pure 

Zn and Zn-WC were measured by a modified capillary method.  
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3.1 MATERIALS AND METHOD 

3.1.1 Cold compaction 

To incorporate nanoparticles into Zn, WC (200 nm average diameter) nanoparticles and Zn 

(50 µm average diameter) powders were well-mixed by a mechanical shaker (SK-O330-Pro) at 

300 RPM for an hour, as shown in figure 3.1 (a). Mixed powder were added to a cylindrical 

stainless steel mold with an inner dimeter of 2 cm. About 58kN force was applied to the Zn-WC 

mixture by a hydraulic press machine, as shown in figure 3.1 (b), to form a Zn-10WC (vol.%) 

pellet, as shown in figure 3.1 (c). The Zn-WC nanocomposite pellets were melted under Argon 

(Ar) gas protection flow at 450 ºC for 30 minutes, as shown in figure 3.1 (d). The melt was 

naturally cool down at room temperature under Ar protective gas. The Zn-10WC nanocomposite 

were cut into small piece for microstructure analysis. 
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Figure 3.1 Fabrication procedure for Zn-WC nanocomposite 

3.1.2 Samples for microstructure 

Figure 3.2 shows sample preparation steps for the microstructure analysis of Zn-WC 

nanocomposites. The pieces of Zn-WC nanocomposite was mounted on a graphite sample holder, 

as shown in figure 3.2 (a). The samples were ground by grinding equipment (Allied M-Prep 5TM 

Grinder/Polisher), as shown in figure 3.2 (b). After that the study piece was milled by a low-angle 

(a) (b) 

(d) (c) 
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ion milling (4 º, 3.25keV with 10 µA) for 2 hours to clearly reveal the Zn-WC microstructure, as 

shown in figure 3.2 (c) and (d). The WC nanoparticle distribution and dispersion in Zn were studied 

by SEM and EDS mapping analysis. 

 

 

 

  

 

  

 

 

Figure 3.2 Zn-WC sampler preparation for microstructures 

3.1.3 Characterizations 

Characterizations of micro/nanostructures and mechanical properties of Zn-WC 

nanocomposite were performed using scanning electron microscope (SEM), energy dispersive X-

Ray spectroscopy (EDS), micro compression test, hardness test and viscosity test. In order to 

quantify the fraction of the WC nanoparticles incorporated into Zn, EDS element mapping analysis 

was performed on study samples. Yield and ultimate compressive strengths were obtained by 

micro-compressive tests with micro-pillars. Vickers hardness test was done on study samples to 

(a) (b) 

(c) (d) 
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assess the hardness (Leco microhardness tester). Viscosities of Zn and Zn-WC nanocomposite 

were measured by a modified capillary method. 

3.2 EXPERIMENTAL RESULTS AND DISCUSSION 

3.2.1 Microstructures of Zinc-Tungsten Carbide nanocomposite 

The microstructures of Zn-WC nanocomposite were shown in figure 3.3. The brighter 

phase areas corresponding WC nanoparticles and dark phase are Zn rich zone in figure 3.3 (a). The 

WC nanoparticle zone sizes vary from 20 to 100 µm as shown in figure 3.3 (b), which are similar 

to the initial sizes of Zn micropowders (20 ~ 100µm, max 150µm). Figure 3.3 (c) shows micro-

scale image of the sample. It is believed that micro porosities were caused from displaced WC 

nanoparticles, where molten zinc did not permeate, during the grinding process. However, Zn 

commonly pervaded into gaps of a few tens of nanometers among nanoparticles, but there were 

still nanoscale voids as shown in figure 3.3 (d).  
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Figure 3.3 Microstructures of Zn-WC nanocomposites 

 WC nanoparticle dispersion and distribution were quantitatively investigated by EDS 

mapping analysis. The WC nanoparticles volume in the large area (0.43 mm2, figure 3.3b) was 

estimated to be 10.63 ± 0.1 vol.%, which is close to the designated volume fraction (10 vol.% in 

Zn), as shown in figure 3.4.  

 

 

 

(a) (b) 

(c) (d) 
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Figure 3.4 WC particles distribution and volume percentage in large areas 

 

On the other hand, the volume percentage of WC in the particle-dense area in the small 

area (0.00083 mm2) was estimated to be 36.50 ± 0.4 vol.% of WC (figure 3.5). The difference in 

volume fraction of nanoparticles between particle dense and overall areas was larger than 3 times. 

Moreover, the difference resulted in non-uniform mechanical strength in a micro-pillar 

compressive test and hardness in micro hardness test. 
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Figure 3.5 WC particle dispersion and volume percentage in particle-rich area 

3.2.2 Micro-compression test 

Micro-compression testing is a promising technique for determining mechanical properties 

of materials in small scale samples. Miro-pillars (10 µm length and 3.5 ~ 4 µm diameters) with 

and without WC nanoparticles (figure 3.6 (a) and (b)) were machined by focused ion beam (FEI 

Nova 600 Nanolab Dual-Beam FIB-SEM). A Nanoindenter (MTS Nano Indenter XP) with a 10 

µm diameter-flat punch tip was used for micro-compression testing. Samples were loaded using a 

displace-controlled indenter up to 3 µm in depth.  
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(a) (b) 

 

 

 

 

 

 

 

Figure 3.6 Micro-pillars with and without WC nanoparticles 

  

Mechanical properties of pure Zn and Zn-WC nanocomposite are shown in figure 3.7. The 

ultimate compressive strength of pure Zn was measured to be 72 ± 25 MPa. If considering the 

compressive strength of pure Zn is 75 ~ 160 MPa, the results of cast pure Zn from this micro-

compression tests are reasonable. The strength of Zn-WC nanocomposite pillars are 600 ± 80 MPa 

which is about 9 times larger than the property of pure Zn. Furthermore, the strain of Zn-WC micro 

pillar was 28% when fractured. This demonstrates that not only WC nanoparticles enhances 

mechanical strength of pure Zn also retains its initial ductility.  
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Figure 3.7 Stress – Strain curve of pure Zinc and Zn-WC nanocomposite by micro-pillar tests 

  

The following equation can be used to estimate the Orowan strengthening due to WC 

nanoparticles presence, where φ, Gm, b, Vp  and dp are a constant of the order of 2, the shear 

modulus of the Zn matrix, the Burgers vector, the volume fraction and the size of the nanoparticles, 

respectively [107]. 

∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝜑𝐺𝑚𝑏

𝑑𝑝
(

6𝑉𝑝

𝜋
)

1/3
                                       (3-1) 

In addition, WC nanoparticles affect to the grain size of Zn. WC nanoparticle serves as nucleation 

site of pure Zn, leading to smaller grain formation. Figure 3.8 demonstrated the different grain 

sizes between pure Zn and Zn-WC nanocomposite. 
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(a) (b) 
 

 

 

 

 

 

Figure 3.8 grain size in pure Zinc and Zn-WC nanocomposite 

The average grain size in pure Zn was measured to be about 40 µm, whereas the average 

grain size in Zn-WC nanocomposite was smaller than a few micrometers. The offset yield strength 

of Zn-WC nanocomposite pillars were 100 ± 15 MPa, whereas those of pure Zn pillars were 30 ± 

10 MPa. The increased yield strengths of Zn-WC pillars were correlated with grain sizes. Grain 

boundaries hinder dislocation propagation as acting pinning points. The grain boundary 

strengthening (or Hall-Petch strengthening) is calculated by the following equation [108]: 

Δ𝜎𝑦 = 𝑘𝑑−1/2
                                                       (3-2) 

Where σy, k and d is the yield strength, the strengthening coefficient of each material and the grain 

size, respectively.    

3.2.3 Micro-hardness test 

Vickers hardness were measured on pure Zn and Zn-WC nanocomposite samples. 100 gf 

load for a 10-second dwelling time was used as the testing condition. 12 measurements were done 
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on each sample to obtain the average Vickers hardness to be 40.7 HV and 60.4 HV for pure Zn 

and Zn-WC nanocomposite, respectively. The Zn-WC nanocomposites experience 50 % hardness 

enhancement, as shown in figure 3.9. Factors such as defects and micro porosities contribute to 

less promising enhancement in Vickers hardness in Zn-WC sample.  

 

Figure 3.9 Vickers hardness test of pure Zinc and Zn-WC nanocomposite 

3.2.4 Viscosity 

Similar to the case of the mechanical properties, there is significant discrepancy in the 

viscosity between pure Zn and Zn-WC (10 vol.% of WC) nanocomposite. Viscosities of Zn with 

and without WC nanoparticles was measured by the following equation (modified capillary 

method) [109]: 

𝜂 =
𝜋𝑟4𝑡

8𝑙𝑉
Δ𝑃                                                         (3-3) 
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where η (Pa·s) is the viscosity, r is the capillary radius (m), l is the capillary length (m), V is the 

volume (m3) of molten metals that flows during time t (s) and ΔP is the pressure difference (Pa). 

The parameters r and l were determined by the dimension of the capillary tube, and V, t, and ΔP 

were measured by the experiment. The liquid volume (m3) and time (s) were obtained by 

measuring the flow speed of the molten Zn. The Zn was melted in an electrical resistance furnace 

at 500 °C under Ar gas as shown in figure 3.10 (a). The molten Zn was sucked up by a vacuum 

pump through the gradation-marked borosilicate glass tube of 1.27 mm in inner diameter, as shown 

in figure 3.10 (b). The fluid flow was recorded by a video and analyzed on a video editing software 

to measure the volume rate of the Zn flow.  

 

 

 

 

Figure 3.10 Measurement of Zinc viscosity and the gradation-marked glass tubes 

 The viscosity of pure Zn and Zn-10WC nanocomposite were measured to be 6 mPa·s (6 

cP) and 118 mPa·s (118 cP), respectively. The viscosity of Zn-10WC is about 20 times larger than 

that of pure Zn. The parameters obtained from the experiment are shown in the Table 3.6.   

 

 

 

(a) (b) 
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Table 3.6 Parameters in the modified capillary experiment and viscosity 

 
Capillary 

radius (mm) 

Capillary 

length (cm) 

Metal volume 

(mm3) 

Time 

(s) 

Pressure 

difference 

(kPa) 

Viscosity 

(mPa·s) 

Zn 0.635 30 63.34 0.03 60 6 

Zn-10WC 0.635 30 50.67 0.47 60 118 

 

 Comparing with the viscosity of pure Zn (3.5 ~ 4 mPa·s) from literature [110], the 

measured data is higher. The error in viscosity can arise from the fluctuation of the pressure by the 

vacuum pump and the high value of Reynolds number (Re≈2500). However, this experiment still 

indicates that WC nanoparticles incorporation in Zn can significantly enhances the viscosity of the 

pure Zn.  

3.3 SUMMARY 

Zn-WC nanocomposites with a high nanoparticle loading were successfully synthesized by 

a cold compaction process followed by melting. Relatively uniform dispersion and distribution of 

WC nanoparticles was achieve in Zn matrix. However, the volume fraction of WC nanoparticles 

in particle-dense area was greater than 35 vol. %. Micro/nano scale voids were observed in SEM 

images. The fair WC nanoparticles distributions and microporosities caused only moderate 

Vickers hardness enhancement. Vickers hardness enhancement was not as expected due defects 

such as microvoids and fair WC nanoparticle dispersion and distribution. WC nanoparticles 

incorporated into Zn significantly improved its mechanical strength in the micro-pillar 
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compression tests. WC nanoparticles impede the movement of dislocations or defects in Zn lattice 

as well as reducing the size of grains. Mechanical strength enhancement in Zn-WC was 

demonstrated via the micro-compression and hardness tests. However, this enhancement was not 

as predicted due the fair distribution and dispersion of WC nanoparticles in Zn matrix which 

requires further improvement. Viscosities of pure Zn and Zn-WC nanocomposite were measured 

by the modified capillary method. From the experiment, it was shown that WC nanoparticles 

increased the viscosity of the pure Zn. 
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CHAPTER 4. ZINC-TUNGSTEN CARBIDE NANOCOMPOSITE 

MICROWIRES FABRICATION BY THERMAL FIBER 

DRAWING 

Thermal fiber drawing by preforms facilitates continuous manufacturing of micro-wires. 

A wide selection of materials and retention of original preform structures can be used in thermal 

fiber drawing to produce multifunctional microwires. Here we present a scalable manufacturing 

and characterizations of Zn-WC nanocomposite microwires drawn by thermal fiber drawing. 

Preforms were prepared by sucking up molten Zn-WC nanocomposite in a borosilicate glass tube. 

The preform was then drawn through an electrical resistance furnace to fabricate Zn-WC 

microwires. WC nanoparticles were observed in SEM images of drawn Zn-WC microwires. 

Tensile tests were carried out on Zn-WC micro-wires by dynamic mechanical analysis (DMA). 

Inductively coupled plasma optical emission spectrometry (ICP-OES) was utilized to measure the 

corrosion rate of microwires which were immersed in aerated simulated body fluid (SBF) for 14 

days. Electrical resistivity of Zn-WC microwires was characterized by a micromanipulator probe 

station. The tensile test showed that WC nanoparticles increased mechanical strength of pure Zinc, 

but decreased its elongation. However, degradation rate of Zn-WC nanocomposite was similar to 

pure Zn. Electrical resistivity of the Zn-WC nanocomposite microwires was 700 and 210 times 

higher than both that of pure Zn and WC, respectively.  
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4.1 MATERIALS AND METHODS 

4.1.1 Preform fabrication for micro-wire drawing 

Zn-WC nanocomposite metal and borosilicate glass were used for the core and cladding of 

the Zn-WC preforms, respectively. Figure 4.1 (a) shows that the top view of the induction furnace 

where Zn-WC nanocomposite pellets produced by cold compaction process were melted under 

Argon gas at 450 ºC in an induction heater. In this experiment, borosilicate glass tubes (upper use 

and glass transition temperature are 450 ºC and 520 ºC, respectively) were used for preform 

fabrication after a consideration of their thermal properties. Molten Zn-WC nanocomposite was 

sucked into a 30 cm-long borosilicate glass tube (inner diameter: 1mm, and outer diameter: 6.5 

mm) by a vacuum pump (connected with the glass tube) as shown figure 4.1 (b). In order to 

minimize the sacrificial parts of the Zn-WC nanocomposite preforms, an additional borosilicate 

glass rods were linked to both tips of the preforms. The Zn-WC preforms and sacrificial glass rods 

were centered and merged by a torch on a lathe, as shown in figure 4.1 (c). The glass rod connected 

to one side of the Zn-WC preform was consumed for the bottom portion of the preform at the 

beginning of the thermal fiber drawing process. The glass rod linked to the other side was remained 

in a feeding system when the process was over. Figure 4.1 (d) exhibits that 60 cm-long Zn-WC 

preforms connected with extra glass rods before thermal drawing experiments after the working 

distance was considered in the electrical resistance furnace for the consumed part of the preform 

in the beginning and the lowest position of the preform feeding stage for the remained part at the 

end of the experiment.   
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Figure 4.1 Procedure of preform preparation for thermal fiber drawing 

4.1.2 Thermal fiber drawing of Zn-WC preform 

The Zn-WC nanocomposite preform was clamped in a feeder, and then was fed into an 

electric resistance furnace where the temperature was controlled. Figure 4.2 show the schematic 

of the thermal fiber drawing. 

 

 

 

 

  

5cm 

10cm 

(a) (b) 

(c) (d) 
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Figure 4.2 Schematic of thermal fiber drawing process 

 The temperature of the furnace was set to 820 ºC in accordance with the softening point of 

borosilicate glass. The heated preform in the furnace was narrowed down under its own weight. 

The narrowed fiber was pulled down at a constant speed while the preform continues to be fed into 

the furnace. At steady-state, the diameter of drawn fibers can be determined by the draw-down 

ratio Dr (the ratio between pulling speed of fibers and feeding speed of the preform). The equation 

in below shows the relationship between the draw-down ratio, fiber pulling and preform feeding 

speed, and diameter of preforms and drawn fibers.  

𝐷𝑟 ≡
𝑣𝑓

𝑣𝑝
= (

𝑑𝑝

𝑑𝑓
)

2

                                                  (4-1) 

where vf, vp, dp and df are the fiber pulling speed, the preform feeding speed, the diameter of a 

preform and the diameter of a drawn fiber, respectively. Zn-WC nanocomposite preform with 1mm 
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core diameter and 6.5mm cladding diameter was used to draw microwires with variable draw-

down ratio by controlling the pulling speed of the wires.  

4.2 EXPERIMENTAL RESULTS AND DISCUSSION 

4.2.1 Microstructures of Zn-WC micro-wires 

The Zn-WC nanocomposite microwires were characterized by scanning electron 

microscope (SEM). The Zn-WC preform (Zn-WC core: 1mm) was drawn with a draw-down ratio 

of 25.  The smooth surface of the Zn-WC microwire with a uniform diameter is shown in figure 

4.1 (a) and (b) with different magnifications. The diameter of the microwire is 200 µm which is 

the one-fifth of its initial diameter (1mm). The fiber diameter after drawing is in good agreement 

when estimated via Eqn. 4-1. WC nanoparticles dispersion and distribution can be observed on the 

micro-wire (figure 4.1c). The dispersion in bulk nanocomposite varies that the nanoparticles in the 

microwires are directional along drawing direction. Figure 4.1d shows that WC nanoparticles were 

uniformly dispersed in the particle rich area as pure Zn was filled among nanoparticles. In addition, 

there were a few nano-scale voids in microwires.  
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Figure 4.1 WC nanoparticles on the surface of Zn-WC nanocomposite microwires  

In order to examine WC nanoparticles inside the microwires, the wires was mounted in an 

epoxy resin. The microwire embedded resin was ground and polished to expose the inside of the 

wire. The WC nanoparticles inside the microwire were detected by SEM as shown figure 4.2. 

 

(a) (b) 

(c) (d) 
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Figure 4.2 SEM images of the Zn-WC nanocomposite microwire showing WC nanoparticles 

dispersion inside the microwire 

 Through the analysis of SEM images, it was verified that WC nanoparticle existed both 

inside and on the surface of the microwire drawn by first thermal drawing cycle. Thus, WC 

nanoparticles can contribute to not only enhancing mechanical strength but also possibly 

influencing interfacial energy between the metal core and glass cladding.  

4.2.2 Tensile test of microwires 

The tensile test on Zn-WC microwires was carried out to measure the ultimate tensile 

strength and strain. In order to minimize unnecessary forces to the microwires during handling and 

mounting to a test machine, the microwires were attached to a paper with an instant glue as shown 

in figure 4.3 (a). The Zn-WC microwire with a paper holder was clamped in the Dynamic 

mechanical analyzer (Q 800 DMA, TA instruments) shown in figure 4.3 (b). 

 

 

 

 

20µm 
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Figure4.3 Tensile test samples with paper holder (a) and test samples mounted on the 

DMA clamp (b) 

While the microwires were stretched with 250 µm/s, the analyzer measured the tensile 

forces and displacements. Pure Zn microwires drawn with same conditions (thermal fiber drawing) 

were also tested for comparison. The tensile test data of the Zn-WC and pure Zn microwire was 

converted to stress and strain based on the wire geometries and then plotted in figure 4.4. The 

ultimate tensile strength of pure Zn (red line) was 38 MPa and the strain was 30% at fracture. On 

the other hand, the strength of the Zn-WC nanocomposite (blue line) was 100 MPa with at 5% 

strain when the wire was ruptured. The WC nanoparticles improved the strength of the Zn more 

than 2.5 times, but elongation was decreased. 

 

 

 

 

(a) (b) 
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Figure 4.4 Stress-strain curve of the Zn-WC nanocomposite and pure Zinc microwire 

 The deterioration of the strain in the tensile test was in contrast with the result of the micro 

compressing test where the strength was enhanced with a slight reduction in elongation. We 

believe that several factors contributed to the strain reduction. Stress concentrations and crack 

propagations were occurred from micro/nano scale porosities. Surface defects (notches and 

dimples) that were created during the glass removal process also lead to a stress concentration on 

the wire surface. In addition, the residual stress or defects by the clamp in the tensile machine may 

also cause the mechanical property reduction.  

 

4.2.3 Degradation test of Zinc (Zn)-Tungsten Carbide (WC) microwires 

The corrosion rate of Zn-WC nanocomposite microwires were measured by a degradation 

test. Various Zn-WC microwires (0, 2.5, 5, 7.5 and 10vol.% of WC nanoparticle in Zn) were cut 
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to a length of  1.0 cm and immersed in a simulated body fluid (SBF), which is a solution with an 

ion concentration close to that of human blood plasma. The SBF was kept at 37 ºC to replicate the 

human body temperature. In addition, CO2 gas was used to reflect physiological conditions of 

human as well as control the pH value of the solution. Zn ion was released from the Zn-WC 

microwires and accumulated in the SBF during the test. The corrosion rate of the wires was 

measured at 1, 3, 7, and 14 days with ICP-OES (Inductively coupled plasma optical emission 

spectroscopy). Figure 4.5 shows the Zn ion release in SBF solutions. The average corrosion rates 

of each sample (0 ~ 10vo%. of WC nanoparticles in Zn) were between 0.25 and 0.4 µg/mm2 in 

one day. The rates were 0.98 ~ 1.3, 2.20 ~ 2.34, 3.47 ~ 3.67 µg/mm2 at 3, 7 and 14 days, 

respectively. The difference among the averages corrosion rate is about 5.5% and the standard 

deviation is 13.5%. It was shown that the amount of released Zn ions was almost the same for two 

weeks regardless of the volume fraction of WC nanoparticles although the order of the released 

Zn in each measurement varied. 
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Figure 4.5 Corrosion rate of Zn-WC nanocomposite microwires 

 Furthermore, the corrosion rate of the Zn-WC microwires is linear with the degradation 

time as shown in figure 4.6. The average corrosion rate of each sample per each day was 0.25 ~ 

0.4, 0.33 ~ 0.43, 0.31 ~ 0.33 and 0.25 ~ 0.26 µg/(mm2·day) at 1, 3, 7 and 14 days, respectively. 

The increment of the Zn ion in the SBF in each day varied from 0.25 to 0.43 µg/(mm2·day). 

 

 

 

 

 

 

 

 

Figure 4.6 Relationship between the corrosion rate of microwires and degradation time 

 The variation of corrosion rates can result from by-products on the surface of the 

microwires (figure 4.7 a). The precipitated materials on the surface locally hinder the Zn from 

reacting with the SBF covering the surface of the Zn-WC wires, thereby allowing to vary the 

degradation rate of each sample. In order to investigate compositions of by-products, EDS was 

used. Numbered points on the SEM image is shown in figure 4.7 (b) for EDS analysis. 
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Figure 4.7 By-products on the surface of Zn-WC microwire (a) and (b) 

The Table 4.1 shows elemental composition of the surface in each point. Magnesium and 

Phosphorus were detected on the point 1. Calcium was observed all points except the point 3. If 

considering the compositions and insolubility of by-products in water and the SBF, it is assumed 

that the sediments were Magnesium phosphate, Mg(H2PO4)2, and Hydroxyapatite (HA). Also, we 

expect that a large amount of carbon was originated from bicarbonate in the SBF and silicon came 

from the residual glasses on the surface of the microwire 

Table 4.1 Elements of by products on the surface of the Zn-WC microwires 

 
C-K O-K Mg-K Al-K Si-K P-K Ca-K Zn-L Ir-M 

Point 1 731 33139 3793 
  

20127 342 43427 
 

Point 2 800 542 
  

22210 
 

115 886 348 

Point 3 3318 1063 
   

248 
 

228 
 

Point 4 12548 16465 
 

6711 5267 6230 2730 12402 
 

Point 5 524 5765 
   

1740 433 100146 
 

a b 
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(a) (b) 

Although corrosion rates of samples in each date vary, the overall corrosion rate is linear 

with time. This arises from the uniform degradation of Zn. The surface of the Zn-WC microwire 

was smooth before degradation testing as shown in figure 4.8 (a). The surface immersed in the 

SBF for 14 days was still smooth and similar with that before the testing. Some surface areas 

were covered with by-products, but the surface underneath the precipitations was smooth (figure 

4.8 b). 

 

 

 

 

 

 

 

Figure 4.8 Zn-WC composite microwire after (a) and before degradation test (b) 

From these results, it was assumed that the corrosion rate of Zn-WC nanocomposite were 

almost the same regardless of the volume fraction of WC nanoparticles, although the amount of 

the released Zn ions in each measurement varied. Furthermore, the overall corrosion rate of Zn-

WC nanocomposite was similar with that of pure Zn. From this result, it is considered that WC 

nanoparticles have little effect on the degradation of Zn-WC.  Furthermore, Zn-WC 
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nanocomposite can be utilized for bio-degradable applications with precise estimation for structure 

degradation due to its near-linear corrosion rate. 

4.2.4 Electrical resistance test 

The electric resistivity of Zn-WC microwires was measured by a micromanipulator probe 

station. The glass-removed Zn-WC wire was placed on a microscope slide and attached by a hot 

melt adhesive. Two probes were used to apply the variable voltage from 0 to 0.5 volt and measure 

the current in figure 4.9 (a). The resistance of the Zn-WC wire was calculated by the correlation 

between a voltage and current (𝑉 = 𝑅𝐼). The value of the resistance was 6 Ω and represented by 

the trend line on the voltage – current curve in figure 4.9 (b).  

 

 

 

                                                       

 

 

Figure 4.9 Measurement of the electrical resistivity of Zn-WC microwires 

 The resistivity of the wire was is calculated to be 4.2 × 10−5Ω ∙ m (R = ρ
𝑙

𝐴
), where R, ρ, 

l and A are resistance, resistivity, length and cross section area of the wire, as considering 

geometries of the microwire (diameter: 230 µm, length: 6 mm). The resistivity of the wire is 700 

(a) (b) 



49 

 

times larger than that of Zn (𝜌𝑍𝑛 = 6.0 × 10−8 MΩ) and 210 times larger than that of bulk WC 

(𝜌𝑊𝐶 = 2.0 ×  10−7  MΩ). The defects such as porosities inside the wire and notches on the 

surface created during sample preparation, as well as contact resistance, might result in increase 

in the resistance.  

4.3 SUMMARY 

Zn-WC nanocomposite microwires were manufactured by thermal fiber drawing. Preforms 

were prepared by sucking up molten Zn-WC nanocomposite into borosilicate glass tubes. In order 

to minimize the wasted part of the preform, additional borosilicate glass rods were connected with 

the Zn-WC nanocomposite embedded tubes. The diameter of drawn wires matched well with the 

calculated diameter based on the draw-down ratio and preform diameter. WC nanoparticles were 

observed both on the surface and the inside of microwires via SEM images and EDS mapping. 

Mechanical properties of Zn-WC wires were characterized by a DMA. The ultimate tensile 

strength of the wires is 2.5 times higher than that of pure Zn. However, the elongation of the Zn-

WC at fractures was 5%. The result of tensile test showed that WC nanoparticles enhanced the 

strength but decreased the elongation. The defects such as porosities and notches decreased 

mechanical properties of Zn-WC wires. Degradation test showed that the corrosion rates of Zn-

WC microwires were similar with that of pure Zn regardless of the volume fraction of WC 

nanoparticles. The corrosion rate is almost linear to the degradation time. This uniform corrosion 

rate of Zn-WC nanocomposite is very useful for estimating the dimension of structures where the 

specific strength is needed during degradation for a required period. The electrical resistivity of 

Zn-WC wires was measured by a micromanipulator probe station. The larger resistivity of Zn-WC 
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than those of pure Zinc and Tungsten carbide possibly is resulted from defects of wires and contact 

resistance.   
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CHAPTER 5. STENTS FABRICATIONS WITH ZINC-

TUNGSTEN CARBIDE NANOCOMPOSITE MICROWIRES 

Metallic stents are commonly used in coronary interventions for heart disease patients. 

Since metallic stents have high strength, ductility and toughness compared to other materials, they 

are suitable to build micro-scale struts for withstanding vascular forces. To mitigate the chronic 

side effects induced by the corrosion-resistance of the stents, biodegradable metallic stents have 

been developed in the last decade. Iron-based and magnesium-based alloys are most popular 

materials for metallic stents due to their mechanical properties, biocompatibility and degradability. 

Recently, zinc-based stents have been investigated as an alternative for biodegradable metallic 

stents due to its biocompatibility and ideal corrosion rate for optimal stent performance. In this 

study, Zn-WC nanocomposite stents were manufactured as woven from Zn-WC nanocomposite 

microwires of 200 µm in diameter on an acrylonitrile butadiene styrene (ABS) stage built by a 3D 

printer (FDM – Fused deposition modeling). A catheter and an inflator were utilized to expand the 

Zn-WC nanocomposite stent and study its fractures and recoil behaviors. To assess the Zn-WC 

nanocomposite stents, in vivo test was conducted by deploying the Zn-WC nanocomposite stent 

into a pig. The Zn-WC nanocomposite stent remained in the artery of the pig for over a month to 

conduct a thorough study of its interaction with the surrounding tissues. The nanocomposite stent 

was extracted from the pig for SEM and EDS characterization in order to investigate fractures and 

surface morphology.  
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5.1 MATERIALS AND METHODS 

5.1.1 Weaving stage  

Zn-WC nanocomposite microwires were produced via thermal fiber drawing. A weaving 

stage was utilized to fabricate the Zn-WC nanocomposite stents. A FDM (Fused deposition 

melding) 3D printer (Dimension Elite, Stratasys) was used in figure 5.1 (a) to build the weaving 

stage with a hole of 800 µm in diameter for pins. The configuration of holes on the weaving stage 

was designed by considering dimensions of the Zn-WC stents such as diameter and length. Figure 

5.1 (b) shows the printing chamber where temperature is at 210 ºC during printing. ABS 

(Acrylonitrile butadiene styrene) with glass transition temperature of 105 ºC was extruded through 

the mobile hot nozzle and deposited on the plate. The waving stage, as shown in figure 5.1 (c) is 

comprised of holes of 800 µm in diameter with a 1.6 mm gap from the each adjacent holes Dowel 

pins (12.7 mm in length and 800 µm in diameter) were inserted into holes in the weaving stage. 

 

 

 

 

  

Figure 5.1 FDM 3D printer and weaving stages 

 

2cm 

(a) (b) (c) 
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5.1.2 Zn-WC nanocomposite stents 

Thermal fiber drawing was used to produce continuous Zn-WC nanocomposite microwires 

with a diameter of 200 µm at 820 ºC (original composite preform consist of 1 mm Zn-WC metal 

core and 6.5 mm borosilicate glass). After removing the glass cladding, the Zn-WC microwires of 

200 µm diameter was braided on the ABS weaving stage and rolled up as shown in figure 5.2 (a) 

and (b) to produce Zn-WC nanocomposite stents with 2 mm inner diameter and 200 µm wall 

thickness. 

 

 

 

 

 

 

 

Figure 5.2 Stents made by Zn-WC nanocomposite microwires 

Both tips of Zn-WC microwires for single or double cell stents were linked by a polyolefin 

heat shrink tubing.  

2mm 2mm 

(a) (b) 
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5.2 EXPERIMENTAL RESULTS AND DISCUSSION 

5.2.1 Mechanical properties of Zn-WC nanocomposite stents 

Before in vivo test in a pig, expansion and recoil tests of Zn-WC nanocomposite stents 

were investigated by balloon inflation and deflation test with a catheter. A balloon is connected to 

one tip of the catheter, and the other tip is linked to an inflator. Figure 5.3 (a) shows that Zn-WC 

nanocomposite stent was mounted in the deflated balloon with a 2.1 mm in diameter. The balloon 

was expanded up to 10.5 mm in diameter as it was filling with injected water from the inflator in 

figure 5.3 (b).  

 

 

 

 

 

 

  

Figure 5.3 Inflation test of Zn-WC nanocomposite stent: before (a) and after (b) inflation 

 

During the inflation test with a balloon, the Zn-WC nanocomposite stent was expended to 

10 mm without fractures as shown in the inset to figure 5.3 (b). This means that the global stent 

(a) (b) 

2mm 5mm 

(a) (b) 
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structures, especially the crown curvature of stents, dominate the radial expansion, rather than 

strain of struts [111-113]. Plastic deformation of Zn-WC nanocomposite wires facilitated high 

curvature of stent, thereby, being able to enlarge the radial expansion of the Zn-WC stents.  

The percentage of stent recoil is defined by the decreased diameter of a stent from its 

expanded diameter when the balloon is deflated. If considering the lumen area to reduce restenosis 

that is the recurrence of stenosis in a blood vessel, smaller recoil is better for stents. The diameter 

of expanded Zn-WC nanocomposite stent by the inflated balloon was 10.5 mm. After retrieving 

the balloon, the Zn-WC stent kept the expansion without recoil as shown in figure 5.4.  

  

 

Figure 5.4 Expanded Zn-WC nanocomposite stent after deflation 

 

Our results demonstrate that recoil of the Zn-WC nanocomposite stent is closed to zero 

under no radial forces. The balloon inflation test was repeated to investigate recoils from different 

expansion diameter of Zn-WC stents. The stents were expanded to 6 mm, 8 mm and 10 mm by 
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controlling the diameter of dilated balloon. All stents maintained the expanded states without 

recovery after deflating the balloons. The small elastic deformation region of Zn-WC 

nanocomposite wires on the stress – strain curve results in a few recoils from 6 mm to 10 mm 

radial expansion. Inflation test of Zn-WC nanocomposite stents conducted under no external forces 

led to zero recoils. The results will be different from those of in vivo test where radial forces are 

pressurized by the blood vessel. Nevertheless, little recoil of Zn-WC nanocomposite stents from 

the balloon inflation test shows promising opportunity for the Zn-WC nanocomposite stents. 

5.2.2 Animal testing with Zn-WC nanocomposite stent 

Feasibility and validity of a new nanocomposite stent can be examined by animal models 

of stent implantation before testing in human. It is difficult to address various concerns 

simultaneously such as endothelialization, restenosis and pathological problems as well as 

mechanical properties (i.e. radial strength, foreshortening and corrosion rate) from general material 

properties or in vitro tests. On the other hand, animal testing provides comprehensive information 

about feasibility, toxicity, safety and efficacy of the nanocomposite stent. For the percutaneous 

coronary intervention (PCI) with new stents, the porcine model is considered as ideal preclinical 

model systems due to anatomic and physiologic similarities between pigs and humans. Pigs not 

only have about the same size and shape of heart with those in human, also experience similar 

physiological phenomena as human do such as atherosclerosis and myocardial infarction. 

The pig testing with angioplasty and Zn-WC nanocomposite stent were conducted by 

similar surgery in human. The skin on the femoral region of the pig was cut to insert a sheath (thin 



57 

 

plastic tube) under anesthesia. The catheter with a small balloon tip was guided through the femoral 

artery and reached to the artery near the heart.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Surgical procedure under a fluoroscopy (a) and angiograms (b) and (c) 

Since the surgery was carried out under a fluoroscopy as shown in figure 5.5 (a), the 

catheter and other devices for percutaneous coronary intervention with stents were made or coated 

with radiopaque materials. In order to observe internal blood vessels under X-ray, as shown in 

figure 5.5 (b), iodine-based dye was injected (figure 5.5 c). The contrast liquid enables physicians 

(a) (b) 

(c) 
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to navigate the catheter to the target. However, stainless steel and magnesium based stents need 

radiopaque markers or coating process with other materials such as gold to inhibit the passage of 

electromagnetic radiation.  

 Figure 5.6 shows that Zn-WC nanocomposite stent was successfully expanded by the 

inflated balloon without fractures and deployed in the artery near the pig’s heart. The Zn-WC 

nanocomposite stent can be clearly observed in the image taken by a fluoroscopy (figure 5.6) due 

to intrinsic radiological property of Zn. Therefore, there is no need for radiopaque markers for Zn-

WC nanocomposite stent.  

 

 

 

 

 

 

 

Figure 5.6 Radiography of expanded Zn-WC stents under X-ray 

On the contrary, the radiopaque markers fell off from the magnesium alloy stents as they 

migrated through blood vessels. This would cause the stent to be invisible in X-ray imaging (figure 

5.6). Consequently, the expansion of the magnesium alloy stent was not confirmed visually 
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through the x-ray images, despite of the fact that it was known the actual location of the stent was 

placed 3 cm below the right side of the Zn-WC stent.  

Zn-WC nanocomposite and Mg alloy stents were placed in the artery of the pig for 4 weeks 

and extracted to investigate surface morphology, fractures and physiological reactions. SEM was 

used for studying microstructures of both the Zn-WC nanocomposite and Mg alloy stents. It was 

observed (shown in figure 5.7 a) that the surface of the Zn-WC stent was smooth. The surface 

morphology of the Zn-WC extracted from the pig was considerably similar to those of the Zn-WC 

wires before and after degradation test (figure 4.6), notwithstanding placing in the blood vessel for 

a month. The diameter of the Zn-WC strut was 209 µm, which is close original diameter of that of 

the Zn-WC stent before the animal test. 

 

 

 

 

 

 

Figure 5.7 Extracted Zn-WC stent (a) and Mg alloy stent (b) from a pig 

In addition, no fractures and cracks on the surface of the Zn-WC stent were presented in 

the animal test and similar to results of in vitro test with simulated body fluid (SBF). Thus, the 

(a) (b) 
(a) (b) 



60 

 

microstructural results of in vivo test re-affirmed the fact that WC nanoparticles do not affect the 

corrosive properties of pure Zinc.  

Furthermore, expeditious endothelialization between the Zn-WC stent and the surrounding 

blood vessel was shown through the porcine test. Endothelium play the role of a nonthrombogenic 

coating of exposed stent surface, thereby preventing acute occlusion by thrombosis and reducing 

the potential restenosis [114]. Commercial drug-eluting stents (DES) which are coated with drugs 

and polymers to block thrombosis limit formation of a new endothelial layer over the new stents. 

On the other hand, zinc based stents minimize the amount of antiproliferative drugs and accelerate 

arterial healing. In addition, the toxicity of the Zn-WC nanocomposite stent was investigated, but 

no pathological problems have been found so far.  

The Zn-WC stent consisted of a single cell was migrated and discovered the near 

bifurcation closed from the original deployed place. The stent migration occurs easier in single-

cell stents than multi-cell stents. Once the one end of single-cell stent shrinks, its contact surface 

with a blood vessel is significantly decreased. As a result, the stent is flowing through a blood 

vessel and halt in a narrow area. The stent migration can be resolved as designing multiple cell 

stent or designing anti-migration anchor for stents.  

However, severe fractures were observed on the surface of the Mg alloy stent, as shown in 

figure 5.7 (b). These local cracks led to non-uniform corrosion, whereupon the Mg alloy stent will 

lose their mechanical strength in a short time. Besides, the diameter of the stent decreased to 130 

µm. If considering its initial diameter (150 µm), it was found that the global corrosion rate of the 

Mg alloy stent is much faster than the Zn-WC nanocomposite stent. In spite of a fast corrosion rate 
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of Mg based stents, Magnesium is still one of the most popular materials for stents and numerous 

researches have been conducted to impede its corrosion.  

5.3 SUMMARY 

Zn-WC nanocomposite stents were fabricated with Zn-WC micro-wires drawn by thermal 

fiber drawing. In order to braid the Zn-WC stents, the weaving stage was built by a 3D printer. 

The 20 mm long single cell Zn-WC stents were woven with the Zn-WC micro-wire of 80 mm in 

length and 200 µm in diameter on the weaving stage. The mechanical properties of the Zn-WC 

stents were characterized by the balloon inflation test with the catheter. The recoil of the Zn-WC 

stents without external forces was close to zero regardless of the balloon expansion from 6 mm to 

10 mm diameter.  The animal testing provided comprehensive and detail information of the Zn-

WC nanocomposite stent. The stent was successfully expanded in the artery of the pig without 

fractures. The expansion of the stent was visually confirmed with the live X-ray imaging. The 

uniform corrosion of the Zn-WC stent without fractures allows it to retain mechanical strength by 

a designated time and estimate proper dimensions of stents for a specific period of treatments. In 

addition, endothelialization rapidly occurred on the surface of the stent. This physiological reaction 

gives rise to not only minimizing amount of antiproliferative drug for the Zn-WC stent, but also 

expediting revascularization. The absence of the short-term pathological problems suggests that 

the Zn-WC nanocomposite could be a suitable candidate for stent materials. On the other hand, 

the fast degradation of the Mg alloy stent showed the need to impede its uniform corrosion without 

local cracks. Nonetheless, the porcine testing showed little effect of WC nanoparticles on intrinsic 

materials properties of Zn and validated the feasibility of the Zn-WC nanocomposite materials for 
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stent applications. More studies on long-term impacts and migration issues should be carried out 

to better understand the Zn-WC nanocomposite stent interaction in blood vessels. 
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CHAPTER 6. FABRICATION AND CHARACTERIZATION OF 

NANOWIRES OF ZINC-TUNGSTEN CARBIDE 

NANOCOMPOSITE  

Thermal fiber drawing has emerged as a novel process for the scalable manufacturing of 

micro/nanowires. After the invention of stack-and-draw approach, significant efforts have been 

taken to reduce the diameter of wires down to nanoscale with high aspect ratio. Several amorphous 

materials among polymers or metalloids were drawn to indefinitely long nanowires with a few 

hundreds of nanometers diameter (Deng et al. 2010 and Yaman et al. 2011) [12, 20]. However, 

fabrication of continuous crystalline metal nanowires is of a great challenge and has not been 

demonstrated. High surface tension and low viscosity of molten metals induce the fluid instability 

that results in the formation of metal droplets rather than continuous long wires. Here we present 

manufacturing of metal nanowires with Zn-WC nanocomposites by thermal fiber drawing. A high 

concentration of WC nanoparticles was added to molten Zn to increase its viscosity and possibly 

to reduce the interfacial energy between metal core and borosilicate glass cladding. Consequently, 

ultra-long nanowires of Zn-WC nanocomposite (200nm in diameter with an aspect ratio larger 

than 1.5 × 106) were successfully fabricated. The diameter and length of the Zn-WC nanowires 

were verified via optical microscope (OM) and scanning electron microscope (SEM). Zn in Zn-

WC nanowires were identified by Energy dispersive X-ray spectroscopy (EDS).  Transmission 

electron microscope (TEM) images showed that WC nanoparticles coexist with Zn in Zn-WC 

nanowires with a diameter of 200 nm. Zn and WC were distinguished by TEM diffraction images. 
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The electrical resistivity and continuity of Zn-WC nanowires was demonstrated by applying 

variable voltages.  

6.1 THEORETICAL STUDY AND STRATEGY TO OVERCOME THE FUNDAMENTAL 

LIMIT 

The phenomenon that causes a fluid thread to break up into smaller packets was found 

experimentally by Joseph Plateau and showed theoretically by Lord Rayleigh in the late 19th 

century. Later, this fluid phenomenon was named Plateau–Rayleigh instability. In the early 20th 

century, Tomotika proposed that the instability growth time is related to properties of two different 

coaxial viscous fluids as specifying Plateau–Rayleigh instability. The Tomotika model is 

expressed by the following equation [1]. 

                                              τ =
𝐷𝑐𝑜𝑟𝑒 𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

𝛾𝑠𝑙𝑚𝑎𝑥[𝐺(𝑥,𝜂𝑐𝑜𝑟𝑒/𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔)]
                                      (6-1) 

 where τ, 𝐷𝑐𝑜𝑟𝑒, 𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔, 𝛾𝑠𝑙, G(𝑥, 𝜂𝑐𝑜𝑟𝑒/𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 ) are the instability growth time, the 

diameter of metal core, the viscosity of cladding, the interfacial energy between core and cladding 

and the G function consisted of the dimensionless wavenumber and viscosity ratio between core 

and cladding, respectively. To increase instability growth time that leads to a longer fluid column, 

larger 𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 and smaller 𝛾𝑠𝑙 and G(𝑥, 𝜂𝑐𝑜𝑟𝑒/𝜂𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 ) are desired. As shown in figure 6.1, the 

max value of the G function can vary depending on the viscosity ratio between the core and 

cladding.  When the viscosity ratio is 10−8, the max value of the G function is close to 1. However, 

the max value is only about 0.07 when the viscosity ratio was 1. This result shows that the 

instability growth time can be 10 times larger by increasing the viscosity ratio. 
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Figure 6.1 Plot G function with different viscosity ratio between core and cladding 

 Deng et al. demonstrated a 2 cm-long semiconductor core nanowires and Yaman et al. 

achieved indefinitely long polymer core nanowires [12, 20]. The viscosity of amorphous materials 

can be tuned by drawing temperature, thereby impeding the fluid instability to obtain indefinitely 

long nanowires. However, the viscosity of crystalline metals at their melting points is much lower 

than that of amorphous materials and thus difficult to achieve a wide range of viscosity by altering 

the temperature.  

 In this study, WC nanoparticles were used to increase the instability growth time to 

manipulate the viscosity ratio and interfacial energy between the core and cladding. The WC 

nanoparticles have partial metallic bonding for metallic behavior such as high thermal and 

electrical conductivity, which could play essential roles of the intermediary to reduce the 

interfacial energy between core metals and glass cladding. In addition, the high volume fraction of 

the nanoparticles gives rise to a higher viscosity of Zn regardless of temperature. Thus adding WC 

nanoparticles into Zn can suppress the fundamental barrier for liquid thread breakage, and ultra-
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long Zn-WC nanocomposite nanowires could be achieved by thermal fiber drawing with a high 

aspect ratio. 

6.2 MATERIALS AND METHODS  

6.2.1 Preform fabrications and thermal fiber drawing for nanowires 

During a typical thermal drawing process, the diameter of drawn wires is determined by 

the initial core diameter of preforms and the draw-down ratio. To achieve the nanowires with 200 

nm in diameter or less, three iterative thermal fiber drawings were conducted. The dimension of 

preforms and drawn wires in each cycle and the process parameters are presented in the Table 6.1. 

Table 6.1 Thermal fiber drawing parameters and dimensions of preform/drawn wires 

Cycle 

Preform 

core 

diameter 

(µm) 

Preform 

cladding 

diameter 

(mm) 

Feeding 

speed 

(mm/s) 

Pulling 

speed 

(mm/s) 

Draw 

down 

ratio 

Expected 

core diameter 

of drawn 

wires (µm) 

Drawing 

temperature 

( ºC) 

1 1000 6.5 0.1 19.6 196 71 820 

2 71 5.5 0.1 40 400 3.55 820 

3 3.5 5.5 0.1 40 400 0.178 820 

 

 The preform for the first drawing cycle consists of 1 mm diameter core (Zn-WC 

nanocomposite) and 6.5 mm thick cladding material (borosilicate glass). The preform was drawn 
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at 820 ºC with the draw down ratio (𝐷𝑟 =
𝑝𝑢𝑙𝑙𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

𝑓𝑒𝑒𝑑 𝑠𝑝𝑒𝑒𝑑
=

19.6

0.1
= 196). The outer diameter (OD) 

and inner diameter (ID) of the drawn fiber were to be 470 µm and 71 µm, respectively. The 

microwires from the first drawing cycle were inserted into a new borosilicate glass preform with 

a 500 µm inner diameter for the second cycle. The diameter of Zn-WC nanocomposite were 

decreased to about 3.5 µm after the second drawing from the second preform (Zn-WC core: 71 

µm, glass cladding: 5.5 mm) with the specific draw down ratio ( 𝐷𝑟 = 400).  The Zn-WC 

nanocomposite wires of 200 nm in diameter or less were fabricated after the third drawing cycle 

under the same experimental conditions as the second cycle.  

6.2.2 Characterizations 

Characterizations of the Zn-WC nanocomposite nanowires were performed using optical 

microscope (OM), scanning electron microscope (SEM), energy dispersive X-ray spectroscopy 

(EDS) and transmission electron microscope (TEM). The diameter and length of the Zn-WC 

nanowires were demonstrated in OM and SEM images. EDS analysis identified Zn element in Zn-

WC nanowires. TEM images not only showed coexistence of WC nanoparticles with Zn, but also 

enabled them to be distinguished through TEM diffraction mode.     

6.3 EXPERIMENTAL RESULTS AND DISCUSSION 

6.3.1 Dimensions of nanowires of Zn-WC nanocomposite  

In order to measure the diameter of Zn-WC nanowires, the wires were mounted in an epoxy 

resin. The Zn-WC nanowire-embedded sample was ground and polished. The sample was studied 
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by SEM and EDS to verify the diameter of the nanowires of the Zn-WC nanocomposite and 

identify Zn in the wires. The SEM images in figure 6.2 (b) and (c) presents that the diameter of 

the Zn-WC nanowire is about 200 nm and the wire is located in the center of the glass cladding 

(figure 6.2 a).     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Cross section of Zn-WC nanocomposite nanowires 

(a) (b) 

(c) 
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Zn-WC 

nanowire 

glass 

The length of the Zn-WC nanowire was measured through an optical microscope. Although 

the diameter of the Zn-WC nanocomposite nanowire was closed to the resolution of the 

microscope (about 200 nm), the nanowire was distinctly shown in figure 6.3. The length of the 

continuous Zn-WC nanowire after the third cycle was measured to be 31 cm. Therefore, the aspect 

ratio of the Zn-WC nanocomposite nanowire (200 nm in diameter and 31 cm in length) is estimated 

to be greater than 106. This promising aspect ratio can be considered as one of the largest among 

metal nanowires manufactured by thermal fiber drawing or other fabrication methods such as 

electrospinning, chemical synthesis and laser drawn-cast process.  

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Centimeter long Zn-WC nanocomposite nanowires by thermal fiber drawing 
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(a) (b) 

 The borosilicate glass cladding material was etched out by hydrofluoric acid (HF) and the 

advanced oxide etcher (STS MESC Multiplex AOE, SPTS Technologies Limited). The bare Zn-

WC nanocomposite nanowires are demonstrated in figure 6.4 (a) and (b). The SEM images showed 

the continuous Zn-WC nanowire with uniform diameter (about 200 nm). The Zn-WC nanowires 

and surround glass were clearly distinguishable by the back-scatter electron images (QBSD 

detector) which presented the compositional contrast in figure 6.4 (a). The diameter and surface 

morphology of the nanowires were exhibited in the secondary electron images (SE2 detector) in 

figure 6.4 (b). 

 

 

 

 

 

Figure 6.4 Zn-WC nanowires on etched glasses 
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Figure 6.5 showed state of the art nanowires manufactured by various methods. The aspect 

ratio the Zn-WC nanowire is greater 106 which is at least ten times larger than other nanowires 

produces so far. This shows that promising impact of our results when compare to the state-of-the 

art nanowire fabricated to this date. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 showed state of the art nanowires manufactured by various methods.  
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6.3.2 Verifications of Zn in Zn-WC nanocomposite nanowires 

The SEM images taken by the back-scatter electron detector (QBSD mode) showed the 

contrast differences between the core and cladding in the Zn-WC nanowires. This result shows 

that the core is different from the surrounding material. The Zn (core metal) and Si (glass cladding) 

were identified by EDS line feature scanning. As shown in figure 6.6, the EDS line scan 

demonstrated the quantitative analysis of the Zn and Si. The scanning proceeded across the 

nanowire where the trace is indicated by the red arrow (figure 6.6 a). The green line represents Zn 

drastic rise in the middle, whereas the red line (Si) sharply drops in the same region in figure 6.6 

(b). Therefore, it was verified that the nanowires were made of Zn and the material around the 

nanowire was borosilicate glass where the major constituent was Silicon dioxide (SiO2).  

 

 

 

 

 

 

Figure 6.6 Characterization of Zn-WC nanocomposite nanowires by EDS line scanning 
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(a) (b) 

6.3.3 Verification of Tungsten Carbide in Zn-WC nanocomposite nanowires 

In order to prove the existence of WC nanoparticles in the Zn-WC nanocomposite 

nanowires, the TEM sample was prepared by focused ion beam (FEI Nova 600 Nanolab Dual-

Beam FIB-SEM). The Zn-WC nanowires were mounted in an epoxy resin. The nanowire 

embedded sample was then ground and polished. The FIB (focused ion beam) was used to make 

trenches around the sample as shown in figure 6.7 (a). The SEM image in figure 6.7 (b) clearly 

present the cross section of the sample with a thickness of 150 nm. The sample was used for TEM 

study. 

 

 

 

 

 

 

 

Figure 6.7 Preparation of the TEM sample for WC nanoparticle detection 

The TEM image in figure 6.8 (a) (20 nm length scale on the image) shows three 

distinguishable topographies on the Zn-WC nanowire sample. The high magnification image in 

figure 6.8 (b) shows that nano-scale grains (< 20 nm) in the upper half of the circle, which is the 

cross section of the Zn-WC nanocomposite wire with a diameter of 200 nm. The concentric rings 
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in the TEM diffraction pattern, which were converted from crystalline structures as shown in figure 

6.8 (e), supports that the region consists of nano-grains. On the other hand, well aligned patterns 

exist in the darker area in the lower half of the circle in figure 6.8 (c). The TEM diffraction image 

of the area in figure 6.8 (f) shows spotted patterns. From the result, it can be deduced that the dark 

area was comprised of single or a few crystalline structures. During thermal drawing process, the 

Zn phase is changed in the sequence of melting, liquid state forming, and solidifying. Thus, it is 

surmised that nano-grains were created by rapid cooling in this area in a short time, which is 

insufficient for growing the larger sizes during solidification of Zn wires. The average diameter of 

WC nanoparticles is 200 nm as shown in figure 6.8 (a). Considering the melting point of bulk 

Tungsten Carbide (𝑇𝑚 = 2870 ℃)  and the average diameter of the nanoparticles (𝐷𝑊𝐶 ≈

200 𝑛𝑚), it is obvious that the nanoparticles did not melt during thermal fiber drawing process 

(820 ºC). Thus, the nano-crystalline structures were created by the phase change of the Zn and the 

single or a few crystalline area is WC. The area outside the circle in figure 6.8 (d) is identified with 

a glass by the line scan EDS. Furthermore, it is demonstrated that the TEM diffraction image in 

figure 6.8 (g) corresponded to general diffraction patterns of amorphous materials (glass) in which 

the bright part is gradually faded from the center to the outside. 
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Figure 6.8 WC nanoparticle detection via TEM 

   

6.3.4 Verification of continuity and electrical resistivity measurement for Zn-WC 

nanowires 

The electrical resistivity of the Zn-WC nanowire was calculated by a current-voltage 

measurement. Figure 6.9 (a) shows the schematic of the sample constitution. The 1.5 cm long Zn-

WC nanowire surrounded by a glass cladding was tilted and mounted in the epoxy resin. The 

grinding and polishing were performed to expose the Zn-WC nanocomposite core. The exposed 

area was coated by gold and palladium using a sputtering machine (Denton desk II sputter coater, 

Denton Vacuum). Lastly, the silver paste was deposited on the coated area as conductive paste 

Zn 

WC 

glass 

(a) (b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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agent. This process was repeated for the other side. The current probe attached on the isolated spot 

as shown in figure 6.9 (b) and measured the current.  

 

 

 

 

 

 

Figure 6.9 Schematics (a) and actual feature (b) of the Zn-WC nanowire sample for an electrical 

resistivity  

 The electrical resistance of the Zn-WC nanowire was measured by a current–voltage 

measurement. A voltage from -5 V to 5 V was applied to the Zn-WC nanowire and current was 

observed in an oscilloscope. An electronic amplifier was used to amplify the current signal due to 

the high resistance of the nanowire. The signal was viewed on an oscilloscope and exploited to 

plot the current-voltage curve in figure 6.10. 
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Figure 6.10 Electrical resistance of Zn-WC nanocomposite nanowires 

 The resistance is represented with the slope on the voltage-current curve (𝑉 = 𝑅𝐼). The 

resistance of the Zn-WC nanowire (200 nm in diameter, 1.5 cm in length) is estimated to be 3.25 

MΩ. This proves the continuity of the Zn-WC nanowire. The resistivity of the Zn-WC nanowire 

was calculated to be 6.81 × 10−6Ω ∙ m (R = ρ
𝑙

𝐴
), where R, ρ,𝑙 and A are an electrical resistance, 

electrical resistivity, length and cross section area of the wire . The resistivity of the Zn-WC is 113 

times larger than that of pure Zn (𝜌𝑍𝑛 = 6.0 × 10−8 MΩ) and 34 times larger than that of bulk 

WC (𝜌𝑊𝐶 = 2.0 ×  10−7 MΩ). The high Zn-WC resistivity can be attributed to several reasons. 

First, the current through the Zn-WC nanowire was affected by the background noise from 

measurement equipment, which causes scattering. Therefore, the error of the trend line was 

increased. Second, the contact resistance among the specimen, coating materials and the measuring 
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devices could be problematic. Finally, the effect of Joule heating resulted from high resistance of 

the centimeter-long nanowire gave rise to decreasing the current. The heating might induce the 

electromigration-based failure in the nanowire due to the momentum transfer between conducting 

electrons and diffusing metal atoms. The centimeter-long Zn-WC nanowires with a diameter of 

200 nm intrinsically have high resistance. In order to measure the current within the resolution of 

the measurement device, relatively high voltage was applied to the sample, thereby aggrandizing 

errors. If the measurement is performed under a micro-scale system by applying a few micro 

voltages to the wire with higher resolution devices, the resistivity of the Zn-WC nanowire could 

be decreased. 

6.4 SUMMARY 

Zn-WC nanocomposite nanowires with a diameter of 200 nm over 30 cm long was 

manufactured by thermal fiber drawing by overcoming fluid instability by nanoparticles. 

Incorporated WC nanoparticles increase the viscosity of the Zn, so that the viscosity ratio between 

the core and cladding in Tomotiak model is higher at the drawing temperature. In addition, the 

inherent characteristics of the WC nanoparticles such as partly metallic bonding could help reduce 

the interfacial energy between Zn and borosilicate glass by staying at the interface during thermal 

drawing. The diameter and length of the Zn-WC nanowire were measured by scanning SEM and 

optical light microscope. The EDS line scanning confirmed Zn element presence in the Zn-WC 

nanowire. The coexistence of Zn and WC was presented by TEM study. Zn and WC were verified 

by TEM diffraction pattern images. The electrical resistivity of the Zn-WC nanowire was 
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calculated by current-voltage measurement. Also, the continuity of the Zn-WC nanowire was 

proved by this test.  



80 

 

CHAPTER 7. CONCLUSIONS 

The study is motivated by the rapidly growing interests in the development of metal 

micro/nanowires and the lack of fundamental knowledge of how to manufacture indefinitely long 

uniform metal nanowires. The research is also motivated by an intriguing hypothesis that the 

introduction of nanoparticles could break fundamental limits of thermal fiber drawing. 

Cold compaction was used to prepare Zn-WC nanocomposite. Zinc micropowders and WC 

(10vol.%) nanoparticles were mixed and compressed by a hydraulic press machine. The Zn-WC 

nanocomposite pellets were melted in an electrical resistance furnace at 450 ºC and cooled down 

at room temperature. SEM images show a good dispersion of WC nanoparticles in Zinc. However, 

non-uniform distribution of the nanoparticles gave rise to a lower improvement of the hardness of 

the Zn-WC nanocomposite. Vickers hardness test exhibited that the Zn-WC nanocomposite was 

50% harder than pure Zinc. The micro compression test was performed with micro pillars made 

by focused ion beam. The ultimate compressive strength of the Zn-WC nanocomposite was 600 ± 

80 MPa, whereas that of the pure Zinc was only 72 ± 25 MPa. Viscosities of pure Zinc and Zn-

WC nanocomposite were measured by the modified capillary method. A 10 vol.% of WC 

nanoparticles incorporation in zinc significantly increased the viscosity of zinc (ηZn-WC is 118 

mPa·s while ηZn is about 6 mPa·s).  

The Zn-WC nanocomposite microwires were fabricated by thermal fiber drawing. The Zn-

WC nanocomposite preform was prepared as sucking up molten Zinc through borosilicate tubes 

(OD: 6.5 mm, ID: 1 mm). The preform was drawn at 820 ºC with  a draw-down ratio of 196 for 

further drawing cycle (for nanowires) and with  a draw-down ratio of 25 for Zn-WC 
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nanocomposite stents. The SEM images presented the uniform diameter and the smooth surface of 

the Zn-WC microwires. In addition, WC nanoparticles were observed on the surface of the 

microwires as well as inside. The tensile test of the Zn-WC microwires (1.0 cm in length, 200 µm 

in diameter) were conducted by a dynamic mechanical analyzer. The ultimate tensile strength of 

Zn-WC wires was 100 MPa at 5% of elongation, whereas the strength of pure Zinc wires was only 

38 MPa with over 30% of elongation. The elongation of the Zn-WC wires in tensile test was much 

lower than that of pure Zinc wires in contrast with the micro compressing test. The degradation 

test showed that all samples (0, 2.5, 5, 7.5 and 10vol.% of WC) were similar corrosion rates. The 

electrical resistivity of the Zn-WC microwires was measured by a micromanipulator probe station.  

As one of applications for Zn-WC nanocomposite microwires, the Zn-WC stents were 

fabricated with the microwires. In order to weave the Zn-WC nanocomposite stents from the 

microwires, the weaving stage was built by a FDM 3D printer. The balloon inflation test with a 

catheter was conducted to characterize the mechanical properties of the stent. The recoil of the Zn-

WC stent without radial forces was closed to zero regardless of the diameter of the balloon 

expansion. The animal testing was performed for comprehensive information of the Zn-WC 

nanocomposite stents. The stent was successfully expanded in the blood vessel of a pig without 

fractures. The expansion of the stent in the artery was visually confirmed due to the inherent 

radiopacity of Zinc. The stent was placed in the blood vessel for 4 weeks and extracted for further 

investigations. The uniform corrosion of the stent was verified with the thickness of struts and the 

surface morphologies without fractures in SEM images. The linear degradation rate of the Zn-WC 

nanocomposite allows it to retain mechanical strength by a designated time and to estimate proper 

dimensions of stents for a specific time of treatments. Furthermore, the occurrence of rapid 
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endothelialization on the Zn-WC stent gives rise to minimizing the amount of antiproliferative 

drug and accelerating revascularization in a blood vessel. The short-term pathological problems 

were not discovered in the animal testing. This result is promising for Zn-WC nanocomposite to 

serve as a candidate for biodegradable stents, but further studies such as mechanical properties 

related with long-term degradation and chronic problems are needed for clinical tests in human. 

   The iterative cycle of thermal fiber drawing was conducted to fabricate metal nanowires. 

With Zn-WC nanocomposite materials, the 30cm-long Zn-WC nanowires was manufactured as 

overcoming the fundamental limit by fluid instability. Tomotika model was utilized to theoretically 

understand the physical phenomena and guide our experimentally tuned material properties. 

Tungsten carbide nanoparticles not only increased the viscosity of the Zinc but also decreased the 

interfacial energy between the metal core and the glass cladding due to their inherent 

characteristics such as partly metallic bonding, high strength and melting point. The diameter and 

length of the nanowires were demonstrated by an optical microscope and SEM images. The EDS 

line scan identified Zinc in nanowires. TEM images showed the coexistence of Zinc and Tungsten 

Carbide nanoparticle. The elements were verified by TEM diffraction images. The electrical 

resistivity of the Zn-WC nanowires was calculated by a current-voltage measurement. The test 

also proved the continuity of the Zn-WC nanowires. The aspect ratio ( > 106 ) of the Zn-WC 

nanowires with a diameter of 200 nm is at least 10 times larger than the state of the art metal 

nanowires. 

In summary, this dissertation has established theoretical applicability and developed 

experimental methodologies to manufacture metal micro/nanowires by thermal fiber drawing. The 

study has significantly advanced the fundamental knowledge on how nanoparticle affects to 
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molten metals for thermal fiber drawing of micro/nano-wires for various applications. Under the 

guidance of the fundamental knowledge, the physical limit of the fluid behavior have been 

successfully overcome, which will broaden material selections for thermal fiber drawing and 

applications of metal nanowires. 
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CHAPTER 8. RECOMMENDATIONS FOR FUTURE WORK 

The WC nanoparticle in this study rendered great contribution to the development of 

thermal fiber drawing for metal nanowires as they helped overcome the fundamental limit with 

their intrinsic material properties. The selection of different materials as core and nanoparticle for 

successful fiber drawing will broaden the micro/nanowire applications. To further understand the 

interaction between metal matrix and nanoparticles and improve material properties of metal 

micro/nanowires, future studies are needed. 

8.1 UNIFORM DISTRIBUTION AND DISPERSION OF NANOPARTICLES 

Incorporated nanoparticles can tune the viscosity of the core metal and the interfacial 

energy between the core and cladding material. However, particle rich and poor areas were still 

separated on the first preform. The non-uniform distribution and dispersion of nanoparticles gives 

rise to the inconsistent properties of molten metal during thermal drawing. Thereby, drawn wires 

break into droplets and their properties varied. In order to manufacture longer metal wires with 

smaller dimeters, further study on improving nanoparticles distribution and dispersion will be 

needed and developed.  

8.2 MULT-METAL CORES WIRE BUNDLE 

Multi core wires bundle allows to extend applications as well as increase productivity. The 

well-aligned nanowire arrays can be used for metamaterials. By a precise shape control, geometry 

and size, electromagnetic waves can be manipulated and consequently leads to negative-index of 
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refraction and guidance on the light propagation in a manner not observed in bulk materials. In 

addition, each metal nanowire in a bundle might be utilized as an individual electrode for cellular 

electrophysiology and neural electrical signal recorders.  

8.3 FURTHER STUDY ON ZN-WC NANOCOMPOSITE STENTS 

From the animal testing for four weeks, the mechanical strength and pathological problems 

of Zn-WC nanocomposite stent were investigated. The results (no fractures and acute problems) 

are promising for stent applications. However, a long-term experiment is needed to study chronic 

problems and mechanical behaviors of the stent during an entire treatment period (12 ~ 24 months) 

before human test.   

8.4 BROADEN THE SLECTION OF CORE AND ADDITVIE NANOPARTICLES 

Zn has normally been used for galvanization (protective zinc coating to steel or iron) due 

to its high corrosion resistance. In this study, Zn was utilized for stent applications by use of WC 

nanoparticles to enhance the mechanical strength. However, other types of nanoparticles can be 

explored to tube metal properties, such as mechanical, physical and chemical.  
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