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ABSTRACT OF THE THESIS 

 

Novel Zinc Matrix Nanocomposite as Biodegradable Material  

with Tunable Mechanical Properties 

 

by 

 

Jingke Liu 

Master of Science in Mechanical Engineering 

University of California, Los Angeles, 2020 

Professor Xiaochun Li, Chair 

 

In the past decade, zinc-based biodegradable materials have gained tremendous attention from 

researchers due to their promising biodegradability and biocompatibility [1] [2]. However, there 

are several limitations to pure Zn and Zn alloys and their use as biodegradable implants. The most 

critical drawbacks of pure zinc as biodegradable structural support are its poor strength and low 

stability, making it unsuitable in most biomedical implant use. This work reports the 

homogeneous incorporation of WC nanoparticles into the Zn and Zn-Fe matrix as an effective 

method for mechanical strengthening, namely microhardness strengthening and Young’s 

modulus enhancement. This work also demonstrates the tunability of Zn-WC’s mechanical 

properties and discusses how this tunability makes Zn-WC an ideal candidate for the material 
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selection of bioresorbable implants. Lastly, this study successfully designed and fabricated a 

novel high-performance implant spring made of Zn-WC biodegradable nanocomposite for the 

treatment of short bowel syndrome. 
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1. Introduction 
 

In the past decade, zinc-based biodegradable materials have gained tremendous attention from 

researchers due to their promising biodegradability and biocompatibility [1] [2]. Zn exhibits 

active chemical activity with an electrode potential of -0.762V, which indicates a moderate and 

suitable biological degradation rate. Also, Zn is a critical element in human nutrition and is 

considered the second most abundant transition metal element in the human body that helps 

cell proliferation and the immune and nervous systems [3], [4]. Furthermore, Zinc-based 

bioimplants release Zn ions that can be integrated into the physiological metabolic activity of 

the host organism without triggering any toxic systemic side effects [5], [6]. However, there are 

several limitations to pure Zn and Zn alloys and their use as biodegradable implants. The most 

critical drawbacks of pure zinc as biodegradable structural support are its poor strength and 

sustainable plasticity, making it unsuitable in most biomedical implant use [5], [7]–[9]. Although 

some researchers are attempting to reinforce pure zinc through alloying, there are multiple 

new mechanical complications and uncertainties due to the low melting point of Zn. Zinc alloys 

are susceptible to natural aging and static recrystallization (SRX) and thus can cause zinc device 

failure in room temperature storage and in the applications at human body temperature [10]. 

Furthermore, different alloy systems may compromise Zinc’s biocompatibility as well as its 

suitable corrosion rate [11].  

Recently, the incorporation of nanoparticles into metal matrix has been reported as an effective 

method for mechanical strengthening due to the Hall-Petch effect and Orowan strengthening 
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[12]. As our previous study shows, a better balance among biodegradability and mechanical 

strength can be achieved by introducing uniformly self-dispersed thermally and chemically inert 

ceramic nanoparticles into Zn [11]. This study successfully designed and fabricated a novel high-

performance spring made of Zn-WC biodegradable nanocomposite, which offers enhanced 

mechanical properties and satisfactory expansion performance that meet the requirement of 

Short Bowl Syndrome treatment. This work also demonstrates the tunability of Zn-WC’s 

mechanical properties and discusses how this tunability makes Zn-WC an ideal candidate for 

the material selection of bioresorbable spring implants.  

2.Literature Review 

2.1 The advantages of zinc as biodegradable material 

2.1.1 Biodegradability advantages 

Zinc exhibits a moderate degradability rate as Zn degrades slower than rapidly degrading 

biodegradable Mg and its alloys, yet faster than slowly degrading Fe and its alloys, because Zn 

produces passive moderately stable layers during corrosion process[5], [13]–[15]. In an arterial 

environment, for instance, high-purity Zn degrades at tens of micrometers per year,  while 

biocorrosion of Mg can reach hundreds of micrometers per year [2], [16]. According to  Bowen 

et al. [17], the slower biocorrosion rate of Zn comparing to Mg is advantageous because it 

provides greater metallurgical manipulation freedom because thinner designs can be used when 

using Zinc, and it permits lower profile implants that reduce post-implant complications. 

Additionally, when comparing to Mg, Zn does not produce hydrogen by-product in its 

biocorrosion process [5], [18]. Recently, researchers raised concerns that hydrogen by-product 
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of in vivo Mg biocorrosion will form gas bubbles around the implant and jeopardize the health of 

local tissues[19], [20]. When comparing to degradation behavior of ferrous biometals, the 

degradation of Zn once again appears superior in terms of biocorrosion rate because ferrous 

biometals degrade at a much slower rate and remain longer than necessary in the body[16]. In 

addition, ferrous biometals could generate insoluble corrosion products during in vivo 

degradation, and such insoluble products could be encapsulated by neointima to an enlarged 

phase to inhibit arterial functions[21]–[24], while Zn does not produce harmful products during 

degradation. Thus, the suitable biodegradation rate and harmless degradation process of Zn 

makes Zn an ideal biodegradable metal in biomedical applications.   

2.1.2 Biocompatibility advantages 
Zn is one of the most abundant and nutritionally essential elements in the human body and is 

present in most body sections such as skeletal bones, muscles, tissues, organs, and fluids[5], [8], 

[25], [26]. Zn also plays a crucial role in several physiological aspects including neurosensory 

development, cell growth, and immune system [4], [13], [27]. The human body has the advanced 

ability to absorb, consume and excrete zinc, and the requirement for daily intake of Zn is around 

15mg[4], [21], [25]. Therefore, Zn becomes a suitable candidate for biometal due to its non-

toxicity. Recently, researchers have performed numerous of both in vitro and in vivo tests to 

determine the actual biocompatibility of Zn in different human body systems.  For bones, Zhu et 

al. [28] suggest that human bone marrow mesenchymal stem cells (hMSC) proliferation and 

adhesion can be endorsed by Zn biomaterial, and Qiao et al. [29] suggests ionic Zn can stimulate 

osteogenesis. For vascular cells, Ma et al. [30] suggests low concentration Zn2+, which is a major 

byproduct release of biodegradable zinc implants, has no adverse effect on vascular cells 
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(endothelial cells and SMCs) but rather inhibits and promotes cell viability, cell proliferation, cell 

spreading, and cell adhesion, while high concentration Zn2+ has the opposite effect. In vivo 

studies were also performed to investigate the degradation and intake of Zn ions. Bowen et al.[2], 

[31] has discovered that the immigration of Zn corroding into the body system was 0.4mg/day to 

0.97 mg/day and is far below the Zn daily intake (15mg/day) allowance, suggesting optimal 

biocompatibility of Zn. In addition, Yang et al. [32]studied pure zinc stent in the animal model 

and concluded superb biocompatibility without platelet aggregation, thrombosis generation, and 

severe inflammation after one year.  Thus, zinc has advantages in biocompatibility as a 

biodegradable material and demonstrated significant potential. 

2.2 The disadvantages of zinc as biodegradable material 
 

Pure Zn is not exempt from issues and disadvantages. The most major disadvantage of pure Zn is 

its relatively lower mechanical strength and modulus than both Mg and Fe [16], [33].  Table 1 lists 

some of the pure zinc’s strength and modulus and Table 2 lists some of the mechanical properties 

of bones and arterial tissues. 

Material Microhardness 

[HV] 

Yield Strength 

[Mpa] 

Young’s 

Modulus [Gpa] 

Reference 

Zn as casted 38 18 64.4 [8], [34] 

Zn hot extruded 38 60 - [8] 

Zn-hot rolled 39 50-140  [8], [35] 



5 
 

Table 1. Mechanical properties of pure Zn 

Material Microhardness 

[HV] 

Yield Strength 

[Mpa] 

Young’s 

Modulus [Gpa] 

Reference 

Cortical bone - 104.9 5-23 [36] 

Cancellous bone - - 10-1570(MPA) [36] 

Arterial wall - - 1(MPA) [36] 

Table 2 Mechanical properties of surrounding tissues 

Since the implantation of biomaterial is employed to substitute and compensate targeted and 

surrounding human tissues, the mechanical properties of biomaterial should be compatible with 

the mechanical properties of the tissue accordingly [36]. It is obvious that the inadequate 

mechanical properties of pure zinc are often considered incompetent for the requirements of 

most of the bone and arterial medical devices. Therefore, the mechanical properties of Zn, 

namely the strength and modulus of pure Zn, are fundamentally and urgently needed for the 

implementation of Zn as a biomaterial. 

 

 

2.3  Current alloying method for strengthening zinc and its challenges 
 

Due to the low mechanical properties of pure Zn, researchers instinctively turn to an effective 

way to address the issue by alloying zinc with different elements[37]. The most reasonable 

approach in selecting alloying elements for biomedical application is to select those that are 
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known and tested for their biodegradability, biocompatibility, mechanical performances and 

necessary for human health such as Mg, Ca, Fe, and Cu [16]. Binary alloys were first developed 

and examined to enhance Zn due to their simplicity. Among all the elements selected for Zn 

binary alloys, Mg has drawn most of the attention since Mg is the most mature biodegradable 

metal with some extent of commercial success[38]. Vojitech et al. [7] are the first to discuss Zn-

Mg alloy as a potential bone-fixing device, and there has been a significant amount of researches 

conducted on Zn-Mg system ever since. The typical range of Mg addition varies from 1 to 3%[16]. 

In addition, researchers have also developed other Zn-based biodegradable alloys system such 

as Zinc-Iron(Zn-Fe)[37], Zinc-Calcium(Zn-Ca)[8], Zinc-Strontium(Zn-Sr)[8], Zinc-Copper(Zn-Cu)[6], 

Zinc-Lithium[39], Zinc-Aluminum(Zn-Al)[40], Zn-Manganese(Zn-Mn)[39], and Zinc-Silver(Zn-

Ag)[41] Figure 1 illustrates all the binary systems that have been developed since recent years.  

 

Figure 1 Different Zn binary alloy systems 

 

There are also other ternary alloys systems that use the same selected elements as well, but no 

new alloying elements were reported so far. 
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Alloy 
Composition(wt%) 

Microhardness 
[HV] 

Tensile strength 
[Mpa] 

Yield Strength 
[Mpa] 

Reference(from 
alloy paper) 

Zn-1Mg C 70.1±9.6 154.1 ± 15.4 93.4 [7], [42] 

Zn-1Mg R 76±3.4 237 ± 20.7 190±11 [43] 

Zn-1.5Mg C 95.6±14 149 ± 25.1 112.3±3 [44],[7] 

Zn-3Mg C 200±7 84±9 65±9 [45] 

Zn-1.3Fe C 56±2 133.6±1.3 80.3±4.6 [33] 

Zn-1Ca R 62±2.6 251±9.3 206±9.3 [43] 

Zn-1Sr E 73±4.6 223±4.3 134±5.8 [37] 

Zn-1Cu E - 186.3±0.5 147.7±0.5 [46] 

Zn-0.1Li R 97±2 274±61 238±60 [47] 

Zn-0.2Mn - 220 132 [48] 

Zn-1 Al A&E 73±4.6 223±4.3 134±5.8 [37] 

Zn-2.5Ag S 73 261 157 [41] 

 

Table 3 Mechanical properties of different alloy systems 

Table 3 shows some of the enhanced properties of Zn based alloy system and it is apparent the 

strengthening effect of introducing alloying elements was significant. The mechanisms behind 

strengthening mostly rely on intermetallic phase precipitation strengthening and solid solution 

strengthening[49]. 

However, there are several limitations when introducing alloy elements into Zn System. Firstly, 

the alloying can negatively impact the biodegradability of Zn, as well as the corrosion rate[11]. 

Secondly, almost all alloying systems with strengthening effects have reported losses of ductility, 

which can be important for biomedical implant use. Lastly, the biocompatibility of Zinc can be 
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compromised when less biocompatible elements are introduced into the system and cause more 

complications[11]. Therefore, a new way to strengthen Zn as a biomaterial is needed. 

2.4  Potential Solution to strengthen zinc 
 

2.4.1 Introducing metal matrix nanocomposite (MMNC) 
 

High strength particles reinforced metals received a tremendous amount of attention from 

researchers to reinforce the mechanical properties of metal matrices[50]. These particle-

reinforced metals are recognized as a new class of materials that has “high mechanical 

strength and other unprecedented properties”[51] and comprehensive researches was 

conducted in different metal matrices systems. When small-sized particles, namely ceramics 

microparticles and others, are introduced into relatively soft metal matrices, metal matrix 

composites (MMCs) were formed, and the properties of metal matrix composites, when 

comparing to original parent metals, can be enhanced/upgrade significantly[52]. The 

researches studying on metal matrix composites started gaining momentum since the 1970s 

when people start to use powder metallurgy and stir casting to incorporate ceramics 

particles into the pure metal/ alloy systems[53]. Such studies had since reported significant 

improvement in mechanical properties including Young’s modulus, hardness, creep, 

damping, and wear resistance[54]. These studies had since employed various fabrication 

and processing techniques to introduce microparticles into the system such as 

rheocasting[53].  The effort to improve processing of metal matrix composite with 

microparticles lasted until the new millennium when researchers began to show more 

interest in nano-sized materials, and they begin to explore the possibilities of using nano-
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sized(typically 1-100nm) materials to as strengthening phases in metal matrices, namely 

targeting Ti, Al, Cu, Mg, and Cu[54], [55]. One of the main reasons why the size of 

enhancement particles is reduced to nano-scale is that the interaction of fine phases with 

dislocations is extremely crucial, and the size of nanoparticles plays important role in the 

effect of reinforcement[56].  In addition, the particle-based damage mechanism of 

traditional metal matrix composite without nanoparticle reinforcement can cause 

substandard mechanical properties[53]. The nanoparticles drew the most research interests 

are predominantly ceramics nanoparticles including oxides, nitrides, carbides, and 

borides[56]. In addition, other carbon-based nano-sized materials such as carbon 

nanoplatelets, graphene, and carbon nanotubes have also been used to reinforce not only 

metal but polymers matrices composites too[53], [57]. When the particles sizes are in the 

range of nano-size, it is generally believed that the properties of the parent metal could be 

improved even with a relatively low volume percentage of the incorporated/embedded 

nanoparticles, and these systems of new materials can be categorized as metal matrix 

nanocomposite(MMNC)[38]. The following table summarizes all the properties with 

successful reinforcement that have been reported in various nanocomposite systems. 

Enhanced 
Properties  

Reference 

Young’s Modulus [50] 

Hardness [11] 

Tensile Behavior [12] 

Creep [58] 

Electrical 
Properties 

[50] 

Corrosion 
resistance 

[59] 

Toughness [60] 
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Machining [61] 

Weldability [62] 

Damping [63] 

Wear Resistance [64] 
Table 4 List of enhanced properties reported 

Therefore, using nanoparticles to strengthen Zn metal is a feasible way.  

2.4.2 Fundamental strengthening mechanism of MMNC  
 

There exist five strengthening effects that contribute to the total yield strength strengthening 

on metal matrix nanocomposite, and the effects are the Orowan Strengthening effect, CTE 

mismatch effect, Hall-Patch effect, load-bearing effect, and Young’s modulus mismatch 

effect[53]. Each strengthening effect will be discussed below. 

Firstly, the Orowan strengthening contribution is induced by the well-dispersed nanoparticles in 

the system and can be represented by the following equation[12], [65]:  

𝛥𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝜑𝐺𝑚𝑏

𝑑𝑝
(

6𝑉𝑝

𝜋
)

1/3

(1) 

Where 𝐺𝑚 is the shear modulus of the matrix, 𝑑𝑝 is the size percent of nanoparticles, 𝜑 is a 

constant with a value of 2, 𝑉𝑝 is the volume percent of nanoparticles, and b is the Burgers 

vector. Orowan strengthening is uniquely meaningful in the metal matrix nanocomposite 

system because this effect can be discarded when the particle diameter exceeds 1 μm[66]. 

Secondly, the CTE mismatch happens when nanoparticles are stirred into molten metal and the 

composite is cooled down to room temperature[12]. Typically, the coefficient of thermal 

expansion(CTE) for nanoparticles are substantially different from the CTE of the metal, and such 

difference in CTE will cause stress at the particle-metal interface, which will produce 
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geometrically necessary dislocation(GND)[53]. Then, this GND, like cold working processing, 

would strengthen the material, and the relationship can be expressed by the following 

equation[53], [67]: 

𝛥𝜎𝐶𝑇𝐸 = √3𝛽𝐺𝑚𝑏√
12𝑉𝑝∆𝛼∆𝑇

𝑏𝑑𝑃
 (2) 

Where 𝐺𝑚 is the shear modulus of the matrix, 𝑉𝑝 is the volume percent of nanoparticles, b is 

the Burgers vector, ∆𝑇 is the absolute temperature difference, ∆𝛼 is the CTE difference 

between particle and metal, 𝑑𝑝 is the size percent of nanoparticles, and 𝛽 is the dislocation 

strengthening coefficient. It is worth mentioning that when particles sizes 𝑑𝑝  are too small, 

their contribution to CTE mismatch strengthening can be neglected[68]. In addition, when the 

cooling rate of molten metal nanocomposite was too slow, the CTE mismatch-induced 

dislocation GND might get annealed during the cooling, hence eliminating the CTE mismatching 

strengthening effect[12]. 

Thirdly, The Hall-Petch strengthening comes mainly from the grain refinement of the metal 

matrix nanocomposite, which was induced by incorporating nanoparticles into the system[34]. 

The increase yield strength from grain refinement can be described by the following 

equation[12]: 

∆𝜎𝐻−𝑃 = 𝑘𝑑−
1

2  (3) 

Where k is a constant and d is the grain size of the nanocomposite. From this equation, we can 

know that the smaller the grain size is refined by nanoparticles, the stronger the strengthening 

effect will be. This strengthening effect should be crucial because some studies have reported 
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significant grain size reductions by nanoparticle incorporation[34], [65]. However, a recent 

study also suggests that the Hall-Petch effect may lose its function when grain sizes are reduced 

to around 100nm due to grain-boundary rotation[69]. 

Fourthly, the load-bearing strengthening effect illustrates the relationship between volume 

percentage of the nanoparticles and the amount of strengthening, it can be represented in the 

following equation[12], [53], [70]: 

∆𝜎𝑙𝑜𝑎𝑑 = 1.5𝑉𝑃𝜎𝑖  (4) 

Where 𝜎𝑖  is the interfacial bonding strength, and 𝑉𝑃 is the volume percentage of nanoparticles.  

It is noteworthy that most metal matrices contain a low volume percentage of nanoparticles; 

therefore, this effect is often not a major contributing factor to the whole strengthening effect 

on the matrix system. 

Lastly, the mismatch in Young’s modulus between nanoparticles and the metal matrix can also 

generate strengthening[53]. Nanoparticles used in most metal matrix nanocomposite systems 

are often ceramics particles, which means these particles often have significantly higher 

Young’s modulus than the base metal. The mismatch in Young’s modulus, like the mismatch in 

CTE, will induce GNDs[67], which will strengthen the nanocomposite. The relationship between 

modulus mismatch can be expressed in the following equation[67]: 

𝛥𝜎𝐸 = √3𝛼𝐺𝑚𝑏√
6𝑉𝑝𝜀

𝑏𝑑𝑃
  (5) 
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Where ε is the nanocomposite bulk strain and α is the material coefficient. However, for this 

modulus to match, the nanocomposite must undergo forming (extrusion, rolling, or forging) 

because the GNDs will only spawn during the forming process of the material. 

 

2.4.3 Hardness strengthening mechanism of MMNC  

The hardness strengthening metal matrix nanocomposite can also be explained with the 

combination of CTE mismatch, Orowan effect, and load-bearing effect and their relationship 

can be illustrated by the following equation[50]: 

𝐻 = 𝐻0 ∙ (1 + 𝑓𝑂𝑟𝑜𝑤𝑎𝑛) ∙ (1 + 𝑓𝑙𝑜𝑎𝑑) ∙ (1 + 𝑓𝐶𝑇𝐸) (6) 

Where H is the composite hardness,  𝐻0 is the metal hardness, 𝑓𝑂𝑟𝑜𝑤𝑎𝑛 is the hardness increase 

factor by Orowan effect, 𝑓𝑙𝑜𝑎𝑑 is the increase factor due to load-bearing, and 𝑓𝐶𝑇𝐸  is the 

increase factor due to the CTE mismatch. Their values can be obtained by the following 

equations[50], [71]–[73]: 

𝑓𝑙𝑜𝑎𝑑 =
𝑥

2
  (7) 

𝑓𝑂𝑟𝑜𝑤𝑎𝑛 =
0.13𝐺𝑏

𝜆𝜎𝑚
∙ ln (

𝑟

𝑏
) with  𝜆 = (

𝜋𝑟2

𝑥
)

0.5

  (8) 

𝑓𝐶𝑇𝐸 =
𝑘𝐺𝑏√𝜌

𝜎𝑚
  with 𝜌 =

6∆𝛼∆𝑇𝑥

𝑏𝑟(1−𝑥)
  (9) 

Where the load-bearing effect factor 𝑓𝑙𝑜𝑎𝑑 is mainly determined by nanoparticle volume 

percent x; Orowan effect factor 𝑓𝑂𝑟𝑜𝑤𝑎𝑛 depends on Bergers number b, shear modulus G, 

nanoparticle radius r, the distance between particles λ, and matrix yield strength 𝜎𝑚; the CTE 



14 
 

mismatch factor depends on the absolute temperature difference ∆𝑇, and the CTE difference 

between particles and metal ∆𝛼. 

 

 

2.4.4 Young’s modulus strengthening mechanism of MMNC  
 

The Young’s modulus can also be enhanced by incorporating nanoparticles into the metal 

matrix nanocomposite. The enhancement of Young’s modulus follows the ‘rule of mixture’ of 

composite design, and the modulus enhancement depends on the volume percentage of the 

nanoparticles into the nanocomposite system. The correlation between Young’s modulus and 

volume percentages can be bound by the following equations[74]: 

𝐸𝑢𝑝𝑝𝑒𝑟 = 𝐸𝑚𝑉𝑚 + 𝐸𝑝𝑉𝑝  (10) 

𝐸𝑙𝑜𝑤𝑒𝑟 =
𝐸𝑚𝐸𝑝

𝐸𝑝𝑉𝑚+𝐸𝑚𝑉𝑝
  (11) 

Where 𝐸𝑢𝑝𝑝𝑒𝑟 is the upper limit of composite modulus, 𝐸𝑙𝑜𝑤𝑒𝑟 is the lower limit of composite 

modulus, 𝐸𝑚 is the modulus of the base metal, 𝐸𝑝 is the modulus of the nanoparticle, 𝑉𝑝 is the 

volume percent of the nanoparticle, 𝑉𝑚 is the volume percent of the base metal. 
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2.4.5 Nanoparticle dispersion and stabilization in metal matrix nanocomposite (MMNC) 

Although metal matrix nanocomposite brings numerous properties improvements and 

promises unlimited possibilities for future engineering applications, the uniform 

incorporation of nanoparticles into the metal matrix can be challenging. To achieve desired 

mechanical properties improvement, reinforcement nanoparticles have to be 

homogeneously distributed into the system[75]. However, one of the most fundamental 

issues with metal matrix nanocomposite fabrication is the difficulty to achieve uniform 

nanoparticle dispersion, because nanoparticles tend to sinter into coarse clusters during 

liquid metallurgy process due to their non-ideal wettability with molten metal[75]. 

 

Figure. An example of SiC nanoparticle clusters in aluminum alloy[76] 

In addition, researchers found that casting is an attractive way to fabricate metal matrix 

nanocomposite as a liquid phase process due to its cost-effectiveness, scalability, and ability 

to process parts with complex geometries[76]. However, the sintering and clustering of 

nanoparticle clustering is still the main obstacle for liquid metallurgy. 
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Fortunately, there have been intense researches done on the fabrication techniques in 

liquid metallurgy and researchers have found different approaches to disperse 

nanoparticles into molten metal[11], [56], [77]. Here are two popular methods in fabricating 

the metal matrix nanocomposite. 

The first method to incorporate nanophase reinforcements into the metal is through stir-

casting. Stir casting is a simpler, faster, and cheaper way to produce metal matrix 

nanocomposite, and this method is endorsed by many researchers[78], [79]. A typical stir 

casting has the following set up: 

 

Figure 2  Illustration of a typical stir casting set up[80] 

In a typical stir casting set up, a string impeller connected to a motor is inserted into the 

molten metal melt to create vortex flow of the molten metal, which is designed to help with 

the dispersion of the nanoparticles. This method is straightforward, and the force created 

by the impeller, which mainly depends on the string rate and the viscosity of the metal 

slurry, which depends on the system temperatures and mixture density, are the two main 
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factors that determine the homogeneity of the nanoparticles dispersion in stir casting[79]. 

However, this stir casting method has some shortcomings including increase amount of gas 

porosity from the stir-generated turbulence, and a high chance for nanoparticles to clusters 

owing to insufficient mixing and high van der Waals force[53].  

More recently, researchers have come up with a novel way to help disperse nanoparticles 

into the matrix more uniformly by using ultrasonic processing to help with 

incorporation[76]. They have found that by using high-intensity ultrasonic waves, they could 

generate non-linear effects in molten metal liquid. This use of ultrasonic waves into the 

liquid can generate acoustic streaming and transient cavitation[81], and such effects can 

help nanoparticle dispersion in the molten metal. 

 

Figure 3 Aluustration of a typical ultrasonic processing setup [76] 

This figure shows a typical set up of ultrasonic processing during nanocomposite fabrication. 

The implementation of the ultrasonic transducer is proved to be a tremendous success in 

dispersing nanoparticles into different metal matrices including aluminum and magnesium 

system[12], [52], [81]. 
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In addition, researchers have recently found the self-dispersing and self-stabilizing 

mechanism of nanoparticles in molten metal[12]. They have found that through a 

combination of reduced van der Waals forces between ceramic nanoparticles in molten 

metal, a high energy barrier stopping nanoparticles from sintering due to fair wettability 

between nanoparticles and molten metal, and a high nanoparticle thermal energy, self-

stabilization of homogeneous dispersion could be achieved[12], [50]. 

There exists a van der Waal attraction between two ceramic nanoparticles in molten metal, 

and the attraction between two particles can be approximately described by the following 

equations[82]: 

 𝑊𝑣𝑑𝑤(𝐷) =
(√𝐴𝑝−√𝐴𝑚)

2

6𝐷
(

𝑅1𝑅2

𝑅2+𝑅2
) (12) 

Where 𝐴𝑝 are the Hamaker constants of ceramic particles, 𝐴𝑚 is the Hamaker constant of 

the molten metal, D is the distance between two particles, and 𝑅1 and 𝑅2 are the radius of 

the two nanoparticles. It is worth mentioning that this equation is only meaningful when 

the distance between the two nanoparticles is closer than two atomic layers[12]. If the 

distance between the nanoparticles is smaller than two atomic layers of the metal, the 

interaction between two nanoparticles would be dominated by a much stronger interfacial 

chemical bond in the interfacial energy composition[82].   

The thermal energy of nanoparticles in the metal matrix composite system determines if 

the nanoparticles can escape from the inherent van der Waals attraction and therefore 

separate from each other. The thermal energy 𝐸𝑏 can be calculated from the following 

equation: 
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𝐸𝑏 = 𝑘𝑇  (13) 

Where T is the temperature and k is the Boltzmann constant. The energy, if larger than van 

der Waal’s attraction, can keep nanoparticles from clustering together. 

Another energy that prevents nanoparticles from sintering and clustering is the Energy 

barrier. When ceramics nanoparticles contact each other in a high-temperature 

environment such as in molten metal, they tend to sinter together. When two ceramics 

nanoparticles get close to a distance of 0.2nm, the atomic layer of metal will be squeezed 

out, and the particle surfaces will replenish the original metal-particle interface, causing an 

interfacial energy surge[12]. This increase in interfacial energy can be described in the 

following equation[12]: 

𝑊𝑏𝑎𝑟𝑟𝑖𝑒𝑟 = 𝑆(𝜎𝑝 − 𝜎𝑚−𝑝) = 𝑆𝜎𝑚𝑐𝑜𝑠𝜃  (14) 

Where 𝜎𝑝 is the nanoparticle surface energy, 𝜎𝑚−𝑝 is the interfacial energy between molten 

metal and nanoparticle, S is the effective area, 𝜎𝑚 is the molten metal surface tension, and  𝜃 is 

the contact angle between the molten metal and nanoparticle. This equation suggests that 

when the wettability of a nanoparticle in a metal matrix is poor, which means a higher contact 

angle 𝜃, the lower energy can prevent the nanoparticles from sintering. Therefore, when 

picking designing a metal matrix nanocomposite system, a better wettability of nanoparticle 

should be considered with priority, because a smaller contact angle will provide a naturally high 

energy barrier will ensure more homogeneous dispersion of nanoparticles without clustering 

and sintering. 
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3. Material Design 
 

3.1 Nanoparticle selection 
 

From the literature review part, we conclude that the incorporation of nanoparticles into the Zn 

matrix system serves as an effective way to strengthen metal Zn with great potential. However, 

selecting the right nanoparticle can be challenging. 

There are several criteria that need to be considered when selecting the right nanoparticle for 

the Zn matrix nanocomposite. 

Firstly, the most critical property of nanoparticles in MMNP is the wettability between the 

ceramics nanoparticles and the molten Zn. Low wettability of ceramics nanoparticles will 

intuitively prevent the homogeneous dispersion of particles in the matrix, because 

nanoparticles, often in small powder form, have a tendency to aggregate and form clusters in 

molten metal[56]. The failure to achieve homogeneity will defeat the very purpose of 

employing nanoparticles into the system, which is to strengthen the mechanical properties of 

the base metal. Although some fabrication methods could be used to help with the dispersion 

of nanoparticles, it is inherently dependant on the wettability between particles and molten 

metal that determines the feasibility of the match. In other words, advanced fabrication 

techniques would not matter if the selected nanoparticles are naturally unwettable in certain 

metal and alloy. The fundamental reason for the generally poor wettability between ceramics 

nanocomposite and the metal is that ceramics are mostly bonded by the ionic or covalent bond 

in nature and are not compatible with metallic famalies[83]. The low wettability between 
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nanoparticles and metal is also due to the high surface tension of the molten metal[34].  In 

order for the nanoparticle to wet into the metal, the adhesion energy between the metal melt 

and ceramics should be reasonably larger than the molten metal surface tension[83]. 

Secondly, the nanoparticles must be inert and stable to be considered as reinforcement agents 

of metal matrix nanocomposites. The main reason for such requirement is that during the 

fabrication process, especially during the melting and casting process, the nanoparticle should 

remain chemically inactive with the system. This particular requirement cast no challenges for 

most of the ceramics nanoparticles since most of them (carbides, oxides, and borides) are quite 

inert and stable by nature. Even some particles tend to be more active than others, several 

prevention methods will often take place to protect the nanoparticles from reacting.   

Thirdly, the nanoparticle selected should be thermally stable. Liquid processing of metals such 

as casting is often in high-temperature environments. Therefore, the nanoparticles should be 

thermally stable in the system. Some nanoparticles are prone to oxidation when thermally 

treated and should not be considered in high-temperature processing. 

Therefore, a suitable nanoparticle as reinforcement in Zn should have the following qualities: 

reasonably good wettability in molten Zn, chemical inertness, and thermal stability.  

Tungsten Carbide (WC) emerges from the nanoparticles to a suitable candidate for Zn 

strengthening. Firstly, researchers have found out that WC exhibits good wettability with Cu 

and its alloy due to the reasonably low surface tension of molten Cu, especially with alloying 

elements sufficiently altering the surface tention[50]. Liquid Zn, on the other hand, has a 
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surface tension even lower than the liquid Cu. The table compares some of the properties of 

liquid Zn and Liquid Cu. 

Material Surface tension Density Reference 

Liquid Zn 1.339 8.02 [50] 

Liquid Cu 0.750 6.57 [84] 

Table 5 A comparison between liquid Zn and Liquid Cu 

Since the higher the surface tension is the main factor undermining the wettability and 

countering the adhesion energy between ceramics nanoparticles and molten metal, a low metal 

surface tension is a good indication of fair wettability. There is a lack of direct fundamental 

study on WC nanoparticles wetting mechanism in Zn. However, it is proven that WC 

nanoparticles have fair wettability in Cu, which has substantially higher liquid surface tension 

than Zn. Therefore, it is logical to assume an inherently fair wettability between WC and Zn. 

In addition, the high melting point of WC (3143 K) indicates good thermal stability and excellent 

resistance to oxidation when placed under a high-temperature environment[85]. Also, WC 

exhibits excellent chemical inertness, as well as high mechanical properties such as high 

Young’s modulus (530 Gpa)[86] and Vicker hardness(2600 HV)[85]. Therefore, WC nanoparticle 

is a suitable candidate for strengthening the Zn matrix. 

 

 

 

 

 



23 
 

3.2 Base material selection 
 

It is obvious that the main purpose of selecting nanoparticles suitable for the Zn matrix is to 

strengthen Zn and this work will discuss the strengthening effect of WC nanoparticles on pure 

Zn matrix.  

However, this work also novelly explores the possibilities of strengthening Zn-based alloy by 

incorporating WC nanoparticles into the alloy system. Specifically, this work studied the 

strengthening effect of nanoparticle reinforcements on the Zn-Fe alloy system. 

As discussed before, alloying has been employed as an alternative method to strengthen the 

mechanical properties of pure Zn while pure Zn was criticized for its lack of adequate 

mechanical strengths for load-bearing applications[39]. Magnesium(Mg) and iron(Fe), becomes 

the immediate choices of alloying elements because Mg and Fe are already adequate 

candidates for biodegradable metals. 

Iron as an element has proven its biocompatibility and has a good reputation for not provoking 

inflammatory responses from the immune system[87]. Recently, Zn-Fe emerges as a new 

biocompatible alloying option for Zn-based biomaterial. Researchers have discovered that the 

use of Fe as an alloying element could tune the corrosion rate of zinc through a micro-galvanic 

effect while maintaining post-implantation biodegradation integrity and biocompatibility[88]. 

Therefore, Zn-Fe emerges as a biological feasibly option for an alloy. 

More importantly, relatively low content of Fe in the Zn matrix can strengthen the mechanical 

properties of Zn through the intermetallic precipitate effect. When different Fe element is 
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added into the Zn system, secondary phases will be formed. Researchers, for instance, have 

found the Zn11Fe phase when 1.6 wt% of Fe is alloyed into the Zn matrix, and strength and 

hardness were effectively reinforced[33].  

Figure 4 shows the phase diagram of the Zn-Fe alloy system. 

 

Figure 4 Zn-Fe phase diagram [89] 

This work designs for a system with a Zn-Fe alloy system with 2wt.% iron reinforced with WC 

nanoparticles. The iron content will produce the intermetallic phase participates in the system, 

which will mechanically enhance the matrix. In addition, the WC nanoparticle will further 

enhance the microhardness and Young’s modulus of the matrix. Thus, a novel Zn-based 

nanocomposite with tunable mechanical performances will be fabricated, namely the Zn-Fe-WC 

matrix nanocomposite.   
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4. Experimental Procedures 

 

4.1 Fabrication  of Zn-WC nanocomposite 
 

Salt assisted stir-casting was used to fabricate Zn-WC nanocomposite.  

Firstly, WC nanoparticles (50-200nm) was mixed with potassium aluminum fluoride (KAlF4) salt 

at a 1:10 volume ratio for later use. The purpose of this pre-mixing is to tune the wettability 

between WC nanoparticles and Molten Zn. Molten potassium aluminum fluoride salt has 

different interfacial energy between Zn than WC particles. Therefore, by mixing potassium 

aluminum fluoride salt with WC nanoparticles, we could employ the salt as a delivery agent for 

WC nanoparticles since molten salt will help with the wettability and therefore achieve a more 

homogeneous nanoparticle dispersion. Figure 5shows the mixing process of WC nanoparticles 

with potassium aluminum fluoride salt. The thorough mixing of the two materials is critical for 

later incorporation because the pre-clustering of WC nanoparticles is undesired. Therefore, a 

mechanical shaker was used to ensure a total mixture of salt and nanoparticles. 

 

Figure 5 Illustration of salt-nanoparticle mixing 
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After mixing the WC nanoparticles and potassium aluminum fluoride salt. 30 g of pure 

potassium aluminum fluoride salt was added to a 3-kg graphite crucible, this salt is melted in an 

induction furnace at 800 °C. This salt is used as a protection layer for later Zn melting. Zn is 

easily oxidated during melting and Zn oxides are unwanted in Zn-WC nanocomposite. The 

density of molten salt is way lower than molten Zn, so the molten liquid salt will float at the 

surface of molten Zn to completely eliminate oxygen contact. This function of salt was 

traditionally performed by argon protection, but argon often does not protect Zn well enough 

and sometimes causes unwanted turbulence at the metal liquid surface. Then, 500 g of pure Zn 

pellets(99.9%, RotoMetals) were carefully added into the salt melt. The induction furnace was 

kept at 800 °C for 5 min to ensure complete melt of Zn, which has a melting temperature of 

419.53°C[90]. Then, a graphite stirrer connecting to a motor was set up. The impellers were 

positioned at the interface between salt and metal. The placement of the impeller is critical 

because if the impeller is placed in metal, the system is going to be severely disturbed and 

metal and salt will not separate from each other during the casting process. Later results part 

will discuss the outcome of the wrong placement of impeller. The graphite stirrer was set to 

have a stirring speed of 400 rpm. Then, the pre-mixed WC-KAlF4 powders are gradually added 

into the system. Each adding is incremental because the added salt needed to be fully melted 

before more mixture can be added to ensure the best quality. Figure 6 is an illustration of the 

process 
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Figure 6 Illustration of experiment setup 

After all the WC-salt mixture was added, the system is kept at 800 °C and 400 rpm for 1 h to 

ensure the dispersion of nanoparticles. 

 

Figure 7 nanoparticle incorporation 

 

Figure 7 illustrates how WC nanoparticles are incorporated into the molten Zn.  

Then, ultrasonic processing was performed to help with the nanoparticle dispersion and salt 

entrapment elimination. The KAlF4 salt was cast out first since the remaining WC nanoparticles 
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made it too dense. KCl salt was added and melted as an oxygen induction layer during 

ultrasonic processing. 

 

Figure 8 Illustration of ultrasonic processing of Zn-WC 

Then, the salt on the surface was cast out and Zn-WC was cast into a preheated (150 °C) steel 

mold into Zn-WC plates 9mm thickness. The reason for the heated mold is to eliminate cracking 

from casting.  

Salt was selected to help with the incorporation process for three reasons. Firstly, molten salt 

on top of Zn can protect Zn from severe oxidization. Secondly, molten salt can tune the 

interfacial energy between particles and metal, therefore increase the wettability. Lastly, the 

salt and pre-disperse the nanoparticles. The direct adding of nanoparticles into the high-

temperature system without salt will cause sintering of nanoparticles immediately, and salt can 

be a buffer and great intermediate agent during the incorporation process. 
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4.2 Fabrication of Zn-Fe-WC nanocomposite 
The fabrication of the Zn-Fe-WC nanocomposite is similar to the fabrication of Zn-WC. The main 

difference is that Fe pieces (Alfa Aesar, 99%) were added to the crucible after the incorporation 

of WC. 

 

Figure 9 Illustration of Alloying Fe with Zn-WC 

Figure 9 illustrates how Fe pieces are alloyed into the Zn-WC system. The pieces are so 

fine(20μm) that they tend to flow in the salt. An alumina bar was used to manually press the Fe 

pieces into the Zn melt to make sure Fe stayed there and melt with Zn. Then the crucible is kept 

at 800 °C for 20 min before salt was removed and samples were cast into plates. 
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4.3 Sample preparation 
 

All of the casted samples are in shapes of thick plates (10cm *5cm*0.9cm). For later 

examination and categorizations, these plates, both Zn-WC and Zn-Fe-WC, are hot rolled into 

thin plates. The hot rolling reduction ratio is 1:2 each run, and each run was performed multiple 

times to ensure reduction precision. The 0.9 cm plates were hot rolled 4 runs to achieve total 

reduction ration of 16:1 to 560 μm. Then, these thin sheets were hot rolled into 400 μm thick 

thin sheets for later categorization. 

Wire electrical discharge machining (wire EDM) was employed to cut these thin sheets into 

small sample sizes(1cm*1cm*400 μm).  

These small samples are later mounted onto polishing mounts and polished to 1200 grids on SiC 

polishing paper. Alumina powder solution was used lastly for final polishing on polishing cloth. 

These samples were later ion-milled since Zn is inherently soft and WC particles can be ground 

off from Zn-WC and accumulate on the sample surface. All of these samples were later 

immersed in acetone and ultrasonic processed for 1 hour to clean the polishing residue off the 

surface. 
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4.4 Microstructure characterization 
 

All samples were first observed under an optical microscope first to examine the proficiency of 

polishing, salt entrapment, porosity, and preliminary nanoparticle dispersion. Then, these 

samples are mounted on stainless steel mounts with conducting tape. Scanning electron 

microscopy(ZEISS supra 40VP SEM) will be used to further investigate the dispersion of WC 

nanoparticles in the system and the surface morphology of the sample. Energy-dispersive X-ray 

(EDS) was used to confirm the volume composition of the sample, as well as to confirm the 

dispersion of WC in Zn.  

4.5 Microhardness characterization 
 

Microhardness testing was done on different samples with LM 800AT microhardness tester 

with 200gf load and 10 second dwell time. 

4.6 Young’s modulus characterization 
 

Young’s modulus was tested on an MTS Nanoindenter XP of different samples with different 

nanoparticle concentrations. The penetration depth was set into the surface 2000 nm at 45 Hz 

and with a 0.05 s-1 strain rate. 
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5. Results and Discussions 
 

5.1 Microstructures 
 

5.1.1 Microstructures of Zn-WC  
 

As discussed before, when the impellers were placed incorrectly in the crucible, namely too far 

into the molten metal, the entropy in the molten liquids will be too high. In other words, 

molten liquid Zn will be scattered as into molten salt as small pieces. The chaotic status of the 

salt of the metal will lead to a casting catastrophe. The first trials of the incorporation show the 

failed results. These failed as casted plate are shown in figure 10 

 

Figure 10 Failed cast sample 

From figure 10 we can observe that molten metal and salt are intertwined with each other. To 

avoid such disappointment, the stirring setup is the most crucial parameter to control. After a 

process of trial and error, the best results are reached when the rpm is set to 400-600 rpm with 

stirred placed exactly at a metal-salt interface. 

The successful casting samples are shown below: 
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Figure 11 Zn-WC cast sample 

Figure 11 shows a result of a successful casting with no visible cracking. These samples were 

later annealed for 2 hours at 250°C for better hot rolling results; since the thickness reduction 

ratio was rather high, annealing was needed to increase the ductility to avoid cracking, 

especially when there are potential salt entrapments in the sample.  

Figure 12 shows the hot rolling samples. 

 

Figure 12 Hot-rolled Zn-WC thin sheets 

These thin slabs of zinc were later cut and polished to be observed for the microstructures. 
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Figure 13 shows the microstructure of the Zn-5Vol.% WC sample under different magnifications 

of an optical microscope.  

Figure 13 WC nanoparticle dispersion under an optical microscope 

In these figures, the white phases are the Zinc base material, and the darker phases are 

incorporated WC nanoparticles. The distribution of the WC nanoparticles is fair through a 

preliminary investigation through optical image investigation. Later, these samples are placed 

under a scanning electron microscope to further confirm the dispersion of WC nanoparticles 

and the composition of the material. 

Figure 14 SEM images of WC nanoparticle dispersion 
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In figure 14, SEM images are shown under different magnifications. The brighter phases are WC 

nanoparticles, while the darker background is the metal base Zn. The dispersion of 

nanoparticles are fairly homogeneous throughout the entire sample 

Figure 15 confirms the sizes of WC nanoparticles and confirms no sintering effect between 

individual nanoparticles. The black holes are dents of original nanoparticles that got polished 

off or brushed off during the ion-milling process 

 

Figure 15 SEM of WC nanoparticles in Zn system 

 

Figure 16 EDS mapping of Zn-WC 
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Figure 17 EDS mapping results 

Figure 16 shows the Energy-dispersive X-ray (EDS)of the sample and confirms that the white 

phases to be WC nanoparticles. In addition, the EDS scan on the sample confirms the weight 

percentage of W to be 9.23%. Given that the densities of W, WC, and Zn, through calculations, 

the volume percentage of WC is 4.98 volume percent, which is close to the designed 5 volume 

percentage of WC nanoparticles. 

 Therefore, this fabrication of the Zn-WC nanocomposite is successful. 

5.1.2 Microstructures of Zn-2Fe-WC 2 
 

The successful cast and rolled samples of Zn-Fe-WC sample are shown in figure 18 

 

Figure 18 Casting sample of Zn-Fe-WC 
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The samples were annealed and hot-rolled as well. The surface morphology under the 

microscope is shown in figure 19. 

Figure 19 WC nanoparticle dispersion under an optical microscope 

The intermetallic phases are found and measured in sizes. The darker phases are WC 

nanoparticles and the brighter background is Zn. These intermetallic phases are Zn13Fe from the 

phase diagram. 

A scanning electron microscope (SEM) was used to further investigate the distribution of 

nanoparticles. The brighter phases are WC nanoparticles and the darker background is the Zn-

based materials. 

Figure 20 SEM of WC nanoparticles dispersion in Zn system 
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Figure 20 shows that the distribution of WC nanoparticles is homogeneous in the Zn base metal 

and there is no sintering effect between individual WC nanoparticles. 

Figure 21 EDS mapping of Zn-Fe-WC 

Figure 21 shows an EDS mapping of the sample and the brighter phases are confirmed to be WC 

nanoparticles. The weight percent of W is confirmed to be a 13.87%, which is 7.2 volume 

percent, which is close to designed 5 volume percent considering the selected region is slightly 

denser. Then weight percent of Fe is confirmed to be 1.54%, which is close to designed 2 weight 

percent of Fe. 

Therefore, the fabrication of Fe-2Fe-5WC is considered successful with homogeneous 

dispersion of WC nanoparticles.  
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5.2 Microhardness Enhancement 
 

The microhardness of each Zn-WC sample was measured and compared with Pure Zn samples 

fabricated under the same circumstances (Cast and hot-rolled) 

Each material has 3 samples and each sample was tested at 5 different points to get the 

average representative values.  

Material Microhardness[HV] Standard Deviation 

Pur Zn 38.025 1.35 

Zn-5WC 52.275 2.51 

Table 6 Microhardness results 

 

 

Figure 22 Microhardness comparison between Zn and Zn-WC 

Table 6  and figure 22 shows the results of microhardness testing on different materials. From 

the experiment results, we get that with homogeneous incorporation of 5 volume percent of 

WC nanoparticles, the microhardness of Zn has increased 37.48%, from 38.025 HV to 52.275 
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HV. Such an increase in hardness is significant considering Zn was traditionally regarded as a 

soft metal with relatively low hardness.  

The reason for the enhancement in microhardness is due to the combination of Orowan effect 

and load-bearing effect. The relationship can be expressed by equation x-y.  

The microhardness of each Zn-Fe-WC sample was measured and compared with Pure Zn 

samples and Zn-Fe alloy samples fabricated under the same circumstances (Cast and hot-rolled) 

Material Microhardness[HV] Standard Deviation 

Pure Zn 38.025 1.35 

Zn-2Fe 47.842 1.36 

Zn-2Fe-5WC 59.119 2.01 

Table 7 Microharness results of different systems 

 

 

Figure 23 Microhardness comparison between Zn, Zn-WC, and Zn-Fe-WC 

Table 7 shows the results of the microhardness testing of the Zn-Fe alloy and Zn-Fe-WC 

nanocomposite comparing to pure zinc. The alloying of 2 weight percent iron into the system 
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has strengthened the hardness by 25.82%, from 38.025 HV to 47.842 HV. The additional 5 

volume percentage of WC nanoparticles has increased the alloy hardness by 23.58%, from 

47.842 HV to 59.119 HV. The microhardness of the Zn-Fe-WC nanocomposite has increased by 

55.47%, from 38.025 HV to 59.119 HV. By incorporating merely 2 weight percent of iron and 5 

volume percent of WC nanoparticles, the microhardness of the material has been strengthened 

more than half. The strengthening effect of alloying comes from the intermetallic participate 

phases Zn13Fe, and the strengthening effect of nanoparticles comes from the combined effects 

mentioned earlier in the chapter. More importantly, the main contributing factor of 

microhardness is the load-bearing effect[50], which is determined by the volume percentage of 

the nanoparticles in the system. Therefore, by simply incorporating different volume 

percentages of WC nanoparticles, the hardness of Zn-based nanocomposite can be tuned to 

different application needs. 
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5.3 Young’s Modulus enhancement 
 

The Young’s modulus of each Zn-WC sample was measured and compared with Pure Zn 

samples fabricated under the same circumstances (Cast and hot-rolled) 

Material Young’s Modulus[Gpa] Standard Deviation 

Pur Zn 71.4 9.8 

Zn-5WC 80.9 12.1 

Table 8 Young’s Modulus measurements 

The reason for the strengthening effect is mainly from the rule of mixture; WC nanoparticles, 

which have extremely high Young’s modulus, when thoroughly and homogeneously dispersed 

in the Zn matrix, will inherently increase the system's modulus. The high standard deviation 

comes from the measuring method nanoindentation because small disturbance of the 

measuring environment can cause this particularly delegate measuring method to have a large 

deviation. To ensure the accuracy of measuring, 9 points of measurement is done on each 

sample. 

To further prove the enhancement effect of WC nanoparticles on Zn despite rather large data 

deviations, different samples with different WC volume percent were produced and examined 

to prove a positive correlation between WC nanoparticle content and Young’s modulus. 
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Figure 24 Zn-WC Young’s modulus with different WC volume percent  

Figure 24 clearly shows a positive trendline relationship between nanoparticle content and 

Young’s modulus. In other words, more WC nanoparticles will enhance Young’s modulus of Zn-

based nanocomposite. 

The Young’s modulus of the nanocomposite can be predicted to fall in the bounds proposed by 

equation (10) and (11) .  
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Figure 25 Zn-WC Young’s modulus with different WC volume percent vs prediction values 

Figure 25 shows that the measured Young’s modulus is reasonable and falls into the prediction 

bounds of the rule of mixture. 

Therefore, by incorporating different volume content of nanoparticles into the metal Zn, one 

can enhance and tune Young’s modulus of the material.  This tunability opens a gate for vast 

possibilities of biodegradable implants with different mechanical demands. 
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6. Potential Applications 
 

 Short Bowel Syndrome (SBS) is an enervating condition where the small intestine is too 

short and thus unable to absorb an adequate amount of nutrients because of the decreased 

absorptive area [91]. Current treatments for SBS include total parenteral nutrition, small bowel 

transplantation, and recombinant growth hormone. However, these treatments are not always 

effective and transplantation availability is limited [92]. Recently, there has been promising 

research and testing conducted regarding the utilization of endoscopically inserted polymer and 

nitinol springs to elongate the small intestine [93] [4] [5]. However, these polymer and nitinol 

based springs are permanent and must be surgically removed from the body after they have 

successfully elongated the bowel. Thus, there is a great need to find a new material that can 

not only satisfy the mechanical requirements of spring implant but can also degrade inside the 

body without harmful effects. 

As our previous study shows, a better balance among biodegradability and mechanical strength 

can be achieved by introducing uniformly self-dispersed thermally and chemically inert ceramic 

nanoparticles into Zn [11]. This study successfully designed and fabricated a novel high-

performance spring made of Zn-WC biodegradable nanocomposite, which offers enhanced 

mechanical properties and satisfactory expansion performance that meet the requirement of 

Short Bowl Syndrome treatment. This work also demonstrates the tunability of Zn-WC’s 

mechanical properties and discusses how this tunability makes Zn-WC an ideal candidate for 

the material selection of bioresorbable spring implants.  
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To fabricate spring wires, hot rolling of the Zn-WC disk was performed at 200°C with a thickness 

reduction ratio of 20:1 from 9mm plate to obtain 450μm thin plates. Wire-electrical discharge 

machining (wire-EDM) was used to cut thin plates into rectangular-cross-section (450μm x 

500μm) wires with suitable length. All wires were grounded to 600-grit grinding paper, followed 

by ultrasonic cleaning in acetone. These wires were later coiled onto a mandrel with a 15mm 

diameter mounted on a lathe to make suitable spring samples for spring constant 

measurements and future in vivo testing of porcine subjects. Some wire segments were 

prepared by 1200-grit grounding paper and then alumina nanoparticle polishing for later 

microstructure characterization, microhardness tests, and nanoindentation tests. 

Microstructure characterization was carried out by optical microscopy, scanning electron 

microscopy (SEM) (a ZEISS Supra 40VP SEM), and energy-dispersive X-ray spectroscopy (EDS). 

An LM 800AT microhardness tester was used to test wire microhardness with a 200gf load and 

a 10 second dwell time. For Young’s modulus measurements, an MTS Nanoindenter XP was 

employed to test samples with different nanoparticle concentrations (penetration depth into 

surface set to 2000 nm at 45 Hz and 0.05 s-1 strain rate). 

The typical microstructure of the Zn-WC wires used to fabricate biodegradable spring is shown 

with different magnifications in Figure 1. The darker particle phases are single crystalline WC 

particles and the brighter phases are Zn. A wire sample was observed from the optical 

microscope after polishing to show a homogeneous dispersion of WC nanoparticles in wires 

with no serious sintering. When zoomed 100 times under a microscope, nanoparticles can be 

seen clearly apart from each other with individual shapes’ outlines matching the sizes of the 
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original nanoparticles (~200nm). This distribution is achieved by mechanical stirring, as well as 

the good wettability between molten Zn and WC enabled nanoparticle self-dispersion [11], 

[96]. Figure 1d gives an overlook of WC nanoparticle distribution along the wire in a 5.5mm 

polished segment which confirms the incorporation of dispersed nanoparticles throughout the 

entire wire. 

 

Figure 26 WC nanoparticle dispersion in wires under optical microscope 

SEM images further reveal the nature of homogeneous distribution without the sintering of WC 

nanoparticles in Zn spring wires as shown in figure 2. The brighter particle phases are WC and 

the darker background is Zn. Figure 2a shows the nanoparticles dispersion in the wire; figure 

2b,2c,2d examines if the nanoparticles sinter together. 
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Figure 27 WC nanoparticle dispersion in wires under SEM 

For SBS treatment, the requirements for a specific in vivo testing in a porcine subject are that 

the spring should be able to expand from 2 cm (full compression) to 6 cm (full extension) with 

an outer diameter of about 14-15mm and a spring constant range between 6N/m and 15N/m. 

The spring should have such desired geometry as well as adequate extension in order to 

perform well and achieve jejunal lengthening of porcine subjects in animal testing [93]. In this 

study, the novel biodegradable Zn-WC springs were designed to fulfill such requirements.  

The spring wires used in this study are fabricated through wire-EDM cuttings of the rolled thin 

Zn-WC plates. Therefore, the cross-section of the spring wire is rectangular, which makes these 

coiled springs compression die springs. The spring constant k of a die spring is dominated by the 
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geometries of the spring, wire, and the modulus of the wire material, which can be estimated 

by following equations [97]: 

𝑘 =
𝐺𝑏𝑡3

𝑁𝑎𝐷3 𝐾2   with 𝛾 =
𝐸

2𝐺
− 1  (15) 

From Equations (15), we can determine: 

𝑘 =

𝑏𝑡3𝐾2
2(𝛾+1)

𝑁𝑎𝐷3 𝐸  (16) 

Where γ is the Poisson’s ratio, G is the shear modulus, E is Young’s modulus, Na is the number 

of active coils, b is the wire cross-section width, t is the wire cross-section length, D is the spring 

coil mean diameter, and K2 is the correctional constant for the rectangular cross-section wire. 

The designed spring constant k for this study following Equation (6) is 6.697N/m with E=73Gpa, 

γ = 0.256 [98], b=400 μm, t=500 μm, Na=27-28, D=15mm, and K2=0.42 [99]. Importantly, 

Young’s Modulus is a critical criterion for biodegradable spring design. By incorporating 

different volume percentages of WC into the Zn system, the modulus of spring wire material 

can be manipulated and customized to tune the springs with different spring constants without 

compromising the geometrical design of the spring, which often is restricted under in-vivo 

testing and future clinical trials.  

Upon coiling up the biodegradable Zn-WC nanocomposite wires into functional springs using a 

lathe and a mandrel, the spring constants were characterized by compression tests. The 

compression tests were performed by placing spring vertically in glass tubes and recording the 

change in spring length as incremental axial loads are directly applied on top of the spring. Each 
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spring was tested at least 3 times under 4 different axial loads. The calculation of the spring 

constant k is guided by Hooke’s law: 

𝐹𝑠 = 𝑘𝑥  (17) 

Where Fs is the load force compressing the spring while x is the spring compression 

displacement. 

shows the coiling of wires into spring mounted on a mandrel on a lathe; figure 5a shows the 

spring samples made; figure 5c demonstrate the spring constant k measurement setup 

 

Figure 28 Fabrication and testing of Zn-WC springs 

The spring constants determined by the compression tests for three springs are 6.17N/m, c 

6.255 N/m, and 6.52 N/m, which match the prediction of the design values well and are 

satisfactory for the future porcine in vivo degradation test. 

Therefore, novel biodegradable Zn-WC springs for the treatment of SBS have been successfully 

fabricated with enhanced mechanical properties and suitable spring parameters for future 

animal testing. With its tunable mechanical properties, such as microhardness and Young’s 
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modulus, Zn-WC nanocomposite shows exciting potential to meet future SBS-treating 

biodegradable spring requirements and challenges without compromising spring geometry 

design, which is crucial for the implant performances. 

Thus, This work presents a successful design and fabrication process of a novel biodegradable 

spring implant using Zn-WC nanocomposite wires for the potential treatment of SBS. Through 

characterizations of spring wire material, it is shown that homogeneous nanoparticle 

distribution is achieved and the mechanical properties are enhanced. Testing of the novel 

springs demonstrates the feasibility of using biodegradable Zn-WC nanocomposite spring as a 

new option for SBS-treating. Moreover, it also suggests a promising potential of the Zn-WC 

nanocomposite as a novel biomaterial. This work also discussed how the tunability of Young’s 

modulus in the Zn-WC nanocomposites can be beneficial for implant spring design. 
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7.Conclusion and Future work 
 

This study successfully fabricated Zn-based nanocomposite with homogeneous WC nanoparticles 

dispersion, as well as uniformly incorporated WC nanoparticles into Zn-Fe alloy for the first time. 

This work has proven that by incorporating WC nanoparticles homogeneously into the Zn and Zn-

Fe alloy systems, we can enhance and tune the mechanical properties, such as microhardness 

and Young’s modulus of traditionally weak Zn. The mechanical reinforcement of Zn is significant 

because Zn, although considered to be the most promising biodegradable material of the 

decades to come, is inherently lacking mechanical strengths for most of the implant applications. 

Furthermore, Zn-WC and Zn-Fe-WC nanocomposite present the feasibility to be tuned in 

mechanical performances to meet various demands from different biomedical applications. By 

incorporating different volume content of WC nanoparticles into the Zn and Zn-Fe alloy, we could 

control the degree of enhancement in the mechanical properties of Zn and Zn-Fe alloy. In 

addition, this work also successfully designed and fabricated a novel biodegradable Zn-WC 

implant expanding spring for the treatment of short bowel syndrome, a genetic disease that 

threatens the lives of thousands of newborns every year. 

However, Zn matrix nanocomposite, although proven to have superior mechanical strengths, still 

needs more comprehensive studies. Ceramics nanoparticles such as WC nanoparticles, although 

inherently benign and inert, have not been studied thoroughly for its impact, if any, on the human 

health system. Both in vitro and in vivo tests should be conducted on Zn-WC and Zn-Fe-WC 

system to determine the actual influence of nanocomposite on corrosion behavior, toxicity, and 

biocompatibility of Zn as a biodegradable material. Future work should also focus on how 
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nanoparticles affect the natural aging issue of Zn. Zn and its alloy have the tendency to naturally 

age at room temperature due to its low melting point, which results in loss of ductility during 

storage. Therefore, a long term study of mechanical ductility of Zn matrix nanocomposite should 

be conducted to avoid unwanted malfunctions of biodegradable implants. 

In addition, more alloy systems, such as Zn-Mg or Zn-Li should be considered for future base 

materials for Zn matrix nanocomposites, and more possible choices of nanoparticles should be 

explored to expand the horizon of Zn matrix nanocomposite as biodegradable material. 
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