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ABSTRACT 

Metallic biomaterials continue to play an essential role to assist with the repaIr or 

replacement of natural bone that has become diseased or damaged. Metals have high 

mechanical strength making them better suited to load-bearing applications than 

polymeric and ceramic biomaterials [1]. At present, stainless steel, Co-Cr alloys and Ti 

alloys are three main metallic biomaterials used as bone prosthesis [2, 3]. Although these 

metals are, in monolithic form, biocompatible, fine debris particles and/or ions released 

over the lifetime of the implantation, coming into contact with the surrounding tissue 

appear to be not biocompatible. The abnormally high levels of metal ions and/or particles 

are believed to be associated with carcinogenic, toxic, inflammatory and allergic 

reactions eventually leading to the prosthesis aseptic loosening [4-10]. High mechanical 

stiffness of the three metals is also believed to associate with bone resorption - a 

situation where bone around the implant becomes thinner or more porous. The high 

stiffness metal, once implanted, changes the distribution of applied load in the adjacent 

bone [11, 12]. 

Recently, there have been interests in using magnesium and its alloy as a metallic 

biomaterial. Magnesium is a bioresorbable metal with an ability to enhance bone healing 

process [13, 14]. It also has lower stiffness making it more resemble to that of natural 

bone in terms of mechanical properties. 

This work presented in this thesis involves an investigation a manufacturing route that is 

feasible and viable for producing Mg foam for tissue engineering and bone implant 
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applications. The microstructure and mechanical properties of Mg foam is studied and 

tested then compared with natural human bone. 
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Nomenclature 

Biodegradable Solid materials and devices which break down due to 
macromolecular degradation with dispersion in vivo leaving 
some fragments that do not necessarily leave the body entirely 
and may, in some applications, elicit harmless host responses 
(summarised from [15, 16]). 

Bioresorbable Solid materials and devices which show bulk degradation and 
further resorb in vivo with no residual side effects. They may be 
metabolised into proteins or eliminated from the body. 
(summarised from [15, 16]). 

BMP (Bone marrow A cytokine known for its unique characteristic of inducing bone 
protein) when it was implanted with a certain carrier into ectopic tissues 

such as skin or tissue. 
Cytotoxic Cytotoxic substance is toxic to cells 
Epidemiology 1: a branch of medical science that deals with the incidence, 

distribution, and control of disease in a population 
2 : the sum of the factors controlling the presence or absence of 
a disease or pathogen 

Integrins One of a large and very important family of adhesion molecules 
that promote stable interactions between cells and their 
environment. The integrins also act as cellular sensor and 
signaling molecules. Integrins contain two types of subunits 
called alpha and beta. All of the alpha subunits have some 
similarity to each other, as do all of the beta subunits [17]. 

Osteoblasts Bone cells that initiate bone formation process by excreting the 
substance called collagen molecules which afterwards becomes 
denser and forms a collagen matrix, which provides a platform 
for mineral to be deposited on during the mineralisation process 
[18] 

Osteocytes One of bone cells derived from osteoblasts and embedded in the 
body of bone [18]. 

Osteoclasts Bone cells responsible for absorption of bone; derived from 
monocyte or monocyte-like cells, which are the cells circulating 
in the blood. Osteoclasts attach themselves on the bone surface 
and absorb the bone by secreting some substances (enzymes and 
acids) that dissolve bone. Osteoclasts are large, multinucleated 
cells (on average contains 2-10 nuclei but may consists up to 50 
nuclei) [18-20]. Size of osteoclasts depends on number of nuclei 
they have, for example, around 160 11m for large osteoclastic 
cell with more than 10 nuclei [21]. 

Tissue engineering An interdisciplinary field that applies the principles of 
engineering and life sciences toward the development of 
biological substitutes that restore, maintain, or improve tissue 
function. 



1. Introduction 

1.1 Hunlan bone 

1.1.1 Structure of bone 

Bone is a highly dense matrix tissue, which, at the nano-scale, is composed principally of 

collagen fibre mineralised with crystal of calcium phosphate and small amount of a 

ground substance. Ground substance is a homogeneous gelatinous medium consisting 

mainly of extracellular fluid plus proteoglycans that are protein-substituted 

carbohydrates. Calcium-phosphate is also known as "hydroxyapatite" (HA). The 

chemical composition of pure HA can be given as CalO(P04MOHh Human natural 

bone, however, is not pure HA but also contains trace elements as listed in Table 1.1. 

Usually the bone of adults consists of approximately 50% by volume HA [18, 19, 22]. 

Collagen fibre functions as the matrix in bone. It gives bone its toughness while 

hydroxyapatite stiffens the bone structure [18, 19]. 

Macroscopically. there are two types of bone: compact (or cortical bone) and cancellous 

(or spongy bone). Cancellous bone is more porous than cortical bone. Bone with a 

porosity higher than 30% can be regarded as cancellous bone [23]. Cortical bone is 

mostly located in the shaft or long bone while cancellous bone is largely present in flat 

bone and at an end of long bones. The structure of long bone consists of cortical bone 

surrounding the cancellous bone and marrow cavity (see Figure 1.1), Thus, a sandwich

like structure is formed containing dense hard material as the outer skin with porous 

material at the core [22, 24, 25]. 
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Table 1.1 Chemical composition of human bone apatite. 

Composition Weight % 

Daculsi [26] Dorozhkin [27] 

Calcium (Ca2+) 24.5 34.8 

Phosphorus (P) 11.5 15.2 

Carbonate (CO;-) 5.8 7.4 

Sodium (Na+) 0.7 0.9 

Magnesium (Mg2+) 0.55 0.72 

Chloride (Cn 0.1 0.13 

Pyrophosphate (P20 7) 0.07 0.07 

Potassium (K+) 0.03 0.03 

Fluoride (F) 0.02 0.03 

Ash (total inorganic) 65 65 

Total organic 25 25 

Adsorbed H2O 9.7 10 

Trace elements: Sr2+, Pb2+, Fe3+, Zn2+, Cu2+, etc. 

Figure 1.1 shows the cross section of some skeletal bones. At low density, cancellous 

bone is an open-cell structure constructed from interconnected network of cylindrical 

struts, about 0.1 mm in diameter and 1 mm in length. The network of struts of low-

density cancellous bone are arranged with no preferred orientation and this kind of 

structure is generally found where the applied load or stress is low such as vertebrae. At 

higher density, the structure of bone becomes more like a plate-like with a size that 

extends up to several millimetres. The plate-like structure has a preferential orientation of 

the trabeculae and occasionally appears to be almost closed cell. Plate-like cancellous 

bone is likely to be found where a constant stress is applied [18, 23]. The type of 

structure and porosity of bone due to the level of applied stress is thought to rely on the 

ability of bone to generate an electric potential. This electric potential is believed to be a 

factor controlling bone growth [23]. 
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(a) (b) 
Figure 1.1 Longitudinal cross-section of (a) the end of a human femur, (b) tibia and (c) 

lumbar vertebra l231. 

(a) (b) 
Figure 1.2 Structures of cancellous bone at various densities . (a) An open-cell structure 

with low density . (b) A parallel-plate-like structure with higher density, showing the 
preferential orientation [23 J. 

1.1.2 Mechanical Properties of bone 

The density (or porosity) of cancellous bone varies due to the differences in magnitude of 

loads applied on it. Higher applied stresses cause the formation of denser bone. The 

differences in density result in the differences in mechanical properties and behaviour of 

both compact and cancellous bones. The density of cortical bone also varies although 

very small compared to that of cancellous bone. Therefore, mechanical properties of 

cortical bone are relatively predictable. Table 1.2 summarises the mechanical properties 

of cortical bone based on the literature. 
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Table 1.2 The properties of cortical bone. 
Sources Gibson [23] Summarised from 

Currey [18] 
Density, p (glcmj) 1.8-2.0 
Young's modulus, Es (GPa) 

longitudinal 17.0 20.0 
radial 11.5 12.0 

Shear modulus, Gs (GPa) 3.3 5.6 
Compressive strength, (1ys (MPa) 

along 193 205-213 
normal 133 131 

Tensile yield strength, (J";s (MPa) 
148 128-133 along 

normal 49 53 

Characterising the mechanical properties of cancellous bone is complex. Generally, the 

mechanical properties of cancellous bone have been either based on the bone material or 

bone tissue [18] - some authors have also used the trabeculae and trabecular instead 

[23]. Bone material is the solid substance forming an individual trabeculae in the 

cancellous bone structure [18, 23]. Whereas bone tissue involves the complete structure 

of bone and takes its architecture and density into account [18]. Young's modulus of 

bone material has been reported in several studies and it varies from -1 to 20 GPa 

depending on test procedure used [18, 23]. Table 1.3 provides a summary of elastic 

modulus values of cancellous bone material. Gibson & Ashby have suggested that the 

values of Young's modulus, compressive strength and tensile strength of the cancellous 

bone material to be 12 GPa, 136 MPa and 105 MPa, respectively [23]. 



'-'''U,U''''' 1: Introduction 5 

Table 1.3 Young's modulus of cancellous bone material [18, 23]. 

Reference Type of bone Specific Method Es (GPa) 

Mechanical tests 

Ryan and Williams (1989) BF tension un-machined 0.76 (0.39 dry) 

Rho et ai. (1993) HT tension 10.4 (dry) 

Kuhn et ai. (1987) HT 3-point bending 3.17 (1.5) 

Kuhn et ai. (1989) HI 3-point bending 3.7 (wet) 

Choi et al. (1990) HPT 3-point bending 4.59 (1.60 wet) 

Townsend et al. (1975) HPT buckling unmachined 11.4 (wet) 

14.1 (dry) 

Runkle & Pugh (1975) HDF buckling 8.69 (3.17 dry) 

mtrasound test 

Ashman & Rho (1988) BF ultrasound on trabecular 10.9 (1.6 wet) 

HF 12.7 (1.5 wet) 

Rho et ai. (1993) HT 14.8 (wet) 

HT 20.7 (wet) 

Turner et ai. (1999) HF 17.5 (wet) 

Nanoindentation 

Turner et at. (1999) HF 18.1 (dry) 

Finite element analysis 

Pugh et at. (1973) HDF 2DFEM E. < Eeompac! 

Williams & Lewis (1982) HPT 2DFEM 1.30 

Mente & Lewis (1987) HF 2DFEM 5.3 (2.6 dry) 

Rietbergen et at. (1995) HPT 3DFEM 2.23-10.1 

All specimens are of individual trabeculae unless stated otherwise. 

B = bovine; H = human; F = femur; T = tibia; P = proximal; D = distal; I = ilium 

The study of mechanical properties of bone tissue often focuses on compressive strength 

and elastic modulus., Cancellous bone has similar compressive behaviour to other 

cellular materials, i.e. regions of (i) linear elasticity, (ii) plastic deformation and collapse 

of cell walls and (iii) densification are observed. The end of linear elasticity and 

beginning of plastic deformation is when damage in trabeculae bone is initiated in low-

density bone due to buckling. During the plastic deformation and cell collapse stage, the 

walls or struts of cancellous bone buckle progressively until the pores in the structure are 

completely closed. Finally, the densification stage begins where a steep rise in the stress 

can be observed as the cell wall materials are pressed together. 
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As shown in Figure 1.3, the mechanical properties of cancellous bone tissue are strongly 

depend on its apparent density [18, 23]. Figure 1.4 shows compressive strength and 

elastic modulus of cancellous bone as a function of the relative density of cancellous 

bone tissue and the arrangement of trabeculae with respect to the loading direction [23]. 

Cancellous bone with its prismatic cell structure exhibits values of compressive strength 

varying from -0.2 to 9 MPa and an elastic modulus ranging from less than 10 MPa to 

less than 1 GPa [23]. 
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Figure 1.3 Compressive stress-strain curve of cancellous bones at various densities [23]. 
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Figure 1.4 Mechanical properties of cancellous bone with prismatic cell structure as a 
function of relative density a) compressive strength and b) elastic modulus. 

1.1.3 Current problems of presently used osteoprostheses 

Metallic biomaterials continue to play an essential role to assist with the repair or 

replacement of natural bone that has become diseased or damaged. Metals have high 

mechanical strength making them better suited to load-bearing applications than 

polymeric biomaterials. An exception is UHMWPE which is used in load-bearing 

applications such as the acetabular cup and tibial plate [28]. However, the use of 

UHMWPE has disadvantages associated with inflammatory responses to wear debris. 

Ceramic biomaterials are also used extensively in bone tissue engineering applications. 

However, the brittle fracture behaviour of bioceramics is still a major drawback where 

structural support is a requirement [4, 29-31]. Hence, bioceramics are mostly used in low 

load-bearing applications such as bone plates, bone screws, femoral head and bioactive 

coatings [29, 30]. 
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Approved metallic biomaterials include stainless steel, cobalt-chromium, and titanium

based alloys. Stainless steel was first introduced to replace vanadium steel which failed 

to provide adequate corrosion resistance in vivo [3]. Co-Cr based alloys have been 

utilised for their high corrosion resistance compared with Ti, excellent fatigue resistance 

and high abrasion resistance [2, 3, 32]. Ti alloys have also been highly successful as 

implant materials due to its excellent biocompatibility, low density and high corrosion 

resistance [2,4]. 

Stainless steel, cobalt-chromium and titanium-based alloys are regarded as biocompatible 

materials. However, fine debris particles and/or ions released over the lifetime of the 

implantation, coming into contact with the surrounding tissue appear to be not as 

biocompatible as in their monolithic form. A long-term clinical study of a patient with a 

total hip replacement found metal ion concentrations in the blood, serum and urine 

several times higher than normal [5,6]. Also, the number of particles produced per year 

from metal-on-metal contact was calculated to be 6.7 x 1012 to 2.5 X 1014 
- ten times 

higher than that produced by metal-on-polyethylene contact [5]. The abnormally high 

levels of metal ions and/or particles are believed to be associated with carcinogenic, 

toxic, inflammatory and allergic reactions [4-9]. The excretion of bone-resorbing 

cytokines also appears to be enhanced by the presence of particles and/or ions released 

from stainless steel, cobalt-chromium and titanium-based alloys. Bone-resorbing 

cytokines are thought to be responsible for loss of bone surrounding an implant, and 

subsequent aseptic loosening of the implant, due to increased osteoclast differentiation 

and/or alterations to osteoblastic activities [33-39]. 
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The mismatch between stiffness of bone and that of current metallic biomaterials is also 

of a concern. High stiffness metal, when implanted, alters load distribution by carrying 

most of the load. This alteration minimises an amount of load transferred to bone in close 

proximity to the implant. A reduced load on bone results in bone resorption since bone 

growth is stimulated by applied stress. This phenomenon is also called stress shielding, a 

situation where bone becomes more porous and thin. The resorption of bone decreases 

implant stability and makes revision surgery, if necessary, more difficult [3, 11]. Figure 

1.5 demonstrates the mechanical properties of human bone and several current 

biomaterials. It clearly shows that three main current metallic biomaterials are 1 and 3 

orders of magnitude stiffer than human cortical and cancellous bone, respectively. 

1 ~~--------~--______ ~~ ________ ~--

lit' 

Elastic modulus (OPal 

Figure 1.5 Diagram shows the mismatch in mechanical properties between human bone 
and three conventional metallic biomaterials. 

1.1.4 Requirements for bone tissnemengineering biomaterials 

As the disadvantages and limitations of transplant technique, such as site infection and 

morbidity and limited available of suitable donor, the treatment approach has been 

shifted from tissue replacement to naturally tissue regeneration and restoration [1]. 
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Tissue engineering is the interdisciplinary approach of combining knowledge of life 

sciences and engineering to develop an organ substitute that possesses useful biological 

properties to help promote or accelerate restoration of damaged tissue. The approach 

involves using living cells together with either natural or synthetic materials to produce 

an implantable scaffolds or devices. For bone implant biomaterials, an ideal tissue 

engineering biomaterials must satisfy the requirements biologically, structurally and 

mechanically [15, 40]. Requirements for tissue engineering biomaterials are summarised 

in the next three sections of this report. 

1.1.4.1 Bioresorbability 

The implant scaffold provides a template for regenerated tissue. The scaffold shouldn't 

be permanently present in human body in order to avoid any unforeseen advert affects 

such as interfacial stability with host tissue, stress shielding (see 1.1.4.3), and mechanical 

and electrochemical wear debris [1]. Bone precursor cells can be seeded on scaffold pre

operationally and scaffold is then implanted [41,42] or scaffold is directly implanted in 

patient's defect site [41]. In either case, scaffold should safely resorb at the rate close to 

the tissue regeneration rate. 

1.1.4.2 Architectural requirements 

The desired architectures of orthopaedic materials have been suggested by many 

researchers. However, there appears to be a common requirement regarding the pore size, 

porosity and surface topography [43]. A scaffold is designed to act as a template where 

the regeneration process of new bone tissue takes place. It is crucial that functional cells, 

such as osteoblast and mesenchymal cells, are able to be transported and allowed to 

migrate through the scaffold to the area where tissue regeneration is aimed. Thus, it is 
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desirable that the structure of the scaffold is porous with a network of interconnected 

pores. The porosity and pore interconnectivity are crucial as they control the level of 

oxygen and nutrient transportation tbrough the scaffold and, hence, influence the 

proliferation of functional cells. Pore interconnectivity of scaffold has been increasingly 

received attention in recent studies compared to characteristic of pore size [15, 41, 42, 

44] and newly is regarded as a most important parameter for a scaffold [45]. In order for 

cells to efficiently move in and out of the scaffold, it is thought that the size of pores 

should be at least 100 ~m [42,46]. 

In terms of pore size, implanted scaffolds with too small pore size (<100 ~m) result in 

the formation of an unmineralised osteoid and the creation of fibrous tissue [46, 47]. On 

the other hand, it has also been suggested that pore size may not need to be larger than 

600 ~m since this would compromise the mechanical properties as the density decreases 

[46]. Studies have suggested that the optimum pore size is -300 ~m [42, 46-50]. 

Investigations of the influence of pore size on formation of bone was carried out in 

rabbits, with results showing that the level of mineralised bone tissue was found to be 

highest in 39% porous HA with a pore size range of 175-260 ~m as compared to pore 

size ranges of 260-350 !-tm and 350-435 !-tm [47]. In another study it was found that 

cylindrical pore of 0300 !-tm in HA provided the highest bone formation and increment 

in compressive strength compared to those with cylindrical pore sizes of 50,100 and 500 

!-tm. It was observed that a pore size of 0500 !-tm gave the lowest value when the results 

were compared in term of strength as a function of macroporosity [50]. The relationship 

between the density and mechanical properties of a porous structure will be discussed in 

more detail in section 1.2.3. 
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Smface morphology is another important characteristic of the scaffold. The existence of 

micropores on the wall of macropores was shown to be a crucial factor that influences the 

degree of cell attachment and depth of cell penetration (i.e. osteoconductivity) into a 

scaffold. It is reported that cells are more likely to be attached to small pores « 40 )Jm) 

[46]. In vivo experiments showed that new bone was formed on porous hydroxyapatite 

with interconnected micropores on the walls of macropores while no bone formation was 

observed on porous hydroxyapatite with a smooth macropore wall [51]. The size of 

micropores in this experiment was reported to be in the 2 to 5 )Jm range [52]. It was 

believed that the mechanism for enhanced bone formation due to the micropores is 

enhanced smface area for protein adsorption [53]. Hence, more space is provided for cell 

attachment [54] and anchorage-like adhesion of bone precursor cells [51]. Surface 

roughness also affects osseointegration [55]. Osseointegration in vivo in rabbits was 

found to be encouraged in titanium implants with 18 )Jm rough surfaces (45%) compared 

to implants with 400 and 6 )Jm surface roughness (33 and 38%, respectively) [55]. 

Roughening the surface increases the non-polarity of a biomaterial surface, resulting in 

increased hydrophobicity that has been associated with the irreversible adhesion of high 

molecular weight proteins plasma fibrinogen and fibronectin [56]. In vitro experiments 

showed a greater amount of adhered cells on PMMAs with a rough surface than that on 

PMMAs with smooth smface [56]. SuI et al. [57] compared the osteoconductivity of the 

same material implants but with different surface morphologies. Implants were titanium 

screws with non-porous and porous oxide films. Porous surface implants had 12.7-24.4% 

porosity with pore size of few microns. All implants were implanted in rabbits and 

analyses were carried out at 6 weeks after implantation. Bone metal contact and newly 

formed bone indexes were found to be significantly higher in porous oxide surface 

implants than in non-porous surface implants. However, the variation in this study was 
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not only porosity of the surface of the implant but also the thickness, roughness, 

crystallinity and chemical composition of titanium oxide. 

Thus, there is considerable evidence in the literature to conclude that the ideal scaffold 

for bone tissue engineering should possess an interconnecting porous structure with pore 

sizes in the range of 300 to 600 Jlm, pore interconnecting areas at least 100 ""m wide and 

a surface exhibiting microporosity or some roughness. 

1.1.4.3 Mechanical Strength 

Patients have suffered from bone decease called osteoporosis believed to be caused by 

high stiffness orthopaedic metals [11, 12]. Osteoporosis is a bone decease making bone 

become more porous and leading to a reduction of amount of proximal bone stock or, in 

serious case, bone fracture [12]. Mechanism that high stiffness metals initiate 

osteoporosis is previously described in this report (see 1.1.3). Hence, ideal bone implant 

biomaterials should have mechanical properties as similar to natural bone as possible. 

1.2 Magnesium-based biomaterials 

1.2.1 Magnesium in the human body 

Magnesium (Mg) is the fourth most abundant cation in the human body following Ca, K 

and Na. Adults have around 1 mol (or 24 g) of Mg of which nearly half is stored in 

muscle and tissues while the remainder is mostly stored in bone. Only around 1 % of Mg 

is present in extracellular fluid [58-60]. Mg has been long known as a crucial element in 

the body playing an important role in many physiological and biological processes. Thus, 

it is crucial for the human body to control Mg concentrations in both intra- and 
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extracellular tissue. Absorption and excretion processes in the intestines (predominantly 

colon) and kidneys regulate Mg homeostasis [60-62]. To an extent, bone is also involved 

in Mg homeostasis. Bone is capable of rapidly releasing Mg into the plasma in the event 

of low extracellular Mg level or binding Mg to its surface if Mg concentrations become 

excessive [61]. 

The daily recommended intake of Mg has been recently revised. The revision brought 

age and, in women, the pregnancy status into account [61]. -300-420 mg per day of Mg 

is the recommended intake for adults [61]. Deficiencies in Mg can lead to low Mg level 

in the plasma, resulting in illnesses such as anorexia, vomiting, lethargy, paresthesia, 

muscular cramps and irritability [62]. On the other hand, depression of the nervous 

system and muscle contractions are observed symptoms of excessive extracellular Mg 

levels [60]. 

Mg also plays several crucial roles in the intracellular system of the body. In terms of 

genomic stabilisation, Mg is required to regulate cell cycle (proliferation, differentiation 

and apoptosis), stabilise DNA's helix structure and stimulate DNA repair processes [63, 

64]. Mg ions are transported between extra- and intracellular systems principally by 

diffusion process [62, 63]. Changes in intracellular Mg level are detectable when the 

extracellular Mg level is as low as 0.2 mmoll1. This indicates that intracellular Mg 

concentration is strictly controlled [61]. 

Mg is one of the crucial constituent ions in bone apatite [19, 26]. Table 1.1 contains 

information of chemical composition of bone apatite derived from literatures. A 

substitution of the constituent ions happens in the crystals of apatite and not on the 
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surface [19]. For example, Mg is capable of replacing calcium ion making the structure 

of apatite contracted and less crystalline [26]. The latter effect of Mg substitution in 

apatite leads to a rise in solubility. 

1.2.2 Biological properties of magnesium 

1.2.2.1 Bioresorbability of Mg 

Unlike others metallic biomaterials, Mg and its alloys are reported to be bioresorbable 

[13, 14, 65-70]. Mg was first introduced, as a metal plate, in bone fracture fixing 

application by Lambotte in 1907. The result was unsuccessful as Mg completely 

corroded in only 8 days post-operation with generation of gas [68, 71]. Nevertheless, 

further attempts were made to use Mg and its alloys. Seelig [69] subcutaneously 

implanted chemically "pure" Mg strips in rabbits and dogs. This work also experienced a 

physiological reaction which involved the liberation of gas and a forming of Mg salt [13]. 

Recent in vitro analysis confirmed that the released gas is Hz and Mg salt which appears 

as a white sediment is Mg(OHh [72]. The Hz gas pocket forming under a patient's skin 

occurs as the gas is released at a rate greater than the surrounding tissues can absorb. This 

gas pocket together with the disintegration of Mg could be clearly observed two weeks 

after the operation. However, at a later stage both the gas pocket and the calcined Mg 

were completely absorbed, disappearing from the implantation site. The same event was 

observed in the orthopaedic surgery performed in later clinical applications [13]. Plates 

and screws made of Mg alloy (alloyed with cadmium for mechanical strength) were 

implanted in femur, humerus and antebrachium [13]. The fractured bone reunited 

smoothly without infection. The resorption rate of the Mg was low enough to allow the 

bone to be healed completely. It was thought that the liberated hydrogen gas, to some 

extent, actually accelerated the formation of new bone. Znamenskii [14] also noted a 
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reduction in time required for bone healing when Mg alloy plates were inserted into the 

marrow cavity of human femurs. It should be noted that the results from Troitskii and 

Tsitrin [13] and Znamenskii [14] were obtained from macrostmctural scale investigation, 

(e.g. diagnoses and examinations by orthopaedic surgeons and X-ray photographs) and 

no laboratory results were provided in the reports to support or prove the observations 

made. 

All in vivo and clinical experiments on bioresorbability of Mg mentioned above showed 

no signs of toxicity toward the issues. Thus, it appears that the most concern in using Mg 

in orthopaedic implants is the rapid corrosion of Mg that leads to the formation of a gas 

pocket. In general, the capsule of gas causes no harm although, in rare cases, excessive 

gas can cause irritation. If this occurs, it can be simply treated by needle or acupuncture 

[14]. 

1.2.2.2 Other physiological properties 

Other physiological properties that need to be addressed include cytotoxicity, 

sensitisation, irritation, genotoxicity, implantation, chronic toxicity and carcinogenicity 

[4]. These biological properties are standardised by FDA and ISO to be the tests required 

prior a biomaterial being commercialised. 

Recently, Li et al. [73] conducted a preliminary in vitro experiment on cytotoxicity of 

pure and alkali and heat-treated Mg to cultured femoral marrow cells of mice. The results 

after up to 72 hours immersion were positive as cell proliferation and viability could be 

observed and inhibition of cell growth was not observed. Nonetheless, further in vivo 
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studies were stated as being necessary before firm conclusions on the cytotoxicity of Mg 

can be drawn. 

Mg showed no signs of genotoxicity according to the review by Hartwig [63] on 

physiological concentration (up to 20mM). In fact, Mg was shown to be an anti

genotoxic metal ion. For example, it is capable of inhibiting the break down of DNA 

strands induced by Ni. However, Mg is not capable of inhibiting all genotoxic metal ions 

as it appears to have a metal-specific function. At too high or too low than normal 

physiological Mg concentrations, a DNA destabilization caused by Mg was observed 

[74]. At appropriate physiological concentration, Mg stabilises DNA through the 

production of DNA repairing enzymes. The repair of DNA keeps mutation low and, 

hence, stabilises DNA. On the other hand, if the Mg concentration is too high, the 

destabilisation of DNA will be initiated in the form of bending or distortion of the DNA 

structure. 

The carcinogenicity of Mg is closely related to genotoxicitya:lthough more complex [63, 

74]. Mg is long known to be an anti-carcinogen [64]. Carcinogenic diseases are known to 

be related to chronic Mg deficiency as evidence in both animal model and human 

epidemiological observations. Nevertheless, recent studies have emphasised concern of 

Mg supplementation on tumour growth acceleration. Mg appears to protect the tumour in 

the early stages of growth but promotes the growth of the tumour in later stages. Also, 

DNA destabilisation and degradation triggered by inappropriate Mg concentration is 

related to cancer formation in later stages. The relationship between Mg and 

carcinogenicity needs further clarification due to the complexity of its role in the human 

cell, enzyme and DNA [63, 64, 74], 
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Mg has been used in medical therapy with rare case of toxicity involved if patient has a 

healthy renal system [62]. However, at very high concentrations of Mg in the plasma, 

symptoms such as hyporeflexia, muscular paralysis, respiratory arrest or cardiac arrest 

can occur. With lower plasma Mg concentrations, minor illnesses can develop, such as 

wann flushed skin, dry mouth, vomiting, nausea, hypotension and drowsiness. These are 

acute effects, rather than chronic, where Mg is administered rectally or orally and the 

symptoms of an overdose show within only a few hours [62]. As far as the infonnation 

found in literature, no case of Mg chronic toxicity has been reported. This might be due 

to the fact that excessive Mg ions in the blood stream are excreted by the renal system in 

a relatively shOlt time [75]. 

Mg has been known for some time to be a bacteriolysis or an anti-bacterial substance. 

Work performed by Delbe (as cited in Znamenskii [14]) showed that salts of Mg can 

increase the perfonnance of phagocytosis process up to 75% by increasing both the 

amount of leukocyte and the intensity of phagocytosis. Hence, the resistance to trauma, 

infection, and narcosis of tissue can be improved. Seelig also demonstrated that Mg was 

effective in retarding the growth of typhoid bacilli [69]. 

Osteoblastic cells initiate the bone fonnation process. Osteoblasts secrete a substance that 

later becomes the bone matrix. If osteoblasts fail to adhere to the surface of implanted 

biomaterials, cell proliferation, differentiation and mineralisation will not proceed and 

new bone cannot fonn on the surface of the biomaterial. Osteoblast adhesion is, 

therefore, an important issue for successful biomaterials [76]. In vitro [76] and in vivo 

[77] experiments have shown that substitution of the Mg ion in a carbonate-substituted 

hydroxyapatite (Mg-C03-HAp) greatly increases the amount of adhered osteoblast cells. 
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The new bone fonned was also clearly higher in density on the implanted Mg-C03-HAp. 

Integrins are the cell membrane proteins that adhere to the surface of the implant material 

and control the cellular response of surrounding tissue to the implant [78]. It is believed 

that Mg2+ is preferred over Ca2+ by most adhesion proteins such as integrins [76]. Thus, 

Mg2+-containing HAp attracts more cells than HA releasing Ca2+ when dissolved in the 

human body fluid. Furthennore, Mg2+ -doped HAp was found to enhance the osteoblast 

differentiation process compared to undoped HAp [79]. 

Revell et al. [80] conducted ion beam implantation of Mg ions at the surface of 

hydroxyapatite-coated titanium samples. The depth of penetration was less than 60 run, 

implying that the ions did not incorporate into HA structure, remaining isolated at the 

HA surface. Mechanical tests for interfacial shear strength were carried out at six weeks 

after implantation, showing significantly stronger bonding between implant and bone for 

the Mg-doped samples compared with the un-doped samples. There have been reports, as 

cited by Okuma [58] showing a relationship between dietary deficiencies in Mg and 

reduction of bone strength as studied in rats. These effects may relate to the fact that Mg 

affects the absorption and transportation of Ca and K - two major constituents of bone 

apatite. 

On the contrary, Serre et al. [81J carried out a study showing that Mg-substituted 

collagen-apatite biomaterials exhibited decreased osteoinduction, creating a toxic 

environment for bone cells and inhibiting bone matrix fonnation. However, the Mg 

levels used in their study (20 and 80 wt. %) were relatively high compared to the studies 

referred to above and higher than the actual physiological level of Mg. Thus, it appears 
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the substitution of Mg ions into biomaterials can introduce either positive or negative 

effects depending on the concentration. 

1.2.3 Mechanical properties of Mg scaffold for orthopaedic application 

Figure 1.6 illustrates a compressive stress-strain curve characteristic of cellular materials, 

showing three distinguishable regions. The first region is an elastic region where a 

straight line is observed. In the second region plastic deformation and cell wall collapse 

take place. There is much space between the cells so that large deformation is possible 

without an increase in applied load. Thus, second region exhibits a characteristic plateau. 

In the third and final region, the collapsed cells are further pressed together, leading to a 

steep increase in stress. 

stress, apt 

Strain, 8 

Figure 1.6 Typical compressive stress-strain curves of cancellous cellular structure [82]. 

The mechanical properties and behaviour of cellular materials depend heavily on their 

relative density and empirical models have been constructed based on this property [18, 

23, 82]. The compressive strength and elastic modulus of Mg foam are determined using 

the mathematical models as listed in Table 1.4 under assumption of maximum relative 

density and model constant at 0.7 and 1, respectively, with 0.2% compressive yield 
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strength of 21 MPa. The mechanical properties of Mg foam compared with those of 

natural bone and bulk Mg are shown in Figure 1.7. The predicted mechanical properties 

of Mg foam are obviously closer to those of natural bone compared with current metallic 

biomaterials (Figure 1.5), making Mg foam a more mechanically suitable orthopaedic 

biomaterial. 

Table 1.4 Models for estimation of mechanical properties of cellular materials. 

Mechanical Property Open-cell foam (Ashby [82]) 

Elastic modulus, E Ef = (0.1 t04)E,[:: r 
Compressive strength, o"c [)'" o"c./ = (0.1 to 1)0" c.s ~ 

Mechanical properties of bone, bulk Mg and Mg foam 
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Figure 1.7 Comparison of predicted mechanical properties of Mg foam compared to 
natural bone and bulk form of Mg. 
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1.3 Fabrication of Mg scaffolds 

The processing route of metal matrix composites can be broadly categorised into one of 

two different categories depending on the state of matrix material i.e. solid and liquid 

state [83]. Table 1.5 provides an overview of the main cellular foam technologies [82, 

84]. 



Table 1.5 Summary of manufacturing method - advantages and limitations. Summarised from Banhart [84] and Ashby et al. [82]. 
,~~ I I ~~~~~ --=---=--------, 

Method 

Direct gas injection 
into metal melt 

Gas-releasing agent 
into metal melt 

Gas-solid eutectic 
solidification 

Short description 

Fine bubbles are generated in molten metal by 
means of gas injecting through the rotating 
propeller. Fine reinforcement powders can be 
added to the melt to increase liquid viscosity. 

Agent that releases gas when it is heated is 
added to the melt at temperature lower than its 
decomposition point. The whole melt is then 
further heated to a temperature above the 
decomposition point of agent materiaL The 
metal melt is thickened to ensure the produced 

in the melt until it solidifies. 

Metal is heated under pressure «50 atm) 
of hydrogen atmosphere. The temperature is 
then lowered to reach eutectic point where 
hydrogen gas is fonned and kept in the melt 
until metal solidifies. 

Chapter 1: Introduction 

Advantages Limitations 

III High porosity ranges from I. Large foam size (3-25 mm.). 
80 to 98%. 

• Feasible for large and 
continuous production line. 

III More homogeneous pore 
structure than direct gas 
injection. 

• Porosity or density range is 
broad. 

• Closed-cell pore. 

• Brittleness of pore wall introduced 
by the reinforcing materials. 

• Relatively large foam size (>0.5 
mm) 

• Closed-cell pore. 

• Employed with only metal • Pore morphology is oriented along a 
that has eutectic system direction of liquid metal 
with hydrogen gas. solidification and thus there is no 

III Autoclave or pressure 
vessel is required. 

pore network. 

• Pore size distribution is non
unifonn. Size range of pore is broad 
from 10 ~m up to 10 mm. 

• Relatively costly process as too 
many process variables need to be 
closely controlled. 

23 
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Method 

Metal powder with 
gas release agent 

Metal powder with 
space-holding 
particle 

r-------------~ 

Casting in porous 
template 

Short description 

Compact composite fabricated from mixture of 
metal powder and blowing agent is heated at 
temperature near the melting point of the metal. 
Blowing agent decomposes and releases gas 
resulting in pores in metal matrix. The gas also 
forces the matrix 
to expand. 

Mixture of metal powder and space-holding 
particle is cold or hot compacted. The space
holding particles can be removed by thermal 
treatment or leaching. The porous metal can be 
further sintered at elevated temperature to obtain 
strong bonding between metal particles and, 
thus, better mechanical properties of the porous 
metal. 

Liquid metal is poured into porous template 
previously fabricated. Template material is 
subsequently removed by means of heat 
treatment or leaching in water or other suitable 
solvents. The structure of pore replicates that of 
template used. 

24 

Advantages Limitations 

"Pore size distribution is I III Closed-cell pore. 
relatively uniform if the 
expansion of the compact 
is confined to be lower 
than the full expansion 
point. 

.. Control over porosity and 
pore size and shape by 
selection of amount, shape 
and size of space-holding 
particles. 

.. Close control over porosity 
and the shape and 
morphology of pore by the 
selection of preform. 

III Difficulty to completely 
space-holding particle. 

remove 

"Template needs to be previously 
fabricated. 

.. Incomplete liquid metal filling into 
template is not unusual. 

"Open-pore structure 
interconnected-pore 
network. 

and I III Difficulties from removing template 
material without too much damaging 
metal matrix . 

.. Near-net-shape sample can 
be easily obtained. 

.. Porous network. 

lIP Wetting might be an issue and 
vacuum-, gas-, or mechanically
induced force may be required . 



Method 

Gas entrapment 
technique 

Short description 

Loose compact metal powder is first evacuated then 
backfilled with overpressure gas. The compact is then 
heated under pressure (hot isostatic pressure, HIP) 
resulting in pore with pressured gas in it. At this stage, 
the compact porosity is low «2%). Hot rolling is 
introduced to increase the uniformity of pore 
distribution. Finally, the near-net-shape metal 
can be obtained by performing an annealing treatment 
during where gas slowly expands by creep of 
surrounding metal and reaches an equilibrium state. 

I---------+I--------~~-----------

Metal deposition on 
porous template 

Metallic hollow 
sphere 
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Metal deposit on open-cell porous template by means 
of chemical vapour deposition (CVD), or 
electrodeposition or evaporation. The template 
material is subsequently removed by mean of heating 
resulting in a network of hollow metal struts. 

Polymer sphere is first coated by metal by means of, 
for example, chemical or electrical deposition. Metal
coated polymer sphere is then fabricated into desired 
shape and sintered. Polymer is removed during 
sintering step. Metal hollow sphere can be 
alternatively and directly prepared by atomisation 
technique. 

Advantages 

III Sandwich structure can be • Relatively low porosity. 
obtained without applying Theoretical maximum is 
adhesive substance. only 50%. 

.. Unconnected-pore 
structure. 

• Too many steps. 

III Wide rage of pore size, i.e. III Limited to only pure 
from few hundreds micron to elements as the difficulty 
few millimetres. of deposition of alloys. 

III Highly porous structure is 
possible, i.e. 95-98% porosity. 

I\) Control over structure of final 
metal foam by selecting the 
structure of template. 

• Uniform structure 

.. Control over the morphology 
of porous structure by the 
control of sphere size. 

.. Low density and wide range of 
" ...... ',.,....,'pn' pore size. 

• Complexity of hollow 
sphere fabrication . 

25 
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1.3.1 Previous Productions of Mg foam 

Several production methods have proven to be able to produce metal foam although only 

a few are suited to fabrication of porous Mg [84]. Mg scaffolds have been successfully 

produced by both liquid- and solid-state production methods [85-88], Liquid-state 

processing can be carried out by injecting liquid Mg with high velocity into a 2 cavity 

permanent mould (Figure 1.8). The first cavity (mixing cavity (2)) contains a blowing 

agent powder (MgHz) that will mix with the molten Mg before entering into second 

cavity (part forming cavity (3)) [85], Mg foam produced from this process is illustrated in 

Figure 1.8. The foam has closed-cell pores with a non-uniform pore structure throughout 

the sample. Small pores tend to be observed near the outer surface whilst bigger pores 

congregate at the centre of the casting. 

Figure 1.8 Cross-section view of a) permanent injection mould and b) resultant Mg foam. 

Casting using a porous template technique has also been employed to manufacture Mg 

foam [88]. A porous template is pre-fabricated by pouring a slurry of plaster into an open 

cell polyurethane (PU) foam. Once the plaster sets the PU foam is removed by fIring at 

500°C, resulting in a porous plaster template with a pore structure resembling that of the 
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PU foam. The porous plaster template is then infiltrated with molten Mg via a vacuum-

induced pressure. The plaster is then removed from the Mg by means of water spraying. 

The process is illustrated schematically in Figure 1.9. Optical micrographs of the initial 

PU foam and resultant Mg foam are shown in Figure 1.10, demonstrating the 

correspondence between the two structures [88]. Thus, the microstructure of the metal 

foam can be anticipated based on the structure of the polymer foam. However, the 

casting mould needs to be carefully designed to ensure a vacuum can be applied during 

casting. 

I 

Figure 1.9 A schematic diagram of producing Mg foam by casting in porous template 
[88]. 
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Figure I. I 0 Photographs of a) pol yurethane foam and b) resultant Mg foam 

A hollow sphere technique was aliso shown to be possible for making Mg foam [89j. 

Alumina hollow spheres are stacked in a die underneath where Mg is melted in the 

crucible. Once the Mg completely melts, the whole furnace chamber is evacuated to a 

pressure level of 100 mbar and the die is lowered until the die inlet is immersed in liquid 

Mg. Ar gas is then backfilled into the chamber creating an internal] pressure of SOO mbar 

that forces liquid Mg to infiltrate into the alumina hollow spheres. Liquid Mg is allowed 

to infiltrate for 2 min then the die is raised. A schematic of this process is shown III 

Figure I. ] I l891. The Mg foam has a pore size similar to the hollow spheres. 

1. Melting 2. Evacuation 3. Infiltration 4. So dificatton 

Synt.cllc 
Foam 

Melt 

Figure 1.1 ] Schematic diagram of production method of Mg foam using hollow spheres. 
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Mg foam can be also be fabricated via a powder metallurgy route [86]. Mg powder is 

mixed with spacer particles and then pressed to obtain a green body. The spacer material 

must be soluble [90] or have a decomposition temperature much lower than the sintering 

temperature of the matrix metal [86]. A 045-600).tm carbamide or urea (eO(NH2h) has 

been selected as a spacer material for production of Mg foam [86]. The green compact of 

Mglcarbamide was heat treated at 2000 e for 5 hrs to burn off carbamide and the 

remaining Mg was then sintered at 5000 e for 2 hrs. A schematic diagram of this 

production route is shown in Figure L12 [86]. 

1IIk8*1 PiI'I'I'6i("$ .. \ ..... 
.. -ii:':·. JU 

II~T/'IIJilllltlillllllli 
I. Ik!mnv.III'dIe liJIlIl:'Ir 
:t.llinmi",dMflllll rMln 

Figure 1.12 Powder metallurgy route using spacer particles. 

The porosity of the Mg foams varied from 35% to 55% [86, 87]. Pore sizes were in the 

range of several hundreds microns which agrees well with the size of urea particles used. 

There were also micropores present in the walls of the macropores of the foam. The 

micropores are thought to be caused by shrinkage of Mg during sintering. This route 

allows relatively accurate control over the fmal pore size. However, one difficulty with 

this foaming technique is completely removing all of the spacer particles. The complete 

removal of urea is possible only if the content of spacer particle is sufficiently high to 

form an interconnected network [84]. Peaks corresponding to e and N in EDS analysis 

provided some evidence of residual carbamide spacer particles at the surface of the pore 
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wall in 45% porosity Mg foam [87, 91]. Urea is a form of body waste; thus, residual 

carbamide is likely to cause adverse effects in the body if introduced via a biomaterial. 

Another concern in this fabrication route is the high reactivity of Mg, especially in a fine 

powder form. The formation of an oxide film on Mg particles is unavoidable, creating a 

barrier that makes the sintering of the Mg particles very difficult. This oxide film can be 

broken down by ball mill the powder. Since Mg is a highly reactive metal, new oxide 

film instantly forms on the smface of Mg particles. Therefore, the ball milling process 

and each subsequent step in the process must be performed under a protective 

atmosphere such as high purity argon. This makes the powder metallurgy route an 

expensive and complicated process for making porous Mg. 

All of the above processes for fabricating a Mg foam have both advantages and 

disadvantages. An economically route is required for the fabrication of Mg foam with 

design characteristics demanded by an orthopaedic biomaterial. 

1.3.2 Liquid infiltration process 

Based on the expense and problems associated with powder metallurgy of Mg, it would 

appear the most suitable production method for Mg foam is via a liquid infiltration 

process. In this technique, a porous template is pre-fabricated allowing control over the 

final structure of the Mg foam. The following sections focus on the most important 

process parameters for infiltration of liquid metal into such a porous template. 
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1.3.2.1 Contact angle and wettability 

In ceramic-reinforced metal matrix composites, wettability is a major concern as 

ceramics are not generally wetted well by liquid metals, resulting in a need of external 

pressure during infiltration. Figure 1.13 demonstrates the behaviour of a liquid metal 

when dropped on solid surface. The contact angle and an three relevant surface energies 

are also defined. The subscripts used to distinguish each of the surface energies refer to 

the solid (S), vapour (V) and liquid (L). The surface energy of the liquid, r LV' is also 

referred to as surface tension [92]. In the equilibrium state, the relationship between the 

surface energies and contact angle is described by Young's equation [93]: 

1.1 

Figure 1.13 Contact angle (e) and three surface energies (r sv ' r LV and r SL) for a liquid 
drop on a solid surface [93]. 

Principally, ceramic-metal system behaves in the way that total system energy is 

minimised. Thus, in the system where rSL is high, the liquid tend to form a ball-like 

shape in order to minimise system energy by reducing the area of the solid-liquid 

interface as shown in Figure 1.13a [92]. In this case, a large contact angle is observed and 

the system is considered to be non-wetting. On the contrary, if rsv is large then the 

surface tension of liquid and solid-liquid interface energy is overcome and the liquid 

spreads out over the solid surface. This reduces the solid surface and increases the solid-
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liquid interfacial area, thus, reducing the overall system energy. As liquid spreads over 

the surface, a small contact angle is observed as shown in Figure 1.14b. 

cos 8 = .:...!i!..J.---'~ 

a b c 

Figure 1.14 The difference in contact angle of (a) non-wetting system (8 > 90°), (b) 

wetting system (8 < 90°), and (c) complete wetting system (8 = 0°). 

1.3.2.2 Threshold pressure for infiltration process 

Generally, an external force is required during infiltration processes used to fabricate 

metal-ceramic composites. Numerous attempts have been carried out to develop 

mathematical equations to estimate the level of pressure required for complete infiltration 

of the ceramic fibres or particles that constitute the preform or template as it is referred to 

here [83, 94-98]. The most important characteristics of the preform are the average 

fibre/particle size, pore diameter, pore shape, density or volume fraction and specific 

surface area. 

The simplest mathematical model to determine this pressure, also known as threshold 

pressure, is Kevin's equation: 

1.2 

where r LV is the surface tension of the liquid while r1 and r2 are the principal radii of 

curvatures at the liquid front as shown in Figure 1.15 [83]. 



1: Introduction 33 

~ etd 

~ 
~ 

«it e ~ 
II> .. 
~ e 

. 
Figure 1.15 lllustration of the infiltration front of metal flowing through a bundle of 
reinforcement fibres. 

However, Kevin's equation ignores a critical factor in the liquid/solid system - the 

contact angle (9). More recent mathematical equations combine more variables derived 

from the characteristics of the template [95, 96]. For example, the Washburn equation 

[99]: 

t:.P = (2rLV cosO)/ r 1.3 

where, r is pore or capillary radius, or 

1.4 

where, Sf is the fibre or template surface which can be estimated by 

1.5 

where, Vf is the volume fraction of particle template and d f is the diameter of the 

particles [96]. Substitution ofEq. 1.4 by Eq. 1.1 and 1.5 will lead to: 

t:.P = 6Vf rLV cosO 
(1 Vf)df 

1.6 

Predictions of the required threshold pressure during infiltration were calculated by 

varying the contact angles and template conditions since () of liquid Mg on a NaCI 



34 Chapter J: Introduction 

substrate was unknown (Figure 1.16-1.17). Note that in Figure 1.16 the Washburn 

equation was modified by inserting a negative sign in the equation in order to make the 

interpretation and comparison easier to follow . Vf used in the MOitensen & Cornie model 

(Figure 1.17) was estimated to be 60% based on the average density of a random loose 

packing of particles (i.e. 54-62%) [l00]. Spontaneous infiltration is possible for a given 

system when the resulting threshold pressure is zero or negative. Spontaneous infiltration 

does not require an external force so that infiltration is need only be assisted by the force 

of gravity on the liquid metal. On the other hand, external pressure is required if the 

threshold pressure is predicted to be positive. 
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Figure l.16 Threshold pressure calculated by Washburn equation. 
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Mortensen & Cornie's model 

t.P = - (6 V,OLV Cos 9) I ((1-Vf) Df) 
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Figure 1.17 Estimated threshold pressures to infiltrate Mg liquid into templates with 
various particle sizes. 

As was discussed, the particle size preferred in a biomedical scaffold is in the range of 

300-600 ).I m. Assuming that V f is 60% for a random loose green compact [100] and () of 

the system is 150°, the required threshold pressure is -150 mbar according to the 

Mortensen & Cornie model. The smallest pore size needs to be known in order to use the 

Washburn equation. The smallest pore diameter is -63 ).1m for three 0 400 ).1m particles 

contacting. Although in general the shape and size of particles change during sintering, 

the main sintering mechanism of salt with a particle size > 150 ).1m is evaporation-

condensation - a sintering mechanism that does not lead to extensive densification or 

shrinkage [101, 102]. Thus, changes in the size and shape of pores is expected to be 

minor during sintering of NaCI. Using these assumptions, the Washburn equation 

estimates a threshold pressure of 320 mbar, assuming () is 150° - i.e. twice that predicted 

by the Mortensen & Cornie model. 
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1.3.2.3 Differential Pressure 

In a non-wetting system, liquid metal can infiltrate into the small pores of a template if 

there is a difference of pressure inside template and that externally pushing the liquid. 

Therefore, the threshold pressure can also be applied in the form of a differential in 

pressure between the template and liquid metal. With this in mind, the idea of vacuum

initiated differential pressure was first trialled by Cochran [103]. Principally, the process 

starts with evacuating the crucible in which the template and metal ingots are located so 

that the pressure in the template reaches a low level. The metal is made molten so that it 

completely covers the template. Therefore, the pressure inside the porous template is kept 

at a low level while it is isolated by the surrounding liquid metal. The pressure inside the 

furnace chamber is then brought back to atmospheric level. The pressure differential 

obtained at this stage acts to push the liquid metal into template. Assembly of the 

crucible, template and ingots is shown in Figure 1.18. 
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Figure 1.18 Schematic diagram showing how to prepare the crucible for infiltration 
process with pressure differential. 

This method developed by Cochran has been adopted and further developed such that 

greater control is possible over casting parameters [104]. An example is shown in Figure 

1.19 where a reinforcement or template is heated in the mould while the metal ingots are 

being melted in the crucible underneath. The metal is melted under vacuum atmosphere 

until fully molten then gas from outside the vessel is then allowed to re-enter providing a 

pressure that drives the melt to flow up into the mould. Another advantage of 

manufacturing under vacuum is that trapped air pockets that can occur in turbulent high 

pressure processes are minimised. Parts manufactured by conventional die-casting may 

contain 10-40 cm3 of trapped air per 100g. In contrast, parts fabricated in vacuum die-

casting (pressures less than 100 mbar) show no air pockets with improvements in 

physical and mechanical properties [105]. 
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Figure 1.19 Schematic diagram of the general production equipment for vacuum 
infiltration. 

According to these approximations, the threshold pressure is -150 mbar for the Mg foam 

of interest in this work. This value is relatively low compared to atmospheric pressure 

(1,013 mbar) so that only small differential pressures are predicted to be required. 

1.3.2.4 Selection of template materials 

Material capable of being used as template in Mg infiltration process must be able to 

withstand temperature at melting point of Mg (i.e. 650°C) or even higher if superheating 

of liquid metal is needed (i.e. >700°C). The material must be easily leached from Mg 

after infiltration is complete. Sodium chloride (NaCl) is a cheap salt, abundantly 

obtainable by drying the brine, having a melting point of 801 °C which is sufficiently 

high even if superheating has to be operated. Salt was formerly used as a template in Al 

casting to fabricate AI foam [106] providing a potential that salt can be also used in Mg 

casting. Fluoride salt with high melting point, viz. NaF, is potentially toxic from F2 gas 
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that might have been released during casting process. NaCl is also water soluble and 

supposed to be easily removed from Mg foam. Unlike urea, NaCI is not toxic so the 

residual, if any, is expected to cause human tissue no harm. 

1.4 Objectives and Scope 

Millions of people have undergone orthopaedic surgery around the world. The number of 

hip arthroplasty in UK alone is estimated to be around 40,000 annually while that in the 

US is greater than 600,000. The number is thought to be double this when the number of 

knee arthroplasty is combined. Furthermore the figure is likely to increase owing to 

longer life expectancies [1, 12]. 

The industrial application of Mg has increased rapidly in the last 10 years. The increased 

usage of Mg is due to it being lightweight, and having high specific stiffness and 

strength. There has been interest in using Mg as a biomaterial for bone replacement as it 

is biocompatible and bioresorbable. Moreover, its mechanical properties are closer to 

natural bone compared with other metallic materials used as biomaterial implants (e.g. Ti 

alloys, Co-Cr alloys). 

From literatures, it seems that Mg is a high profile material for bone implant application. 

It is bioresorbable metal that can be fabricated in a porous structure which promisingly 

has mechanical properties, i.e. modulus and compressive strength, closer to human 

natural bone compared to conventional metals. 



40 . Introduction 

The primary objective of this research is, thus, to investigate manufacturing routes for 

fabrication of Mg foam with structure required in tissue engineering and bone implant 

applications. The present research aims to deliver the manufacturing route that is not only 

feasible but also economical. 



2. Experimental procedure 

2.1 Salt template 

The material chosen for producing a template was NaCI as it has melting point of 801°C 

which is considerably higher than the melting point of Mg (650°C). Common salt is also 

highly soluble in water which should ease the leaching of the template. Commercial table 

salt was sieved to obtain particles in the 422-599 /lm size range. Salt particles are 

naturally angular in shape. Salt templates were prepared by sintering the salt particles in 

mould made of refractory material (Fibre Frax). The sintering step was carried out at 

799°C for various sintering times, i.e. 2, 3, 5, 8, 12 and 15 hours, to determine the 

shortest sintering time required to provide a sufficiently strong template that could be 

handled. The weight and dimensions of the salt were measured to determine the volume 

fraction of template. The balance with 1O-4g resolution and the digital vernier calliper 

were used to measure the weight and the size respectively. Microstructural analysis of 

salt template by SEM and /l-CT was carried out on selected salt template. Salt templates 

had to be gold coated prior to SEM. During SEM analysis, the voltage was set at as low 

as 4kV to avoid the electrical charge building up on the surface of the sample. 2D 

micrographs obtained from SEM revealed the surface, topology and particle neck region 

of salt template. In order to obtain 3D structural images of salt template, software called 

Image J, 1.34s version, was used to construct 3D images from 2D images obtained from 

/l-CT. Volume fraction and porosity of the template were calculated from 3D images 

using built-in plugin of Image J called voxel counter and the obtained values were then 

compared to those obtained from conventional method. Compressive strength of salt 
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template was performed on lOxlOx20 rum sample using MTS 858 Table Top System 

with small load of 10 kN and crosshead speed of 1 mm/min. 

2.2 Mould preparation 

A Mg ingot was firstly pre-fabricated by machining into a cup and placed at the base of a 

steel crucible (Figure 2.1), The salt template was placed inside the Mg cup. The Mg cup 

was used to assist with absorbing the heat generated in the steel crucible and to ensure 

that the template was completely surrounded by molten Mg upon melting of the Mg cup. 

Thus, liquid Mg fully surrounds and makes contact with the side and bottom surfaces of 

the NaCI template. It was necessary to fix the NaCI template in position via a bolt and 

steel rod at the base of the Mg cup otherwise its low-density results in the template 

floating to the top of the Mg melt. The other end of the rod was attached with a steel 

strip. The steel strip was fixed to the crucible by small nuts or wire. The melt temperature 

was measured using a K-type thermocouple inserted inside a thin sealed steel tube that 

was placed inside the steel crucible (not shown in Figure 2.1). Finally, small pieces of 

Mg ingot were placed on top of the NaCI template. The steel crucible and its contents 

were then dried in a furnace at 150°C for 2-3 hours just prior to casting. 
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Figure 2.1 Mould design for Mg infiltration into salt template 

2.3 Casting and infiltration proc~ss 

43 

The steel crucible and contents was placed in the middle of the induction coil in the 

pressure chamber of the furnace. A protective atmosphere of N2 was supplied via a glass 

funnel placed above the steel crucible (Fig. 2.2 a) at a flow rate of at least 1.7 IImin. The 

Mg ingots were fully melted under atmospheric pressure so that the salt template was 

fully immersed in liquid Mg. The melt was then superheated to 7300 e and held for 5 min 

to allow oxides and/or impurities to float to the surface of the melt. This was followed by 

evacuation of the chamber to give a pressure of 400 mbar by applying vacuum for a few 

seconds and then removing the vacuum to allow N2 gas to repressurise the chamber up to 
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atmospheric pressure (-1000 mbar). This process was then repeated to assist with the 

inftltration of the template. 

t 

l ..... --t4-Crudblc 

....A---rrMg ingots 
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lnduciiou cDil 

a) 

VU(,!\lutn pump N, 

l 

tti 

b) c) 

Figure 2.2 Schematic diagram of infIltration process employed in this project: a) setting 
up ofthe casting, b) evacuation step and c) N2-pressurised infIltration. 
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The melt was then allowed to solidify by switching the induction furnace off. Once the 

temperature was below 600°C the flow rate of N2 gas was reduced to 0.5 Vmin and then 

stopped below 400°C. The resulting Mg-NaCI "composite" was cut to remove any solid 

Mg skin so as to expose the porous strncture. The sodium hydroxide granules were added 

in water until the pH of solution> 11.5. Base solution was exploited due to its ability to 

stabilise the protective hydroxide layer of Mg [107, 108]. The porous samples were 

finally immersed in a solution. 

2 .. 4 Microstructural Characterisation of Mg foam 

SEM technique was employed to analyse microstructure of as cast Mg-NaCI composite 

and Mg foam. The voltage of 4kV Samples of Mg-NaCI composite were gold coated in 3 

directions, with 30 secs in each direction, prior an analysis to make it conductive. 2D 

micrographs obtained from SEM revealed the interfacial region, in case of Mg-NaCI 

composite, and the shape and size of pore, in case Mg foam. The surface and topology of 

pores in Mg foam were also illustrated. 

In order to obtain 3D structural images of Mg foam, /l-CT technique was used. Thin 

sample of Mg foam was mounted and images were taken with a Skyscan 1072 using an 

unfiltered tungsten X-ray source operated at 80kV and 120 /lAo Projection images were 

then converted to tomograms that subsequently used to construct 3D images with 

software called hnage J. Volume fraction and porosity ofMg foam were calculated using 

hnage J and compared with that obtain from conventional method. 
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2.5 Mechanical Testing ofMg foam 

Mg foam samples 8 mm in diameter and 13 mm in height were prepared for compressive 

strength tests to comply with guidelines by Ashby et ai. [82J.1t is recommended that the 

minimum dimension is at least 7 times the average pore size and that the height-to

thickness ratio of the sample is greater than 1.5. Compressive strength test was performed 

using MTS 858 Table Top System with small load of 10 k:N and crosshead speed of 1 

mm/min. 



3.. Experimental results and discussion 

3.1 NaCI template - Characteristics and Properties 

3.1.1 Microstructural characterisation 

Figure 3.1 a-f illustrate 3-hour sintered salt template showing a small fused area, as 

shown in Figure 3.1 f, and pores on the surface of salt particles, as revealed in Figure 3.1 

d-f. These small pores of few ten microns in size emerged after the sintering step as 

evident by the SEM micrographs of salt particles prior to sintering shown in Figure 3.2 a

d. This might be a result of evaporation that occurs during sintering. When compare 

Figure 3.1 e and 3.2 c that have the same magnification, it is clearly seen that the step

like surface on the salt particle almost completely disappeared after sintering. The size 

and shape of the salt particles after sintering, however, was not altered significantly, as 

shown in Figure 3.1 band 3.2 a, presumably due to the short sintering times used. 
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a) 

d) __ _ 

e) ___ .a.iiiiil. f) 

Figure 3.1 (a) A complete salt template strong enough to be handled and (b-f) SEM 

micrographs showing a salt template sintered at 800De for 3 hours at various 
magnifications. 
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a) b) __ 

- -
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c) d) 

Figure 3.2 (a-d) SEM micrographs of raw salt particles pnor to sintering at varIOUS 

magnifications. 

A vertical cross section of a salt template (Figure 3.3 a) exhibits a network of interstice or 

pore throughout a template. This network provided a continuous path for liquid Mg 

during infiltration process. The pore sizes of the template were determined from 2D 

images obtained from f.,l-CT. The smallest pore diameters is the one of interest and, 

among the areas selected, was found to be -75 f.,l m which is approximately the size 

estimated previously (see 1.3.2.2) (Fig. 3.4b). This means that threshold pressure 

required for Mg infiltration should be 320 mbar, if (j is 1500
, or less (see 1.3.2.2). 
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a) 
b)_~_. 

Figure 3.3 Structure of salt template a) Vertical-cut of salt template and b) 3D images 
obtained from Image J 

Volume fractions of salt templates were determined by Image J and conventional 

method. Voxel counter plugin of Image J was operated and the values attained are listed 

in Table 3.1. The areas of interest were randomly selected throughout the whole structure 

of template with several sizes of determination. In conventional method, the mass and 

volume of salt template were first measured. Then the apparent density and finally 

volume fraction were attained. 

Table 3.1 Volume fraction of sintered salt template 

Random no. By Image J (%) Conventional method (%) 
I 55.24 58.06 
2 55.13 54.51 
3 56.01 55.45 
4 56.93 58.17 

5 53.31 59.01 

Ava. 55.32 57.04 

It is worth noting that both techniques used to determine volume fraction of salt template 

have uncertainty drawn from their unavoidable limitations. The accuracy of results 
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obtained from Image J heavily relies on the level of threshold set and, unfortunately, the 

most appropriate threshold is always unknown. On the other hand, a few salt particles 

were observed to fall off the template during measuring. This inevitably alters mass and 

volume of the template and, hence, the resulting calculated salt volume fraction. 

3.1.2 Mechanical Properties 

It was found that the salt template obtained from sintering for 3 hrs was adequately 

strong for handling and casting. The compressive strength of the salt template is shown 

in Fig. 3.1. The ultimate compressive strength of angular salt template was -316 kPa. 

There also seemed to some localised failure occurring shown by a small drop in load at a 

strain and stress of -0.006 and -78 kPa, respectively (point a). The elastic moduli of the 

template before and after this point were 13 and 15.21 MPa, respectively. These values 

suggest that the template should withstand the pressure during infiltration, which was 

previously predicted to be -60 kPa. 
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Figure 3.4 Compressive stress-strain curve of salt template 

3.2 As-cast Mg-NaCI composite 

The as-cast Mg-NaCl composite was cut and milled. The microstructure of the samples 

was observed by SEM (Fig. 3.5 (a-d». In high magnification SEM no evidence of a 

reaction product could be observed to form at the Mg-NaCl interface. Liquid Mg 

completely infiltrated the salt template - however small gaps at the interface were 

observed as shown in Fig. 3.5d probably due to lack of wetting. 

---- ----
0077 20KU X30 !~M WD30 0072 20KU X300 100~M WD30 

a) b) 

c) 

Figure 3.5 a) - d) SEM micrograph of as-cast Mg/salt composite taken at vanous 
magnifications . 

The volume fraction of Mg and salt in the as-cast Mg-NaCI composite was detel11lined 

using a law of mixtures approach. The densities of Mg and salt arc 1.738 and 2 . 17 g/cm.1 
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respectively. Density of the composite samples, Pc' were then estimated using the 

following equation: 

3.1 

where VM is the volume fraction of matrix material, PM is density of matrix material and 

PF is density of fibre or reinforcement material. The results are shown in Table 3.1. 

Table 3.2 Volume fraction of Mg and salt in the composite calculated using The Law of 
Mixtures 

Sample Mg vol.fraction (%) Salt vol. fraction (%) 
1 0.669 0.331 

2 0.661 0.339 

3 0.664 0.336 

4 0.653 0.347 

5 0.700 0.300 
6 0.673 0.327 

Average 0.6700 0.3300 I 

The volume fraction obtained tended to suggest unrealistically low volume fractions of 

salt and doubtfully high volume fractions of Mg. This situation suggests that voids may 

be present in as-cast Mg-NaCI composite due t() incomplete infiltration. Using the 

measured density of the sintered salt template (see 3.1) and taking the volume of voids 

into account, the volume fraction of salt, Mg and voids were re-estimated to be around 

55.3-57, 37-39 and 5.5-6% (Table 3.2). This method gives more rationale values of Mg 

volume fraction however the actual value has to be obtained afterwards from real Mg 

foam. The high magnification SEM micrograph in Fig. 3.5 d revealed small gaps at the 

Mg-NaCI interface. However, the decisive conclusion cannot be drawn at the moment 

whether these interfacial gaps are responsible for the total void fraction of 5.5-6% and 

further work is required. 
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Table 3.3 Estimation of volume fraction of Mg and void based on previously measured 
Iff I I va ume ractlon a sa t template. 

Assumption of salt volume A verage volume fraction A verage volume fraction 
fraction (%) ofMg (%) of void (%) 

55.32 39.12 5.555 
57.04 36.98 I 5.98 

3.3 Microstructural characterisation of Mg foan} 

Mg-NaCI samples were immersed in a sodium hydroxide solution with a pH value >11.5 

in order to leach the salt template from the Mg. SEM micrographs of the microstructure 

of the resulting Mg foam are shown in Fig. 3.6 (a)-(t) The pores in the resulting Mg 

foam have an angular shape, resembling the shape of the original salt particles. 

Therefore, there are thinner areas in the pore waif where deformation can initiate more 

easily when the foam is put under load (Fig.3.6c). Sharp edges will also act as crack 

initiation sites. These thin wall and sharp edge definitely reduce strength of Mg foam. 

The pores in Mg foam are observed to have both rough and smooth regions at the 

surface. T his striking characteristic (see Fig. 3.6 e) appears to resemble the holes and 

surface topology of the sintered salt particle as shown in Fig 3.2 e). 

--
0079 IOKU XIS Imm WD39 

a) b) 
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c) 

e) ________ lIIiii 

Figure 3.6 SEM micrographs ofMg foam at different magnifications . a)-d) The general 
structure of the foam, and e) rough and d) smooth intemal pore surfaces in a Mg foam. 

55 

Structural 3D images of Mg foam were generated. An open-cell structure can be clearly 

seen as shown in Figure 3.7 a-j. The interconnectivity of pores in Mg foam is confirmed 

when 3D image of small area are generated as demonstrated in Figure 3.8 a-aj. 

a) 
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Figure 3.7 3D images of Mg foam with angular shape pore rotated on x axis with 200 

increment. a) = 00
, b) = 200

, c) = 400
, d) = 600

, e) = 800
, f) = 1000

, g) = 1200
, h) = 140°, 

i) = 1600 andj) = 1800
• 
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c) 

g) 

s) 
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v) w) 

z) aa) 

ad) ........ 

ah) 

Figure 3.8 30 images of Mg foam with smaller area of interest rotated on x axis with 10° 
increment, i.e. a) = 0°, b) = 10°, c) = 30°, ... ai) = 340° and aj) = 350°. 

Range of pore size of Mg foam was gained from 20 images of fl-CT and was found to be 

in the same range of salt particle size (i.e. 422-599 flm). Pore interconnecting (or pore 

neck) size in Mg foam was also measured by 20 image analysis technique. Size of pore 

neck has an average of 134.76 flm with a minimum and maximum of 87 and 220.46 flm, 

respectively. This result, in over all, satisfies the recommended requirement of scaffold 

for bone tissue engineering that the interconnecting area of pore should be> 100 flm. All 
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measured data, average and standard deviation (SD) of pore size and pore 

interconnecting size are provided in Table 3.4. 

Table 3.4 Measured data of pore size and pore neck size of Mg foam 
Pore size Pore neck 

Measured 465.464.5,566,570,431, 157,120.87,220.46,120, 
values (IJm) 472.5,476,467.5,592 and 433 143.28, 112, 140,99.89, 

109.41,87, 138.07, 166.48, 
104.2, 175.06, 127.65 

Ava. (11m) 493.75 134.76 
SD. 56.083 34.47 

Volume fractions of Mg foam were also determined by Image J and conventional 

method. Voxel counter plugin of Image J was operated and the values attained are listed 

in Table 3.5. In conventional method, the mass and volume of salt template were first 

measured from a sample of 17 mm in diameter and 2.3 mm in thickness. Then the 

apparent density and finally volume fraction were attained. The values of volume fraction 

of Mg foam gained from both techniques showing that Mg foams may have porosity in 

range of 54.35-56.885%. These values of porosity are in agreement with the density of 

salt template previously reported in Section 3.1; however, it is somewhat different from 

the Mg volume fraction estimated in Table 3.2. 

Table 3.5 Volume fraction ofMg foam 
Random no. By Image J (%) Conventional method (%) 

1 47.86 43.115 
2 48.54 
3 45.22 -
4 45.56 -
5 41.07 

Ava. 45.65 43.115 
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3.4 Compressive properties of Mg foam 

The compressive stress-strain curves of the Mg foam samples obtained in this work 

displayed a limited region of linear elasticity and an extended region involving plastic 

defonnation and collapse of foam cell walls or struts (Fig 3.7). The densification region 

that is typically observed for metal foams is not shown in Fig 3.7 as the compressive tests 

were stopped before this point was reached. A summary of the mechanical properties of 3 

samples is provided in Table 3.1. 
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Figure 3.9 Compressive stress-strain behaviour of Mg foam. 

Table 3.6 Mechanical properties of Mg foam 

Sample #1 #2 #3 Average 
0,2% compressive yield strength (MPa) 8 ILl 14.3 11.13 
Ultimate compressive strength (MPa) 16.4 17.8 16.5 16.9 
Elastic modulus (GPa) 0.42 0.56 0.46 0.48 

There was considerable variation in the stress-strain curve amongst the samples tested. 

This might due to non-unifonnities in the cell wall thickness due to using angular salt 

particles to produce the template. The results showed that the actual elastic modulus of 
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Mg foam obtained in this work is at the low end of predicted values (see 1.2.3), while the 

compressive strength is within the predicted range, as shown in Fig. 3.8. 

Mechanical properties of bone, bulk Mg and Mg foam 
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Figure 3.10 Comparison between actual mechanical properties of Mg foam and predicted 
values 



4.. Conclusions 

This work has demonstrated that: 

.. An interconnected porous salt template could be used in conjunction with a 

liquid metal infiltration process to fabricate a Mg foam. 

.. Mg and salt do not appear to react during the infiltration process although 

further work will be required to conftrm this using Differential Thermal 

Analysis (DTA). 

.. Mg foam with an open-cell, interconnected porous structure of about -55% 

porosity can be obtained by immersing the Mg-NaCI composite into a water

based solution with a pH > 11.5 to leach out the salt. 

.. The final pore size and shape of Mg foam was found to closely replicate that 

of the sintered salt particles. Therefore precise control over resulting Mg 

foam is highly possible. 

.. The compressive properties of the produced Mg foam were found to be more 

akin to human cancellous bone compared with conventional metallic 

biomaterials. However, Mg foam has an elastic modulus far lower than the 

estimated value using empirical models suggesting the process can be further 

optimised. 
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Future work 

It is broadly accepted that mechanical properties of metal foams depends greatly on 

inherit properties of material which it is made, foam density and its structure [82]. 

Therefore, further work to improve mechanical properties of Mg foam can be an 

improvement through an alteration in either relative density of the structure or the way 

the structure is constructed. According to the models for estimation of mechanical 

properties of cellular materials present in Table 1.4, the relative density can vary the 

elastic modulus and compressive strength of metal foam to the power 2 and 3/2, 

respectively. On the other hand, the structure of metal foam influences the elastic 

modulus and compressive strength by altering the model constant used in the models. 

Using models in Table 4 and mechanical testing data from this work to calculate back to 

obtain the constant it was found that: 

ell The model constant for modulus from this work was only 0.046-0.068 

while what recommended is in the range of 0.1-4. 

• The model constant for compressive. yield strength from this work was 

>1.23. 

It is attention-grabbing to find out the cause of a large gap occur in case of modulus. 

The use of spherical salt particles for producing the NaCl template is recommended in 

future work. Fig. 5.1 illustrates the structure of salt templates obtained from both angular 

and spherical salt particles. Particle connecting patterns of angular particles can be edge

to-edge, face-to-edge or face-to-face while there is only point-to-point connecting type 

for spherical particle. Thus, spherical salt particles should result in a more uniform pore 
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structure and improvements in the ultimate compressive strength. It is also interesting to 

study whether using spherical salt particle can significantly change the structure of the 

foam and, subsequently plus hopefully, can improve the modulus. 

Edge-to-edge 

Face-to-edge 

Face-to-face 

Figure 5.1 Diagrams of structure of template obtained from angular and spherical 
particles 

Another benefit from using spherical salt particle might be the reduction time in sintering 

process [41]. On way to produce spherical particle of salt is to quickly pass angular salt 

particles through the heat source to superficially melt the particle. The fast transformation 

from liquid to solid causes the contraction resulting in the formation of voids and the 

development of residual stress on the surface of particles. This stress behaves as a 

preserved energy that can shorten the sintering process [41]. 
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