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Abstract

Abstract

Nowadays, the approved and commonly metallic biomaterials include stainless steels,
titanium alloys, cobalt-chromium-based alloys and noble metals. The limitations of these
current metallic biomaterials are the possible release of toxic metallic ions or particles
through corrosion or wear processes and the long-term biological incompatibility caused
by interactions between tissues and permanent metallic implants. Magnesium (Mg) alloys
are considered as the new generation of biomedical implant materials due to their good
biocompatibility, biodegradability and excellent mechanical properties. This paper reports
an exploratory study on the biodegradation of Mg-RE (RE - rare-earth elements) alloy
sheets with fine grain around amorphous zone produced by vertical twin roll casting (TRC)
and its interaction with rat femur was observed by micro-CT, which provides a novel
method of crystalline/amorphous structuring alloy design and an important evidence of the
potential use of Mg-RE for future surgical implant applications.

A new type of Mg-RE (Ce, La) sheets were prepared by vertical (TRC) technology.
The microscopic characterization experiments show that the crystal structure is crystalline
phase containing amorphous phase. Electrochemical experiments and immersion testing
both showed that Mg-RE (La,Ce) sheet with TRC has a better corrosion resistance than
master alloy of Mg-RE alloys, and a uniform corrosion layer on the sheet surface. In vivo
tests show that Mg-RE sheets have better biocompatibility and induce new bone formation.

Mg-RE and AZ31 sheets were prepared by vertical (TRC) technology under identical
casting conditions. The microstructure characterization showed that the Mg-RE exhibited
a higher amorphous forming ability than the AZ31. Moreover, the results of
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization indicated
that the Mg-RE sheets displayed a higher corrosion resistance compared with the AZ31
sheets. Additionally, the Ti, Mg-RE and AZ31 sheet implants were immobilized and
implanted in a rat femur model to observe degradation behavior during 16 weeks. In vivo
tests showed that no significant change in the femur surrounding the Ti group, which

excluded the external factor that the new bone formation resulting from bone remodeling.
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Furthermore, the Mg-RE group induced more newly formed bones, which met the
necessary conditions for the prevention of pathological fractures.

Two casting speeds of 10 rpm and 30 rpm were used in vertical twin-roll casting (TRC)
to obtain Mg-rare earth (Mg-RE) alloys. The results indicated that the roll-castings of TRC-
30-rpm exhibited a finer grain size and higher volume fraction of non-crystallization than
those in castings of TRC-10-rpm. Moreover, the results of electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization indicated that the castings of TRC-
30 rpm displayed a higher corrosion resistance compared to those in the castings of TRC-
10-rpm. Animal tests showed that a higher degree of newly formed bone tissues was
achieved by implants of TRC-30-rpm. Additionally, in vivo tests displayed that degradation
properties of the TRC-30-rpm implants were better than those of the TRC-10-rpm implants;
furthermore, the degradation layer was a two-layer structure, and P and Ca were enriched
in the outer degradation layer. In summary, these findings elucidated that casting speed has
a substantial effect on the microstructure and degradation property of Mg-based implants,

and the degradation property performs better with increased casting speed.

Keywords: Magnesium alloys, Biomedical materials, Microstructure, In vivo degradation

and bone response



Chapter 1 Introduction

Chapter 1 Introduction

For a long time, the biological materials, such as artificial joints and sutures, have been
implanted in body to heal damaged tissue. The artificial joints as a permanent implant
require high durability, while the sutures as a biodegradable implant are broken down and
absorbed by the body after tissue repair. In the past, the implants were usually durable and
permanent, so they had to be surgically removed after tissue repair. However, the
biodegradable materials have been developed and used as fixation materials for fractures,
such as polylactic acid materials (PLA) are used for suture and as a fixed material for
fractures in low-burden areas, thus reducing the burden of reoperation. In addition, the
calcium cyanate ceramics can also be used as the bone - free compensation materials.
However, only polymers and ceramic materials are developed, and their applications in
biomedical materials are limited. Because these biodegradable absorbent materials lack the
necessary mechanical strength, they cannot be overused in stressed areas. Therefore, it is
desirable to develop biomaterials with better mechanical and better biodegradable
properties.

In recent years, the application of magnesium (Mg) alloy in biodegradable materials
have attracted the attention of researchers and medical personnel. Mg has high specific
strength and is the lightest of the practical metal materials used as structural materials. In
addition, as Mg is a bio-essential element, the biological safety of magnesium alloys

remains high after in vivo degradation.

1.1 Biomedical Materials

Biomaterial can be made into devices that can be used to diagnose, treat or replace
tissues and organs that are weakened or completely lost due to lesions or damage [1].
Biomaterials can be natural, synthetic, or a combination of them. As early as 5000 BC,
there are records of artificial teeth being used to repair lost teeth in ancient Egypt and China.

In the 2nd century AD, there are records of artificial teeth being used as suture lines to
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ligate wounds and prevent arterial blood loss. With the rapid development of social progress
and modern science and technology, the biomedical material industry has also entered its
rapid development stage, which plays an important role in improving people's quality of
life and guaranteeing human health. It has gradually become an emerging industry with

extremely rapid development.

Replacement to replace

d m Diagnosis and
treatment

Bone regeneration

Repair the damage

Fig. 1.1 Various biomedical materials and their functions [1].

Biomedical materials can be classified into three categories according to the
biochemical reaction level of materials in physiological environment: (1) nearly inert
biological materials, (2) bioactive materials, (3) biodegradable and absorbable biological
materials. According to the traditional material composition and properties, biomedical
materials can be divided into five categories: (1) medical metal materials, (2) medical
polymer materials, (3) biological ceramic materials, (4) biological derivative materials and
(5) biomedical composite materials. Each of them account for more than 40 percent of
biomaterial application amount. Table 1-1 describes the application, advantages and

disadvantages of different types of biomaterials.
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Table 1-1 Commonly used biomaterials [2]

Materials category

Advantage

Shortcoming

Application

Metallic materials
(Titanium and its alloy;
CO-Cr alloy; Stainless

steel; Au; Pt, etc)

High strength; stiffness;

flexible

Easy-corrosive

high density

Joint replacement;

Bone nail and bone plate

High polymer material

Good resilience;

Easy preparation

Low intensity;

Prone creep

Stylolite; blood vessel,

ear, soft tissue

Ceramics (aluminum

oxide; calcium phosphate;

base apatite, etc)

Good biocompatibility;

inert, high compression

strength

Too brittle, poor

elasticity;

Not easy processing

Surface coatings for

dental, femoral head,

dental and orthopedic

implants

Composites (carbon-

carbon composites,

High strength, can be cut

Not easy preparation

Joint implants, heart

valves

carbon fiber reinforced

bone cement, etc.)

1.2 Biomedical metallic materials

Metal materials are applied as biological materials due to their excellent mechanical
properties and good electrical conductivity and thermal conductivity. Because the metal
bonds in metal materials are non-directional, they can change the position of metal atoms
without destroying the crystal structure. Therefore, metal materials show the characteristics
of plastic deformation.

Due to its excellent mechanical properties and corrosion resistance, some metal
materials can be applied to replace bone screws, plates and other bone fracture repair

devices of hard tissues such as hip and knee joints, spinal fixation devices and dental
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implants. It can also be applied to cardiovascular stents, orthodontic teeth, cochlear

implants and other places that need to play an active role in the location.

P i | A b
3" X E \l

4
3

Fig. 1.2 Biomedical metallic materials.

The alloying elements in most medical metal materials are allowed in very small
amounts in the human body. Trace amounts of metallic elements can play a positive role in
human body. For example, trace amounts of Fe are very important for red blood cells, and
Co is an essential element for the synthesis of vitamin B12. However, when the intake of
these metallic elements exceeds the limit of human body, it will have many negative effects
on human physiological functions [3]. Due to the long-term existence of metal implants in
the human body and the corrosion of the internal body fluid environment, it is inevitable
that trace elements will be dissolved into the human body. Therefore, the biocompatibility
of metal elements is an important factor that metal materials as biological materials must
be concerned. At present, the widely used medical metal materials mainly include four

categories: stainless steel, titanium alloy, cobalt-based alloy and precious metal.

1.2.1 Stainless steel bone reinforcement plate

The first-generation stainless steel used in making implanted devices is 302 stainless
steel, and the stainless steel has higher strength and more excellent corrosion resistance in
the human body environment compared to the vanadium steel. The researchers found that
based on the composition of 302 stainless steel by adding a small amount of Mo (2 ~ 4
wt %) can significantly improve corrosion resistance in saline environment features. The

4
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introduction of Mo in the composition stainless steel can dramatically improve the
performance of the resistance to pitting formation caused by chloride ion. In the last century
1950s, the researchers further enhance the corrosion resistance of stainless steel in the
physiological saline by reducing the concentration of the carbon element in stainless steel
(0.08 wt % decrease to 0.03 wt %), which is now known as SUS316/316L stainless steel
and its composition as shown in table 1-2. The Cr content in stainless steel must be higher
than 12 wt % to guarantee enough corrosion resistant performance, and the Ni is used to
make stainless steel in the austenite phase to keep stable at room temperature [4].

The SUS316/316L steels are austenitic stainless steels and are widely used in the
manufacture of medical implant devices. They are difficult to be strengthened by heat
treatment, but it can be strengthened by work hardening. The mechanical properties of

SUS316/316L stainless steel show in Table 1-3.

Fig. 1.3 Stainless steel bone reinforcement as bone fixed implants.

Although SUS316/316L steel has a good corrosion resistance in the biotic
environment. when the material is subject to the great stress and in the absence of oxygen
environment, it will also be corroded, such as the position where the bone nail contacts the
bone. The material will lose its fixation function due to the influence of corrosion.
Therefore, the SUS316/316L stainless steel can only be used as temporary implant device

when it is used as bone nail, bone plate and femoral head nail.
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Tablel-2 Composition of USL316L stainless steel [2]

Element C Mn P S Si Cr Ni Mo

Content
<0,03 <2.00 <0.03 <0.03 <0.75 17~20 12~14 2~4
wt%

Tablel-3 Mechanical properties of USL316L stainless steel for implants [2]

Condition YTS (MPa) UTS (MPa) Elongation (%) Rockwell hardness
Annealed 172 485 40 95
Cold-worked 690 860 12

1.2.2 Bone reinforcement plate of CoCr alloy

The CoCrMo with the as-cast state is common typical alloy. The as-cast CoCrMo alloy
has been used as a medical metal for decades. It was mainly used as a dental material in the
early stage. Recently, it has been widely used in the field of artificial joints. The deformed
CoNiCrMo alloy as a medical metal material has a relatively short use time, and it is mainly
used to make the handle of knee or hip prosthesis that to bear a large load [5,6].

American ASTM recommends four types of CoCr alloys for use in medical metallic
materials: (1) as-cast CoNiCrMo alloy, (2) morphed CoCrWNi alloy, (3) morphed
CoNiCrMo alloy, and (4) morphed CoNiCrMoWFe alloy. The chemical compositions are
shown in Table 1-4. At present, the cast CoCrMo alloy and the variable CoNiCrMo alloy
are most widely used for applications. In these two alloys, the content of Co can be as high
as 65%, and the alloy element Mo can significantly refine the grain size of the alloy. The
Crcan play arole in solid solution strengthening, on the other hand, it can also significantly

improve the corrosion resistance of the alloy [6].
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Fig. 1.4 Bone reinforcement of Cobalt alloy.

Table 1-4 Chemical Compositions of Co—Cr alloys [9]

Element (wt. %) CoCrMo CoCrWNi CoNiCrMo CoNiCrMoWFe
Cr 27.0~30.0 19.0~21.0 19.0~21.0 18.00~22.00
Mo 5.0~7.0 - 9.0~10.5 3.00~4.00
Ni ~25 9.0~11.0 33.0~37.0 15.00~25.00
Fe ~0.75 ~3.0 ~1.0 4.00~6.00
C ~0.35 0.05~015 ~0.025 ~0.05
Si ~1.00 ~1.00 ~0.15 ~0.05
Mn ~1.00 ~2.00 ~0.15 ~1.00
W - 14.0~16.0 - 3.0~4.0
P - - ~0.01 ~0.01
Ti - - ~1.0 0.50~3.50
Co Balance
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Table 1-5 Mechanical properties of Co-Cr alloys [9]

Wrought CoNiCrMo

Cast
Property Wrought CoCrWNi Solution Cold worked
CoCrMo
Annealed and aged

YS/MPa 450 310 240~650 1585

UTS/MPa 655 860 793~1000 1793
Elongation/% 8 10 50 35

Elastic modulus/GPa 220~234

The deformed CoNiCrMo alloy and the as-cast CoCrMo alloy have similar wear
resistance (their wear rate is 0.14mm/year). The CoNiCrMo alloy has high tensile strength
and fatigue resistance, which is more suitable for the handle of hip prosthesis. The
mechanical properties of the CoCr alloy are shown in Table 1-5. The elastic modulus of the
CoCr alloy is 220 ~ 234GPa, so this alloy is very hard with very low wear in metal-metal,
which has obvious advantages in application of metal-metal artificial joint replacement [7].

When the CoCr alloy is applied in joint replacement, the metal products result from
the metal wear and corrosion will have an adverse effect on the surrounding organ tissues.
In vitro experiment results show that the Co particles have a toxic effect on osteoclasts and
inhibit the synthesis of I-type collagen, osteocalcin and alkaline phosphatase. However, the
metal Cr and CoCr alloy particles did not show significant toxicity. The experiments of
metal extraction liquid showed that the Co and the Ni extracts had significant cytotoxicity
and significantly reduced the survival rate of cells, thus, the Cr extracts had lower

cytotoxicity than Co and Ni [8].

1.2.3 Tiand Ti alloy

In the 1930s, people began to try to apply titanium implant device for manufacturing.

It found that the titanium showed better biocompatibility, low density of titanium relative
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to the stainless steel, the CoCrMo alloy, and its alloys (as shown in Table 1-6), and the
excellent mechanical properties (Table 1-7), which is the most significant advantage used

for making implanted devices [10, 11].

Fig. 1.5 Ti/ Ti alloy as dental implants.

Table 1-6 Density of Ti and its alloy; and some metallic implant alloys [10,11]

Alloys Density (g/cmd)
Ti and its allloys 45
316 Stainless steel 7.9
CoCrMo 8.3
CoNiCrMo 9.2
NiTi 6.7

The pure titanium (Ti) metal as medical implanted is divided into four grades
according to its purity, among which the contents of impurity elements, such as O, Fe and
N need strict control, especially the impurity element O has a significant adverse impact on
the toughness and strength of titanium metal. The Ti6Al4V is widely used in the production
of medical implant devices. Its main alloy elements are Al (5.5 ~ 6.5wt%) and V (3.5 ~

4.5wt%). The alloy element Al could stabilize the o phase by increasing the transition
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temperature of the o phase / B phase, while alloy element V stabilizes the p phase by
reducing the phase transition temperature of the a phase / p phase [12].

In commercial pure titanium, with the increase of impurity content, the strength
increases and the plasticity decreases of the materials. Although the strength of titanium
alloy is lower than some stainless steel and CoCr alloy, it’s the specific strength is obviously
higher than these two materials. In addition, the shear strength of titanium and its alloys is
lower, which makes them not suitable for the preparation of bone screws, bone plate and
other types of devices which need to withstand higher shear stress. The wear-resisting
performance of titanium and its alloys is poorer when it is in contact with the same material
or other metal materials, which limits the application as a medical implant metal material

[13].

Table 1-7 Mechanical properties of Ti and its alloys [9]

Pure Ti
Properties Ti6AI4V Til3Nil3zr
Gradel Grade2 Grade3 Grade4

UTS / MPa 240 345 450 550 860 1030
YS / MPa 170 275 380 480 795 900
Elongation / % 24 20 18 15 10 15
E/GPa 110 79

1.3 Biodegradable magnesium alloy

The biomaterials mentioned above are biologically inert, non-biodegradable, and once
implanted, they will remain permanently in the body unless removed by a second surgery.
The process of a second surgical excision will undoubtedly increase the patient's pain and
financial burden (Fig. 6) [14]. Therefore, the development trend of the new generation of
biomedical materials not only requires that the materials have good biocompatibility, but
also hopes that they can be biodegradable in vivo. Medical polymer materials have made

10
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great progress in this direction. However, the polymer materials generally have low elastic
modulus and poor plasticity, which are difficult to be applied in some occasions such as
cardiovascular stent, bone nail and plate, anastomosis nail, etc. Magnesium and its alloys
are biodegradable, and it also has advantages in mechanical properties and processing

properties of metal materials [15-19].

1.3.1 Degradation characteristics

The degradation of magnesium alloy is accomplished by corrosion of magnesium
alloy in physiological environment. The corrosion process is an electrochemical reaction

process, and the total reaction formula can be written as follows [15, 20]:
Mg + H20 = Mg (OH), + Ha (1-1)
The electrochemical reactions can be decomposed into the following anodic oxidation

and cathodic reduction reactions:

Anode reaction: Mg — Mg?" + 2¢” (1-2)
Cathode reaction: 2H>0 + 2e—H> + 20H" (1-3)
Product formation: Mg?* + 20H"— Mg (OH) (1-4)

The degradation mechanism of magnesium alloy in physiological environment is
shown in Fig. 1.7. When the magnesium alloy comes into contact with the humoral
environment, the Mg is oxidized to Mg2", and the generated electrons are reaction with
water to form Hz and OH". Due to the poor electronegativity between the magnesium alloy
matrix and the intermetallic compound as the second phase, the above reactions generally
occur at the surface position where the magnesium alloy materials are in contact with the
fluid environment. At the same time, the organic molecules such as proteins, amino acids
and fats, which are widely existed in the humoral environment. It is easy to be adsorbed on

the surface of materials, thus affecting the degradation of magnesium alloys.

11
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Organic 4p

molecules ¥

N1 BM [ media I M(0H),
[P>=< molecular layer [ apatite

Fig. 1.7 Schematic diagram of the biocorrosion at magnesium/medium interface [15, 20].

12
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The reaction product of Mg(OH): is easily dissolved in humoral environment that
contains CI" ions and absorbed by the body. The adsorption of CI" on the surface of the
material will lead to the dissolution of Mg(OH)2 protective layer which result in pitting. It
is not easy to form a deep corrosion pit in magnesium alloy. This because the corrosion
process of magnesium alloy occurs quickly, and the local environment around the place
where the corrosion occurs presents a high alkalinity, leading to the difficulty of further
corrosion reaction at this place. Because the degradation of magnesium alloy makes the
surrounding environment became alkaline, and the saturated Ca ions and phosphates exist
in the body fluids, the calcium phosphate is easy to deposit on the Mg(OH)2 product layer,
the cells tend to adsorb on this surface layer. With the extension of implantation time, the

deposited cells grew into tissues adjacent to the layer of corrosion products [15].

1.3.2 Mechanical properties

Mechanical property is one of the important indexes of magnesium alloy as
medical metal materials, which determines the bearing capacity and plastic
deformation capacity of medical devices. Pure magnesium has a dense hexagonal
crystal structure and only three slip systems, so its plastic deformation ability is
poor. The commonly methods to improve the deformation properties of magnesium
alloys include alloying heat treatment and deformation processing. By adding the
Ca [22], Zr [23], Zn [24] and other alloy elements into magnesium, the grain size
of the as-cast magnesium alloy can be significantly refined and the plastic
deformation ability of the magnesium alloy can be improved. In addition, it has
been reported in the literature [24] that the addition of Nd, Gd, Pr, Dy and other
rare earth elements in magnesium alloy can refine the grain size and reduce the
stacking fault energy of magnesium alloy, which is considered to be one of the
important mechanisms to improve the plasticity of magnesium alloy. It is also
helpful for improve the plasticity of magnesium alloy to choose the treatment
technology and reduce the rough second phase in the as-cast magnesium alloy.

The strength of pure magnesium is relatively low (between 100 and 150MPa),

13
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which cannot meet the requirements in occasions that requiring higher bearing
capacity. To improve the strength of magnesium alloy, there are usually several
ways as follows: the firstly, the solid solution strengthening method. The strength
of magnesium alloy can be improved by adding Al, Zn, rare earth elements and
other alloy elements with solid solution strengthening into pure magnesium.
Secondly, the second phase strengthening. The strength of magnesium alloy can be
improved by adding alloy elements to the magnesium alloy to form intermetallic
compounds with strengthening effect. Thirdly, the grain boundary strengthening.
The grain size of magnesium alloy can be effectively reduced through the alloying
or thermal deformation processing, the strength of magnesium alloy can be

iImproved by increasing the proportion of grain boundary.

1.3.3 Biocompatibility

The cell toxicity evaluation is an important means of characterization of
magnesium alloy biocompatibility. Theoretically, the human body has a limit for
the intake of any element [16, 25]. When a certain element is consumed in excess
of the limit, it can cause toxic reactions in humans. The biocompatibility of a
material is related to its elemental release, which depends on the corrosion rate of
the materials. Magnesium is considered as an essential element in human body.
However, when the concentration of Mg?* in human serum is higher than 1.05
mmol/L, it will also cause muscle paralysis, hypotension, respiratory disorders and
other adverse reactions. When the concentration of Mg?* in blood is as high as
6~7mmol/L, it will also lead to cardiac arrest and other risks.

There are a lot of in vitro experimental results show that the main factors
affecting the biocompatibility of magnesium alloys are the increase of ambient pH
value and the change of magnesium ion concentration due to the degradation of
magnesium alloys. The squeezed state of pure magnesium show that the different
degradation rates have a significant impact on cell adhesion, proliferation and the

cell survival rate [17].

14
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From the year of 2000 to 2003, Heublein et al. [26] attempted to make the
degradable cardiovascular stents with AE21 magnesium alloy. They implanted
magnesium stents into coronary arteries of domestic pigs. The scaffold lost its
mechanical integrity after 35 to 56 days of implantation due to the rapid
degradation of magnesium alloy. Biotronik, a German company, has tried to
implant magnesium alloy stents made from WE43 into the coronary arteries of
miniature pigs, and no deaths have occurred after a period of implantation. In 2005,
Peeters et al. [27] who first attempted to implant magnesium alloy stents into 20
patients for the treatment of varicose veins. The stents were completely degraded
after 6 weeks, and no adverse reactions such as poisoning or allergy occurred in
the patients. In 2007, Biotronik implanted 71 magnesium stents in 63 patients and
no myocardial infarction clots or deaths occurred before the stents broke down
[28]. In 2013, Haude et al. implanted drug-coated magnesium alloy stents into 46
patients. The stents degraded after 9-12 months, and no stent thrombosis or
decreased blood flow was observed within 6-12 months after implantation [29].

Magnesium alloy plate, screws and wires are considered to have great
potential for bone fixation. The screws prepared by ZEK100 [30] LAE442 [31]
MgCa0.8 [32] and Mg-Y-RE-Zr [33] have been used in animal experiments, and
the results show that magnesium alloy has the ability to induce new bone formation.
After 12 months of implantation, the adhesion of Mg-0.8Ca bone nail and bone
tissue were much higher than that LAE442 and bone tissue, indicating that Mg-
0.8Ca had better biocompatibility. The MAGNEZIX® bone nail made of Mg-Y-
RE-Zr alloy showed the same efficacy as titanium nail in the correction of thumb
eversion, and no adverse symptoms such as foreign body reaction, osteolysis and

inflammatory reaction occurred 6 months after implantation.

1.3.4 Advantages and disadvantages in biomedical applications

As a biomedical implant material, magnesium alloy has its unique advantages

and disadvantages. Narayanan et al. [34] summarized the advantages of
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magnesium and its alloys in biomedical field in the literature: (1) Mg has no toxic
effect on human body. Magnesium is an essential trace element, and the amount of
magnesium in human body is relatively high. Therefore, the degraded magnesium
ion does not cause any side effects; (2) The presence of Mg in the human bone
system is beneficial to bone strengthening and growth; (3) Compared with other
implanted metals, the density and young's modulus of Mg alloy closest to human
bone can reduce the interfacial stress between bone and implanted material. In
addition, Mg stimulate the growth of bone, and enhance the stability of implants;
(4) Mg has better physical and mechanical properties than other metal-based or
polymer-based implants and is more suitable for bone repair and replacement; (5)
Mg has higher fracture toughness than ceramic biomaterials, higher strength than
degradable plastics, and more suitable elastic modulus than other commonly used
metallic biomaterials; (6) Mg is involved in a variety of metabolic reactions and
biological mechanisms in the human body, including the formation of crystal
apatite, which is important for metal bone implant materials. Mg is also a cofactor
of many enzymes and stabilizes the structure of DNA and RNA. (7) Mg is
important from a physiological point of view, as a deficiency of Mg promotes
cardiovascular disease, and low serum levels of magnesium have been linked to an
increased risk of neuropathy in patients with peripheral artery disease.

Although Mg alloy has certain advantages as a biomedical implant material,
there are still many problems in the large-scale application of magnesium alloy in
biological and medical fields. The implanted Mg will react with water and other
ions in the body fluids to form Mg(OH). and Hz, which the forming gas pockets
that may cause delayed wound healing and tissue necrosis. At the same time, the
rapid degradation of magnesium in vivo is accompanied by the rise of PH value in
local body fluids, and local alkalinity is not conducive to the balance of

physiological reactions dependent on pH value near the implant material [34].
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1.4 Modification of magnesium alloy materials

At present, the most of researches on degradable medical Mg alloys are the
commercial Mg alloys, and AZ series, such as AZ31 [35-37], AZ61 [38, 39], AZ91
[40, 41], etc. These Mg alloy materials have been applied in the industry due to
their excellent performance in strength or corrosion resistance respectively. The
elastic modulus of Mg alloy (45 GPa) is very close to that of natural bone (3~20
GPa) and the stress shielding effect can be effectively avoided [42]. It has been
reported that Mg can also promote osteogenesis [35]. Therefore, Mg alloys have
been widely studied as orthopedic implant materials. As orthopedic materials (such
as bone plate and bone screw), Mg alloy usually needs to have higher corrosion
resistance to meet the performance requirements of implant material instrument.

As a bone graft material, Mg alloy has its unique advantages. However, it has
been reported that Mg alloy will be seriously degraded after implantation [43,44].
How to solve the problem of too fast degradation of Mg alloy has become the focus
in research. At present, the commonly used solutions are surface modification and

alloying.
1.4.1 Surface modification

(1) Electrochemical deposition

Electrochemical deposition is the process of deposition ions on the electrode
surface to prepare coatings under the action of electric fields. It is an important
method for surface modification of Mg alloys. Electrodeposition can be divided
into inert metal (Ni, Cu) coating and calcium hydroxy-phosphate coating. At
present, the research focuses on electrodeposited bioactive coatings.
Electrodeposited coating has its unique advantages, and there is no residual thermal
stress in the coating, and uniform coating can be prepared on a special shape or

porous substrate. Song et al [45]. prepared the coating on the surface of Mg alloy

by electrochemical deposition, and then soaked it in 80°C to transform it into
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stable hydroxyapatite. The coating improves the degradation rate of Mg alloys in
simulated body fluids. The thin and loose shape is good for bone tissue to grow,
but the bond strength between coating and substrate is weak. Gao et al [46].
obtained porous coatings by micro-arc oxidation (MAO) on the surface and
prepared rod-like nano hydroxyapatite coatings on the surface by electrochemical
deposition. This layer of hydroxyapatite dense uniform distribution and conducive
to cell survival in the pores. Because of the membrane, the coating bond strength
about times of electrochemical deposition film alone. How to further improve the
bonding strength of coating and base still need a lot of research.

(2) plasma spraying

Plasma spraying technology is used to drive dc arc plasma as a heat source,
such as ceramic alloy metal materials heated to molten or semi-molten state, and
at high speed injection to the workpiece surface to form a solid surface method.
The substrate surface can be wear-resistant, corrosion resistant and high
temperature oxidation resistance.

(3) Chemical conversion film

Chemical conversion film is a chemical or electrochemical method to form
metal oxide, chromate, phosphate or other refractory conversion film on the surface
of a metal. Magnesium alloy conversion film mainly includes chromate conversion
film, potassium permanganate conversion film, fluorozirconate conversion film,
stannate conversion film, rare earth conversion film and phytic acid conversion
film [47-51].

(4) Biomimetic

Bionic method is to prepare a layer of coating on the surface of magnesium
and its alloy under conditions similar to physiological environment. This method
simulates the deposition process of human body fluids, and the coating material
prepared can better meet the requirements of human implants. Compared with other
methods, the bionic method has the following advantages [52]: (1) Biomimetic
mineralization enables apatite to be deposited on human tissues and its composition

is closer to the quality of human bone mineral. (2) The bionic method is carried out
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at room temperature, which avoids the phase transition and brittle cracking caused
by high temperature, and also provides the possibility for the deposition of
biological macromolecules such as proteins. (3) This process can be used to prepare
coating on the surface of complex and porous materials by bionic method.

(5) Micro-arc oxidation

Micro-arc oxidation [53-57] is the formation of ceramic film dominated by
matrix metal oxide under the action of instantaneous high temperature and high
pressure caused by light arc discharge on its alloy surface. The characteristics of
micro-arc oxidation process are as follows: (1) simple process, environmentally
friendly and pollution-free electrolyte. (2) The micro-arc oxide film not only
contains high temperature stable phase, but also contains a certain number of
amorphous phases, so the film has higher hardness, toughness, wear resistance and
corrosion resistance. (3) This process is widely applicable. (4) The micro-arc
oxidation technology mostly adopts pulsed dc, so it has little influence on the
mechanical properties of raw materials. (5) The micro-arc oxidation film formed is

rough and porous.

1.4.2 Alloying of bone reinforcement materials

In recent years, the alloying has greatly improved the mechanical properties
and corrosion resistance of purity Mg alloys. The addition of some alloy elements
can refine the microstructure. In the Mg alloy matrix, the second phase is mostly
the cathode phase, and the second phase is refined after the addition of alloy
elements. Gu et al. [58] compared magnesium alloys composed of different metals
with pure magnesium. It was found that the alloying of magnesium can improve
the hardness of the alloy or reduce the corrosion rate of the alloy in the liquid. Song
et al [59] compared the dissolution rates of Mg-Zn with that of pure Mg immersed
in simulated body fluids, the results showed that the dissolution rates much lower
than that of pure Mg, therefore, the alloying treatment can effectively reduce the

corrosion rate of magnesium alloy. Hassel et al [60] pointed out that the corrosion
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resistance and mechanical properties of Mg alloy could be improved. Zhang et al.
showed that adding Ca into Mg-Zn-Ca could significantly refine grain, and the

refinement effect was best when the mass fraction of Ca was 0.5%.

1.4.3 Research status of magnesium alloys

At present, researches on Mg alloy as a degradable medical implant material
mainly focus on the following aspects: bone fixation material, bone tissue
engineering, porous stent material and cardiovascular stent material [61]. Mg
alloys have been tried as orthopedic implants since the early 20th century to repair
damaged bone tissue [62]. Studies [63,64] have shown that Mg alloy is not suitable
for use as a splint because of its fast degradation rate, but it is suitable for making
screws. Mg has a positive effect on the deposition and hardening of bone tissue. In
1944, some people implant bone nails and plates with small amounts of Ca and Mg
in patients with severe fractures. There was no postoperative increase in Mg
content caused by inflammation of the implant. It was found that the Mg alloy
implant could promote bone growth. After 6 weeks of fracture healing, the Mg
alloy plate of the implant had disappeared [65]. F. whitte implanted four different
Mg alloys into the thigh bone of guinea pigs, and it found that the degradation rates
of different Mg alloys in vivo were significantly different. He added HA particles
to AZ31 alloy, and the corroded materials showed uniform corrosion
characteristics, and the CaCOs deposition was formed on the surface [66,67].
Zhang et al. implanted Mg alloy into rabbits and concluded that Mg alloy had an
obvious effect on the osteogenesis of bone tissue [68]. Zhang [69,70] implanted
four different components and magnesium alloy into rabbits, and the results
showed that the degradation product (calcium phosphate) could induce the growth
of new bone tissue, and the new bone could be formed between the degradation
product and bone tissue. Therefore, we believe that Mg alloy has good bone
induction performance. In recent years, Magnesium alloys have made progress in

cardiovascular stents. Erbel, etc. used Mg alloy as a cardiovascular stent. After 4
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months, the stent was completely degraded, and certain successful clinical
application was achieved. Due to the slow degradation of Mg alloy in the vascular
wall, the incidence of long-term vascular wall stimulation caused by intimal

hyperplasia caused by traditional scaffolds is reduced [71,72].

1.5 The purpose of this research

As a biodegradable medical metal material, Mg alloy has an attractive
application prospect. It is likely to be applied in clinical applications in bone plates,
anastomoses, sutures and other implant devices in the next few years. However,
the poor corrosion resistance of magnesium alloy materials is a very important
reason that affects its service performance. For example, in the process of treating
fracture healing, Mg alloy as a bone plate needs to undergo greater corrosion.
However, the corrosion resistance of Mg alloy is poor, and it is easy to over
degrade, leading to fracture healing failure. To solve this problem, we mainly start
from the perspective of material design, and make the Mg-based materials have
good corrosion resistance and degradation to meet the application requirements by
designing reasonable processing technology.

In this study, a new Mg-RE alloy is designed and developed by twin-roll
casting (TRC). Its microscopic characterization experiments shown that the
microstructure structure is crystalline phase containing amorphous phase. This
particular microstructure composed of amorphous/crystalline composite. The
degradation characteristics and corrosion resistance of Mg-based materials are
usually improved by adding rare earth elements. Finally, the Mg-RE sheets were
processed into bone sheets and a fixation device. Through this study, we expect to the
Mg-RE sheet with a special organizational structure to be potential biodegradable material.
Meanwhile, it was implanted into the femur of rat to explore its prospect as biological

transplantation material.
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Although the crystal structure has better corrosion resistance than the amorphous
structure, the microstructure of the designed Mg-RE alloy in this study is partial amorphous
structure rather than all amorphous structure. In addition, the amorphous structure of the

Mg-RE alloy through the whole crystal structure (Fig. 2.1). The reasons are as follows:

(1) In this study, the TRC technology has a maximum casting speed of 30rpm, which
indicates that the solidification rates provided by the experimental equipment is limited. It
is very difficult to process the bulk amorphous with the existing experimental equipment.
However, the TRC equipment is more cost-effective than other amorphous alloy production

equipment, and has better cost performance.

(2) The microstructure characteristics of the new Mg-RE alloy are amorphous
structure throughout the whole crystal structure, and the distribution is relatively uniform.
Previous studies showed that the amorphous structure has better strength, toughness and
corrosion resistance than the crystal structure. However, the amorphous structure is more
brittle. therefore, the microstructure of the amorphous and crystal composite can provide

better support function as the implant material.

(3) In this study, the master alloy for the preparation of the new Mg-based alloy
includes AZ31 ingot, because AZ31 alloy contains Al element. Previous studies showed
that Al is an adverse element to the organism, and it is important to minimize the amount
of Al. The microstructure of the new Mg-RE alloy in this study consists of amorphous
spheres, and Al is enriched in the amorphous sphere and surrounded by crystal structure.
Because the crystal structure is more easily degraded than the amorphous structure, the
amorphous structure containing Al element is not easily degraded. As bone implant
material, the amorphous sphere containing the element Al is finally surrounded by the new

bone, making it part of the new bone.
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The research contents of this paper are as follows:

(1) Designed of novel Mg-based materials.

The composition of Mg-based alloy was designed, the new alloy was processed by
twin-roll casting (TRC) technology. The microstructure and the corrosion resistance of the
material were analyzed, and the Mg-RE alloy with better comprehensive performance was

obtained.

(2) Characterization of novel Mg-based materials.
The Mg-based sheet was processed by TRC, and the microstructure and corrosion
resistance of the plate were characterized, and the degradation performance of Mg-based

alloy as bone sheet was evaluated.

(3) Application research of Mg-based materials

The corrosion behaviour of Mg-based alloy sheet was characterized by in vitro
electrochemical experiments and immersion experiments. The alloy sheet was fixed to the
femur of rats, and the pathological reaction of the bone tissue around the femur was
observed at different time periods, to characterize the performance of the sheet as a

degradable fixation material.

(4) Optimization of TRC casting method for Mg-based materials.
Different TRC casting methods were used to process novel Mg-RE alloys. The
microstructures, degradation properties and bone tissue reaction in vivo of these alloys were

studied to obtain a more favorable casting method.
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Chapter 2 The microstructure, composition design and

experiment methods of Mg-based alloy

In this chapter, the purpose is to provide a description of the design and select
experimental methods of Mg-based alloy employed in this thesis work, in more
detail than could be necessarily found in subsequent chapters. Special attention is
devoted towards details that may be considered necessary if the work is to be

reproduced or continued in future studies.

2.1 The microstructure of Mg-based alloy design

2.1.1 The microstructure of amorphous / nanocrystalline alloy

Considering the environmental impact of modern industry on sustainable
development, the new materials and new processes are expected, and many
researchers devote themselves to these fields. It has been clarified that
nanocrystalline alloys have new atomic configurations which are differ from those
of crystalline alloys. These features have facilitated the appearance of various
characteristics, such as good mechanical properties, unique chemical and physical
properties which have not been obtained from conventional crystalline alloys [1].
It's worth noting that an amorphous/ nanocrystalline structure (Fig. 2.1), in which
the atoms have short-range arranging or are no crystalline defects, like gain
boundaries or dislocations. The previous studies [2,3] showed that
amorphous/nanocrystalline structure alloys have much higher corrosion resistance
than crystalline alloys due to the absence of grain boundaries and second phases.
In this study, the biodegradability of the designed Mg-based alloys may be
improved if they approach the amorphous/nanocrystalline microstructure. The
reasons for the design of such microstructure in this study are described in detail in

Chapter 1.5.
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Fig. 2.1 Schematic illustration of microstructure characteristic of amorphous / nanocrystalline phase and
atomic structure of a two-dimensional nanocrystalline material. Atoms (hexagonal arrays) in the centers
of the —crystals are indicated in filled circles. The ones in the boundary core regions are represented by

open circles [4].

2.1.2 Rapid solidification in producing amorphous / nanocrystalline

alloys

Amorphous alloys have been produced by rapidly solidifying metallic melts at cooling
rates of about 10° K-s™* more than half a century ago. The ability to produce amorphous/
nanocrystalline materials with excellent mechanical, chemical and magnetic properties
through quench solidification has led to the development of various quench solidification
technologies.

Rapid solidification is widely reported as a non-equilibrium process, the extent of
departure from equilibrium being a direct function of the increase in solidification rate [5].
A schematic description of the effect of solidification rate on microstructure of alloys is
given in Fig 2.2. Using various processes, quenching rates spanning several order of
magnitude can be achieved. Increasing the solidification rate, a progressive refinement of
the microstructure is generally observed. Composition gradients are reduced and the system

evolves towards a single solid phase [6].
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With proper control of the solidification rate, it is possible to tailor the microstructure
and/or to select the solidification path. The new phases and microstructures can show
significantly improved properties or can be used as precursor for controlled phase

transformations.

Microstructure:
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Fig. 2.2 Schematic description of the effect of solidification rate on microstructure of alloy systems [6].

2.1.3 Rapid solidification of twin roll casting technique

In 1970, after Duwez’s seminal discoveries, a twin roll casting (TRC) technique for
preparing uniform films of metastable phases was taken out by Chen and Miller [7]. And
to date, this technique in producing metallic glass ribbons is almost still limited to
laboratory scale studies [8-14]. It turns out that TRC is an available process for producing
amorphous alloy sheets with a wide range of cooling rates. Nevertheless, most of the studies
so far are based on horizontal type twin-roll casters.

Twin roll casting is a rapid solidification process with high temperature gradient
combined with thermal flow and rolling deformation in the casting region. Compared with
the traditional horizontal continuous casting process, the vertical TRC process can obtain a
higher casting speed and thinner alloy sheet, so the vertical TRC process casting Mg-based
alloy sheet was adopted in this research.

In this research, the vertical two-roll continuous caster in Saitama Institute of

Technology [15, 16] was used as experimental equipment. The characteristics of Mg-based
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alloy sheets produced by vertical TRC was studied. The vertical twin roll caster and the
schematic diagram of casting process is shown in Fig. 2.3, and the specification of the
vertical twin roll caster is listed in Table 2-1.

Although higher cooling rates can be achieved using the vertical TRC process, the
ability of the system to reach metastable equilibrium is relative and it has great relations

with the element composition and other factors.

Stopper

Protection gas
inlet and outlet

;." i ::H;:
L il
E

Thermocouple
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Said dam | %
Qil pressure | |1l
system

| Liquid nitrogen
b oil for further
cooling

Fig. 2.3 The vertical twin roll caster of Saitama Institute of Technology and the schematic diagram of

casting process.

Table 2-1 Specification of vertical pilot twin roll caster

Items Specification Remark
Roll diameter 300 mm Copper Chromium alloy
Roll width 100 mm
Drive motor AC 5 kW Variable Frequency
Casting speed 6~30 rpm
Strip thickness 0.5~4 mm
Separating force 0-10000 N
Nozzle Slot type Refractory<1000 °C
Side dam Refractory<1000 °C
Protection gas SFes 10% + CO2 90%.
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2.2 The composition of Mg-based alloy design

There are many standards and models for designing alloy components that have glass
(amorphous) phase forming properties. Most of these methods are based on the analysis of
a large number of experimental data or based on experience, not applicable to all alloy

systems.

2.2.1 The glass forming ability rules in alloys

According to previous research, in general, the bulk metallic glasses (BMGs) have
the following four important characteristics [17]:

1. The alloy system has at least three components. This is why they are commonly
referred to as multi-component alloy systems. Although the binary BMGs have
been reported, the maximum diameter of their products in a fully glassy state is
usually reported as 1 ~ 2 mm. Even in a glassy state of binary BMGs, a small
amount of nanocrystalline precipitates dispersed in the glassy matrix can be
observed.

2. The BMGs can be produced at a slower solidification rate, usually 10° K s* or less.
The reported minimum solidification rate is 0.067 K s*. In addition, the BMGs
exhibit large section thicknesses or diameters, a minimum of about 1 mm.

3. A large supercooled liquid region is another character of BMGs. The difference
between the glass transition temperature, Tg, and the crystallization temperature,
Ty, (i.e., ATx = Tx - Tg) is large, usually a few tens of degrees.

Based on a large amount of data from synthetic BMGs, Inoue formulated three basic

empirical rules for BMGs formation that stated as follows [18]:
1. The alloy must contain at least three components. The formation of glass
becomes easier with increasing number of components in the alloy system.
2. A significant atomic size difference should exist among the constituent
elements in the alloy. It is suggested that the atomic size differences should be

above about 12% among the main constituent elements.
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3. There should be negative heat of mixing among the (major) constituent
elements in the alloy system.
Akihisa Inoue [17] had mentioned that a metallic glass should not contain any
crystalline phases which is called a nanocrystalline alloy. If it contains a glass phase and a

crystalline phase, it should be called a composite material.

2.2.2 Compositions of the alloys

The amorphous/ nanocrystalline alloys are characterised by an amorphous structure,
from which interesting properties stem. However, their stability is moderate so that they
can loose all their peculiar properties when annealed. By rapid solidification glasses can be
produced in different forms (powders by gas atomisation, ribbons by means of planar flow
casting, wires, surface layers and others). The range of applications and the industrial
interest for amorphous alloys have been continuously growing during the last years and
various materials are commercially available nowadays [19]. The major field of
applications is related to the peculiar magnetic properties of Fe, Ni and Co based
amorphous alloys, which represent a valid alternative to the traditional soft magnetic
materials. The composition ranges of alloys that can be quenched to the glassy state depend
on the production technique. Increasing the cooling rate enhances the glass forming range
for a given system. The types of alloys showing good glass forming ability are summarized
in Table 2-2.

In order to retain an expect structure from the melt, (1) appropriate quenching
techniques must be applied, and (2) careful alloy selection must be made. Considering from
the topological aspect, atomic radii of candidate alloying elements for magnesium alloys
are listed in Table 2-3. Atomic size differences between the alloying elements and

magnesium (aluminum) are also calculated which symbolized by ASDmg (ASDal).
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Table 2-2 A selection of glass-forming alloy systems

Main components Minor components Examples
Late transition metal Metalloid Fe-B, Fe-Ni-B
Fe, Co, Ni B, P, Si Fe-B-Si, Co-Fe-B-Si
Early transition metal Metalloid
Ti-Si
Ti Si
Early transition metal Late transition metal Cu-Zr, Cu-Ti
Nb, Zr, Ti Ni,Cu Ni-Zr, Ni-Ti
Aluminium Rare earth-Late transition metal: Al-La, Al-Sm, Al-Ce
Al La, Ce, Sm, Ni, Fe AI-Ni-Y, Al-Fe-Ce
Rare earth Late transition metal La-Au, Gd-Co, Gd-Fe
La, Gd Fe, Ni, Co La-Al-Ni
Alkaline earth Metal Mg-Cu-Y
Mg, Ca Al, Cu, Y Ca-Al

The AZ series magnesium alloy is a kind of commonly used commercial magnesium
alloy. The alloy composition design considers Mg and Al as the main elements of the Mg-
based alloy. According to the Inoue radius principle and Table 2-3, it can be seen that the
selected elements mainly include Ca, Ge, La, Ce, Si, Ni, Sm and Gd. According to Table
2.2, the Aluminum - Rare earth — Late transition glass-forming alloy system has the most
combinations of these elements. It is well kown that the rare earth (RE) element has a
characteristic of so-called—scavenger effect in Mg-based alloys, and impurity elements
can form less cathode intermetallic compounds with rare earth elements. In addition, it has
been reported that rare-earth elements (La, Ce) can improve the corrosion resistance of Mg
alloy materials [20]. Considering the above analysis, we adopted La and Ce elements in the

composition design scheme.
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Table 2-3 Atomic radius of some common elements used in Mg alloys

Elements Radius / nm ASDwg / % ASDai/ %
Mg 0.160 - 11.85
Zn 0.139 12.92 2.60
Ca 0.198 23.40 38.02
Ge 0.124 22.56 13.39
Cu 0.128 20.19 10.74
Mn 0.135 15.69 5.71
Al 0.143 10.59 -
Ti 0.146 8.73 2.08
Ce 0.183 13.95 27.45
La 0.188 17.34 31.24
Si 0.115 27.30 19.47
Y 0.180 12.50 25.82
Fe 0.127 20.63 11.90
Ni 0.124 22.50 13.29
Zr 0.160 0.08 11.90
B 0.095 40.63 33.57
Co 0.126 21.25 11.89
Sm 0.180 12.50 25.87
Gd 0.180 12.50 15.87
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Fig. 2.4 Projection of Mg- rich angle on liquid surface of ternary phase diagram of Mg-Ce-La [21].

Through the above analysis, the Ce and La were added to the Mg-based alloy in this
research, and their ternary phase diagram with magnesium (Mg-Ce-La) is shown Fig. 2.4
[21]. According to the ternary phase diagram, it is feasible to prepare the new Mg-RE (rare-
earth ) alloy by TRC process under the current casting conditions with the addition of rare-

earth elements (Ce, La).

2.3 Preparation of Mg-based alloys with TRC

All materials in the studies were fabricated with vertical-type twin roll casting (TRC)
system. The TRC experiments were carried out on a vertical-type twin roll casting mill with
two identical rolls made of copper alloy. The diameter and width of both rolls are 300 mm
and 100 mm respectively, and the initial roll gap was set to be 0 mm. In consideration of
the separation force generated in the casting process, metal blocks were set at the two
rotating rolls side to form a supporting force, minimizing the roll gap during casting process
as much as possible. When the alloy melted completely, the melt was introduced into the
roll gap between the left and right rolls through the asbestos casting nozzle, and the casting

rolls begins to operate with 30 rpm. An oil tank was placed under the rotating rolls to avoid
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further grain growth, hence the cast sheet dipped into the tank could quickly solidify as
exits at the rolls. The schematic diagram and practicality illustration of TRC are shown in

Fig. 2.5 (a) and Fig. 2.5 (b), respectively.

Intemnally water-cooled roll shells

Left-roll Right-roll

Fig. 2.5 Schematic diagram (a) and practicality illustration (b) of TRC technique.

High purity of Mg ingot (99.99%), AZ31 ingot, Mg-10La and Mg-20Ce (in wt.%) were
used as raw materials. The melting process was carried out in a resistance furnace under
the protection of shielding gas (SFs10% and CO2 90%). AZ31 sheets in this study were
produced by melting Mg ingot and AZ31 ingot. The Mg-RE sheets in this study were
produced by melting Mg ingot, AZ31 ingot, Mg-10La and Mg-20Ce.
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Firstly, the Mg ingot and AZ31 ingot were placed into the resistance furnace, and the
compound were heated up to 720 °C for 1.5 h to completely melted. Secondly, the Mg-
10La and Mg-20Ce master alloys were added into the melt, then the melt temperature
reduced to 700 °C and held for 1.5 h. It can be seen that AZ31 alloy sheets could be obtained
in the first casting process, while Mg-RE alloy sheets could be obtained in the whole casting
process. The final thickness of the sheets between 0.5 mm and 1.1 mm and the width of the

strip rang is 25 mm to 50 mm.

2.4 Microscopic characterization

From the as-extruded Mg-based sheets, samples with a dimension of 10 x 10
x 1 mm? were firstly grounded with SiC papers t01200 grid, and then by diamond
pastes down to #0.25 um grade. The microstructures of the polished surfaces were
observed using a field emission scanning electron microscope (FE-SEM, JMS-
6301, Tokyo, Japan) and the elements distribution maps were observed by electron
probe micro-analysis (EPMA, JXA-8530F, Tokyo, Japan). The alloy phases were
obtained by an X-ray diffractometer (XRD, D/Max 2500 PC, Tokyo, Japan). For
TEM (HF-3300, Tokyo, Japan) analysis, the focused ion beam (FIB, JIB-4500,
Tokyo, Japan) was used for preparation. During the original work of sample
preparation, the alloy sheet was cut into 10 mm? square shapes, and the thinned
section thickness was about 60 um. Square metal sheets with an area of 1.5 mm?
were cut off from the as-cast sheet and stuck together on a Mo grid with some resin
glue, and then the sample was further cut with FIB to obtain the ultimate sample

thickness of 0.1 pm.

2.5 Preparation of TEM foils by focused ion beam (FIB) milling

A combination of mechanical thinning and FIB milling was used to prepare
TEM foils from the size of 1.5mmx1.5mm alloy specimens. The FIB equipment
used for preparing TEM samples is JIB-4500 Multi Beam system, and the sample
making process is illustrated in Fig. 2.6.
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Fig. 2.6 From (a) to (b), the process flow for preparing TEM sample by mechanical thinning

and ion milling.

Beginning with 400 grit SiC paper and finishing with 1200 grint SiC paper,
the individual cub segments were thinned with an automated parallel-plate polisher
to a final thickness of approximately 30 um (Fig. 2.6a). The samples were
transferred and glued (resin glue) on a molybdenum grid, one at a time, to the ion
mill for further thinning. The milling processes by FIB method was shown in Fig.
2.6 (b). The focus of sample was milled into stair-step shape initially, finally milled

down to a thickness of 0.1 um of thin film.

2.6 Electrochemical characterization

2.6.1 Introduction of Electrochemical Workstation

Electrochemical workstation is short for electrochemical measurement system.
In this research field, it is mainly used in the study of corrosion or degradation
behavior of Mg-based materials.

It is important to construct a reasonable three-electrode system when using
electrochemical workstation to measure corrosion information. The three-electrode
system consists of two loops, one consisting of a working electrode (WE) and a

reference electrode (RE), for measuring the electrochemical reaction process of the
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working electrode. The other circuit consists of a working electrode (WE) and a
counter (CE) electrode, which transmits electrons to form a circuit. The connection

mode of the three electrodes is shown in the Fig. 2.7.

Three electrodesetup

Fig. 2.7 Model diagram of two connection modes of three-electrode operation.

Sample -

o

/
/

Work electrode

Counter electrode Reference electrode

Fig. 2.8 The diagram of three-electrode.
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One end of the working electrode is connected to the alloy sample in this study.
The counter electrode and the working electrode form a series circuit. In addition,
platinum or graphite materials are often used as counter electrodes. Common
reference electrodes include saturated calomel electrode (SCE), Ag/AgCl electrode,
reversible hydrogen electrode (RHE), Hg/HgO electrode, Hg/Hg2SO4 electrode,

etc. The diagram of the three electrodes as shown in the Fig. 2.8.

2.6.2 Tafel linear extrapolation

When a metal is immersed in a corrosive medium, the metal and the medium
form a corrosive system, which is called the conjugate system. The metal is
anodized and the depolarizer is reduced. Take metallic M in hydrochloric acid
system as an example:

Anodic reaction: M-2e = M%

Cathodic reaction: H*+2e = H»

The current density of anode reaction is expressed as ia, and the speed of
cathode reaction is expressed as ip. When the system reaches stability, there will be
no net current accumulation in the system, and the system is at a stable potential
®.. According to Faraday's law, there is a strict one-to-one correspondence
between the current passing through the system and the amount of substances that
react on the electrode, so the current density of the anodic and cathodic reaction
can represent the corrosion rate of the metals. Therefore, the corrosion current of
the metal is calculated to represent the corrosion rate of the metals.

The relation curve between the polarization potential and the polarization
current or polarization current density is called the polarization curve. The
polarization curve is very important in the study of metal corrosion behavior. The
corrosion rate can be obtained by gathering measurements in the weak polarization
zone near the corrosion point. The main parameters of cathodic protection and

anodic protection can also be obtained by measuring the polarization curve.
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2.6.3 Electrochemical impedance spectroscopy (EIS)

Typical electrochemical processes contain some basic components, such as
double layers and Faraday reaction, which can be approximated by the following
model as shown in Fig. 2.9. Internal resistance (Rea): Internal resistance between
electrolyte and electrode. Double layer capacitance (Ca): From the electrolyte of
inactive ions, no chemical reaction occurred, and only change the charge
distribution. Faraday impedance (Zr): From the active ions in the electrolyte, redox

reaction occurs and there is charge transfer.

Double layer capacitance Cy Internal resistance R,

\

(]
==

-2

\ Electrolyte

Faraday impedance 7

Electrode

Fig. 2.9 Electrochemical reaction model.

Electrochemical reaction equivalent circuit as shown in Fig. 2.10, where,
Faraday process (Zs) is further divided into charge transfer resistance (Rct) and

warburg impedance (Zw).
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It should be noted that for the same set of spectra, more than one circuit can
be found to perform fitting analysis, so it is a highly subjective method to predict

electrochemical reaction process by relying on equivalent circuit.
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Fig. 2.10 Electrochemical reaction equivalent circuit diagram. Faraday process (Zs) is further

divided into charge transfer resistance (R¢t) and warburg impedance (Zw).

2.7 Animals tests

In the present study, The Mg-based alloy as implants were investigated during a
16-week observation in rat femoral model. In addition, the evaluation of bone response
might be influenced by bone remodeling result from sheet fixed model. This part mainly

introduces the surgical methods of animal experiments.

2.7.1 Implant method

The sheet samples were machined into 15 mm x 5 mm with a thickness 0.5 mm. All
surfaces were grounded with SiC papers up to 1200 grid in order to ensure surface flatness
and roughness. The Ti and Mg screws (4.5 mm in length, with a shaft diameter of 3.2 mm)
were selected to immobilized the Ti, and the casting-rolled sheets respectively. The implant
device as shown in Fig. 2.11. The implants were sterilized using ethylene oxide in an

ultrasonic vibrator.
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(B) oo e

Fig. 2.11 Digital image showing implants before implantation (a); schematic diagram of cast-rolled or

Ti sheets and screws fixation device with rat femoral (b).

2.7.2 Experimental animals

All animal experiments were reviewed by the Saitama Institute of Technology Animal
Care and Use Committee (Grant No. 2019-5). All procedures in this study were permitted
by the Animal Institutional Review Board of Saitama Institute of Technology in accordance
with the guidelines of the U.S. National Institutes of Health, and performed compliance
with the Guiding Principles for the Care and Use of Animals in the Field of Physiological
Sciences approved by the council of the Physiological Society of Japan. The experimental
white rats (Wistar; male, 16 weeks of age, 340 + 15 g) from Tokyo University Institute of
Medicine were selected for the animal study. For micro-CT analysis and histological
preparation, groups of fives animals for sheet implants were used for 16 weeks

postoperatively respectively.

2.7.3 Surgical procedure

Before surgical, all rats were anesthetized with isoflurane inhalation solution with the
concentration 1% ~ 3%. The rats were placed in a lateral position and prepared for an
aseptic operation on the right femur. Photographs of the surgical procedure are shown in

Fig. 2.12.
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Fig. 2.12 Surgical procedure used to implant sheet implants: (a) marking indicating symbolic
and the skin incision to reveal the femur; (b) screw holes being created in rat femur using
electric drill; (c) sheet was fixed inside by screws; (d) after the sheet was implanted; (e) the

fascia was closed with monofilament; (f) surgical site fully closed and sutured.

Firstly, the right hind limb of each rat was shaved and sterilized, and an
incision of approximately 20 mm was marked in the dorsolateral right hind limbs
as shown in Fig. 2.12 (a). Subsequently, the incisions were cut over the femur.
Then, the region of the femur was exposed through subcutaneous dissections
approach. Two screw holes (3 mm diameter) were made on both sides of femur
according to the sheet geometry with sterile water cooling, as shown in Fig. 2.12
(b). The implant sheets were fixed by Mg/Ti screws (Fig. 2.12c and 2.12d). After
the sheet samples were implanted, the muscles and fascia were closed with
absorbable monofilament (GA03SW) (Fig. 2.12e), and the skin was closed using
non-absorbable metal clips (Reflex 9) (Fig. 2.12f). Post-operative pain and distress
were observed on a daily for expressions of behavioral abnormalities, food and

water intake. All analgesics with an intramuscular injection of buprenorphine
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hydrochloride (0.01 ~ 0.05 mg/kg; three times a day; one-week), carprofen (5
mg/kg; weekly; four weeks) and penicillin antibiotic (0.2 mg/kg; three times a day;

one-week) were used to suppressed pain after the surgery.

2.8 Methods of in vivo test analysis

Micro-computed tomography (micro-CT) using a microtomographic imaging
system (R.mCT2, Rigaku, Tokyo, Japan) at every two weeks evaluate device
degradation and new bone formation. Image processing was performed by the 3D
image processing software 3D Viewer and Volume Rendering Control. 3D
volumes of the scanned devices were generated from acquired 2D lateral

projections using Simple Viewer software (Fig. 2.13).

ID:1
Study:20190925
Series:151930

Femoral

Fig. 2.13 2D images using Simple Viewer software and 3D images using 3D Viewer VVolume

Rendering software.
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2.9 Concluding remarks

To overcome the disadvantage of rapid degradation of biological Mg alloy, a
novel Mg-based alloy with amorphous/nanocrystalline structure is designed in this
chapter.

According to the three experimental principles for evaluating the amorphous
forming ability, and in combination with the selection of the glass forming alloy
system, we selected the rare-earth elements (Ce, La) as the components of the new
Mg-based alloy material. In addition, the experimental method of producing new
Mg-based alloy by TRC process and the characterization method of microstructure
are introduced in detail.

The corrosion performance of the new material in vitro can be evaluated by
electrochemical experiments. Animal experiment program was designed, and the
process of material implantation in animals was introduced, as well as the means
of evaluating the effect of new material degradation on bone in vivo.

Following the above, the experimental principles and methods involved in this
study are described in detail for the convenience of understanding the experimental

data and the conclusions in the following research.
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Chapter 3 Preparation and characterization of Mg-RE

by TRC for biomedical application

A new type of Mg-based metallic glass has attracted extensive attention due
to its excellent corrosion resistance and favorable biocompatibility. In this chapter,
an amorphous/crystalline composite Mg-RE alloy sheet was prepared by a vertical
type twin roll caster (VTRC) method, and its microstructure was characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD), and electron probe
micro-analysis (EPMA) and transmission electron microscopy (TEM); furthermore,
the corrosion behaviors of the Mg-RE alloy sheet were investigated in PBS solution
using electrochemical techniques and immersion testing in a simulated
physiological condition. Furthermore, it was implanted into the femur of rats to
explore its prospect as biological transplantation material. Its microscopic
characterization experiments show that the crystal structure is crystalline phase
containing amorphous phase. Electrochemical experiments and immersion testing
both showed that Mg-RE (La, Ce) sheet with VTRC has a better corrosion
resistance than master alloy, and a uniform corrosion layer on the surface. In vivo,
as an implant material, tests show that Mg-RE alloy sheets have better
biocompatibility and induce new bone formation, and they can be expected to be

utilized as implant materials in the future.

3.1 Introduction

Metallic glasses present excellent mechanical and chemical properties that are
distinctive among solid metals, and are becoming a research hotspot for current
studies in the field of metallic materials [1]. In the field of biological health,
biomaterials are developing rapidly and improving people’s life quality. Among
biomaterials, bioinert metals have been found to be mainly used in cardiovascular

scaffolds, orthopedics and dental implants [2—4]. However, the characteristics of
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these crystalline alloys, instance of high elastic modulus, relative low abrasion
resistance, and stress corrosion cracking lead to bone stress shielding. Compared
with traditional crystalline metals, metallic glass has an amorphous structure,
higher strength, lower Young’s modulus, better wear resistance, higher corrosion
resistance, and anti-fatigue performance for some Ti-, Zr-, Fe-base systems [5,6].
Over the course of the decades, many metallic glassy alloys have been developed
using a wide range of components, including Pd-, Pt-, Zr-, Mg-, Ti-, Co-, and Au-
base systems. Among the various different compositions of metallic glasses, Mg-
based metallic glass has been widely studied for biomedical applications.

Many amorphization techniques have been developed for metallic glasses,
including gun and splat quenching [7], melt spinning [8], high-pressure die casting
[9,10], copper mold casting [11], and twin roll casting (TRC). TRC has the
advantages of a shorter production cycle, low production cost and lower capital
investment compared with conventional techniques [12]. In 1970, following
Duvez’s seminal discoveries, Chen and Miller developed a TRC technique for
producing metastable uniform sheets [13]. Until now, the technique for producing
metallic glass strips has been almost solely confined to laboratory-scale research
[14-20].

Previous studies have shown that TRC is a useful technique for preparing
amorphous alloy sheets with an extensive cooling speed. However, the major
research until now has been based on horizontal double roll casters. It is turns out
that the heat transfer efficiency of vertical-type twin roll casting (VTRC) is higher
than that of horizontal double roll casting (HTRC), and the cooling speed of VTRC
is higher [21,22]. The rapid cooling speed of the alloy during the TRC process is
beneficial for reducing segregation, achieving higher uniformity and expanded
solid solubility, refining the microstructure characteristics [23]. It enables better
utilization to be made of a variety of transition elements that have limited solid
solubilities in magnesium alloy, to improve mechanical and chemical properties
[24]. As mentioned above, heat transfer VTRC is more effective method for

continuous production of magnesium alloy sheet than HTRC, and the VTRC
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process enables achieve a wide range of variable casting speed [25], as a result, the
processability and application performance of the products are improved.
However, studies of the rapid casting speed of Mg alloy sheets produced by
rapid solidification technology using TRC are rare. In this study, based on the
VTRC process, the Mg-RE (RE—rare-earth elements) sheets were produced on a
vertical twin roll caster and then were annealed. The microstructure of the Mg-RE
sheets was investigated. The corrosion behavior properties were studied. Through
this study, we expect to the Mg-RE sheet with a special organizational structure to
be potential biodegradable material. Meanwhile, it was implanted into the femur of

rat to explore its prospect as biological transplantation material.

3.2 Materials and methods

Ingots of Mg-RE alloy were prepared by induction melting the mixture of
industrial AZ31, Mg-10%La and Mg-20%Ce (wt%) master alloys in an induction
furnace at 993 K for 30 min under the protection of a mixture of CO, and SFe. The
chemical compositions of the ingots were measured by X-ray fluorescence
spectrometry, and the results are listed in Table 3-1. Fig. 2.5 is a schematic diagram
of the manufacturing process for magnesium alloy sheets. The Mg-based sheets
were prepared by VTRC. The roll, which had a diameter of 300 mm and a width
of 100 mm, was made from a copper alloy. Twin roll casting experiments were
carried out under casting conditions with a casting speed of 30 m/min and a pouring
temperature 973 K. Because the casting produces separation force during the
casting process, the metal block was set at the side of the moving roller to form a
supporting force in order to minimize the gap between the rollers as much as
possible during the casting process. Afterward, the melt of magnesium alloy flowed
through a nozzle to a position between running rolls. The initial roll gap was set to
0 mm. An oil tank was set under the roll and the Mg-RE alloy sheet was completely
submerged in the tank when the casting process was completed to prevent further

grain growth. The final thickness of the sheets between 0.5 mm and 1.1 mm and

55



Chapter 3 Preparation and characterization of Mg-RE alloy by TRC for biomedical application

the width of the strip rang is 25 mm to 50 mm.

From the Mg-RE master ingots and the as-extruded Mg-RE sheets, samples
with a dimension of 10 x 10 x 1 mm? were firstly grounded with SiC papers t01200
grid, and then by diamond pastes down to #0.25 um grade. The microstructures of
the polished surfaces were observed using a field emission scanning electron
microscope (FE-SEM, JMS-6301, Tokyo, Japan) and the elements distribution
maps were observed by electron probe micro-analysis (EPMA, JXA-8530F, Tokyo,
Japan). The alloy phases were obtained by an X-ray diffractometer (XRD, D/Max
2500 PC, Tokyo, Japan). For TEM (HF-3300, Tokyo, Japan) analysis, the focused
ion beam (FIB, JIB-4500, Tokyo, Japan) was used for preparation. During the
original work of sample preparation, the alloy sheet was cut into 10 mm? square
shapes, and the thinned section thickness was about 60 um. Square metal sheets
with an area of 1.5 mm? were cut off from the as-cast sheet and stuck together on
a Mo grid with some resin glue, and then the sample was further cut with FIB to
obtain the ultimate sample thickness of 0.1 pm.

The corrosion behaviors of the alloys were studied by potentiodynamic
polarization (HZ700, Tokyo, Japan) and electrochemical impedance spectroscopy
(Modulab XM, Tokyo, Japan), using a three-electrode cell comprising an auxiliary
electrode of platinum counter, a reference electrode of Ag/AgClI electrode, and a
working of the samples. The exposure area was 1 cm?. After immersion for 0.5 h,
electrochemical impedance tests were operated at the open circuit potential with
signal amplitude of 10 mV over a frequency varying between 100,000 Hz and 0.01
Hz. After immersion for 1 h, potentiodynamic polarization was performed at a
scanning rate of 1 mV/s. All electrochemical tests were conducted in PBS
(phosphate buffer saline) solution at 310 K. A triplicate electrochemical test was
carried out to ensure the reproducibility of the results. For immersion tests, for each
sample, only one side of 1 cm? was exposed. Then, the samples were immersed in
PBS solution at 310 K for 30 days. After immersion, the section corrosion
morphologies were observed by SEM. The concentration of metal ions in the

solutions were analyzed by Inductively Coupled Plasma (ICP) (ICPS-7000,
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Sequential Plasma Spectrometer, Tokyo, Japan).

Table 3-1 Composition and the atomic radius of the Mg-RE alloy (atomic radius difference

between Mg (Al) and other elements is symbolized by ARDmg (ARDAI)

Elements Mg Al Si Mn Cu Fe Zn La Ce

at% 95.253 3.460 0.145 0.132 0.040 0.041 0.053 0.297 0.579

Wit 90.770 3.660 0.160 0.284 0.101 0.090 0.136 1.618 3.181

Radius/nm 0.160 0.143 0.134 0.132 0.128 0.126 0.139 0.187 0.182
ARDwmg/% - 10.63 16.25 17.50 20.00 21.25 13.13 16.87 13.75
ARDAI/% 11.88 - 6.29 7.69 10.50 11.88 2.78 30.77 27.27

All animal experiments were approved by the University of Saitama Institute
of Technology Animal Care and Use Committee (Grant NO. 2019-5). The project
recognition date is May 20, 2019. 5 white rats (12 weeks of age, 0.36 = 0.02 kg)
from Tokyo University Institute of medicine were used in this study. Rats were
anesthetized with isofluane and the right thighs were shaving and disinfected. The
skin and muscle of thighs were carefully retracted to expose the femurs. Single
screw fixation was used in this implantation experiment. Sheets were 22 x 4.8 mm?
with a thickness of 1 mm. Screws were 5 mm in length, with an outer shaft diameter
of 1.75 mm and shaft inner diameter of 1 mm. Animals were monitored daily for
general behavior, movement, and food and water intake. High resolution microCT
(R.mCT2, Rigaku, Tokyo, Japan) was used to assess Mg-RE sheets degradation

and new bone formation.
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3.3 Results and discussion

3.3.1 Microstructure characteristic

Fig. 3.1 reveals the surface morphologies and EDS analyses of the as-cast Mg-
RE alloy ingot. It can be seen from Fig. 3.1 (a) that acicular intermetallic
compounds crystallize in the Mg-RE alloy ingots. Fig. 3.1 (b) presents the
combined EDS results, and the acicular compound crystallization in the red
rectangle contains higher contents of Ce elements. Fig. 3.2 (a) presents the
microstructure of the Mg-RE alloy sheet at a thickness of ~1.1 mm and a width of
~50 mm obtained at the casting speed of 30 m/min, in which the microstructure of
the Mg-RE alloy sheet is characterized by dendrites of fine grains and a closely
spaced secondary dendrite axis. Apart from that, as shown by the red rectangular
area in Fig. 3.2 (a), it can be seen that there are portions where no appreciable
crystalline features can be observed. Fig. 3.2 (¢) shows the XRD patterns of the
studied alloys. It can be concluded that the as-cast Mg-RE alloy sheets (Fig. 3.2a)
consisted mainly of a-Mg, La-Al and Ce-Al, and it is worth noting that a broad
peak appears at the angle of 20°~30°, indicating that the sample may contain both
crystalline and amorphous phases.

The crystallite size of each detected phase in Fig. 3.2 (c) could be calculated
using the Scherrer equation, which is expressed by Dn = KA/Bhk cosO [26], where
Dni is the grain size perpendicular to the lattice planes, hkl are the Miller index of
the planes being analyzed, K is a constant numerical factor called the crystallite-
shape factor, 1 is the wavelengths of the X-rays, Bna is the width of the X-ray
diffraction peak in radians and @ is the Bragg angle. The calculated results are listed
in Table 3-2. It turns out that the grain sizes of the detected phase are very fine.
However, the X-ray tube on the line focus side is unsuitable for analyzing such a
specific area without crystals, as the line focus range is 0.1~0.2 mm wide and 8~12

mm long [27].
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Fig. 3.1 SEM morphologies (a) and the precipitation by EDS analysis (b) of as-cast Mg-RE

alloy ingot.

To solve these problems, the structure of the areas without crystals was
analyzed by means of micro area X-ray diffraction. In the current operation, a
collimator that was 0.03 mm in diameter was situated at the point focus side of the
X-ray tube. Therefore, very small specific areas could be analyzed without

reflecting unnecessary regional structural information. Fig. 3.2 (d) displays the p-
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XRD of the areas without crystals of the Mg-RE sheet. The amorphous structure
was determined by a peak that does not correspond to any sharp crystalline peak.
As shown in Fig. 3.2 (b) and Table 3-2, very fine grains and dendrites with closely
spaced secondary dendrite axes can be found around a large amorphous region.
Fig. 3.3 shows the solute element distribution of Mg-RE with TRC. It can be
seen that Mg elements are evenly distributed along the matrix, while Al/Ce/La are
concentrated in amorphous areas. In addition, Al, Ce, La element segregation exists
between crystal phase and the amorphous region. Meanwhile, the grain boundary
is prone to segregation, because the relative atomic radius difference (ARDwmyg)
between Mg and other elements is more than 10% [28], as shown in Table 3-1. It
can also be found that Al, Ce and La elements are enriched in the amorphous phase
region, which may be related to the fact that the alloy is prone to producing very
stable AlI-RE compounds under the solidification condition of low cooling rate. Fig.
3.4 presents the values of enthalpy of mixing (AHmix [AB]) calculated by
Miedma’s model for atomic pairs between major elements of Mg-RE sheet samples,
in which the enthalpy of mixing between Mg-Al, Mg-La and Mg-Ce are —2 KJ/mol,
—7 KJ/mol and —7 KJ/mol, respectively, while the enthalpy of mixing between Al-
La and Al-Ce are —38 KJ/mol, which is greater than that between Mg and other
major elements [29]. The design of Mg-RE alloy conforms to the three rules
summarized by Inoue et al. [30] for the glass forming ability (GFA) of alloys: first,
a multi-component system consisting of more than three major elements; second,
the difference in atomic size between major elements is large (greater than 10%),
and in line with the relationship of large, medium and small; third, the mixed heat
between the main elements is a suitable negative value. In other words, Mg-RE

alloy has good glass-forming ability.
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Table 3-2 Crystallite sizes of the Mg-RE alloy sheet, calculated by Scherrer equation

(hkI) (100) (002) (101) (102) (110) (103)

Dhia/nm 51 142 7.8 10.6 16.6 17.9

(101)
(C) . e Mg
¢ La-Al
Vv Ce-Al
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. (10) (199 (119)
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Fig. 3.2 The SEM micrographs and X-ray diffractometry (XRD) patterns of as-cast Mg-RE

sheet: (a,c) SEM micrographs and XRD of the Mg-RE sheets. (b,d) SEM micrograph and p-

XRD of local amorphous region.
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Fig. 3.3 The major element distribution of the Mg-RE alloy sheet with TRC samples.

To ascertain the amorphous phase structure, many initial specimens were
prepared using the FIB technique, and TEM observation was further performed.
Fig. 3.5 shows that the first step of TEM sample preparation is to find the
amorphous phase on the surface of the sample in the SEM diagram, and then cut
the specific phase area with FIB technology which make the cutting area length
was 30~60 um. Fig. 3.5 (a) presents the cross section of the sample is sliced by FIB
technique. Since part of the sample was cut with FIB on the surface, it is easy to
find the section position to be cut. The sample was cut into steps, originally, and a
slice thickness of 0.1 um was ultimately prepared, as shown in Fig. 3.5 (b). Fig. 3.5
(d) presents the TEM image and selected area diffraction pattern (SADP) of the
amorphous phase, in which amorphous circular halos are not distinctly visible, and
a poor crystallinity is shown, although few spots of electron diffraction exist. This
may be due to the small size of the amorphous phase in the current TEM sample or

the slight oxidation of the Mg-RE alloy sheet after cutting by FIB technology.
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Fig. 3.4 The values of AHmix [AB] (KJ/mol) calculated by Miedma’s model for atomic pairs

between major elements of Mg-RE sheet samples.

Fig. 3.5 Specimens were prepared using the FIB technique, and TEM observation performed:
(a,b) TEM specimen by FIB technique of Mg-RE sheet with TRC; (¢c) SEM and FIB processing

area on the Mg-RE sheet surface; (d) TEM image and high-resolution morphology.
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3.3.2 Electrochemical measurements

Fig. 3.6 shows the electrochemical behaviors of the prepared Mg-RE alloy
ingot sample and the sheet with TRC sample in PBS solution at 310 K. In addition,
the fitting results are summarized in Table 3-3. As stated above, after the two-roll
casting process, the Mg-RE alloy sheet presented a more positive potential (—1.08
Vagiagel), With comparable potentials to the Mg-RE alloy ingot (—1.37 Vag/agcl).
Based on electrochemical theory, in the process of electrode reaction, the ions in
the solution were mainly in charge of conveying the transformation to the surface
of the electrode. In the cathode area, the Mg-RE alloy dissolves into metal cation.
Because the metal cation ion concentration is too high, the charge exchange process
cannot be carried out as soon as possible. The cloud of ions blocks the electrodes’
ability to charge, which is called polarization resistance (Rp). In general, the larger
the Rp of the metal materials, the larger the ion cloud on the electrode surface, thus
preventing charge exchange. The corrosion potential (Ecorr) Of the samples is
mainly determined by the relative size between anode and cathode reaction rates,
which reflects the reaction trend [31]. Furthermore, the corrosion current density
(Icorr) sShows a decreasing trend: Mg-RE sheet with TRC sample (1.51 x 104 A) <
Mg-RE ingot sample (1.74 x 103 A). Lower lcorr indicates better corrosion
resistance. Therefore, it is demonstrated that the Mg-RE sheet sample with TRC
possesses a higher corrosion potential, a smaller current density, and a better
corrosion resistance. Due to the influence of part of the amorphous phase being
formed in the Mg-RE alloy after rapid cooling solidification by two-roll casting,

the corrosion resistance was enhanced.
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Fig. 3.6 Electrochemical behaviors of the Mg-RE alloy ingot sample and the sheet with TRC sample in
PBS solution: (a) polarization curves; (b) equivalent circuit and Nyquist plots of the real part Z* vs. the

imaginary part Z“; (c) Bode plots of |Z| vs. frequency; and (d) Bode plots of phase angle vs. frequency.
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Table 3-3 Result of the electrochemical polarization tests in PBS solution

Sample Ecorr lcorr Rs Rf CPE1 CPE2 Rt Rp
) (A) (@Qcm?)  (Qem?) ) (F) @Qcm?)  (Qem?)
Ingot -1.37 1.74x 1073 50.73 22.72 7.1%x10°° 2.60 x 1072 528.37 410.12

Sheet —1.08 1.51x10* 56.61 216.18 403x10% 157x10* 4655.12  4920.25

The electrochemical impedance data were determined for the corrosion
potential in PBS and presented in Nyquist plots (Fig. 3.6b, and Bode plots Fig.
3.6¢). The equivalent circuit for electrochemical impedance is shown in Fig. 3.6b.
Rs, Rt, and Rf represent the solution resistance between the reference electrode and
the working alloy sample, the resistance of charge transfer and the resistance of the
corrosion product layer on the surface of the sample, respectively. Additionally,
CPE1 and CPE2 illustrate the capacitance of the corrosion product layers and
charge separation at the positions where hydrogen evolution increases.

In the Nyquist plots shown in Fig. 3.6 (b), the magnitude of the radius
curvature has different values, showing a decreasing trend: Mg-RE ingot sample <
Mg-RE sheet with TRC sample, which is also illustrated by the decreasing
impedance modulus trend of the Mg-RE alloys in the curves in Fig. 3.6 (c). It is
well known that the size of the Nyquist curve is an important parameter that reflects
corrosion resistance. That is to say, better corrosion resistance and behavior of the
metal and alloy matrix is related to higher |Z| modulus at lower frequency, which
Is inversely proportional to the corrosion rate of the alloy. The Bode phase plot is
shown in Fig. 3.6 (d), and it can be found that the phase angles corresponding to
high frequency are in a decreasing order as follows: Mg-RE sheet with TRC
sample > Mg-RE ingot sample, which could be attributed to the protective

properties of the surface film layers.

67



Chapter 3 Preparation and characterization of Mg-RE alloy by TRC for biomedical application

3.3.3 Immersion test

Fig. 3.7 presents the cross-sectional SEM micrographs of corrosion
morphology of the Mg-RE alloy ingot sample and the sheet with the TRC sample
in PBS solution at 310 K for 10 days. It can be observed from Fig. 3.7 (a) that the
corrosion layer covered the Mg-RE ingot sample surface, which extended to the
inside of the matrix with crack features. In addition, the maximum length of the
corrosion cracks extending to the interior of the matrix was 30 um, and they were
distributed unevenly along the cross section of the Mg-RE ingot sample. The
improved corrosion-resistance properties of the Mg-RE alloy with TRC are
reflected in Fig. 3.7 (b), in that the corrosion layer is thinner and more uniform.
The results of the energy spectrum analysis indicate that the content of elements in
different location of Mg-RE alloy ingot is dissimilar, which is mainly connected
with the corrosion behavior of the alloy in PBS solution. The mechanism of
corrosion analysis is as described below.

The multiple layers of Mg-RE alloy ingot primarily consisted of C, O, Mg, Al,
Ce and other elements during the immersion test in PBS solution. Mg transformed
into the stable Mg?* ion in the initial stages. Meanwhile, the cathodic reaction
occurred on account of the galvanic corrosion between the matrix and the
secondary phase, accompanied by the hydrogen evolution [32]. The cathode
reaction formed a heterogeneous thin porous layer which was predominantly
magnesium hydrate on the surface of the Mg-RE alloy. This prevented contact of
the solution and the substrate, resulting in a decrease in the corrosion rate [33].
Moreover, the chloride ions in the PBS solution were able to easily penetrate the
membrane and react with the magnesium hydrate compounds. Therefore,
magnesium hydrate compounds were converted into magnesium chloride
compounds, which are more likely to dissolve into magnesium ions and chloride
ions [34]. The dissolution of the compound leads to a decrease in the magnesium
hydrated compounds around the protective layer, leading to further dissolution of
the matrix.
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Fig. 3.7 Cross-sectional SEM micrographs of corrosion morphology of (a) the Mg-RE alloy

ingot sample and (b) the sheet with TRC sample in the PBS solution at 310 K for 10 days.
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Fig. 3.8 Metallic ion concentrations of the PBS solution at 310 K with (a) Mg-RE alloy ingot

sample and (b) sheet with TRC sample at day 10, day 20 and day 30 under immersion testing.

Magnesium hydrated films constituted on the surface of magnesium are
generally referred to as crystals. Previous studies have found that the composition
and structure of magnesium and magnesium alloy surface films can be changed
using a rapid solidification process. The conversion of magnesium hydrated films
from a crystal form into an amorphous film structure improves the corrosion
resistance. Amorphous films have better protection than crystalline films, and films
without grain boundaries are better able to resist ion motion than crystalline films

[35]. The Mg-RE alloy sheet obtained by the TRC process has a unique structure
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due to its crystal structure surrounding the amorphous structure, which may be the
reason for the improvement of the corrosion resistance of the magnesium hydrated
film.

Fig. 3.8 presents the Mg, Al, Ce and La metallic ion concentrations of the
solution for (a) the Mg-RE alloy ingot sample and (b) the sheet with the TRC
sample at day 10, day 20 and day 30 under immersion testing in PBS solution at a
temperature of 310 K. Specifically, both alloys showed a general trend of
increasing Mg ion concentration in the PBS solution with increasing immersion
time from day 10, day 20 and day 30. In contrast, for Al ion concentration, both
alloys showed a decreasing trend. Generally, the Mg-RE alloy ingot sample
showed greater average Mg and Al ion concentration in the PBS solution at each
time point—day 10, day 20 and day 30. From day 10 to day 20 after immersion,
the magnesium ion concentration for the sheet sample was obviously less than the
ingot sample after 10, 20 and 30 days. This may be caused by the rapid corrosion
of alloys in the initial corrosion stage and then the beginning of passivation to slow
down the corrosion. The decrease of aluminum in the corrosive solution may have
resulted from the formation of corrosion products on the surface of the sample.

Fig. 3.8 (a) and 3.8 (b) also shows that throughout the entire 30 day culture
period, the Mg-RE with TRC sample group showed significantly lower release
rates of Ce and La ions than the Mg-RE alloy ingot sample, and the group showed
a general trend of increasing Ce and La ion concentration with increasing
immersion time, but no significant change for the Mg-RE with TRC sample group.
Overall, the content of metallic ions concentrations in the corrosion solution of the
Mg-RE alloy sheet produced by rapid solidification TRC method less than that of
Mg-RE alloy ingot sample within the same amount of immersion time. Which is
probably induced by the special microstructure formed under rapid cooling and

exhibits an improved corrosion resistance.
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3.3.4 In vivo implantation

The Mg-RE sheet with TRC samples was successfully inserted into the
subcutaneous tissue of the rat thigh and attached to the femur with an AZ31 screw
during surgery, despite the slight mismatches between the Mg-RE sheet and femur
owing to manual surgical placement and the fact that there is only one screw to fix
the femur and alloy sheet. Slight skin swelling was observed in the hind limbs of
the rats during the visual examination of the rats during the study period. The bulge
disappeared after a few days.

Fig. 3.9 reveals the surface volume of the degrading Mg-RE alloy sheet and
bone growth changes, depicted using MicroCT 3D rendering after various
implantation times. As can be seen from Fig. 3.9 (a) and 3.9 (c), two weeks after
surgery, no new bone production was found around the Mg-RE alloy sheet and
femur, and the screw between them was clearly visible. There are no obvious
corrosion pits on the surface of magnesium alloy sheet. Fig. 3.9 (b) and 3.9 (d), six
weeks after the surgery, new bone was formed between the Mg-RE alloy sheet and
the femur. Fig. 3.9 (e) presents on the cross section of the bone-alloy joint, the new
bone is generated and surrounds the original femur. The sheets are attached to the
femur by new bone, which appears to be relatively stable in living organisms. In
the red area shown in Fig. 3.9 (d), corrosion pits began to appear on the surface of
magnesium alloy sheet after six weeks of surgery. This indicates that the films with
improved corrosion resistance of Mg-RE alloy sheet began to degrade in vivo after

6 weeks.
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Fig. 3.9 Determination of the volume of the degrading Mg-RE alloy sheet and bone growth
changes, depicted in MicroCT 3D rendering after implantation times of 2 weeks (a,c) and 6
weeks (b,d). A cross section slice of femoral-sheet contact area observed after 6 weeks (e)
shows that the new bone (Nb is represented in green) was formed between the Mg-RE alloy

sheet (S) and the original bone (Ob is represented in blue).
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Fig. 3.10 Mg-RE sheet degradation after 6 weeks was estimated by the volume of
quantification. This shows a sheet volume loss of 9.32 + 0.86 mm? after 6 weeks. MicroCT 3D
rendering after 2 weeks shows there was no obvious change in bone growth around the
degrading Mg-RE sheet. By 6 weeks, as new bone formed between the sheet and the bone, a

notable change in bone volume was observed from 2 to 6 weeks.
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Mg-RE sheet degradation and femoral change were assessed by volume
guantification in MicroCT 3D rendering separately as shown in Fig. 3.10. Before
surgery, the volume of self-made Mg-RE alloy bone sheet was 94.79 mm?®. The
Mg-RE sheet corroded, resulting in 9.32 + 0.86 mm? volume loss after 6 weeks.
With regard to the changes in the femur, the volume of the femur did not change
significantly during the two weeks following the surgery. In fact, for some time
after the surgery, the rat lost significantly more weight, the reason for this being
that it took some time for the body to adapt the foreign body. After about five days,
the rats returned to their normal mental state and began to eat normally. By 6 weeks,
as new bone had formed between the sheet and the femur, a noticeable change in
bone volume was observed from 2 to 6 weeks. The rat showed no abnormal
physical or physiological responses during subsequent breeding.

Uniquely, magnesium alloy application has the potential to enhance bone
formation. Several previous studies have shown that the potential performance,
presenting increased bone mass, mineral apposition, and bone mineral density
around magnesium alloy implants in bone [36—39]. In our present study, new bone
appears in the area where the femur contacts the alloy sheet, which confirmed our
findings that the Mg-RE alloy with TRC degradation can lead to the promotion of
bone formation. The new bone formation is not common in absorbable polymers
or permanent metal devices, thus emphasizing the unique advantages of
magnesium fixtures. In this way, the degraded fixture will be gradually replaced in

the future.
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3.4 Concluding remarks

(1) The Mg-RE alloy sheet was prepared using a vertical-type twin-roll caster
method. Its microscopic characterization experiments show that the crystal
structure is crystalline phase containing amorphous phase.

(2) EPMA experiments show that Al, La and Ce elements are enriched in the
amorphous phase region and the grain boundary region. However, Mg is evenly
distributed throughout the microscopic region. This shows that segregation is more
likely to affect Al, La and Ce elements.

(3) Electrochemical tests and immersion test results revealed that Mg-RE
sheet with TRC has a better corrosion resistance than master alloy, and a uniform
corrosion layer on the surface.

(4) In vivo, as an implant material, the tests show that Mg-RE alloys sheets
were safe with respect to rat physical fitness and induced new bone formation; thus,

they were promising for utilization as implant materials in the future.
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Chapter 4 In vivo degradation behaviour and bone

response of cast-rolled alloy in rat femoral model

A new type of Mg-rare earth (Ce, La) and AZ31 alloy sheets were prepared
by vertical twin-roll casting (TRC) technology under identical casting conditions,
and their microstructure features, degradation behavior and bone response were
investigated. Microstructure characterization showed that the Mg-RE exhibited a
higher amorphous forming ability than the AZ31. The Ti, Mg-RE and AZ31 sheet
implants were implanted in immobilized rat femur model to observe degradation
behavior during 16 weeks. The results showed that no significant change was found
in the femur surrounding the Ti. This excluded the external factor that the new bone
formation resulting from bone remodeling. The degradation rate of the Mg-RE was
about 0.11 mm/year after 16 weeks implantation, significantly slower than that of
AZ31. In addition, the Mg-RE induced more newly formed bone, which met the
necessary conditions for the prevention of pathological fractures. Therefore, the
novel Mg-RE alloy appear to hold a healing candidate as the biodegradable implant

material.

4.1 Introduction

Magnesium (Mg) alloys with excellent biocompatibility, biodegradability,
and bone formation capacity have been widely applied to manufacture bone
fixation implants. It is reported that Mg alloys can reduce the risk of the load-
shielding after implanting surgery due to their Young’s modulus similar to bone
[1]. Furthermore, studies have shown that Mg-based alloys implanted within or
surrounding the bone present very good biocompatibility [2-6]. Unlike resorbable
polymers and permanent inert materials such as stainless steel and titanium (Ti)
alloys, Mg alloys possess a unique degradation which is being explored for various

orthopedic applications. Hence, there is no necessary to perform a second removal
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surgery of the implant after osseous union. It is noteworthy that most of studies of
Mg alloys implants are in animals, for instance, rabbit [7], rat [8], pig [9] which
present good biocompatibility and normal physiological for different types of Mg
alloys. It is demonstrated that Mg?* ions released from Mg-based alloys could
present bioeffect for instance inducing new partial bone formation [10-13].
Moreover, the bone around Mg alloy implants presented increased bone mass,
mineral apposition and bone mineral density [14-17]. However, Mg-based alloys
have its limitations, such as a notably rapid degradation rate reported by previous
research [18]. The rapid degradation results in producing Mg hydroxide and
hydrogen gas leading to a change in the PH of the tissue fluid which is the most
likely to cause tissue inflammation and adversely affect the viability of cells.
Therefore, there is a growing need of developing novel degradable magnesium
alloys with superior corrosion resistance performances.

It is well known that some rare-earth elements have been found in the human
body [19], and the addition of rare-earth elements could effectively improve the
corrosion resistance and mechanical properties of Mg alloys [20,21]. Due to the
presence of sensitive impurities, the corrosion resistance of Mg alloys will be
damaged once the contents of impurities exceed the tolerance limits [22]. However,
the rare-earth elements in Mg alloy could combine with the impurities (Cu, Fe, Ni,
etc.) forming depositions during the melting process. This effect is so-called “the
scavenger effect”. It is believed that the scavenger of rare-earth can effectively
improve the corrosion resistance of Mg alloys. In addition, rare-earth elements such
as Ce and La could optimize the microstructure of Mg alloys and improve the
corrosion resistance of Mg alloys [23]. Hence, researching new type of Mg-RE (RE
= rare-earth) alloy is a direction to reduce degradation rate.

On the other hand, optimizing the microstructure of materials is another
approach to improve corrosion resistance. It is well known that metallic glasses
(MGs), as a newcomer in the field of metals (liquid metals or amorphous/glassy
alloys), have an amorphous structure endows unique properties such as lower

Young’s modulus, higher strength, excellent corrosion resistant and fatigue [24,25].
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Previous studies have shown that twin roll casting (TRC) is a useful technique for
preparing amorphous alloy sheets with a wide range of cooling rates. Therefore,
TRC process has a great significance to develop new corrosion resistant Mg alloys
with amorphous phase.

In the present study, a new Mg alloy was developed by adding rare earth (La,
Ce) and adopter for vertical-type twin roll casting. Details of microstructure, in
vivo degradation (In this study, “degradation” has the same meaning with
“corrosion”) and bone response of a new Mg-RE (Ce, La) and AZ31 implants were
investigated during a 16-week observation by a fixed model in rat femoral. In
addition, the evaluation of bone response might be influenced by bone remodeling
result from fixed model. Therefore, we compared the bone response of non-
absorbent Ti with those of casting-rolled Mg-RE and AZ31 to excluded the external

factor caused by altering the mechanical loading of the implants.

4.2 Materials and Methods

4.2.1 Material preparation and characterization

High purity of Mg ingot (99.99%), AZ31 ingot, Mg-10La and Mg-20Ce (in
wt.%) were used as raw materials. The melting process was carried out in a
resistance furnace under the protection of a mixture of CO, and FSe. AZ31 sheets
in this study were produced by melting Mg ingot and AZ31 ingot. The Mg-RE
sheets in this study were produced by melting Mg ingot, AZ31 ingot, Mg-10La and
Mg-20Ce. Firstly, the Mg ingot and AZ31 ingot were placed into the resistance
furnace, and the compound were heated up to 720 °C for 1.5 h to completely melted.
Secondly, the Mg-10La and Mg-20Ce master alloys were added into the melt, then
the melt temperature reduced to 700 °C and held for 1.5 h. It can be seen that AZ31
alloy sheets could be obtained in the first casting process, while Mg-RE alloy sheets
could be obtained in the whole casting process. The chemical compositions of the

alloy sheets were determined by X-ray fluorescence spectrometry and the results
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were listed in Table 4-1.

Table 4-1 chemical composition of the cast-rolled sheets

Cast-rolled Thickness Width Element (wt.%)
sheets (mm) (mm) Al Si Mn Zn La Ce Mg
AZ31 11 75 2.55 0.22 0.43 0.75 - - Bal.
Mg-RE 1.2 80 1.21 0.16 0.27 0.21 1.53 2.78 Bal.

The TRC experiments were carried out on a vertical-type twin roll casting mill
with two identical rolls made of copper alloy. The diameter and width of both rolls
are 300 mm and 100 mm respectively, and the initial roll gap was set to be 0 mm.
In consideration of the separation force generated in the casting process, metal
blocks were set at the two rotating rolls side to form a supporting force, minimizing
the roll gap during casting process as much as possible. When the alloy melted
completely, the melt was introduced into the roll gap between the left and right
rolls through the asbestos casting nozzle, and the casting rolls begins to operate
with 30 rpm. An oil tank was placed under the rotating rolls to avoid further grain
growth, hence the cast sheet dipped into the tank could quickly solidify as exits at
the rolls. The schematic diagram and practicality illustration of TRC are shown in
Fig. 2.5 (a) and Fig. 2.5 (b), respectively.

The specimens with the size of 10 mm in width and 10 mm in length were cut
from the sheets, and the transversal cross-section was selected for microstructure
analysis. The microstructures were observed using a field emission scanning
electron microscope (FE-SEM, JMS-6301, Japan), In addition, the elements
distribution maps were performed by electron probe micro-analysis (EPMA, JXA-
8530F, Japan). The secondary dendrite arm spacing of AZ31 and Mg-RE were
analyzed by Image-Pro analysis software. At least 6 metallographic images were
selected for each alloy sheet, and more than 60 groups of secondary dendrites

randomly distributed were counted for each metallographic image, and the average
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value was taken as the final secondary dendrite arm distance. The focused ion beam
(FIB, JIB-4500, Japan) and the transmission electron microscopy (TEM, HF-3300,

Japan) were used to identify the crystal structure of the samples.

4.2.2 Implant method

The Ti, Mg-RE and AZ31 samples were lathe machined into 15 mm x 5 mm
with a thickness 0.5 mm. All surfaces were grounded with SiC papers up to 1200
grid in order to ensure surface flatness and roughness. Ti and Mg screws (4.5 mm
in length, with a shaft diameter of 3.2 mm) were selected to immobilized the Ti,

and casting-rolled sheets respectively.

4.2.3 Electrochemical characterization

In vitro corrosion tests were conducted at the temperature of 310 K in 3.5%
NaCl solution. EIS (Modulab XM, Tokyo, Japan) and Potentiodynamic
polarization (HZ700, Tokyo, Japan) tests were performed in a three-electrode cell.
Sheet samples were connected as the working electrodes. Potentials were measured
versus the Ag/AgCl electrode. Platinum played the role of auxiliary electrode. The
samples were immersed in the 3.5% NacCl solution for one-hour at their open circuit
potential. The EIS tests were recorded in a frequency range from 102 Hz to 10° Hz
applying a sinusoidal AC voltage signal of 0.01 V amplitude. Potentiodynamic
polarization were initiated at a 0.01 V/s scan rate from the open circuit potential

(Eoc) tO Vvs Ag/AgCl, al‘ld thel‘l from Vvs Ag/AgClI tO Eoc.

4.2.4 Micro-CT analysis

Micro-CT was used to evaluate implants degradation and the formation of
new bone. Image processing was performed by means of 3D Viewer and Volume
Rendering Control. 3D volumes of the scanned devices were generated from

acquired 2D lateral projections using a Simple Viewer software.
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4.2.5 In vivo corrosion assessment

The transversal cross-section morphology and elemental composition of Mg-
RE and AZ31 sheets were observed by a field emission scanning electron
microscope (FE-SEM, JMS-6301, Japan) and the elements distribution maps were
observed by electron probe micro-analysis (EPMA, JXA-8530F, Japan). The
procedure of removal of sheets from femur without damaging the tissue formed

between the sheet and femur.

4.2.6 Histological observation

The femur samples surgically extracted from the rats were fixed in 10%
formalin solution for 48 hours and decalcified with a decalcification solution (10%
ethylenediamine tetra-acetic) for 28 days. Next, the samples were rinsed by running
water and dehydrated in a graded series of alcohol solution (70%, 80%, 95% and
99% alcohol, 2 h each). Then the dehydrated samples were imbedded in a paraffin
block. A cutting-grinding unit was used to slice the section of the femurs in contact
with the sheets. Finally, the slice samples were stained by hematoxylin and eosin

(H&E) and then the new bone morphology were observed by a microscope.

4.2.7 Statistical analysis

All experimental data analysis was conducted using SPSS 20. Statistical
significance was analyzed using one-way analysis of variance (ANOVA) followed
by Tukey tests. The statistical significance was set a p-value of less than 0.05

(p<0.05).
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4.3 Results and discussion

4.3.1 Microstructures analysis

Fig. 4.1 shows the microstructure of AZ31 and Mg-RE sheets produced by
TRC process. It can be seen from Fig. 4.1 (a) that the microstructures of the casting-
rolled AZ31 are composed of unevenly distributed dendrite regions. The fine
dendrites are obvious in the yellow rectangle region as shown in Fig. 4.1 (b) which
are named AZ31’s region of interest (A-ROIl). Fig. 4.1 (c) displays the
microstructures of Mg-RE sheets which are mainly characterized by dendrites with
closely spaced secondary dendrite arms and fine equiaxed crystals. Meanwhile, it
can be found that some special regions having no visible crystalline features
indicated by the yellow rectangle region as shown in Fig. 4.1 (d), which are named
Mg-RE’s region of interest (M-ROI).

To determine the phase of A-ROI and M-ROI, high resolution transmission
electron microscope (HR-TEM) images with selected area electron diffraction
(SAED) patterns of those two observation regions are shown in Fig. 4.2. It can be
observed that the atoms are arranged in regular lines in A-ROI, and the SAED
pattern indicates A-ROI is the hexagonal close packed lattice (HCP) structure, as
shown in Fig. 4.2 (a). However, HR-TEM image of M-ROI shows that there are

three types atomic arrangements displayed in Fig. 4.2 (b).

84



Chapter 4 In vivo degradation behaviour and bone response of cast-rolled alloy in rat femoral model

Fig. 4.1 Cross-section microscopic morphologies of casting-rolled AZ31 sheet (a, b) and Mg-

RE sheets (c, d).

Fig. 4.2 HR-TEM images and corresponding SAED patterns showing A-ROI in AZ31 sheets

(a) and M-ROI in Mg-RE sheets, respectively.
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The atoms arranged in order is determined to be HCP structure, while the
atoms arranged in disorder is confirmed to be amorphous phase. The interface
between crystal phase and amorphous phase exhibits HCP diffraction pattern.
Those results indicate that Mg-RE alloy contains amorphous structure.

Fig. 4.3 (a) and (b) shows the statistical results of secondary dendrites arm
spacing of the AZ31 and Mg-RE sheets. The average secondary dendrite arm
spacing of the AZ31 and Mg-RE is 0.75 um and 0.62 pum, respectively. Secondary
dendrite arm spacing is correlated with the solidification rate, and increase cooling
rate can result in finer secondary dendrite arm spacings [27]. According to the
previous research [28], the quantitative between the cooling rate and secondary

dendrite arm spacings following relationship:
A=35.5R03! (4.1)

where R is averaged cooling rate (K-s) during solidification; A is the distance
between secondary dendrites (um). Based on formula (1), the AZ31 and Mg-RE
were obtained under casting condition with cooling rate of 2.53 x 10° K-s* and
4.68 x 10° K-s?, respectively, which both presented a fast cooling rate. The
research [29] present that the formula (4.1) is applicable for the cooling rate of 10
1 K-s1 ~ 108 K-s. According to the calculation results, it is suitable to use the
formula (4.1) to evaluate the cooling rate during TRC process. The SEM image of
the Mg-RE containing amorphous regions is presented in Fig. 4.3 (c), and the
volume fraction containing amorphous of M-ROI statistical results is given in Fig.
4.3 (d). It can be seen that the average volume fraction of the regions containing
amorphous is 14.3% in the Mg-RE sheet samples. From the above results, it can be
concluded that the Mg-RE can possess an amorphous phase made by TRC method.
However, it is quite hard to obtain amorphous phase for the AZ31, even trying to
build a fast cooling rate with TRC method. Therefore, the amorphous phase
forming ability of the Mg-RE is higher than the AZ31 during rapid cooling
solidification. Hence, it is hypothesized that the Mg-RE alloy has a better corrosion

resistant than AZ31 alloy.
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Fig. 4.3 Statistical results of secondary dendrites arm spacing of AZ31 sheets (a) and Mg-RE
sheets (b); SEM micrograph of Mg-RE (c), volume fraction estimation of M-ROI, indicated by

the yellow regions and the statistical results is shown in (d).
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Fig. 4.4 The Mg, Ce and La element distribution of the Mg-RE sheet in region

containing amorphous phase regions.

Fig. 4.4 shows the Mg, Ce and La elements distribution of the Mg-RE sheet
containing amorphous phase regions. It can be seen that Mg is evenly distributed
on the substrate, Ce and La concentrated in the region containing the amorphous,
which indicates that addition Ce and La into the Mg-based alloy is beneficial to
form amorphous. As the secondary dendrite arm spacing around the amorphous
phase is very short, it can be seen from formula (4.1) that this region has a large
cooling rate during solidification. If the cooling rate is large enough, the atoms with
a high melting point in the melt loose Kinetic energy when the temperature drops
[30]. For these reasons, the atoms in the melt to freeze and form an amorphous

phase.
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In general, the key factor of preparing amorphous alloys is to obtain high
cooling rates during solidification of casting alloys. In this study, the current TRC
conditions could provide a rapid cooling rate up to 10° K-s™. If the cooling rate is
fast enough that crystal structure in the melting liquid has no time to nucleate and
grow, the liquid can avoid crystallization during rapid solidification. The liquid is
called supercooled liquid. The viscosity of supercooled liquid can be expressed by

the following equation [31]:
nt=Aexp(-K/Vy)  (4.2)

where A and K are constant; Vs is free volume. In this study, there were more
element components in Mg-RE relative to AZ31, and larger atomic size difference
among the major elements. For example, the relative atomic radius difference
between Mg and rare-earth elements (Ce, La) is more than 12%. According to
formula (4.2), the larger atomic size difference will result in reducing free volume
and increasing the viscosity of the supercooled liquid. Increasing the viscosity of
the supercooled liquid makes the atoms hard to spread over long-range, so it is
easier for the alloys to form amorphous states. In addition, an appropriate negative
enthalpy of mixing (AHmix [AB]) between major elements is also a necessary
condition for good amorphous forming ability [32]. The AHmix [AB] of Mg-Ce
and Mg-La calculated by Miedma’s model are both —7 KJ/mol [33]. In general, the
Mg-RE are easier to form amorphous phase than the AZ31.

The solute distribution coefficient during the rapid solidification process can

be expressed as [34]:
K=C,/CL 3)

Where K is the solute partition coefficient; Cs is the solute concentration in the
liquid phases; Cy. is solute concentration in the solid phases. The K values of the
major elements such as Ce and La in Mg-RE is less than 1 during solidification.
Based on formula (3), the content of solute elements (Ce, La) in preferentially
crystallized solids is less than the content of solute elements (Ce, La) in

surrounding liquids. Solute atoms such as Ce and La are continuously discharged
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into the liquid phase and enriched the supercooled liquid regions during rapid

solidification process (Fig. 4.4).

4.3.2 In vitro corrosion properties

To get information about the corrosion behavior of those sheets, the corrosion
resistance of the three samples was evaluated by EIS and potentiodynamic
polarization in 3.5% NaCl solution at temperature of 310 K after one-hour
immersion, as shown in Fig. 4.5. The Nyquist and Bode plots (Fig. 4.5 a-c) of the
AZ31, Mg-RE and Ti were characterized by two apparent time constants in the two
capacitive loops of high-middle and low frequency areas. The equivalent circuit
(Fig. 4.5 a) was used to investigate the EIS quantitatively, and the fitting results
presents in Table 2. The equivalent circuit model consisted of Rs (solution
resistance), R1 (charge-transfer resistance), Rz (film resistance), constant elements
CPE1 and CPEZ2, where, CPE1 and CPE2 represent the capacitive behaviors of
oxidation film and charge-transfer, and Q is the CPE magnitude, n value is a nature
element [35]. Generally, an increase in the values of the charge transfer resistance
with a decrease in the dissolution rate of the materials substrate [36]. According to
the results of Table 4-2, both R;and Rz of the AZ31 are lowest among those sheets,
indicating an increased dissolution rate of the materials substrate. The sum of R
and R for sheets were in the following order: AZ31 < Mg-RE < Ti, indicating the

Mg-RE possess a better corrosion resistance than AZ31.
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Fig. 4.5 (a) Electrochemical behaviors of the AZ31, Mg-RE and Ti implants in 3.5% NaCl
solution: (a) Nyquist spectra plots and equivalent circuit; (b, ¢) Bode plots of EIS; (d) The

potentiodynamic polarization curves.

The potentiodynamic polarization curves of the sheet materials in 3.5% NaCl
solution at temperature of 310 K after one-hour immersion are shown in Fig. 4.5
(d). The average values corrosion potential (Ecorr) and corrosion current density
(icorr) measured by Tafel extrapolation are presented in Table 4-3. The Mg-RE have
more positive value of Ecorr (-0.88 V vs Ag/AgCl) and lower icorr (5.1x10% A cm™2)
than these of AZ31, which implies the rolled samples of the Mg-RE present a
higher corrosion resistance. In conclusion, the results of the electrochemical tests
confirm the hypothesis that the Mg-RE alloys with higher amorphous forming
ability have better corrosion resistance. In this study, the Mg-RE has an amorphous
structure, in which the atoms have short-range arranging or are no crystalline

defects, like gain boundaries or dislocations. A previous study [37] showed that
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amorphous alloys have much higher corrosion resistance than crystalline alloys due

to the absence of grain boundaries and second phases.

Table 4-2 Fitting resulting of EIS spectra

Alloy Rs , CPZE:. R1 , CPin R2 ,
(Qcm?) Q1 (uF cm2s) n (Qcm?) Q2 (uF cm2sM) n (Qcm?)
AZ31 24.89 274.8 0.84 24.45 5496 0.82 279.7
Mg-RE 25.11 66.83 0.81 31.7 3864 0.83 528.4
Ti 24.96 5350 0.80 90.09 10670 0.81 1328

Table 4-3 Ecorr and lcorr Values for AZ31, Mg-RE and Ti in 3.5% NaCl solution

Sample Ecor (V vs Ag/AgCl) leorr (A cmM?)

AZ31 -1.13 9.5x10°

Mg-RE -0.88 5.1x10%
Ti -0.25 1.2x10°

4.3.3 Animal test

All fixed implants were well accommodated by the animals and without any
obvious adverse health events and the animals showed no gas cavities in vivo.
During 16-week observation period after the operation, experimental animals
resumed normal movement and behavior bearing on both forearms (Date not

shown).

4.3.4 Degradable implant cross-sectional examination

For studying the corrosion products of the Mg-RE and AZ31 implants that in
vivo contact with the femur, Mg and other elements such as C, O, P and Ca in
corrosion layer were studied. The morphologies of the cross-section of the Mg-RE
and AZ31 and corresponding elements distribution were detected by the EPMA
mapping surface-scan at 8 and 16 weeks postoperatively as shown in Fig. 4.6 and

Fig. 4.7. Mg, O, C, P, Ca and rare-earth (Ce, La) distributions in the cross-section
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of the sheets were analyzed. After the Mg-RE and AZ31 were implanted with
femur for 8 weeks (Fig. 4.6), the external surface of the implants began to degrade.
The Mg substrate was transformed into magnesium hydroxide and the compound
containing O, C, P and Ca as the corrosion products. It also can be seen that the
amount of Mg in corrosion layer of Mg-RE was higher than that AZ31. This
demonstrated that the in vivo corrosion products of the Mg-RE have thicker
protective magnesium hydroxide layer than the AZ31. Furthermore, the rare earth
(La, Ce) distribute in the corrosion layer and the substrate of Mg-RE were rather
homogeneous.

As the implantation time for 16 weeks (Fig. 4.7), O, C, P and Ca distributions
extended to the internal section gradually. The Mg in corrosion layer of the Mg-
RE was slight decreased from 8 weeks after implantation. However, the Mg content
in the AZ31 corrosion layer was very low, which suggested the magnesium
hydroxide almost degraded. In addition, the rare earth (Ce, La) in the corrosion
layer have not changed significantly. The experimental results demonstrate that the
degradation of the Mg-RE was more slowly than that of the AZ31, which may be
ascribed to the addition rare-earth (Ce, La) relieved the degradation of the

magnesium hydroxide, thus improving the corrosion resistance.
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(b)

G orrosion laver

Fig. 4.6 Cross-section images and EPMA surface-scan of (a) Mg-RE sheets, and (b) AZ31

sheets after 8 weeks implantation.
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(b)

Corrosionlaver

Fig. 4.7 Cross-section images and EPMA surface-scan of (a) Mg-RE sheets, and (b) AZ31

sheets after 16 weeks implantation.
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In general, the poor corrosion resistance of Mg-based alloys limits their
application as implants. The reasons for rapid degradation of Mg-based alloys is
multifaceted, but mainly due to the chloride ion transform magnesium hydroxide
protection layer into soluble magnesium chloride [38]. In this study, the total
amount of Mg in corrosion layer of the AZ31 significant decreased after 8 weeks
and 16 weeks implantation compared with the Mg-RE (Fig. 4.6 and 4.7).
Consequently, the corrosion resistance of the AZ31 decreased with the amount of
Mg element compared with the Mg-RE. It is noting that the rare-earth (Ce, La) in
the corrosion layer of the Mg-RE were homogeneous distribution after 8weeks and
16 weeks implantation respectively (Fig. 4.6 and 4.7). Because of enrichment of
rare-earth (Ce, La) in the corrosion layer of magnesium alloys, the corrosion
product layer was complete and compact, which improved the protective
effectiveness of the corrosion layer and restrains further degradation of Mg
substrate in corrosive mediums [39].

The degradation products mainly contain Mg, O, C, P and Ca, which exist
both in the Mg-RE and AZ31. Previous studies [40-42] have demonstrated that
these degradation products similar to composition of nature bone exhibit good
biocompatibility. Therefore, it can draw the conclusion that the biocompatibility of

the degradation products of the Mg-RE is acceptable as biomaterials.

4.3.5 Bone response and histological examination

Fig. 4.8 shows the representative images of 3D micro-CT reconstruction of a
rat femur with implanted sheets 2 weeks, 8 weeks and 16 weeks after surgery. The
Ti, Mg-RE and AZ31 implants remained in their original position, and bone callus
formation was observed in the 500-slice region of interest. In the Ti group, there
was no bone callus formation at the area between the Ti sheet and the femur in all
experimental periods. Limited bone callus formation could be detected between the
AZ31 sheet and the femur at 8 and 16 weeks of implantation. In contrast, a large

increase in bone mass was found at the area between the Mg-RE sheet and the
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femur. The boundary between the Mg-RE sheet and the femur was not obvious

after 16 weeks implantation resulting from the new bone formation.

16 weeks

Fig. 4.8 Representative 3D micro-CT reconstruction illustrating the bone respond of Ti, Mg-
RE and AZ31 sheet implants after 2, 8 and 16 weeks postoperatively. Yellow boxes indicate

the horizontal section region of interest BV/TV: bone volumef/tissue volume. Th. N: umber of

trabecular bone.
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I
Existing
bone

Fig. 4.9 Decalcified sections with hematoxylin and eosin (H&E) staining showing the

morphology of the peri-existing bone and the new bone around the implants (black boxes) 16

weeks after implantation.
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Fig. 4.10 Statistical analyses of parameters of femur based on horizontal section region of

interest (*P < 0.05, **P < 0.01).

99



Chapter 4 In vivo degradation behaviour and bone response of cast-rolled alloy in rat femoral model

Fig. 4.9 shows the histological images of the bone-implant interface that an
area where new bone formation around the Ti, Mg-RE, AZ31 sheet samples after
16 weeks postoperatively. In the Mg-RE group, the new trabeculae formation
almost filled the bone-implant gap 16 weeks after implantation, and there was more
mature new bone structure at near existing bone. In contrast, there were a limit
amount of newly formed trabeculae around implant and existing bone in the AZ31
group. However, no newly formed trabeculae were observed around the Ti group.
In addition, no inflammatory reactions occurred in the area where new bone
formation around the Mg-RE, AZ31 samples throughout the experiment. From the
horizontal section 2D of the region of interest, the femur volume, BV/TV, Th. N
and Th. Sp level (Fig. 4.10) suggest that indicating a large bone bridge is formed
across the interface with Mg-RE group, and bone formation was directed towards
the Mg-RE implants.

In this study, no significant change was found in the femur surrounding the
non-absorbent Ti. This excluded the external factor that the fixed implants might
cause bone remodeling by altering the mechanical loading of the implants. In
general, the new bone formation during implantation of Mg-based alloy is known
as a good sign, because it wound facilitate fracture healing [43]. In the present
study, more new bone formation was found around the Mg-RE than that around
the AZ31. The reason was attributed to as these sheets degrade, and local tissue are
stimulated by Mg?* to form new bone [44]. Studies [11,45,46] demonstrated that
the beneficial effect of Mg?* on new bone formation. The osteocyte adhesion and
bone tissue growth could be enhanced by Mg?*. However, superfluous Mg?*
released with degradation may inactivate new bone tissue formation, resulting in
the less of new bone tissue around the implants [47]. In addition, the biological
effects of rare-earth on new bone formation are unclear. Some animal experiments
[48, 49] showed that the rare-earth had positive effects on osteoblast activation and
bone mineral density. It is noteworthy that the periosteum formation of new bone
and the increased femur volume should not be considered a positive response to

Mg-RE, but considered necessary to cure pathological fractures [50].
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It is notable noting that there are limitations in the in vivo study. Firstly, it is
not known the serum metabolic parameters of the animal body during the process
of implants degradation. Secondly, in this study, the surgical was performed when
the bone was completely healthy. Therefore, further experimental studies are
needed to investigate whether Mg-RE has a therapeutic effect on clinical healing

of fractures or bone damage.

4.4 Concluding remarks

In the present work, the Mg-RE and AZ31 alloy sheets with same continuous
casting conditions for in vivo implants were prepared by TRC process. The
microstructure, in vivo degradation behavior and bone response for 16 weeks of
Mg-RE and AZ31 sheets were investigation systematically. We found that the Mg-
RE present a better amorphous forming ability than AZ31 under the same casting
conditions. The results of electrochemical tests showed that the Mg-RE sheets
exhibit a higher corrosion resistance with respect to the AZ31 sheets. In vivo study
showed that no significant change was found in the femur surrounding Ti sheet.
This excluded the external factor that the new bone formation resulting from bone
remodeling. Much more new bone tissue around the Mg-RE sheet. It indicates that

the Mg-RE have potential to be implants for wide application.
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Chapter 5 Influence of casting speed on microstructure

and biodegradation properties of Mg-RE alloy

In this chapter, two casting speeds of 10 rpm and 30 rpm were used in vertical
twin-roll casting (TRC) to obtain Mg-rare earth (Mg-RE) alloys, and their
microstructures, corrosion behaviours and in vivo bone reactions were investigated
in detail. The results indicated that the roll-castings of TRC-30 rpm exhibited a
finer grain size and higher volume fraction of non-crystallization than those in
castings of TRC-10 rpm. Moreover, the results of electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization indicated that the castings of
TRC-30 rpm displayed a higher corrosion resistance compared to those in the
castings of TRC-10 rpm. Animal tests showed that a higher degree of newly formed
bone tissues was achieved by implants of TRC-30 rpm. Additionally, in vivo tests
displayed that degradation properties of the TRC-30-rpm implants were better than
those of the TRC-10-rpm implants; furthermore, the degradation layer was a two-
layer structure, and P and Ca were enriched in the outer degradation layer. In
summary, these findings elucidated that casting speed has a substantial effect on
the microstructure and degradation property of Mg-based implants, and the

degradation property performs better with increased casting speed.

5.1 Introduction

Biodegradable magnesium (Mg) alloys are widely used for manufacturing
biomedical implants owing to their excellent antibacterial properties,
biocompatibility, and superior osseointegration [1-4]. In most cases, Mg-based
alloys containing a larger grain size and many grain boundaries (GBs) are
significantly limited in extensive application due to notable grain boundary
corrosion [5,6]. Optimizing the microstructure of Mg-based materials has been

demonstrated to be a good method to improve corrosion resistance. For example,
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casting or deformation processes can increase the corrosion resistance of Mg-based
alloys because of grain refinement and optimizing distribution of the secondary
phase [7,8]. However, it is difficult to obtain ultrafine-grained, nanocrystalline or
even amorphous biodegradable Mg alloys by applying traditional casting
techniques.

Compared with traditional casting processes, the twin-roll casting (TRC)
process may be an effective method for preparing materials of ultrafine-grained,
nanocrystalline or amorphous structures owing to their rapid solidification rate. In
addition, the TRC process combines rolling deformation and continuous casting
into one process, which exhibits a potential to produce metal sheets and strips for
its unique advantages, such as high productivity, a short production period, and
lower energy consumption [9]. A previous study [10] showed that the vertical TRC
process makes it possible to produce biodegradable Mg-based materials with
nanostructured or amorphous structure. However, investigation on the effects of
casting parameters on microstructure and corrosion resistance, especially practical
clinical animal experiments of Mg alloy produced by vertical TRC, are very limited.
It is crucial to understand the corrosion behaviour of Mg alloys with different
casting methods, which is beneficial to extend the application of Mg-based
biomedical implants.

In this chapter, the effects of two different roll-casting speeds on the
microstructure of Mg-rare earth (Mg-RE) TRC sheets were analysed. Furthermore,
the in vitro corrosion behaviour (in this study, *“corrosion” has the same meaning
as “degradation”) was characterized by electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization in Hank’s balanced salt solution. In vivo
animal testing was conducted by implanting rectangle sheets, which are an
immobilized model of rat femoral, and monitoring micro-CT and histological data
at different times after surgery. In summary, the current study aims to provide an
idea for the efficient preparation of Mg-based alloys and to evaluate the corrosion

and in vivo bone reactions of Mg-RE alloys with potential biomaterial applicability.
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5.2 Experimental methods

5.2.1 Materials preparation

The experimental Mg-RE material was prepared by a copper mold casting
method. Pure Mg, AZ31 ingot, Mg-10La and Mg-20Ce (in wt.%) were used as raw
materials. The chemical compositions of the Mg-RE material were determined by
X-ray fluorescence spectrometry and are listed in Table 5-1. The melting process
was carried out in an electronic resistance furnace under the protection of CO, and
SFe mixture gas. Then, some cube bars were cut from Mg-RE alloy ingots for TRC
processing. The TRC experiments were based on a vertical twin-roll casting with
roll width of 1200 mm, roll radius of 150 mm, and roll gap set to 0 mm. Considering
the separation force generated in the casting process, metal blocks were set at the
two rotating rolls sides to form a supporting force to minimize the roll gap during
the casting process as much as possible. When the alloy melted completely, the
melt was introduced into the roll gap between the left and right rolls through an
asbestos casting nozzle. An oil tank was placed under the rotating rolls to avoid
further grain growth, so the cast sheet dipped into the tank could quickly solidify
when it exited at the rolls. In the current study, two kinds of roll-casting speeds

with 10 rpm and 30 rpm were adopted.

Table 5-1 Chemical composition of the Mg-RE ingots

Elements Al Si Mn Zn La Ce Mg

Wt. % 3.66 0.12 0.28 0.12 1.62 3.21 Bal

The cross-section microstructure of the polished surface was observed by
scanning electron microscope (SEM) with energy dispersive spectroscope (EDS)
(SEM, JXA-8530F, Tokyo, Japan), and the element distribution was observed
using an electron probe micro-analysis (EPMA, JXA-8530F Tokyo, Japan). The
average grain size and the volume fraction of non-crystallization phase under
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different conditions were measured using ImageJ software.

5.2.2 Electrochemical tests

In vitro corrosion tests were conducted at the temperature of 310 K in Hank’s solution,
which consisted of 8.0 g/L NaCl, 0.06 g/L MgSO4-7H20, 0.06 g/L KH2POs4, 0.1 g/L
MgCl2:6H20, 0.1208 g/L Na,HPO4-12H>0, 0.14 g/L CaCly, 0.4 g/L KClI, and 1 g/L glucose.
Potentiodynamic polarization (HZ700, Tokyo, Japan) and EIS (Modulab XM, Tokyo,
Japan) tests were performed in a three-electrode cell. Prior to electrochemical tests, the
samples with the dimension of 1 cm? were obtained from the roll-casting sheets and then
ground to 4000 grit. The Mg-RE sample was connected as the working electrodes.
Potentials were measured versus the saturated calomel reference electrode (SCE). A
platinum gauze played the role of auxiliary electrode. The electrochemical tests were
carried out at 310 K, and the alloy samples were immersed in Hank’s solution for one hour
at their open circuit potential.

The EIS tests were recorded in a frequency range from 0.01 Hz to 100000 Hz while
applying a sinusoidal AC voltage signal of 0.01 V amplitude. The analyses of EIS dates
were performed in an appropriate equivalent circuit (EC) model using ZSimDemo software.
Subsequently, potentiodynamic polarization was initiated at a 0.01 V/s scan rate from the

open circuit potential (Eoc) to 0.75 Vsce and then from -2.35 Vsce to Eoc.

5.2.3 In vivo bone implantation

All animal experiments were reviewed by the Saitama Institute of Technology
Animal Care and Use Committee (Grant No. 2019-5). A total of 12 white rats
(Wistar; male, 16 weeks of age, 340 + 15 g) from Tokyo University Institute of
Medicine were selected for the animal test. The 12 animals were divided into two
groups randomly. Rectangle sheet samples (15 mm x 5 mm with a thickness 0.5
mm) were implanted as follows: TRC-10-rpm alloy in 6 rats from G1 group and
TRC-30-rpm alloy in 6 rats from G2 group. Implanting rectangle sheets of these
materials in a fixed model of rat femoral. Prior to surgery, the implants were
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sterilized using ethylene oxide, and Mg screws were selected to fix the implants.
The implantation procedure is shown in Fig. 2.25. After surgery, daily clinical

observation was performed.

5.2.4 Micro-CT and histological assessments

Micro-CT (R.mCt. Rigaku, Tokyo, Japan) was performed to evaluate the
formation of new bone. 3D images were obtained based on 2D image sequences.
The microstructure of rats’ right femurs was measured with a scanning resolution
of 30 um/slice. The trabecular bone parameters such as bone volume/tissue volume
(BV/TV), trabecular separation (Th.Sp) and trabecular thickness (Tb.Th) were
quantified with Bone-J software [11]. The femur samples were fixed in 10-vol%
formalin solution for three days and decalcified with a 10-vol% decalcification
solution for 30 days. Then, the dehydrated samples were embedded in paraffin.
Sections of the region close to the alloy site were cut and stained by haematoxylin
and eosin (H&E). Details about the staining method were described in Ref. [12].

The staining slices were observed by a light microscope.

5.2.5 In vivo degradation tests

After 12 weeks of implantation, the cross section of implants was observed
under SEM equipped with EDS. The structure of the degradation layer and the

element distribution were analysed.

5.2.6 Statistical analysis

Statistical analyses were conducted using SPSS 18.0 software (IBM, Armonk,
USA). One-way analysis of variance was performed to evaluating the differences

among those specific groups (p < 0.05 was considered statistically significant).
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5.3 Experimental results

5.3.1 Investigation of microstructures

Fig. 5.1 shows the microstructures, grain size and volume fraction of non-
crystallization region of Mg-RE alloys produced under different casting speeds.
The typical microstructures of Mg-RE alloy produced by the TRC-10-rpm casting
method are composed of cellular crystals and an intergranular non-crystallization
region (Fig. 5.1a). However, when the casting speed increases to 30 rpm, the width
of the non-crystallization region is larger and discontinuous, while the crystalline
structure is characterized by closely spaced secondary dendrite and fine grains (Fig.
5.1b). Consequently, the average grain size is reduced from 11.2 um to 6.4 um (Fig.
5.1c). The volume fraction of the non-crystallization region is increased from 3.3%
to 13.2%, as shown in Fig. 5.1 (d).

The EPMA mappings in the Mg-RE alloy of the TRC-10-rpm and TRC-30-
rpm specimens are shown in Fig. 5.2 (a) and 5.2 (b), respectively. It can be seen in
Fig. 5.2 (a), Al, Ce and La are enriched in the non-crystallization region. Fig. 5.2
(b) indicates that there are higher contents of Al, Ce and La in the non-
crystallization region compared with the crystallization region.

To further investigate the results of the alloying elements distribution, the
compositions of the different points were measured by EDS (Fig. 5.3), and the
corresponding results are shown in Table 5-2. Obviously, the contents of Al, Ce
and La in the non-crystallization region are higher than those in crystallization
region. Moreover, the Al, Ce and La concentration of Mg-RE alloy substrate in the

TRC-30-rpm sheet is higher than that of the TRC-10-rpm sheet.
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Fig. 5.1 Microstructures and the results including grain size and volume fraction of non-
recrystallization region of Mg-RE alloys under different conditions: (a) TRC-10 rpm; (b) TRC-

30 rpm.

114



Chapter 5 Influence of casting speed on microstructure and biodegradation properties of Mg-RE alloy

(b)

Fig. 5.2 Microstructures and EPMA of Mg-RE alloys under different conditions: (a) TRC-10

rpm; (b) TRC-30 rpm.
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Fig. 5.3 Microstructures and measuring points of crystallization and non-crystallization regions

of Mg-RE alloy: (a) TRC-10 rpm; (b) TRC-30 rpm.

Table 5-2 EDS spectra results of the crystallization and non-crystallization regions in Mg-RE

alloy
. . Elements (wt%)
Alloy Measured regions Measured points
Ce La

P1 1.27 1.50 0.79

Crystallization P2 151 1.62 0.87

P3 1.47 1.59 0.93

TRC-10 rpm

P4 3.45 5.16 3.58

Non-crystallization P5 3.19 6.17 3.24

P6 3.81 5.77 3.35

P1 4.23 7.33 4.92

Crystallization P2 4,14 8.65 5.52

P3 4.35 8.79 5.64

TRC-30 rpm

P4 5.23 11.25 6.13

Non-crystallization P5 4.62 10.55 6.30

P6 5.43 12.31 6.81

5.3.2 Electrochemical characterization

To obtain information about the interface between the Mg-RE alloys and the
Hank’s solution in electrochemical processes, the EIS tests were performed in the

test solution at 310 K after one-hour immersion.
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Fig. 5.4 EIS spectra of Mg-RE alloy with different casting speed in Hank’s solution at 310 K
after one-hour immersion: Nyquist plots (a), Bode plots (b,c) and Equivalent circuit of EIS

spectra (d).

Fig. 5.4 presents the recorded impedance spectra of Mg-RE alloy in Hank’s
solution. The Nyquist spectra of samples with different casting speed are consisted
of high-frequency capacitive semicircles and low-frequency capacitive semicircles
(Fig. 5.4a). The high-frequency semicircles can be connected to the double
electrochemical layer formed on the alloys surface. However, the low-frequency
semicircles can be related to the passive layer generated on the surface materials.
The larger diameter for the sample with TRC-30 rpm presents a higher corrosion
resistance. Fig. 5.4b and 5.4c show that the impedance values monotonically
increase with the decreasing frequency and two wave crests of TRC-10-rpm and
TRC-30-rpm samples, which are in good consistency with the Nyquist plots.

The potentiodynamic polarization curves of Mg-RE alloy with different casting

speeds in Hank’s solution at 310 K after one-hour immersion are shown in Fig. 5.5.
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The average values of corrosion potential (Ecorr) and corrosion current density (icorr)
measured by Tafel extrapolation are presented in Table 5-3. Samples with TRC-30
rpm have more positive value of Ecorr (-1.08 Vsce) and lower icorr (1.48 x 104 A cm-

2), which implies the samples of TRC-30 rpm present a higher corrosion resistance.
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Fig. 5.5 Potentiodynamic polarization curves of Mg-RE alloy with different casting speed in
Hank’s solution at 310 K after one-hour immersion. The inset shows Tafel analysis for Mg-RE

alloy.

Table 5-3 Average values measured from potentiodynamic polarization curves for the Mg-RE

alloy in Hank’s solution at 310 K after one-hour immersion

Sample Ecorr /Vsce -Be/V decade™ Ba/V decade? icorr/A cm2
TRC-10 rpm -1.17 0.139 0.179 2.23x10°
TRC-30 rpm -1.08 0.142 0.188 1.48x10*

5.3.3 Micro-CT and histological characterization

Micro-CT technology offers a non-invasive and accurate assessment of the

bone tissues changes and implants in vivo [13]. Fig. 5.6 illustrates the micro-CT
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and histological observation of the interfaces between the Mg-RE alloy implants
and bone tissues. After 4 weeks, there is a continuous small amount of newly
formed bone (NB) around the two group implants (I). 12 weeks postoperatively,
more newly bone tissues are observed around the two group implants. It can be
seen from histological images, for the TRC-30-rpm group, the newly formed bone
trabeculars (BT) becomes thinner 12 weeks after surgery, which implies there is

more obvious ossification.

4 weeks 12 weeKks

TRC-10rpm

TRC-30rpm [

Fig. 5.6 Representative micro-CT 3D images and the histological observation of the interfaces
between the Mg-RE alloy implants and bone tissues. Micro-CT 3D rendering presents the
newly bones (NB) around the two group implants (I). H&E histological stain shows bone

trabeculars (BT) within the newly formed bone after 12 weeks.

Table 5-4 Average quantitative parameters of bone morphometric indexes measured for the

rat animal model with the Mg-RE implant 12 weeks after surgery as determined by micro-CT

Sample BV (mm2) TV (mm2) BVITV Tb.Th (um) Tb.Sp (um)
TRC-10 rpm 4.87 6.25 0.78 26.29 51.21
TRC-30 rpm 6.59 7.91 0.83 37.47 32.93
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The average quantitative parameters of bone morphometrics were evaluated,
as shown in Table 5-4. The group samples of TRC-30 rpm present a higher value
for BV/TV, indicating a more intensity new bone formed in this rat model. In
addition, although statistically insignificant (p > 0.05), the values of Tb.Th and
Th.Sp of the new bone tissue presented better extensibility for the Mg-RE alloy of
TRC-30 rpm.

5.3.4 In vivo degradation

The Mg-RE alloy samples were collected after 12 weeks of implantation. Fig.
5.7 shows representative micrographs of the cross section and corresponding EDS
line scanning observation of the alloy samples.

It can be seen that the characteristic corrosion layer of Mg-RE alloy exhibits
two-layer structure. The degradation layers with different thickness are found in
Mg-RE alloys. For Mg-RE alloy of TRC-10 rpm, the thickness of inner layer is
~25 pum, and the outer layer is ~40 um, in addition, some micro-cracks could be
found in both inner and outer layer. The generation of micro-cracks is probably due
to the accelerate dissolving of degradation products. However, for Mg-RE alloy of
TRC-30 rpm, the thickness of inner layer and outer layer are ~15 um and ~30 pum,
respectively. This two-layer structure is compact and uniform, and no obvious
micro-cracks are found during the investigation. The elements in the degradation
layer are listed in Fig. 5.7. In addition, there are mainly O, C, P and Ca in the whole

degradation layer.
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Fig. 5.7 Representative SEM images showing the cross section of the degradation layer and
corresponding EDS line scanning observation of Mg-RE alloy with (a) TRC-10 rpm and (b)

TRC-30 rpm after implantation for 12 weeks.

5.4 Discussion of experimental results

5.4.1 Microstructure analyses

An obvious feature of the TRC process is that the large thermal gradient along
the thickness direction leads to rapid directional solidification [14,15].
Consequently, combined with the rolling effect, cellular mechanisms, closely
spaced secondary dendrite, non-crystallization and fine grains are the common
crystalline characteristics in as-cast TRC sheets [16, 17]. During the TRC process,
the cooling intensity in the roll-casting area is mainly depend on set-back distance
and casting speed. In this study, the set-back distance shows almost no change in
the casting process. The contacting time of the metal melt and roller shell in the
30-rpm case is nearly 3 times of that in the 10-rpm case. Therefore, the cooling
intensity in the former case is three times higher than that in the latter case.

Based on the fundamental of solidification, constitutional undercooling will

form in the solid-liquid interface. The solid-liquid interface rejects the solution and
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accumulates solute, enabling cellular structure to grow stably under the initial small
disturbance. As the cooling rate increases, closely spaced secondary dendrite forms
instead of cellular mechanism for larger constitution undercooling. In the present
study, the alloys are extruded and deformed, which means grain growth and
recrystallization would occur during the solidification process. When the cooling
rate is high, due to the crystal structure change, recrystallization does not occur
completely. As a result, the grain size of the alloy of TRC-30 rpm is smaller than
that of the alloy of TRC-10 rpm.

As seen from Table 5-2, the contents of Al, Ce and La in the non-
crystallization region are significantly higher than those in the crystallization
region of the TRC-10-rpm and TRC-30-rpm sheets. Elements dissolution is related
to the solute partition coefficient (K), and K can be expressed as the following

equation during the solidification process [18]:
K=Cs/CL (5.1)

where Cs and C_ are solute concentration in solid phase and liquid phase,
respectively. The K of the Al, Ce and La is less than 1 during the Mg-RE alloy melt
solidification; therefore, in a preferentially crystallized solid, the Cs is always less
than the C, which leads to Al, Ce and La atoms constantly being released into the
liquid phase.

According to the solidification theory, the solute content in the solidified

phase (C*s) can be calculated by the following Scheil-Gulliver equation [19]:
C*s =ko Co [1 - fs / (1+0ko)]; a= Ds T/ S? (5.2)

where ko and Co are the equilibrium partition coefficient and the initial melt
compositions, respectively; DS is solid phase diffusion coefficient; t is partial
solidification time; S and fs are half distance of dendrite spacing and solid phase
mass fraction at solid-liquid interface, respectively. Based on equation (5.2), the
solute content in the solid phase is closely related to the type of dendrite in the
crystal structure. Therefore, it is easy to infer that the content of solid elements

increases with the increase of roll-casting speed from 10 to 30 rpm. The solute
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elements such as Al, Ce and La in the TRC-30-rpm sheet are higher than those of
the TRC-10-rpm sheet, which shows that the experimental results are in good

agreement with the theoretical analysis.

5.4.2 Electrochemical test analyses

The corrosion behaviour of the Mg-RE alloy was investigated by means of
electrochemical tests during the immersion in Hank’s solution at 310 K. The EIS
of the Mg-RE alloy was characterized by two time constants, one corresponding to
the charge transfer process between solution and the alloy surfaces, and the other
one corresponding to the thin passivating oxide film. Hence, the corrosion
resistance of the Mg-RE alloy is associated with the formation of a protective oxide
layer. When further increasing the intensity of passive layer, the corrosion

resistance of the underlying metal becomes greater.

Table 5-5 Impedance fitting results for the Mg-RE alloy

Allo Rs CPE1 Rs CPE2 Rt
y (Qcm?)  Qf(uF cm s n (kQcm?) Qi (uFcm3s") n (kQcm?)
'I;Eﬁ-lo 58.25 2.45 0.84 1.76 921.80 0.82 0.27
'I;E;\Z—BO 61.54 3.81 0.81 3.36 37.14 0.83 0.44

The quantitative date of the EIS results obtained using an equivalent circuit
(EC) are shown in Fig. 5 (d), and the fitting results are presented in Table 5-5. The
EC model consisted of Rs (solution resistance), Rt (charge-transfer resistance), R¢
(film resistance), and constant elements CPE1 and CPE2. CPE1 and CPE2
represent the capacitive behaviours of growth the oxidation film and charge-
transfer, respectively, Q is the CPE magnitude, and the n value is a nature element
[20]. According to previous studies [21], the EC model illustrates a two-layer oxide
film consisting of an outer layer and an inner layer. The passive two-layer oxide

film formed on the metal surface alleviated the direct contact between the metal
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and corrosion media, which results in enhanced corrosion resistance of the alloy
substrate.

The use of constant element CPE (defined by Q and n) cannot be the accurate
value of capacitance [22]. B. Hirschorn et al. [23] reported the effective capacitance

(Cy) can be calculated by the following equation:
Ci= QY [RsR¢/ (Rs+ Ry &M/n (5.3)

where Ct represent the value of the oxidation film in uF ecm™, and n is the CPE
index. It can be found that the calculation results of the Mg-RE alloys of TRC-10
rpm and TRC-30 rpm are 6.26 pF cm™ and 13.87 uF cm, respectively. The change
of Cs is related to the thickness film (d), surface area (s), relative dielectric constant
(¢) and permittivity of vacuum (&o) of the oxide film which can be expressed as the

following equation [24]:
Ci==ggos/d (5.4)

where € and &, are constant, and s is the corrosion film area. Thus, the lower Cs
value of the Mg-RE alloy of TRC-10 rpm shows a thicker corrosion film that is
formed in the initial process. Indeed, the protective passive corrosion film offers
the major contribution of high corrosion resistance for all Mg-RE alloys in Hank’s
solution. The value of Rt represents the passive film resistance as observed in Table
5-5. The results demonstrate that Mg-RE alloys of TRC-30 rpm possess better
corrosion protection and lower dissolution.

Lower corrosion current density and more positive corrosion potential values
were plotted in the polarization curves for Mg-RE alloys of TRC-30 rpm. This
result demonstrates that the Mg-RE alloys exhibit better corrosion resistance with
high roll-casting speed. This result demonstrates that the Mg-RE alloys exhibit
better corrosion resistance with high roll-casting speed. On one hand, previous
studies [25,26] have reported that the corrosion resistance of Mg-based alloy can
be significantly improved by grain refinement. The larger grain size of a-Mg may
cause galvanic corrosion because of the difference of electric potential with

secondary phases [27,28]. On the other hand, the amounts of inert elements such
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as Al, Ce and La are more enriched in the non-crystallization regions. Consequently,

the corrosion resistance increases with the increasing casting speed.

5.4.3 In vivo degradation property analyses

This work evaluated the in vivo bone tissue reaction of Mg-RE alloys using
an immobilized implantation model in rat femoral model. Micro-CT was used to
investigate the newly formed bone tissue accumulated around the implant materials.
The 3D rendering demonstrates that the interface of the femur and the Mg-RE alloy
of TRC-30 rpm is deposited in greater proportion of newly formed bone.

Previous studies [29-31] indicate that local bone tissues are stimulated by Mg
ions to form new bone. However, excess Mg ions released with Mg-based material
degradation could dampen the formation of new bone tissue [32]. The
electrochemical experiments show that the Mg-RE alloy of TRC-30 rpm possesses
greater corrosion resistance than the alloy of TRC-10 rpm. The results indicate that
the degradation layer of the Mg-RE alloy of TRC-30 rpm has a relatively low
release rate of Mg ions. Thus, the Mg-RE of TRC-30-rpm group promotes higher
ability of newly formed bone during the 12 weeks after implantation.

The degradation layer shows a two-layer structure with different thicknesses,
which is consistent with the conclusions of electrochemical characterization. In
addition, there are O, Mg, C, P and Ca in the degradation layer for in vivo tests. Mg

dissolves in body fluids based on following equations:

Mg — Mg?* + 2e; anodic reaction.
2H>0 + 2e — Hz + 20H *; cathodic reaction.

Mg(OH)2 changes MgCl. under the action of the cathodic ion (Cl ), which
can increase the PH of the solution and result in further dissolution of Mg [6,33].
Furthermore, Ca?" and PO* in body fluids reacts with OH =~ to form

Ca10(PO4)(OH). [34,35]. It is worth noting that in both Mg-RE alloys, the outer

layer contains more P and Ca than in the inner layer. Previous studies have reported
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that these degradation products can promote newly formed bone and show good
biocompatibility [36]. Therefore, it could be concluded that the degradation
product of the Mg-RE alloy is acceptable and good. However, the dissolution
mechanism of the degradation layer remains to be further studied.

In summary, based on the results of investigations, the research shows an
intrinsic link between the casting speed and the properties including the biological
application of the Mg-RE alloy. As mentioned above, the higher casting speed
could produce higher cooling rate, a smaller casing grain size and higher volume
fraction of non-crystallization. In addition, alloying elements such as Al, Ce and
La in Mg-RE alloy are significantly enhanced in alloy substrate with a faster
cooling rate, and the same trends were reported by Li et al. [37]. The above
microstructural features of the Mg-RE alloy could increase corrosion resistance in
a faster casting speed. Moreover, as alloying elements of Mg, the rare-earth
elements (REESs) such as Ce, La are more suitable for bone regeneration application
compared to pure Mg [38,39]. The results of in vivo confirmed that the Mg-RE
implant of TRC-30 rpm exhibit better bone formation with a faster casting speed.
This work could provide a new understanding of the development of the Mg alloy
using the TRC process to improve the degradable performance of potential

orthopaedic implants.
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5.5 Concluding remarks

In this chapter, to provide an idea for the efficient preparation of Mg-based
alloys with potential biomaterial applicability, two casting speeds of 10 rpm and
30 rpm were used in vertical TRC to obtain the Mg-RE alloys, and the
corresponding the microstructure, corrosion behavior and in vivo bone reaction
were discussed in detail. According to the system analysis, the conclusions are

summarized as follow:

(1) It is found that the roll-castings of TRC-30 rpm present a finer grain size
and higher volume fraction of no-crystallization compared to that of TRC-10 rpm.

(2) The results of electrochemical tests show that the Mg-RE alloys of TRC-
30 rpm exhibit a higher corrosion resistance with respect to the alloys of TRC-10
rpm.

(3) The present animal tests show that Mg-RE alloys of TRC-30 rpm promote
more newly formed bone tissues than that of TRC-10 rpm group.

(4) In vivo implants degradation tests demonstrate that the degradation layer
exhibits two-layer structure. In addition, P and Ca are enriched in the outer
degradation layer of Mg-RE alloys. These findings provide a better understanding

of in vivo degradation mechanism of Mg-RE implants.
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Chapter 6 Conclusions

In this research, we have developed a novel magnesium alloy by a vertical-
type twin-roll caster (TRC) method, and its microstructure features were
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD)
and electron probe microanalysis (EPMA) and transmission electron microscopy
(TEM), and the corrosion behaviors of Mg-RE alloy sheet have been investigated
in corrosive solution by electrochemical techniques and immersion test in a
simulated physiological condition. Furthermore, it was implanted into the femur of
rat to explore its prospect as biological transplantation material. The following

conclusion can be drawn from the results of the results of experiment studies:

1. According to the preparation and characterization of Mg-RE alloys by
vertical-type twin roll casting, the conclusions have been obtained as follows:

(1) A new magnesium alloy Mg-RE (La, Ce) alloy sheets were prepared by
vertical-type twin roll casting. Its microscopic characterization experiments shown
that the microstructure structure is crystalline phase containing amorphous phase.
This particular microstructure composed of amorphous/crystalline composite.

(2) EPMA experiments show that Al, La and Ce element are enriched in the
amorphous phase region and grain boundary region. However, Mg is evenly
distributed throughout the microscopic region. This shows that segregation is more
likely to affect Al, La and Ce elements.

(3) Electrochemical tests and immersion results both showed that Mg-RE
sheet with TRC has a better corrosion resistance than master alloy, and a uniform
corrosion layer on the surface.

(4) Invivo, as an implant material, the tests show that Mg-RE alloys sheets
were safe with respect to rat physical fitness and induced new bone formation; thus,

they were promising for utilization as implant materials in the future.
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2. According to the scheme of animal experiment was designed and the
degradation characteristics, bone reaction of the three implants (Ti, AZ31, Mg-RE)
in vivo were compared. The in vivo tests the conclusions have been obtained as
follows:

The Mg-RE and AZ31 alloy sheets with same continuous casting conditions
for in vivo implants were prepared by TRC process. The microstructure, in vivo
degradation behavior and bone response for 16 weeks of Mg-RE and AZ31 sheets
were investigation systematically. We found that the Mg-RE present a better
amorphous forming ability than AZ31 under the same casting conditions. In vivo
study showed that no significant change was found in the femur surrounding Ti
sheet. This excluded the external factor that the new bone formation resulting from
bone remodeling. The Mg-RE experienced much lower degradation rate than AZ31.
Much more new bone tissue around the Mg-RE sheet and it indicates that the Mg-

RE have potential to be implants for widely applied.

3. Two types of Mg-rare earth alloys were produced by using different casting
speeds and the corresponding the microstructure, corrosion behavior and in vivo
bone reaction were discussed in detail. According to the system analysis, the
conclusions are summarized as follow:

(1) It is found that the roll-castings of TRC-30 rpm present a finer grain size
and higher volume fraction of no-crystallization compared to that of TRC-10 rpm.

(2) The results of electrochemical tests show that the Mg-RE alloys of TRC-
30 rpm exhibit a higher corrosion resistance with respect to the alloys of TRC-10
rpm.

(3) The present animal tests show that Mg-RE alloys of TRC-30 rpm promote
more newly formed bone tissues than that of TRC-10 rpm group.

(4) In vivo implants degradation tests demonstrate that the degradation layer
exhibits two-layer structure. In addition, P and Ca are enriched in the outer
degradation layer of Mg-RE alloys. These findings provide a better understanding

of in vivo degradation mechanism of Mg-RE implants.
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The main innovation of this research is the amorphous/crystalline composite
Mg-RE alloy sheets were prepared by a vertical-type twin-roll caster (TRC) of
qguench solidification method. What’s more, in vivo as an implant material tests
show that Mg-RE alloy sheet have better biocompatibility and induce new bone
formation, and was promising to be utilized as implant materials in the future.

It is notable noting that there are limitations in the research. Firstly, it is not
known the serum metabolic parameters of the animal body during the process of
implants degradation. Secondly, in this study, the surgical was performed when the
bone was completely healthy. Finally, the expected effect of this study is that the
Mg-RE alloy material is almost completely degraded, but only the amorphous
phase is left and is contained in the new bone. The effect is to prevent the release
of Al in the alloy, thus eliminating the harm of Al to the organism. However, the
expected ideal effect has not yet appeared due to the operation time of this study is
only 16 weeks.

Therefore, further experimental studies are needed to investigate whether Mg-
RE has a therapeutic effect on clinical healing of fractures or bone damage. In
addition, the mechanism of new bone formation induced by Mg-rare earth alloy is

still unclear, which needs further study in the future.
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