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ABSTRACT

Biodegradable bone implants have the ability to be resorbed or dissolved and finally removed from the
human body after the healing process. Therefore, there is no need to have a second operation for the
patients, resulting in lower costs imposed on the health care system. Polymers and ceramics are
common biodegradable implants used in the human body but their mechanical properties are poor for
load bearing applications. Therefore, application of a metal instead of a polymer or ceramic would be
more appropriate. Magnesium has the potential to become a promising biodegradable bone implant.
Magnesium gradually degrades in the human body and also has no adverse side effects on the human
body. Furthermore, its mechanical properties are closer to the mechanical properties of bone,
compared to other metallic implants such as stainless steels, Co-Cr alloys and titanium alloys.
Therefore, metallic bone implants made by magnesium would be more biocompatible with bone tissue
and the occurrence of stress shielding would be less compared to other metallic implants. However,
magnesium degrades very quickly in the physiological environment where the pH ranges from 7.4 to
7.6 and the implant may be degraded completely before the healing process is finished. It is important
to study the corrosion process of magnesium alloys in order to control the corrosion rate in the body
during the approximately 12-18 week period in which it maintains its mechanical integrity until the
bone tissue is completely healed.

The corrosion behaviour of 5 types of samples; cast commercial pure magnesium ingot (A), cast
commercial pure magnesium solidified at 2 rates (B and C), extruded commercial pure magnesium (D)
and extruded super pure magnesium (E), were studied in tests involving 480 hour immersion in
Simulated Body Fluid (SBF). Weight loss, pH changes and the rate of release of magnesium ions were
measured. Furthermore, SEM (Scanning Electron Microscopy), EDX (Energy Dispersive X-ray
spectroscopy) and XRD (X-ray Diffraction) were conducted on the surface of the specimens.

The weight loss of extruded samples (E and D) was about 7 to 20 times lower, compared to the cast
samples (A, B and C), which indicated a higher corrosion resistance for the extruded samples. In
addition, the extruded samples (D and E) showed a higher reproducibility and greater uniformity of
corrosion compared to the cast samples (A, B and C) after 480 hour immersion in SBF.

The main reason for such a difference in the corrosion behaviour, reproducibility and uniformity of
corrosion of the samples was related to the presence of porosity within the specimens associated with
the casting of the alloy. Plastic deformation reduced and eliminated most of the casting defects,
including porosity, in the extruded samples (D and E). Also, magnesium hydroxide formation was
prevented in the extruded samples (D and E). Therefore, the extruded samples showed higher
corrosion resistance, reproducibility and uniformity of corrosion compared to the cast samples (A, B
and C).
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CHAPTER 1: Literature Review

1.1 Introduction

Biodegradable bone implants have the ability to be spontaneously resorbed or dissolved and finally
removed from the human body after the healing process [1, 2]. Hence, it is more convenient for
patients to have biodegradable implants instead of non-biodegradable ones due to problems related to
non-biodegradable implants such as mismatch between the implant and the body or inflammation [1].
Also, if the implant is biodegradable, there is no need to have a revision surgery in order to remove the
implant [1, 3]. This is desirable because revision surgery leads to side effects and might cause pain to

the patient, and it imposes higher health costs on society and the health care system [4, 5].

Polymers and ceramics are the most common materials used for biodegradable bone implants but their
mechanical properties are not appropriate for load bearing applications [2]. The high fracture
toughness and mechanical strength of metallic materials make them a more appropriate choice for load
bearing applications where high fracture toughness is important. However, the problem of most
metallic materials currently used in the biomedical industry, including titanium alloys, stainless steels
and cobalt-chromium based alloys, which are not biodegradable, is the release of metallic ions induced
by corrosion or wear which can be toxic, and can result in inflammation of the tissue and inevitable
implant failure. In addition, metal implants exhibit high elastic modulus, much higher compared to the
stiffness of bone (Table 1.1). This can result in stress shielding which can prevent stimulation of bone

growth and remodelling, leading to a reduction in implant stability [4].

Magnesium is a lightweight metal which has low density (1.74 g/cm3) and good mechanical properties
and has good potential for applications in aerospace, automotive industry, telecommunication,
computer hardware, hand held tools, microelectronics and as biodegradable bone implant in the

medical field [1, 4, 6]. Some of the properties of magnesium such as its elastic modulus, density and



yield strength are very close to bone when compared to other implants, resulting in reduction of stress

shielding and better bone formation (Table 1.1).

Table 1.1 Mechanical and physical properties of various implant materials compared to natural bone tissue [4, 77].

Implant matenals Fracture toughness (MPam *?) | Elastic modulus (Gpa) | yield strength (Mpa) | Density (g/cmy’)
Natural bone 36 53-20 130-180 1821
Magmesim 1340 4145 63-100 1.74-20

Ti alloy 55-115 110-117 1581117 4443
Co-Cr alloy NA 230 430-1000 8302
Stamless stee] 30-200 189-203 170-310 1941
Synthetic hydroxyapatite 07 13117 600 il
PLLA 0.93 23 60 123-125

Osteoconductive and osteoinductive properties have been observed in magnesium alloys such as Mg-
Mn-Zn leading to bone bonding and bone formation, respectively [1]. Also, revision surgery will not
be required because magnesium and its alloys when in contact with an aqueous environment e.g. the
physiological environment, corrodes and eventually degrades. Magnesium ions are non-toxic and can
be excreted from the body via the kidneys. No remarkable side effects related to magnesium ions in
the human body have been observed [2-4, 7]. But the limitation of magnesium usage in the body
relates to its corrosion rate, which for pure magnesium is very high in the physiological environment
where the pH ranges from 7.4 to 7.6. Therefore, they can lose their mechanical integrity very fast

before the healing process is completed [1-4, 8].

It is important to study the corrosion process of magnesium alloys in order to control the corrosion
performance in the body during the approximately 12-18 week period, during which it can maintain its
mechanical integrity till the bone tissue is completely healed [1, 4].

There are different methods that can be used in order to control the corrosion rate of magnesium
including surface treatment, purification of magnesium, alloying of magnesium with other elements

such as Al, Zn and RE elements and controlling the microstructure by optimising the grain size and the



presence of intermediate phases. The latter, and particularly the amount and distribution of grain size

and intermetallic phases, play the most important role in the corrosion process of magnesium [1, 3, 8].
1.2 Corrosion types and mechanism in magnesium alloys

The poor corrosion resistance of magnesium alloys firstly stems from internal galvanic corrosion, due
to the presence of inhomogeneities such as second phases and impurities in the alloy. Secondly, the
formation of magnesium hydroxide on the surface, which is not as stable as the passive films formed
on stainless steel and aluminium, is another important reason for poor corrosion resistance [9-12].
However, formation of a partially protective layer on the surface inhibits general corrosion in

magnesium alloys, therefore, localized corrosion is the common type of corrosion [13].

1.2.1 Galvanic corrosion

Magnesium is highly reactive owing to its very low electrochemical potential. Therefore, the metallic
phases ,which can be found, whether in pure magnesium or magnesium alloys, increase the occurance
of internal galvanic attack [12]. This galvanic attack mostly leads to severe localized corrosion next to
a cathodic second phase [10]. Formation of some large pits was observed by Song et al. [14] next to a
cathodic second phase in a Mg-Zn-Y-Zr wrought alloy which could be due to micro galvanic
corrosion induced by the second phase. Cathodes are classified into external and internal cathodes.
The metals in contact with magnesium are known as external cathodes and the second phases and
impurities in the alloy are called internal cathodes (See figure 1.1) [10].The most common impurity

and internal cathode in magnesium alloys is Iron [12].



Mg+ H,
=
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PN\
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Mg> M n: Mg?*
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Figure 1.1 (a) External and (b) Internal galvanic corrosion in magnesium alloy [10].

1.2.2 Pitting corrosion

The presence of inhomogeneities due to coring and second phases within the alloy [15], and the
breakdown of a passive layer on the alloy surface, leads to pitting corrosion in metals [16]. Corrosion
pits in magnesium alloys occur adjacent to second phases such as Al;,Mg;; and AIMn, because of the
local breakdown of passivity and formation of an electrolytic cell between the cathodic second phases
and the anodic magnesium matrix [17]. The mechanism of pitting corrosion in AM60 magnesium

alloy is shown in Figure 1.2.

Cathodic reaction
2H,0+2e = 20H +H,}

Anodic reaction
Mg —Mg?*+2e

T
pH10.5 H,OH " ©

HID
4—M_g2

Mg?"+20H—Mg(OH),}!

Figure 1.2 Mechanism of pitting corrosion in AM60 magnesium alloy [17].



The corrosion mechanism reactions in magnesium alloys lead to hydrogen evolution and the formation

of magnesium hydroxide [10, 12, 13, 17-19];

Anodic reaction: Mg —» Mg* +2e (A)
Cathodic reaction: 2H,0+2e — » 2H, 4 +20H (B)
Complete reaction: Mg®* + 2H,0 ——»Mg (OH),+ 2H, 4 ©

Evolution of hydrogen during dissolution of magnesium stems from two different reactions. One of
them is due to the electrochemical reaction, which leading to formation of hydrogen in the cathodic
reaction. The other one is the reaction between Mg* and water, which directly results in production of
hydrogen. Hydrogen evolution is one of the procedures which could be used for measuring the
corrosion performance of magnesium alloys by means of the amount of hydrogen evolved due to the
exposure of magnesium alloy to an agqueous solution. In fact, the amount of measured hydrogen
evolved during dissolution of the magnesium alloy is equivalent to the measured weight loss of the
metal because the evolution of one mole hydrogen gas is equivalent to the dissolution of one mole of

dissolved magnesium alloy in the corrosive solution [10, 12, 13, 17-19].

Huber [10, 12] and Fruhwirth et al. [20] stated that the magnesium hydroxide film is primarily
magnesium oxide, which is quickly replaced by magnesium hydroxide with higher stability. In
general, Mg (OH) , film is considered as a crystalline film, but Hanawalt stated that this film can be
partly or fully amorphous [10, 12]. Non-crystalline films can provide higher protection against
environments containing corrosive ions compared to the crystalline films, because they indicate higher

ductility and higher resistance to breaking down [12].



1.2.3 Intergranular corrosion

In general, intergranular corrosion does not happen in magnesium alloys because most of the second
phases precipitated along the grain boundaries are cathodic to the matrix. Hence, the grains will be
anodic to the grain boundaries and areas adjacent to the grain boundaries corrode mostly and grain

boundaries will be maintained intact [10, 12].

1.2.4 Crevice corrosion

Elimination of oxygen within a crevice, and the presence of a cathodic area outside the crevice with a
high concentration of oxygen, can lead to the development of an anodic area within the crevice and
consequently crevice corrosion. In fact, the difference in oxygen concentration between anodic and
cathodic areas leads to crevice corrosion. Because there is no sensitivity to difference in oxygen
concentration in the corrosion of magnesium, crevice corrosion does not appear in magnesium alloys

[10, 12].
1.2.5 Filiform corrosion

This type of corrosion occurs under protective coatings. Hence, it is not common for uncoated
magnesium alloys [10]. But filiform corrosion was observed for uncoated AZ91 (Mg - 9 wt% Al, 1
wt% Zn) alloy [10]. Also, Ghali et al. [19] observed this type of corrosion with an uncoated AZ31

alloy.

1.2.6 Stress corrosion cracking (SCC)

Stress corrosion cracking (SCC) occurs when both tensile loading and corrosive environments
combine together and lead to cracking in materials [21]. Magnesium alloys have the susceptibility of
SCC in chloride containing environments [22-25]. SCC can be found mostly in the form of
transgranular corrosion in magnesium alloys, but precipitation of Mg;-,Al;; along the grain boundaries

in Mg-Al-Zn alloys can lead to intergranular SCC [10, 12]. The possibility of SCC will increase in



magnesium alloys with higher mechanical strength [26]. Therefore, SCC is less common in cast alloys
and mostly happens in wrought alloys in the location of twins [10, 12]. Orthopaedic implants such as
pins and screws will be affected by tension and compression stresses in the body [26]. Also, brittle
cracks associated with SCC stem from sharp contours, corrosion pits and micro-cracks [27].
Therefore, the possibility of SCC in orthopaedic implants made by magnesium alloys could be high,
firstly, because of the sharp contours in temporary implants such as pins and screws and, secondly,
because of the pitting corrosion which occurs easily in chloride solutions for magnesium alloys [5, 28,
29]. Stress corrosion cracking (SCC) is not only limited to magnesium alloys. Stress assisted failures
for implant devices made by stainless steel and titanium alloys have also occurred [30-32]. The
susceptibility of the magnesium alloys to stress corrosion cracking can be increased by the addition of

alloying elements such as Al and Zn [10].

1.2.7 Corrosion fatigue

The mechanism of cracking in corrosion fatigue is the same with Stress Corrosion Cracking (SCC),
but the loading stress in corrosion fatigue is cyclic whereas in SCC it is sustained [21]. Gu et al. [33]
investigated the fatigue and corrosion fatigue behaviours of extruded WE43, (Mg - 4 wt% yttrium, 3
wt% RE) and die-cast AZ91D alloys in air and SBF (Simulated Body Fluid), respectively. They
recorded a fatigue limit of 50 MPa at 10" cycles and 20 MPa at 10° cycles for die-cast AZ91D in air
and SBF, respectively. In addition, a fatigue limit of 110 MPa at 10’ cycles and 40 MPa at 10’ cycles
was recorded for extruded WE43 in air and SBF, respectively. Also, they observed that both alloys
under cyclic loads had increased corrosion rate in SBF compared to an immersion test with no cyclic
loading. They concluded that the corrosion fatigue cracks started from pits in SBF and micro-pores in
air [33]. Furthermore, Bhuiyan et al. [34] reported a loss of fatigue strength in extruded AZ80-T5

magnesium alloy which was related to the formation of pits in corrosive environments.



1.3 Magnesium alloys in biomedical applications

The selection of alloying elements is important due to their effects on the corrosion and mechanical
properties of the metal. For biomedical applications, other issues including toxicity and
biocompatibility are very important [5]. Mostly magnesium is alloyed with Al, Rare Earth(RE)
elements, Zr, Zn, Li and Mn for various engineering applications [19]. The most common magnesium

alloying elements used for biomedical purposes are Al, Zn, Ca, Mn and RE elements (Table 1.2) [5].

Table 1.2 Common magnesium alloying elements used for biomedical applications [5].

Family Representative alloys Alloying elements (wr.%) Main phases
Pure Mg Mg [11] Mg
Mg-Al-Zn AZ31 [11,12] 3Al 1Zn Mg MgizAh2
AZ91 [11,13] 9Al 1Zn
Mg-Ca Mg-xCa [11,1415) (x=1,2,3,4,5, ...) xCa Mg; MgzCa
Mg-Zn-Ca Mg-1Zn-1Ca [16] 1Zn 1C Mg; Mg,Ca; Ca;MgeZny
Mg-Zn-Mn-Ca Mg-2.0Zn-1.2Mn-1Ca 17| 2Zn 1.2Mn 1Ca Mg: Mg,Ca; Ca;MggZny; Ca;MgsZnyy
Mg-Si-Ca 15i 1Ga Mg: Mg,5i; SiMgCa
Mg-Zn Mg-xZn [11,13,18,19] (x=1,3 10) XZn Mg; MgZn MgzZn; MgzZn;
Mg-Zn-Mn Mg-1Mn-1Zn (20| 1Mn 1Zn Mg; MgZn Mg,Zn; MgzZn;,
Mg-Mn Mz-1Mn[11] 1Mn Mg: Mn
RE containing magnesium alloy LAE442 [8,12] 4Li 4Al 2RE Mg: Aly,RE;:
WE43 (8] 4y 3RE Mg: Mgi;YNd: Mg,4YNd
ZE41[11,13] 4Zn 1RE Mg; MgZn(RE)
AE44 (1] 4Al 4RE Mg; MgyzAL; AlyREs; AlRE
Mg-xGd [21] (x=5,10,15,...) XGd Mg: Mg:Cd
WZ21 [22] 2y 1Zn Mg; MgVZny; Mg;Zng; MasYZng
Mg-8Y (23] 8y Mg: MgaalVs MgoY

1.3.1 Magnesium alloys with aluminium (Al)

Addition of aluminium to pure magnesium not only can result in improved mechanical properties but
also can improve the corrosion properties of the alloy [35]. However, an increase in aluminium
content in Mg-Al-Zn alloys led to a reduction of corrosion performance in SBF [3] because an
increase in aluminium content increases the formation of Mgy,Al;; phase, which can lead to more
tendency of pitting corrosion in the alloy [5].

There is a controversy concerning the use of Al in the body or not. It was reported that aluminium in
larger amounts can damage the neuron cells [36] and osteoblasts [37]. Also, it may lead to

Alzheimer’s disease [36, 38]. In addition, aluminium can combine with inorganic phosphates and



reduce the amount of phosphate ions in the body, leading to dementia [1, 39]. Therefore, it is

important to control the amount of aluminium ions released from magnesium alloys in the body [5].

1.3.2 Magnesium alloys with calcium (Ca)

Calcium (Ca) is capable of improving the mechanical properties of the magnesium alloys and it does
not cause any harmful effects in the human body [7, 40].

According to Wu et al. [41], an addition of calcium of up to 1 wt.% to AZ91 magnesium alloy will
refine the microstructure and results in improvement of mechanical properties, but an addition of more
than 1 wt.% Ca reduces the mechanical properties of AZ91 magnesium alloy, due to the reticular
formation of the second phase of Al,Ca [41, 42].

Wan et al. [40] reported that Mg-0.6Ca alloy improved the compressive strength and bending strength
of pure magnesium. Also, it was stated that the elastic modulus and bending strength of this alloy were
close to the properties of human cortical bone. However, the effect of calcium on the corrosion
performance of magnesium alloys is not very clear. Kannan and Raman [28] indicated that addition of
calcium to AZ91 resulted in improved corrosion resistance in modified simulated body fluid.

Wan et al. [40] indicated that addition of 0.6 wt.% calcium to pure magnesium increases the corrosion
resistance signigicantly. Zhou et al. [43] concluded that addition of calcium had no detrimental effect
on the corrosion of AZ91 magnesium alloy. But G. Neite et al. [44] named calcium as an element with

a detrimental effect on magnesium corrosion.

1.3.3 Magnesium alloys with manganese (Mn), zinc (Zn) and rare
earth elements (RE)

Addition of Mn to magnesium alloys does not affect the mechanical properties, but improves their
corrosion performance [5]. But it was reported that Mn can lead to neurotoxicity [35].

Zn improves the mechanical properties of the magnesium alloys and does not show any side effects on
the human body [1, 5, 45]. Also, Zn increases the corrosion performance of the magnesium alloys [1,

39]. Mg-6Zn indicated good biocompatiblity in vivo and zinc release had no side effects on the liver,



kidney and heart. In vitro cytotoxicity tests showed that Mg-6Zn was suitable for cellular application.
Also, Mg-6Zn led to increased corrosion resistance compared to pure magnesium in SBF [38].
Corrosion performance, mechanical properties and creep resistance of magnesium alloys can be
improved by rare earth elements (RE) [5]. Rare earth elements have shown anti-carcinogenic effects,
however, they have also shown cytotoxicity [5] and hepatotoxicity [46]. High amounts of yttrium (Y)
have caused changes in some genes and the DNA of rats [5, 38, 47]. Therefore, rare earth elements are
not considered safe for applications in the body [2, 39].

Despite the usage of Al and RE containing magnesium alloys for biomedical applications (Table 1.2),
they do not appear to be a suitable choice for application in the body which is why efforts have been
made to use magnesium alloys that do not contain Al and RE elements or any other harmful metals
[38].

A remarkable biocompatibility was observed both in vitro and in vivo for Mg-Ca [7] and Mg-Mn-Zn
[48] alloys and Song [39] named calcium, zinc and manganese containing magnesium alloys as
appropriate alloys for biomedical applications. Furthermore, Mg-62Zn, Mg-1Ca and Mg-0.6 Ca alloys
have been considered as appropriate magnesium alloys to be applied as biodegradable implants [7, 40,

45].

1.4 Role of microstructure in corrosion performance of
magnesium alloys

1.4.1 Microstructure definition

The microstructure of magnesium alloys plays a significant role in their corrosion behaviour. The
microstructure of an alloy comprises the phases present, their distribution throughout the alloy and the

grain size [1, 3, 49-51].

1.4.2 The dual role of the second phase

Addition of aluminium to magnesium alloys in certain amounts leads to the formation of a second
phase, Mg;7 Aly, (B phase) [49]. Although, the B phase has acted as a corrosion barrier in Mg-Al alloys
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such as AZ alloys [10, 49, 52] but the B phase can also act as an active cathode and increase the
corrosion rate of the AZ alloys [10, 49, 53]. Song et al. claimed that the  phase plays a dual role in the
corrosion of AZ alloys, depending on its amount and distribution [49, 50, 52]. The  phase would act
as an anodic barrier against corrosion if it is distributed finely and continuous (high volume fraction of
B phase). Otherwise, the  phase would act as a galvanic cathode and accelerates the corrosion of the
alloy (low volume fraction of  phase) [10, 13, 49, 50]. Song also indicated that increasing the Al
content can result in higher § phase volume fraction and continuous distribution of the § phase within
the alloy. He stated that in permanent mould cast of Mg-5%Al alloy, the B phase acts as a galvanic
cathode owing to the low volume fraction and its discontinuous distribution (Figure 1.3 - a), whereas
in permanent mould cast of Mg-10%Al alloy (Figure 1.3 - b), the  phase acts as an anodic barrier due

to the high volume fraction of  phase and its continuous distribution [49].

(@)

Mg-5%Al

(b)

L)

€3

R v
Mg-10%Al 7 ¥
53 W oiniss

Figure 1.3 Distribution of B phase (Mg;7 Al,) in Mg-Al alloys: (a) Discontinuous distribution of B phase in
Mg-5%Al (b) Continuous distribution of B phase in Mg-10%Al [49].
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In addition, Song et al. showed that by increasing the distance from the skin to the interior of the
specimen, the microstructure becomes coarser in the case of high pressure die-cast AZ91D (Figure
1.4) and the corrosion resistance decreases dramatically [50]. It was shown that the corrosion
resistance of the skin with a high  phase (Mg;7 Al;,) volume fraction and continuous distribution of 8

phase was 10 times more resistant than the interior of the specimen [49, 50].

(@)

(b)

(©)

Figure 1.4 (a) centre area of AZ91D (b) edge area of AZ91D (c) skin of AZ91D [50].
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1.4.3 Role of grain size

To some extent, the distribution of the second phase is associated with the grain size and grain
refinement can lead to a more continuous distribution of the second phase and improve the corrosion
performance of the alloy [49]. Song and StJohn [54] proved that refining the grains in MEZ alloy (Mg
- Zn 0.5%, Mn 0.1%, Zr 0.1%, RE 2%) lead to a more fine and continuous distribution of the RE
containing phase along the grain boundaries. This second continuous phase can inhibit the

development of corrosion from the one grain to another.

Alvarez-Lopez et al. [1] studied the corrosion resistance of as-cast AZ31 magnesium alloys with
different grain sizes in SBF. The results reported indicated a higher corrosion resistance for AZ31
magnesium alloys with the finest grain size. Ambat et al. [55] observed higher corrosion resistance for
fine-grained die-cast AZ91D, compared to ingot cast AZ91D with a coarse grain size. Ballerini et al.
[56] observed better corrosion performance in fine-grained die-cast AZ91 compared to sand-cast
AZ91 with a coarse grain size. However, Ben-Haroush et al. [53] reported lower corrosion resistance
for AZ80 magnesium alloys with finer grain size but the refined grains were obtained by hot extrusion
not casting. Also, Kutniy et al. [57] refined the grain size of WE43 magnesium alloys by severe plastic
deformation and the corrosion behaviour of the alloy was reduced. But Hong-fei et al. [58] observed
higher corrosion resistance for refined grains obtained in extruded-drawn alloy, for a high purity of

magnesium (99.95% purity).

1.5 Manufacturing process and its effect on the microstructure
and corrosion performance of magnesium alloys

1.5.1 Casting

Casting is the most common manufacturing process to produce magnesium alloys, particularly when a
high rate of production is required [50, 53]. Among the various casting methods, die-casting (HPDC)
is the most common due to a high rate of production with a high quality produced economically [49,

50]. In spite of the application of die-cast magnesium alloys in some structural parts such as
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automobile wheels, non-load bearing applications such as frames for electronics equipment have been
the most widely used area for die-cast magnesium alloys [50]. AZ91D is one of the most widely used
magnesium alloys and is capable of being applied in various temperature environments [49, 50]. For
example, AZ91D has been considered as a promising alloy to be applied in powertrains, where the
temperature is between 160 -200 °C [49]. But Kannan claimed that sand-cast AZ91 might be a better
choice compared to die-cast AZ91 for biodegradable implants [8]. The solidification rate is high in
die-casting and leads to higher fraction of B phase (Mgy;Al,) [8, 50]. Hence, the dissolution of the
grains in the die-cast alloy is faster compared to the coarse sand-cast alloy, which may lead to quick
loss of mechanical properties in the die-cast alloy. On the other hand, the stability of B phase (Mg;7
Aly) is high in SBF. Therefore, the die-cast alloy may not be an appropriate choice for biodegradable
implants owing to the presence of a high volume fraction of p phase (Mgy7 Aly,) and its stability in

SBF [8].

1.5.1.1 Porosity in casting

In general, casting results in the formation of pores in the specimen. The method of casting, the casting
design and composition of the alloys determine the amount and form of porosity [30]. In most of the
HPDC cast plates a non -uniformity can be observed in the appearance of the plates [49]. For example,
figure 1.5-a shows the left side of the plate (HPDC AZ91D plate) is darker than the right side. After
immersion of the plate in 5 wt % of NaCl solution for 4 hours (Figure 1.5-b), the results indicated that
the corrosion was more severe in the dark areas. SEM examination showed many small pores in the
dark areas, which were interconnected (Figure 1.6-a) and distributed under the surface of the plate
(Figure 1.6-b). Fewer small pores were found in the bright areas, which were not interconnected
(Figure 1.6-c) and distributed shallowly just beneath the surface (Figure 1.6-d). The pores in the dark
areas, which formed mostly along the grain boundaries and next to the p phase (Mgi;Aly,), led to a
reduction in the continuous distribution of the 3 phase and easier development of corrosion from grain
to grain. But few pores in the bright areas, which also were found along the grain boundaries and next

to the B phase, were not able to destroy the continuity of the f phase along the grain boundaries and
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deteriorate the corrosion performance. Therefore, the effect of porosity on the intermetallics

distribution can affect the corrosion performance of magnesium alloys [49].

(a) (®)

Figure 1.5 HPDC AZ91D plate (a) before immersion in 5 %wt NaCl (b) after immersion
in 5 %wt NaCl for 4 hours [49].

Figure 1.6 SEM micrograph of surface and cross section of dark and bright areas for HPDC
AZ91D before corrosion: (a) surface of dark area (b) cross section of dark area (c) surface of bright
area (d) cross section of bright area [49].
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1.5.1.2 Solidification in casting

1.5.1.2.1 Solidification and second phase fraction

The solidification rate plays a role in determining the fraction of second phase formed because of
segregation. In AZ91D, with an increase in distance from the surface, the microstructure becomes
coarser and the [ phase (Mgy;Al;,) fraction reduces. With increasing distance from the surface the
solidification rate is reduced and consequently the B fraction is reduced and leads to less continuous
distribution of the B phase along the grain boundaries. Hence, the galvanic accelerating role of § phase
emerges. This suggests an improvement in the corrosion properties of magnesium alloys with increase

in solidification rate can be obtained [50].

1.5.1.2.2 Solidification and grain size

The solidification rate has an important role in determining the grain size of the alloy. A rapid
solidification rate leads to a finer grain size and a more continuous distribution of the B phase
(Mgy7Aly, and improves the corrosion performance of the magnesium alloy. In AZ91D, with increase
in distance from the surface the grain size is increased and the B phase distribution becomes less

continuous. Therefore, more severe corrosion occurs in the interior of the specimen [50].

1.5.1.2.3 Solidification and porosity

In AZ91D, a greater density of pores was observed in the interior of the specimen compared to the
skin because of the slower solidification rate in the interior of the specimen. The presence of more
porosity in the interior makes the area of exposure larger and damages the continuity of the B phase
(Mgy7Al;,) and leading to a greater corrosion rate in the interior of the alloy. Rapid solidification,
which causes finer and less porosity in the alloy, is more beneficial for the corrosion performance of

magnesium alloys [49, 50].

16



1.5.2 Plastic Deformation

Application of cast magnesium alloys is superior to wrought magnesium alloys produced by extrusion,
forging or rolling, but the wrought alloy products are still used in various applications. In recent years,
the automotive industry has shown interest in the potential application of wrought magnesium alloys
[11]. Most of the casting defects including porosity and inclusions are eliminated in wrought
magnesium alloys and leads to improved mechanical properties compared to as-cast alloys.
Remarkable grain refinement and strengthening can be obtained by plastic deformation, and plastically
deformed alloys have superior mechanical properties. Therefore, wrought magnesium alloys have

been paid much more attention in recent years [59-62].

However, there are limited numbers of slip systems in magnesium due to their hexagonal structure
which cause difficulties to deform magnesium at room temperature. However, an increase in the
number of slip systems at elevated temperatures increases the deform ability of magnesium alloys [53,

59, 62].

Kutniy et al. [57] studied the effect of severe plastic deformation on corrosion behaviour of WE43
magnesium alloy, and found it reduced corrosion performance. Ben-Haroush et al. [53] investigated
the effect of hot extrusion on corrosion performance of AZ80 alloy. The as-cast AZ80 was extruded at
250°C, 300°C and 350°C in order to observe the differences in microstructure in these alloys, and how
the microstructure was capable of affecting the corrosion performance of this alloy. The corrosion
resistance of the alloys after extrusion decreased dramatically owing to the rearrangements of the
second phases, caused by dynamic recrystallization during thermo-mechanical processing. Also, an
increase in extrusion temperature during recrystallization resulted in increased grain size and more
second phase rearrangements in the alloys. Hence, a less continuous distribution of the p phase
(Mgy7Al;,) at higher extrusion temperatures occurred and caused a more severe corrosion rate in the

alloy [53].
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CHAPTER 2: Materials and Methods

2.1 Preparation of samples

The samples were classified into 5 different types; cast commercial pure magnesium ingot (A), more
quickly solidified cast commercial pure magnesium (B), more slowly solidified cast commercial pure

magnesium (C), extruded commercial pure magnesium (D) and extruded super pure magnesium (E).

Cast commercial pure magnesium ingot samples (A) were cut from ingots of commercial purity
magnesium (> 99.5 wt% Mg) in a rectangular form, with dimensions 20x10x8 mm. In order to make
the B and C types of samples, the same ingots of commercial purity magnesium were melted in a mild
steel crucible in an induction furnace to a temperature of about 725¢ C and cast into a rectangular plate

die of dimensions 320x100x15 mm.

Two different solidification rates were used to prepare more quickly solidified cast (B) and more
slowly solidified cast (C) types of samples by using two dies with two different temperatures. One of
the dies was maintained at room temperature, and the other preheated to 700 ° C in a resistance —

heated furnace. The samples were cut from the plates with the dimensions 20x10x8 mm, as before.

In order to make the extruded commercial pure magnesium samples (D), an extruded rod of
commercial purity magnesium (> 99.5 wt% Mg), with dimensions 25.4 mm diameter, was obtained
from Magnesium Elektron (Manchester, UK). Samples were cut with the same dimensions 20x10x8
mm from this bar. In addition, extruded super pure magnesium samples (E) were cut from an extruded
rod of super purity magnesium (99.95 wt% Mg; 0.02% Al, 0.02% Mn, 0.01 Si). The dimensions of the
extruded rod of super purity magnesium were also 25.4 mm diameter, and it was obtained from

GoodFellow (Cambridge, UK).
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The samples were ground with SiC papers of grade 1200 and 2500 grit in order to remove any
scratches remaining from the machining stage and to provide a reproducible surface. Each sample was

then cleaned ultrasonically with ethanol for 10 minutes and dried in air.

2.2 Weight loss measurement and immersion test

Weight loss measurements were conducted in immersion tests, in order to investigate the degradation
behaviour of magnesium in vitro. Simulated Body Fluid (SBF) was chosen as the in vitro
environment, and was made following the method of Kokubo [63]. The list below is the chemicals

used in 750 ml deionized water to prepare 1000 ml of SBF;

1) 7.996 g/l NaCl, ACS reagent, > 99.5%.

2) 0.350 g/l NaHCOs, ACS reagent, 99.7 — 100.3 %.

3) 0.224 g/l KCl, puriss. p.a., > 99.5%.

4) 0.228 g/l K,HPO,.3H,0, Reagent plus, > 99.0%.

5) 0.305 g/l MgCl,.6H,0, purum p.a., > 98%.

6) 40 cm?®of 1 Kmol/m® HCI.

7) 0.278 g/l CaCl,, > 95%.

8) 0.071 g/l Na,SO,, Reagent plus, > 99.0%.

9) 6.057 g/l (CH,OH)3;CNH,, Ultra pure Grade, > 99.9%.

10) Appropriate amount of 1 Kmol/m® HCI in order to adjust the pH.

All chemicals were obtained from Sigma-Aldrich (Dorset, UK). The samples were suspended within
the solution and the ratio of solution volume to sample surface area was about 1 mL/mm?, following
ASTM G31-72 [64]. Samples were placed in SBF with a pH of 7.4, maintained at a constant
temperature of 37 °C in a water bath, and the sample weight was measured at different time intervals

(after 6, 12, 24, 72, 120, 192, 264, 336, 408, 480 hour immersion). Prior to weighing, the samples

19



were washed with deionised water and dried in air. A summary of experimental method can be
observed in figure 2.1. The number of repeated experiments for each type of sample was 5 and 25

experiments conducted in total.

Experimental method

5 types of samples and 5 samples
The ratio of solution volume to sample surface for each type examined.
area was selected following ASTM G31-72.

1) Polished with Sic papers
of 1200 and 2500 grit

2) Ultrasonically cleaned for

10 minutes in ethanol.
5) Prior to weighing, the samples

washed with deionised water and

3) Weight measured before  4) Placed in SBF with pH of 7.4 and dried in air.
immersion tests. maintained at a temperature of 37° C
in a water bath.

Figure 2.1 A summary of experimental method for doing immersion tests.
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2.3 Measurement of pH value and magnesium ion release
during corrosion in SBF

In addition to measuring the weight loss of the samples, changes in pH values were also recorded at
various time intervals (after 6, 12, 24, 72, 120, 192, 264, 336, 408, 480 hour immersion). The pH
meter was calibrated with buffer solutions before measuring the pH value of each solution at every
time interval. Also, 5 ml of the solution of each immersed sample was taken at the various time
intervals in order to measure the release of magnesium ions for each sample at every time interval.

The release of magnesium ions (mg L™) was measured using a Dionex ICS-1100 ion chromatograph.

2.4 Characterization of materials using SEM, EDX and XRD

Scanning Electron Microscopy (SEM) analysis was conducted on the surface of samples after holding
for different time intervals, using a JEOL 6060 SEM. A lower magnification was used in order to
observe the difference in the surface morphology of each type of sample during corrosion, and to have
a comparison between the surface morphology of each type of sample. A higher magnification was

used in order to investigate the corrosion byproducts and their surface morphology.

In addition, SEM (Scanning Electron Microscopy) analysis was conducted on the etched surface of
various pure magnesium alloy samples in order to observe the microstructure of the samples, including
their grain structure, intermetallic content and distribution. Each type of sample was mounted and
ground with SiC papers of 1200, 2500, 4000 grit and then polished to 0.25 um. After polishing the
samples, they were immersed in an etchant of 10 ml acetic acid and 80 ml deionized water for about
Iminute at room temperature, as described in the ASM Metals Handbook [65], till the grain structure

was revealed.

In addition to SEM analysis, Energy Dispersive X-ray spectroscopy (EDX) was used in order to

determine the chemical composition of intermetallics and corrosion byproducts.
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X-ray Diffraction (XRD) was used to detect the presence of different phases on the surface of each
type of sample. XRD was conducted on the surface of each sample before and after immersion in SBF
at the various time intervals, using an X-Ray Diffractometer D5005 (BRUKER Corporation). In order
to scan the surface of each sample, the beam angle was adjusted to be between 10 to 85 °© and the step

size was 0.0147457 °. The total scan time for every test was 13 minutes.

In addition, Glancing Angling XRD was conducted on the surface of extruded super pure magnesium

in order to find out more about the corrosion products formed on the surface of this sample type.
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CHAPTER 3: Results

3.1 Weight loss measurements during corrosion in SBF
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Figure 3.1 Weight percentage of cast commercial pure magnesium immersed in SBF and deionized water for
1283 hours.

In the first experiment, the cast commercial pure magnesium ingot samples were immersed in both
SBF and deionized water to observe the difference in degradation in both solutions (Figure 3.1). No
remarkable weight loss in deionized water was observed, whereas the sample immersed in SBF was
completely degraded after 1283 hour immersion, which is about 8 weeks. According to these results,
deionized water did not show the capability of being used as a representative medium for corrosion
test. Furthermore, although, alloying is the most common method of modifying the corrosion
performance of magnesium and can lead to improved mechanical and corrosion properties in the alloy
[2-7] but it was chosen to work on magnesium in pure form to try to control the degradation behaviour

of biodegradable magnesium component. Since, on the one hand, alloying means the release of ions of
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the alloying element during corrosion which might lead to side effects in the body [1, 5, 35-39, 46,
47]. Also, the elements such as Calcium ,which did not show any side effects in the body and
improved the mechanical properties of the magnesium alloys [7, 40], caused different corrosion
behaviours in the magnesium alloys [28, 40, 43, 44].0n the other hand, the total degradation time for
the cast commercial pure magnesium sample immersed in SBF was about 8 weeks and close to the 12-
18 weeks desirable for degradation of magnesium in the human body [1, 4]. Therefore, improved
corrosion performance of magnesium by working on the pure magnesium alloys instead of alloying

became the main purpose of this research.
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Figure 3.2 Weight percentage of cast commercial pure magnesium ingot samples (A; to As) during 480 hour
immersion in SBF.

In figure 3.2, the difference in degradation behaviour of 5 samples of cast commercial pure
magnesium ingot (A; to As) at various time intervals is shown. Weight loss was observed in all
samples during 480 hour immersion in SBF. A; and A, indicated very similar degradation behaviour

during the 480 hour immersion. As showed similar degradation behaviour to A; and A4 in the first 192
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hours of immersion but its weight loss became more severe after 192 hours. The results in figure 3.2

showed a poor reproducibility for this type of sample.
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Figure 3.3 Weight percentage of more quickly solidified cast commercial pure magnesium samples (B, to Bs)
during 480 hour immersion in SBF.

In figure 3.3, the difference in degradation behaviour of 5 identical samples of more quickly solidified
cast commercial pure magnesium (B; to Bs) at various time intervals is shown. The degradation
behaviour of B; to Bs was very similar in the first 192 hour immersion in SBF, but their weight loss
varied after this. Bs had the lowest weight loss among all the samples during 480 hour immersion in

SBF. The results also showed a poor reproducibility for this type of sample.
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Figure 3.4 Weight percentage of more slowly solidified cast commercial pure magnesium samples (C; to Cs)
during 480 hour immersion in SBF.

In figure 3.4, the difference in degradation behaviour of 5 samples of the more slowly solidified cast
commercial pure magnesium (C, to Cs) at various time intervals can be observed. In the first 24 hour
immersion all the 5 samples indicated almost similar degradation behaviour, whereas, after 24 hour
immersion their degradation behaviour started to change completely. A rapid reduction of weight in
sample C; occurred after 120 hour immersion, and it completely degraded after 408 hour immersion in

SBF. The results therefore again showed a poor reproducibility for this type of sample.
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Figure 3.5 Weight percentage of extruded commercial pure magnesium samples (D, to Ds) during 480 hour
immersion in SBF.

In figure 3.5, the difference in degradation behaviour of 5 samples of extruded commercial pure
magnesium (D; to Ds) for various time intervals is shown. A similarity was observed in the
degradation behaviour of all the samples at different time intervals during 480 hour immersion in SBF.

The results showed a high reproducibility for this type of sample.
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Figure 3.6 Weight percentage of extruded super pure magnesium samples (E; to Es) during 480 hour
immersion in SBF.
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In figure 3.6, the difference in degradation behaviour of 5 samples of extruded super pure magnesium
(E; to Es) at various time intervals can be observed. There was again a similarity which was in the
degradation behaviour of samples. This type of sample, also, indicated a high reproducibility, similar

to the extruded commercial pure magnesium samples (D).
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Figure 3.7 Average weight percentage of different types of samples (a) cast commercial pure magnesium ingot (A)
(b) more quickly solidified cast commercial pure magnesium (B) (c) more slow solidified cast commercial pure
magnesium (C) (d) extruded commercial pure magnesium (D) (e) extruded super pure magnesium (E).

The reproducibility of the different samples (A, B, C, D and E) is shown in figure 3.7 at different time
intervals during 480 hour immersion in SBF. Each error bar indicates the standard deviation value of 5
samples tested for each type (A, B, C, D and E) at specific time intervals. The extruded samples (D
and E) showed a higher reproducibility compared to the cast samples (A, B and C). In addition, the
more quickly solidified cast sample (B) indicated the highest reproducibility among all the cast types
of samples (A, B and C). The presence of high error bars for cast samples (A, B and C) originates
from very diverse corrosion behaviours of 5 samples tested for each type (A, B and C) during
immersion in SBF. This is mostly related to the manufacturing process of these samples and the
presence of casting defects which will be explained in detail later on. Table 3.1 shows the standard

deviation values of various types of samples during 480 hour immersion in SBF.
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Figure 3.8 Average weight percentage of extruded commercial pure magnesium (D) and extruded super pure
magnesium (E) from 95 to 100 (wt%) during 480 hour immersion in SBF .

Figure 3.8 shows more reproducibility for extruded super pure magnesium (E) than commercial purity

(D).

Table 3.1 Standard deviation values (wt%) of various types of samples (A, B, C, D and E) during 480 hour

immersion in SBF.

Time(h)
6 12 24 72 120 192 264 336 408 480
Sample

A 028 | 074 | 115 | 224 | 368 | 7381 1385 | 1957 | 2374 | 2722
B 0.03 0,12 | 010 | 027 | 044 1.28 341 5.83 9.89 12.77
¢ 021 030 | 059 | 1.71 | 492 | B.12 16.31 | 32.06 | 3009 | 25.14
D 0.02 | 0.080 | 0.10 | 0.12 | 0.13 0.12 0.17 0.22 0.26 026
E 002 | 004 | 0.05 ] 0.04 [ 0.05 0.07 0.04 0.035 0.05 0.05

The reproducibility of samples: E>D>B>A>C
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Figure 3.9 Average weight loss of cast commercial pure magnesium ingot (A), more quickly solidified cast
commercial pure magnesium (B), more slowly solidified cast commercial pure magnesium (C), extruded
commercial pure magnesium (D) and extruded super pure magnesium (E) after 480 hour immersion in SBF.

In figure 3.9, the average weight loss of the various types of samples (A, B, C, D and E) after 480 hour
immersion in SBF shown. The weight loss of extruded samples (E and D) was about 7 to 20 times
lower, compared to the cast samples (A, B and C), which indicated a higher corrosion resistance for
the extruded samples. The extruded super pure magnesium (E) indicated the lowest weight loss of
about 2.56 wt%, whereas, more slowly solidified cast commercial pure magnesium (C) showed the
highest weight loss of about 66.66 wt%, after 480 hour immersion in SBF. More quickly solidified

cast commercial pure magnesium (B) had the lowest weight loss among the cast samples (A, B and C).

Weight loss of samples: E<D<B<A<C

Corrosion resistance: E>D>B>A>C
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3.1.1 An increase in weight with increased immersion time
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Figure 3.10 Weight percentage of cast commercial pure magnesium ingot (A; and A,), more quickly solidified
cast commercial pure magnesium (B5) and extruded super pure magnesium (E;, E, and Es) during immersion in
SBF.

Increase in immersion time resulted in an increase in weight for some samples, such as A; and Ay,
after 120 hour immersion in SBF, which was abnormal (Figure 3.10). Also, such behaviour was
observed for one of the more quickly solidified cast commercial pure magnesium samples (Bs) after
336 hour immersion in SBF (Figure 3.10). But, such behaviour (an increase in weight with increased
immersion time) did not happen for extruded super pure samples (E; E, and Es) during 480 hour
immersion in SBF. However, when the immersion time for 3 samples of extruded super pure
magnesium (E;, E, and Es) increased to more than 480 hours, an incease in weight was observed
(Figure 3.10). The weight of both E; and E, started to increase after 720 hour immersion in SBF and

the weight of Es started to rise after 1368 hour immersion in SBF.
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3.2 Results of pH measurements
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Figure 3.11 pH values of cast commercial pure magnesium ingot samples (A; to As) during 480 hour
immersion in SBF.

In the cast commercial pure magnesium ingot samples (A; to As) increase in pH with increased
immersion time occurred during the first 336 hour immersion in SBF followed by a reduction and then
a stable pH occurred after 336 hour immersion (Figure 3.11). The pH value for A,, Az and As went
above 9 at 72 hours immersion, whereas, for A; and A, this happened at 120 hour immersion. It was
reported that the magnesium hydroxide film, which forms on the surface of corroded magnesium,
becomes more protective above pH value of 9 [10, 12]. Therefore, it can reduce the corrosion rate of

the specimen.
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Figure 3.12 pH values of more quickly solidified cast commercial pure magnesium samples (B; to Bs) during
480 hour immersion in SBF.

Figure 3.12 indicates that the behaviour of pH changes in the more quickly solidified cast commercial
pure magnesium (B, to Bs) is almost similar to the behaviour of pH changes in A samples (A;to As).
The pH value of the samples increased with increased immersion time and afterwards started to fall
and reached to an approximate stability. The increase in pH for the samples continued up to 192 hour
immersion and then reduction and stability of pH happened. The pH value of all the samples went

above 9 at 72 hour immersion.
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Figure 3.13 pH values of more slowly solidified cast commercial pure magnesium samples (C to Cs) during
480 hour immersion in SBF.
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Figure 3.13 showed that the increase in pH and then reduction and approximate stability in pH values
happened for the more slowly solidified cast commercial pure magnesium samples (C; to Cs), same as
A and B types of samples. But there is a fluctuation in the behaviour of this type of sample, which was
not visible for other types of samples (A, B, D and E). After increase in pH values of samples, which
occurred up to 72 hour immersion, and reduction of pH value after 72 hour immersion, a second
increase in pH value happened in all the samples except Cs and then the pH value of the samples
stabilized roughly till the end. Increase of pH value to more than 9 for all the samples happened at 72
hour immersion except Cs, which occurred at 24 hour immersion in SBF. Also, the increase of pH

value from 24 to 72 hours was severe in all the samples.
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Figure 3.14 pH values of extruded commercial pure magnesium samples (D; to Ds) during 480 hour
immersion in SBF.
Figure 3.14 indicated that the increase in pH and then reduction and approximate stability in pH values
happened for the extruded commercial pure magnesium samples, the same as A, B and C types of
samples. The pH values increased up to 264 hour immersion and then started to decrease and stabilize

after 264 hour immersion. The pH values went above 9 at 72 hour immersion in SBF.
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Figure 3.15 pH values of extruded super pure magnesium samples (E; to Es) during 480 hour immersion in SBF.

The increase in pH and then reduction and approximate stability in pH values happened for the
extruded supper pure magnesium samples (Figure 3.15), the same as previous types of samples. The
increase of pH happened up to 264 hour immersion and then the pH values started to reduce and
stabilize after 264 hour immersion, the same as D samples (Figure 3.14). In addition, the pH values for
all the samples went very slightly above 9 at 120 hour immersion. In addition, a very similar
behaviour in the pH changes of the samples in every time interval was observed for this type of

sample.
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Figure 3.16 Average pH values of various types of samples (A, B, C, D and E) after 480 hour immersion in SBF.

It seems there is a relation between the corrosion performance of the samples and the pH values.
Firstly, the pH values after 480 hour immersion in SBF is completely based on the weight loss of the
samples. The average weight loss for A, B, C, D and E after 480 hour immersion was about 26.93,
22.80, 66.66, 3.58 and 2.56 wt%, respectively (Figure 3.9). Furthermore, the average pH value for A,
B, C, D and E after 480 hour immersion was about 9.63, 9.49, 9.74, 9.46 and 9.39, respectively
(Figure 3.16). This indicated that samples with higher weight loss (lower corrosion resistance) have
more increase in pH after 480 hour immersion in SBF. As was mentioned in the literature review,
hydroxide ions (OH ) will be released within the solution during magnesium alloy corrosion and the
pH value will then be increased [66]. Hence, increase in weight loss would lead to a greater release of

hydroxide ions and a greater increase in pH value.

Secondly, the average pH value for sample C with highest weight loss (lowest corrosion resistance)
(Figure 3.9) went above 9 at 72 hour immersion (Figure 3.13). But, the pH value of sample E with
lowest weight loss (highest corrosion resistance) (Figure 3.9) went above 9 at 120 hour immersion
(Figure 3.15). This indicated that the increase of pH to above 9 occurs sooner in the samples with
higher weight loss (lower corrosion resistance).
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Thirdly, the reduction and approximate stability of pH (Figures 3.11 to 3.15) showed that the corrosion
rate of magnesium specimens can become very slow after a while, with increased immersion time.
Since the release of hydroxide ions within the solution and increase in pH should continue, if the
corrosion process continues normally. Therefore, researches conducted on magnesium corrosion in
vitro may not reflect its real corrosion behaviour in vivo because of the effect of increase in pH of the

solution on the degradation rate of specimens.

3.3 Release of ions during corrosion studied by Ion
Chromatography of the solutions
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Figure 3.17 Release of magnesium ions for cast commercial pure magnesium ingot samples (A; to As)
during 480 hour immersion in SBF.

In figure 3.17, the release of magnesium ions at different time intervals in cast commercial pure
magnesium ingot (A; to As) can be observed. The release of ions increases with increased immersion

time during 480 hour immersion in SBF for all samples.
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Figure 3.18 Release of magnesium ions for more quickly solidified cast commercial pure magnesium samples
(B to Bs) during 480 hour immersion in SBF.

In figure 3.18, increase in magnesium ion release with increased immersion time can be observed for
the more quickly solidified cast commercial pure magnesium samples (B; to Bs), which was similar to
the A samples, during 480 hour immersion in SBF. The trend of increase in magnesium ions release
with increased immersion time for all the samples in every time interval maintained, during 480 hour

immersion in SBF.
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Figure 3.19 Release of magnesium ions for more slowly solidified cast commercial pure magnesium samples (C,
to Cs) during 480 hour immersion in SBF.

Figure 3.19 indicated that the release of magnesium ions increased with increased immersion time for
more slowly solidified cast commercial pure magnesium samples (C; to Cs), similar to A and B types
of samples. Cs indicated more release of magnesium ions compared to C, and C, in the first 336 hours
but after that the release of magnesium ions for Cs became lower than C, and C,. The release of
magnesium ions for C, was less than C; during 192 hour immersion but after that, its release became
more than C;. Also, the release of magnesium ions for C; was stable from 408 to 480 hour immersion

in SBF because this sample completely dissolved within the solution during 408 hour immersion.
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Figure 3.20 Release of magnesium ions for extruded commercial pure magnesium samples (D; to Ds) during
480 hour immersion in SBF.

In figure 3.20, the release of magnesium ions increased with increased immersion time for the

extruded commercial pure magnesium samples (D1 to Ds) during 480 hour immersion in SBF, similar

to previous types of samples (A, B and C). All the samples approximately showed a similar release of

magnesium ions during the whole immersion time at every time interval except D,, which had more

release of magnesium ions after 480 hour immersion in SBF compared to the rest of samples.
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Figure 3.21 Release of magnesium ions for extruded super pure magnesium samples (E; to Es) during 480 hour

immersion in SBF.
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Increase of magnesium ion release with increased immersion time can be observed for the extruded
super pure magnesium samples during 480 hour immersion in SBF, similar to the previous A, B, C
and D samples (Figure 3.21). The release of magnesium ions in all the samples (E; to Es) was very

similar in every time interval during the 480 hour immersion in SBF.
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Figure 3.22 Average of magnesium ion release for various types of samples (A, B, C, D and E) during
480 hour immersion in SBF.

Figure 3.22 shows the average of magnesium ion release for A, B, C, D and E in every time interval
during 480 hour immersion in SBF. Increase in magnesium release with increased immersion time can
be observed during 480 hour immersion in SBF for all types of samples. Figure 3.22 showed the
lowest amount of magnesium release for extruded super pure sample (E) in the first 120 hour
immersion. But after 120 hour immersion, the release of magnesium ions for E sample increased and
became the second highest after extruded commercial pure magnesium (D). D type of sample
represented the highest release of ions at every time interval during 480 hour immersion in SBF
among all the samples. Also, more slowly solidified cast sample (C) indicated the lowest release of
magnesium ions after 480 hour immersion in SBF among all the samples. Among the cast types of
samples (A, B and C), the release of magnesium ions for more quickly solidified cast sample (B) was
the highest and for more slowly solidified cast sample (C) was the lowest during 480 hour immersion
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in SBF. The samples with more weight loss (less corrosion resistance ) such as A, B and C indicated
less release of ions after 480 hour immersion and the samples with less weight loss (more corrosion
resistance) such as B, D and E showed more release of ions after 480 hour immersion (Figures 3.9,

3.22).
Weightloss: E<D<B<A<C

Release of magnesiumions: D>E>B>A>C

This behaviour does not look to be sensible. The samples such as C, which had the highest weight loss

among all the samples, should show the highest release of magnesium ions not the lowest one.

3.4 Electron Microscopy of Sample Surfaces

3.4.1 Grain structure

Figures 3-23 to 3.27 indicate the surface morphology and the grain structure of different types of
samples (A, B, C, D and E) after etching and before immersion tests. For the extruded super pure
magnesium (E), it is difficult to tell the surface structure, whether it shows the grain structure or not
(Figure 3.27). On the one side in the figure 3.28, it seems the surface structure shows the grains which
are connected by grain boundaries. On the other side in figure 3.29, it seems the surface of the sample
has been corroded because of the effect of etchant and there is no grain structure revealed on the

surface morphology.
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Figure 3.24 SEM morphology and grain structure of more quickly solidified cast commercial pure magnesium (B).
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Figure 3.26 SEM morphology and grain structure of extruded commercial pure magnesium (D).

46



Figure 3.28 SEM morphology of super pure magnesium (E) with higher magnification.
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Figure 3.29 SEM morphology of super pure magnesium (E) with high magnification.

If the structure of the extruded super pure magnesium (E) surface represents the grain structure, it is
clear that super pure magnesium has the finest grain size of about 20 um compared to other types of

samples (Figures 3.23 to 3.27).

The more slowly solidified cast commercial pure magnesium (C) showed the largest grain size of
about 2000 um among all the types of samples (Figures 3.23 to 3.27). The more quickly solidified cast
commercial pure magnesium (B) showed the finest grain size of about 1000um among the cast
samples including cast commercial pure magnesium ingot (A), more quickly solidified cast
commercial pure magnesium (B) and more slowly solidified cast commercial pure magnesium (C)

(Figures 3.23 to 3.25). Therefore, it can be concluded:

Grain size of samples: C>A>B>D>E
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3.4.2 Surface morphology after corrosion

Figures 3.30 to 3.34 indicate the surface morphology of various types of samples (A, B, C, D and E) at
different time intervals after immersion in SBF. It is clear that the surface looks more corroded with
increased immersion time in all samples. To some extent, there are some similarities to the surface
morphology of cast samples (A, B and C) to each other after 480 hour immersion in SBF (Figures
3.30-c, 3.31-c, 3.32-c). Also, there are similarities to the surface morphology of extruded samples (D
and E) to each other after 480 hour immersion in SBF (Figures 3.33-b, 3.34-c). However, the surface
of extruded samples looks different and less corroded from cast samples after 480 hour immersion in
SBF. Also, it seems the surface of super pure extruded sample (E) is more resistant to sever corrosion
compared to the rest of samples after 480 hour immersion in SBF (Figures 3.30-c, 3.31-c, 3.32-c, 3.33-

b, 3.34-C).
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Figure 3.30 Surface morphology of cast commercial pure magnesium ingot (A) after (a) 24 hour (b) 72 hour
(c) 480 hour immersion in SBF.
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Figure 3.31 Surface morphology of more quickly solidified cast commercial pure magnesium (B) after
(a) 72 hour (b) 264 hour (c) 480 hour immersion in SBF.

51



()

Figure 3.32 Surface morphology of more slowly solidified cast commercial pure magnesium (C) after
(a) 72 hour (b) 264 hour (c) 480 hour immersion in SBF.
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Figure 3.33 Surface morphology of extruded commercial pure magnesium (D) after 480 hour
immersion in SBF (a, b and ¢).
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Figure 3.34 Surface morphology of extruded super pure magnesium (E) after (a), (b) 72 hour (c), (d) 480 hour
immersion in SBF.
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3.4.3 Corrosion products

Figures 3.35 to 3.44 indicate the main corrosion products formed on the corroded surface of different
samples (A, B, C, D and E) after 480 hour immersion in SBF. Deposition of Ca and P, formation of
needle-shaped clusters of MgCl, and formation of Mg (OH), was observed for all the cast samples
(Figures 3.35 to 3.40). Y. Wong et al. reported formation of the same corrosion products on the
surface of ingot pure magnesium after immersion in SBF [66]. C. B. Baliga and P. Tsakiropoulos
observed formation of such morphology of Mg (OH) , in figures 3.35-b, 3.37-b and 3.39-b, in Mg-
16Al alloy after immersion in 3% NaCl solution [67]. The extruded commercial pure magnesium (D)
showed deposition of Ca and P and formation of MgCl, on its surface, but formation of Mg (OH), was
not observed on the surface of sample D (Figure 3.41). In addition, for extruded super pure
magnesium (E), only deposition of Ca and P observed and no morphology related to Mg (OH) , and
MgCl, was observed (Figure 3.43). Furthermore, the presence of an unknown film layer was observed
on super pure extruded sample (E) after 480 hour immersion in SBF (Figure 3.43-b-1). The EDX
(Energy Dispersive X-ray spectroscopy) results on this film indicated magnesium and oxygen in the
composition of this film (Figure 3.44-b-1) which was the same as the EDX results on the magnesium

surface without the presence of this film on the surface (Figure 3.44-b-2).
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Figure 3.35 SEM analysis of corrosion products for cast commercial pure magnesium ingot (A)
after 480 hour immersion in SBF: (a) 1: Deposition of Ca and P 2: MgCl, (b) Mg (OH),.
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Figure 3.36 EDX analysis of corrosion products for cast commercial pure magnesium ingot (A) after
480 hour immersion in SBF: 1) Deposition of Ca and P 2) MgCl, 3) Mg (OH),.
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Figure 3.37 SEM analysis of corrosion products for more quickly solidified cast commercial pure
magnesium (B) after 480 hour immersion in SBF: (a) 1: Deposition of Ca and P 2: MgCl, (b) Mg (OH)..
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Figure 3.38 EDX analysis of corrosion products for more quickly solidified cast commercial pure magnesium
(B) after 480 hour immersion in SBF: 1) Deposition of Ca and P 2) MgCl, 3) Mg (OH),.
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Figure 3.39 SEM analysis of corrosion products for more slowly solidified cast commercial pure
magnesium (C) after 480 hour immersion in SBF: (a) 1: Deposition of Ca and P 2: MgCl, (b) Mg (OH)..
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Figure 3.40 EDX analysis of corrosion products for more slowly solidified cast commercial pure magnesium
(C) after 480 hour immersion in SBF: 1) Deposition of Ca and P 2) MgCl, 3) Mg (OH)s.
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Figure 3.41 SEM analysis of corrosion products for extruded commercial pure magnesium
(D) after 480 hour immersion in SBF: (a) Deposition of Ca and P (b) MgCl..
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Figure 3.42 EDX analysis of corrosion products for extruded commercial pure magnesium (D) after
480 hour immersion in SBF: 1) Deposition of Ca and P 2) MgCl,.
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Figure 3.43 SEM analysis of corrosion products for extruded super pure magnesium (E) after 480 hour immersion
in SBF: (a) deposition of Ca and P (b) 1: unknown film 2: sample surface next to the unknown film layer.
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Figure 3.44 EDX analysis of corrosion products for extruded super pure magnesium (E) after 480 hour immersion
in SBF: (a) deposition of Ca and P (b) 1: unknown film 2: sample surface next to the unknown film layer.
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3.5 XRD Diffraction of Samples

5 samples from each type of sample were characterized by XRD (X-ray Diffraction) at different time
intervals after immersion in SBF. The outcomes of the results for each type of sample were the same.
Figures 3.45 to 3.49 show the X-ray diffraction results for various samples before and after immersion
in SBF at different time intervals. Magnesium, as the only phase, was observed in all the samples (A,
B, C, D and E) before immersion in SBF (Figures 3.45 to 3.49). Magnesium and Mg (OH), were
determined for all the cast samples, cast commercial pure magnesium ingot (A), more quickly
solidified cast commercial pure magnesium (B) and more slowly solidified cast commercial pure
magnesium (C), at different time intervals after immersion in SBF (Figures 3.45 to 3.47). For extruded
samples including extruded commercial pure magnesium (D) and extruded super pure magnesium (E),
magnesium was observed at different time intervals after immersion in SBF. But the presence of Mg
(OH), was only observed for extruded commercial pure magnesium (D) after 480 hour immersion in
SBF, and for extruded super pure magnesium (E), the presence of Mg (OH) , was not observed at any

time intervals after immersion in SBF (Figures 3.48 and 3.49).

In addition, Glancing Angle XRD on the surface of extruded super pure magnesium (E) was attempted
after 1440 hour immersion in SBF. The results showed the presence of some phases other than
magnesium on the surface. The presence of Mg, CaCO3and CaCO3.H,O were confidently determined

(Figure 3.50).
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Figure 3.45 XRD diffraction of cast commercial pure magnesium ingot (A) before and after immersion in SBF at
different time intervals.
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Figure 3.46 XRD diffraction of more quickly solidified cast commercial pure magnesium (B) before and after
immersion in SBF at different time intervals.
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Figure 3.47 XRD diffraction of more slowly solidified cast commercial pure magnesium (C) before and after

immersion in SBF at different time intervals.
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Figure 3.48 XRD diffraction of extruded commercial pure magnesium (D) before and after immersion in SBF

at different time intervals.
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Figure 3.49 XRD diffraction of extruded super pure magnesium (E) before and after immersion in SBF at different
time intervals.
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Figure 3.50 Glancing Angle XRD diffraction of extruded super pure magnesium (E) after 1440 hour immersion in
SBF.
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CHAPTER 4: Discussion

4.1 Corrosion behaviour of the samples

As was shown in figure 3.9, the order of the weight loss of the samples and their corrosion resistance

was as follows:
Weight loss of samples: E<D<B<A<C
and
Corrosion resistance: E>D>B>A>C

The reason for this order in the corrosion behaviour of the various types of samples can stem from
factors such as their intermetallic content and their distribution, the grain size and the presence of

casting defects including porosity.

4.1.1 Intermetallics and their distribution

Although previous research has shown that intermetallics and their distribution play an important role
in determining the corrosion behaviour of magnesium alloys [1, 3, 8, 49, 50], the corrosion behaviour
of these samples was found to be independent of the intermetallics and their distribution because no
large amounts of intermetallics were found due to the high purity of the alloys (Figures 3.30 to 3.40).
In addition, the distribution of the few intermetallics found in these samples, was discontinuous. The
solidification rate during casting and subsequent plastic deformation, are factors which affect the
continuity of intermetallics considerably [50, 53, 57]. Increase in solidification rate leads to a more
continuous distribution of intermetallics and higher corrosion resistance in magnesium alloys [50].
Plastic deformation lowers the continuity of intermetallics and reduces the corrosion of magnesium
alloys [53, 57]. But, in these samples, where the amount of impurities or alloying elements is low, it

does not affect the continuity of the intermetallics, whether the solidification rate is quick or slow
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during casting. Also, when the amount of impurities or alloying elements is low, the continuity of the
intermetallics will not be affected by plastic deformation either; because a low amount of impurities or
alloying elements is not capable of forming considerable amount of intermetallics to form a
continuous structure. For instance, Song indicated that an addition of 5% aluminium to a magnesium
matrix led to a discontinuous distribution of P phase (Mg;Al,) and reduction of corrosion
performance whereas an addition of 10% aluminium to magnesium resulted in a continuous

distribution of B and improved the corrosion performance of the alloy [49].

Hence the distribution of intermetallics would always be discontinuous in commercial pure
magnesium (A, B, C, D) and super pure magnesium (E). Regarding super pure magnesium (E), the
possibility of formation of intermetallics is, of course, much lower compared to the commercial pure
magnesium samples (A, B, C and D) because, on the one hand, the purity is higher and on the other
hand, there is no iron present as an impurity in the composition of the super pure magnesium (99.95
wit% Mg; 0.02% Al, 0.02% Mn, 0.01 Si). The maximum solid solubility of iron in magnesium is very
low (0.00043 at%), which increases the possibility of formation of a-Fe as an intermetallic [68], even

if there is low amount of Fe as an impurity.

4.1.2 Grain size

To some extent, grain refining improves the corrosion behaviour of magnesium alloys [49, 54]
because, in casting, refining the grains of magnesium alloys obtained by increase in solidification rate
and the increase in solidification rate improves the segregation and leading to more continuous
distribution of intermetallics which improves the corrosion performance [1, 49, 50, 54-56]. But,
refining the grains of magnesium alloys via plastic deformation is different and reduces the corrosion
resistance of magnesium alloys owing to the rearrangements of intermetallics caused by

recrystallization [53, 57].

In fact, it is not grain size that affects the distribution of the intermetallics and the corrosion
performance of magnesium alloys, it is the solidification rate and segregation or subsequent plastic
deformation which can affect the continuity of intermetallics and the corrosion performance of
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magnesium alloys. But as was mentioned before, the intermetallics and their distribution is not the
main reason for such a difference in the corrosion behaviour of the samples (A, B, C, D and E). Hence,
the difference in corrosion behaviour of the samples not only cannot be related to the intermetallics but

also is not dependent on the grain size.

4.1.3 Porosity in casting

The main reason for such a difference in the corrosion behaviour of the samples (A, B, C, D and E)

originates from the presence of porosity within the specimens.

In the cast samples (A, B and C), the corrosion performance was reduced with increased grain size.
The more slowly solidified cast commercial pure magnesium (C) had the largest grain size among the
cast samples (Figures 3.23 to 3.25) and showed the highest weight loss and lowest corrosion resistance
among the cast samples after 480 hour immersion in SBF (Figure 3.9). The more quickly solidified
cast commercial purity magnesium (B) had the finest grain size among the cast samples (Figures 3.23
to 3.25) and showed the lowest weight loss and highest corrosion resistance among the cast samples
after 480 hour immersion in SBF (Figure 3.9). The cast commercial pure magnesium ingot (A) had a
medium grain size among the cast samples (Figures 3.23 to 3.25) and showed a medium weight loss
and corrosion resistance among the cast samples after 480 hour immersion in SBF (Figure 3.9). This
does not mean the corrosion performance of the cast samples was related to the grain size. In fact, the
difference in solidification rate led to such a corrosion performance in the cast samples (A, B and C).
The increase in solidification rate during casting led to less and finer porosity in more quickly
solidified sample (Figure 4.1- ¢), whereas, a decrease in solidification rate resulted in the formation of
more and larger porosity in more slowly solidified sample (Figure 4.1-b). The presence of more
porosity within the specimen makes the exposure area larger and consequently leads to more severe

corrosion rate [49, 50].
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Figure 4.1 Presence of porosity in the cast samples after 72 hour immersion in SBF: (a) cast commercial pure
magnesium ingot (b) more slowly solidified cast commercial pure magnesium (c) more quickly solidified cast
commercial pure magnesium.

Regarding the extruded samples (D and E), since plastic deformation eliminates most of the casting
defects, including porosity [59-61], the extruded samples showed a higher corrosion resistance
compared to the cast samples (A, B and C). The weight loss of extruded samples (D and E) was about
7 to 20 times lower, compared to the cast samples (A, B and C), which indicated a higher corrosion
resistance for the extruded samples (Figure 3.9). In addition, super pure sample (E) had a lower weight
loss and higher corrosion resistance compared to the commercial purity sample (D) (Figure 3.9). This
could be related to the higher purity of the E sample and no presence of Fe content in this sample. On
the other hand, it can also be related to the finer grain size in this sample (E) compared to the D
sample (Figures 3.26, 3.27). The Finer grain size in the super pure sample (E) was induced by plastic
deformation and can eliminate more porosity within the sample compared to the commercial pure

sample (D).

The important point is that the reduction in the grain size due to plastic deformation showed negative
effects on corrosion behaviour of magnesium alloys and made it worse because of an increase in
discontinuity of intermetallics [53, 57]. But, according to the results shown here, refining the grains by
plastic deformation leads to an improvement of corrosion performance in the pure form of magnesium
because there are no considerable amount of intermetallics to be affected by plastic deformation and in
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fact plastic deformation only leads to reduction in porosity which increases the corrosion performance

of the specimen.

4.2 An increase in weight with increased immersion time

An abnormal behaviour, an increase in weight with increased immersion time, occurred above a pH
value of 9 for the cast samples (A1, A4 and Bs) and the super pure extruded samples (Ei, E, and Es)

(Figure 3.10 and Tables 4.1, 4.2).

There was no considerable loss in weight of the cast samples (A;, A; and Bs) and the super pure
extruded samples (E;, E; and Es) during 480 hour immersion in SBF (Table 4.1), which indicates a

high corrosion resistance for these samples.

The highlighted points in table 4.1 show the start time of increase in weight of the samples and the
highlighted points in table 4.2 are the pH values at those moments. The pH values increased to more
than 9 during corrosion in SBF (Table 4.2), and an increase of pH to more than 9 caused more stability
for the magnesium hydroxide formed on the corroded surface and made it more protective [10, 12].
Therefore, the combination of high corrosion resistance and increase in the stability of magnesium
hydroxide layer led to an increase in weight with increased immersion time in the cast samples (A;, A4
and Bs). The same occurred for super pure extruded samples (E;, E; and Es) because this abnormal
behaviour was also observed above pH 9 for these samples, although here a different film layer

occurred on the surface, (CaCOs), (See figure 3.50).
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Table 4.1 The weight percentage of the samples, all of which had an increase in weight with increased immersion

time, at different time intervals during immersion in SBF.

Sample
A Ay Bs E; E» Es
Time (h)

& 9960 9959 9956 9973 9974 99 68
12 9920 99.17 9928 9958 9955 99 48
24 98.94 98.89 98.72 9927 99.18 99.15
72 98.39% 9831 98.09 98.59 98.52 98.49
120 93.00 97.83 97.74 98.15 98.16 98.09
192 98.10 98.04 97.59 9750 9792 9783
264 98.19 98.24 9758 9776 97.78 9770
336 98.35 98.32 97.58 8760 97.69 97.60
408 98.61 98 .44 97.64 9754 9762 97.48
480 98.69 98.97 97.72 87.45 97.53 97.43
720 - - - 97.37 97.46 -
830 - - - 97.61 97.66 -

1368 - - - - - 06.93
1608 - - - - - 97.44

Table 4.2 pH values of the samples, all of which had an increase in weight with increased immersion time, at

different time intervals during immersion in SBF.

Sample
A Ay B: E; E: E:
Time (h)
] 8 8.04 8.08 8.07 8.1 8.08
12 3.14 8.15 8.29 8.17 823 8.18
24 8.21 8.23 851 83% 846 836
72 8.76 8.84 9.16 8.83 893 831
120 5.11 9.13 5.34 5.07 518 511
192 9.45 9.53 961 938 942 942
264 9.74 9.76 9.64 9.5 9.57 9.48
336 9.72 9.77 5.43 9.37 5.5 537
408 9.67 9.72 935 9.42 9.43 939
480 5.56 9.85 9.4 9.3% 544 536
720 - - - 932 936 -
1368 - - - - - 021
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4.2.1 The difference between the abnormal behaviour (an increase in
weight with increased immersion time) of cast samples (A1, A4+ and Bs) and
extruded super pure samples (E1, Ez and Es)

Figure 3.10 shows that the increase in weight with increased immersion time happened earlier for the
cast samples compared to the extruded samples. Also, the increase in weight with increased immersion

time was greater in the cast samples compared to the extruded samples.

The weight loss of cast commercial pure magnesium ingot (A; and A;), more quickly solidified cast
commercial pure magnesium (Bs) and extruded super pure magnesium (E;, E, and Es), all of which
had an increase in weight with increased immersion time, was not considerable during 480 hour
immersion in SBF (Table 4.1), which indicated a high corrosion resistance for all of these 6 samples.
Therefore, the reason for the difference between the abnormal behaviour of cast samples and extruded
samples cannot be related to the corrosion performance of the samples, but this difference could stem
from two different corrosion mechanisms in the cast samples (A;, A4 and Bs) and the extruded samples
(E1, E; and Es). Unlike the cast samples, formation of magnesium hydroxide, which is an important
part of the corrosion mechanism in magnesium alloys [10, 12, 13, 17-19], did not occur on the surface
of super pure extruded sample (E) (Figure 3.49) and formation of phases, including CaCOj3, was

observed instead of Mg (OH), on the surface of sample (E) (Figure 3.50).

4.3 Greater uniformity of corrosion for extruded samples

The XRD (X-ray Diffraction) results indicated the presence of a magnesium hydroxide layer on the
surface of all cast samples (A, B and C) and extruded commercial pure magnesium samples (D) during
immersion in SBF (Figures 3.45 to 3.48). But the presence of Mg (OH), was not observed on the
surface of extruded super pure magnesium (E) at any time during immersion in SBF (Figure 3.49).
The presence of white precipitates of Mg (OH), not only was not observed on the surface of extruded
super pure magnesium (Figure 3.49) but also was not observed within the solution (Figure 4.3-e).
These results indicated that formation of magnesium hydroxide, which is an important part of the

corrosion mechanism in magnesium alloys [10, 12, 13, 17-19] did not occur in the case of super pure

79



extruded sample (E). In addition, deposition of Mg (OH), occurred very late on the surface of
extruded commercial pure magnesium (D) compared to cast samples (A, B and C). The presence of
Mg (OH), was observed after 72 hour immersion in SBF for cast samples (Figures 3.45 to 3.47),
whereas, for sample D it was observed only after 480 hour immersion in SBF (Figure 3.48) and the
amount was much less compared to the cast samples (Figure 4.2 - a to d). Furthermore, the presence of
white precipitates of Mg (OH) , within the extruded commercial pure magnesium (D) solution was not

observed either (Figure 4.3-d).

Extrusion was therefore capable of eliminating or reducing the formation of magnesium hydroxide
during corrosion of pure magnesium in SBF. In other words, extrusion can improve the uniformity of
corrosion in pure magnesium samples by the reduction of a passive layer (magnesium hydroxide) on
the surface. The formation of a passive layer on the specimen surface during corrosion is essential in
order to cause pitting corrosion, which is the common type of localized corrosion in magnesium alloys

[16, 17].

But Glancing Angle XRD indicated the formation of phases, including CaCOs, on the surface of the
super pure extruded sample (E) instead of Mg (OH), (Figure 3.50), suggesting another type of passive
layer. The CaCOs on the surface of super pure sample (E) did not seem to be similar to the Mg (OH),
on the surface of the rest of the samples (A, B, C and D) because Mg (OH), formed as white
precipitates but CaCOs; was not in the form of precipitates on the surface of extruded super pure
magnesium (E) (Figure 4.2). Hence, breakdown of passivity cannot occur in the same way as Mg
(OH), and it seems the breakdown of passivity for CaCO; was not as strong as Mg (OH),. Figure 4.2
indicates a higher uniformity in corrosion behaviour of extruded samples compared to cast samples.

Also, the super pure sample indicated the most uniformity compared to all the rest of samples.
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o and o Non-uniformity in
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Figure 4.2 Various types of samples: (a) cast commercial pure magnesium ingot (b) More quickly
solidified cast commercial pure magnesium (c) More slowly solidified cast commercial pure
magnesium (d) Extruded commercial pure magnesium (e) Extruded super pure magnesium after

480 hour immersion in SBF.
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Figure 4.3 SBF solution for various types of samples: (a) cast commercial pure magnesium ingot
(b) More quickly solidified cast commercial pure magnesium (c) More slowly solidified cast
commercial pure magnesium (d) Extruded commercial pure magnesium (e) Extruded super pure

magnesium after 480 hour immersion.
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4.4 The effect of pH on the corrosion behaviour of magnesium

Increase in pH value in vitro (Table 4.2) and its effect on the passivity of formed layers on the surface
of magnesium, which resulted in an increase in weight with increased immersion time (Figure 3.10),
can lead to reflection of results which are not completely comparable with the in vivo results because
there is no increase in the pH value in vivo and the pH value is almost constant in the human body
[69], except at the first stages of implantation which the pH is variable and can drop to 5.5 [70].
Therefore, some researches tried to keep the pH constant in vitro, whether via changing the solution
periodically [2, 71] or addition of buffers [72, 73], but none of these procedures does not seem to be

efficient.

Changing the solution means changing the medium of the experiment and is not a correct procedure in
order to keep the pH constant. Increase in pH in vitro occurs very quickly after a few hours of
immersion in SBF [71] (Table 4.2). Hence, replacing the solution means running the experiments in a
variable pH. For example, the pH value in vitro rises from 7.4 to 8.8 during corrosion and then it drops

from 8.8 to 7.4 on changing the solution.

On the other hand, addition of buffers such as tris into the solution, in order to keep the pH constant,

led to an increase in the corrosion rate of commercial pure magnesium [72].

But it seems there is a problem if the pH of the solution maintained constant in vitro. On the one hand,
the corrosion rate of magnesium alloys in vivo has been reported to be slower than in vitro [74-76]. On
the other hand, the pH of the solution increases during corrosion of magnesium in vitro and leads to a
decrease in corrosion rate [66]. This indicates that, in spite of a reduction in corrosion rate in vitro, the
corrosion rate is still higher in vitro compared to in vivo. Therefore, the corrosion rate measured in a
constant pH condition could be further away from the expected corrosion rate in the human body,
compared to when the corrosion rate is measured with an increased pH in vitro.

However, in spite of a reduction in corrosion rate in vitro, why is the corrosion rate in vitro still higher

than in vivo?
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The reason could be related to the blood circulation and accumulation of chloride ions. In vivo, the
blood circulation prevents the accumulation of chloride ions on the specimen surface whereas there is
no circulation of the solution in vitro. Therefore, the corrosion ions can accumulate on the surface of
the specimen in vitro and increase the corrosion rate. It is very important to have a combination of

constant pH and circulation of solution in order to obtain the results to be compared to in vivo results.
4.5 Release of magnesium ions

Figure 3.9 indicated less weight loss for the extruded samples (D and E) compared to the cast samples
(A, B and C). But ion chromatography of solutions showed more release of ions for the extruded
samples which was strange (Figure 3.22). The reason could be related to the formation of magnesium
hydroxide precipitates. For cast samples (A, B and C), magnesium hydroxide partly precipitated on the
surface of the samples (Figure 4.2 - a to ¢) and partly entered into the solution (Figure 4.3 - a to c).
But, for extruded samples (D and E), only few precipitates of Mg (OH), observed on the surface of
extruded commercial pure magnesium (D) (Figure 4.2 - d). Therefore, for cast samples, a high amount
of magnesium ions were stuck within the white precipitates of Mg (OH), and could not enter into the
solution. Therefore, it was not possible to measure the release of all the magnesium ions by ion
chromatography for cast samples. Regarding the extruded samples (D and E), all the magnesium ions
entered into the solution and measured by ion chromatography and that is why more release of

magnesium ions observed for extruded samples.

4.6 Summary

The corrosion behaviour of samples was found to be independent of the intermetallics, their
distribution and the grain size. The main reason for such a difference in the corrosion behaviour of the
samples (A, B, C, D and E) was related to the presence of porosity within the specimens. Since plastic
deformation eliminates most of the casting defects including porosity, the extruded samples showed a

higher corrosion resistance compared to the cast samples (A, B and C).
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Regarding the cast samples (A, B and C), increase in solidification rate during casting led to less and
finer porosity (B), whereas, a decrease in solidification rate resulted in more and larger porosity (C).
The presence of more porosity within the specimen (C) made the exposure area larger and led to more

severe corrosion.

Extrusion is not only capable of eliminating or reducing the porosity but also is capable of eliminating
or reducing the formation of magnesium hydroxide during corrosion of pure magnesium in SBF.
Therefore, extrusion can improve the uniformity of corrosion in pure magnesium in both ways. That is
why higher uniformity in corrosion behaviour of the extruded samples (D and E) was observed

compared to the cast samples (A, B and C).

In spite of reduction of corrosion rate in vitro owing to increased pH, corrosion rate is still higher in
vitro compared to in vivo, which might be related to the accumulation of corrosive ions on the sample
surface in vitro. Therefore, corrosion behaviour in the constant pH condition could be a value further
away from the expected corrosion rate in the human body compared to increased pH in vitro.
Furthermore, Increase in pH value in vitro and its effect on the passivity of formed layers on the
surface of magnesium, which resulted in an increase in weight with increased immersion time in some
samples (A;, A4, Bs, E;, E; and Es), can lead to reflection of results which are not completely
comparable with the in vivo results. Therefore, it is very important to have a combination of constant
pH and circulation of solution in order to obtain the results which are completely comparable to in
Vivo results.

For cast samples (A, B and C), a high amount of magnesium ions were stuck within the white
precipitates of Mg (OH), and could not enter into the solution. Hence, it was not possible to measure
the release of all the magnesium ions inside their solutions by ion chromatography. That is why less
release of magnesium ions observed for the cast samples (A, B and C), in spite of the fact that they had

lower corrosion resistance compared to the extruded samples (D and E).
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CHAPTER 5: Conclusions

The corrosion behaviour of 5 types of samples; cast commercial pure magnesium ingot (A), more

quickly solidified cast commercial pure magnesium (B), more slowly solidified cast commercial pure

magnesium (C), extruded commercial pure magnesium (D) and extruded super pure magnesium (E),

was studied in immersion tests during 480 hour immersion in SBF. Weight loss, pH changes and the

release of magnesium ions was measured. Furthermore, SEM, EDX and XRD were conducted on the

surface of the specimens in order to characterize the corrosion products. The following conclusions

were drawn:

1)

2)

3)

4)

Extruded super pure magnesium (E) had the lowest weight loss of about 2.56 wt% after 480
hour immersion (3 weeks) in SBF and also had the highest reproducibility amongst all the
samples at every time interval during the 480 hour immersion. Furthermore, it showed the

highest uniformity in corrosion behaviour after 480 hour immersion in SBF.

The corrosion behaviour of samples was found to be independent of the intermetallics and

their distribution.

The extruded samples (D and E) showed a higher corrosion resistance compared to the cast
samples (A, B and C). The main reason for such a difference in the corrosion behaviour of the
samples originated from the presence of porosity within the specimens. Refining the grains of
pure magnesium by plastic deformation led to elimination of porosity which is in favour of

corrosion performance of the specimen.

The presence of more and larger porosity within the specimen makes the exposure area larger

and consequently leads to more severe corrosion.
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5)

6)

7)

Formation of magnesium hydroxide, which is an important part of the corrosion mechanism in
magnesium alloys, did not occur for super pure extruded sample (E). Also, formation of
magnesium hydroxide occurred very late for commercial purity extruded sample (D). This
meant that the extruded samples E and D had the most uniform corrosion, respectively, due to

the absence of magnesium hydroxide.

During the in vitro experiment there was an increase in pH. In spite of the reduction of
corrosion rate in vitro, because of this increased pH, the corrosion rate was still higher in vitro
compared to in vivo, which might be related to the accumulation of corrosive ions on the
sample surface in vitro. Therefore, the corrosion rate in a constant pH condition could be
further away from the expected corrosion rate in the human body than the corrosion rate

associated with an increased pH in vitro.

It is very important to have a combination of constant pH and circulation of solution in order

to obtain results which are completely comparable to in vivo results.
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CHAPTER 6: Future work

The effect of casting, solidification rate and extrusion was studied on the corrosion behaviour of
commercial pure magnesium (> 99.5 wt% Mg) but the corrosion behaviour of super pure magnesium
with higher purity (99.95 wt% Mg; 0.02% Al, 0.02% Mn, 0.01 Si) was only studied in extruded form.
The corrosion behaviour of samples was mainly related to the porosity and not the intermetallics but
the effect of casting and solidification rate on the corrosion performance of super pure magnesium can
be studied in order to observe whether higher purity in super pure magnesium can play a key role in

the corrosion behaviour or not.

A considerable corrosion resistance and uniformity of corrosion was achieved for extruded super pure
sample (E) and the role of plastic deformation was very remarkable for this achievement but plastic
deformation imposes high costs on the industry. Therefore, it would be worthy to change the casting
design instead of doing plastic deformation in order to reduce porosity and have the favourable
corrosion performance, reproducibility and uniformity of corrosion. For instance, instead of doing
gravity die-casting which the melt will be injected into the mould from the top, the injection of melt

into the mould could be applied from the bottom of the mould.

Also, other corrosion measurements can be applied in order to study the corrosion behaviour of
magnesium samples such as hydrogen evolution test and electrochemical tests including Tafel and
Electrochemical Impedance Spectroscopic (EIS) experiments. However, electrochemical tests does not
seem to be quite useful for measuring the corrosion behaviour of magnesium because of the abnormal
electrochemical behaviour of magnesium and the Negative Difference Effect (NDE) in this metal. In
addition, it would be useful to investigate the mechanical properties of all the samples because it can
be find out whether super pure extruded sample (E) is capable of indicating the highest mechanical
integrity or not among all the samples as it presented the highest corrosion resistance, reproducibility

and uniformity among them.
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