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In this study, the microstructure, hardness, compression, wear, thermal properties, im
mersion, and potentiodynamic corrosion behaviors of extruded ZK60 matrix composi
tes reinforced with forty-five um 15% silicon carbide (SiC) particles and aluminium
nitride  nanoparticle (AIN) reinforcement (0.2-0.5% 760nm) were examined. The
manufacturing procedure includes preparing, pressing, and sintering powder mixtures;
alloying and casting with melt-based induction mixing; homogenizing and extruding;
and, as a last step, checking the microstructure, hardness, compression, wear,
corrosion, and thermal properties. a unique technique known as liquid-based mixing
was used to prevent the agglomeration of nanoparticle powders and to guarantee their
homogeneous distribution while creating powder blends. It was made upof a
mixture of 15% SiC,15% SiC with  0.2% AIN, and 15% SiC with  0.5% AIN

nanoparticles. The composites' reinforcing materials, SiC and AIN mixes, were first



combined with magnesium powder as the primary alloy, crushed under 450 MPa of
pressure, and sintered at 420°C. Second, the melt is mechanically mixed after the
sintered compacts are added to the ZK60 alloy matrix at the semi-solid melting
temperature. The melts are combined for 30 minutes to create a homogenous mixture.
The homogeneous mixture is then poured into metal molds to create composite
samples. The composite samples were extruded at 300°C with an extrusion ratio of
16:1 and a piston speed of 0.3 mm/s after being homogenized for 24 hours at 400°C.
Microstructure studies of the produced samples were done for cast, homogenized, and
extruded samples. Microstructure studies revealed that SiCand AIN
additions were distributed uniformly across the matrix. Agglomerations in the
structure were seen as the reinforcement ratio grew to 0.5%. The number of secondary
phases has significantly decreased, but thesize of the a-Mg grains has not
changed significantly, according to the microstructure images of the homogenized
samples. The dynamic recrystallization (DYK) that occurs during hot extrusion
causes all alloys to noticeably reduce their grain size inthe post-
extrusion microstructure pictures. After microstructure characterization the hardness
analysis, the compressive strength, and the dry friction behaviour of all composite
samples was investigated. Depending on the percentage ratios of SIC and AIN
reinforcement elements in the matrix, it was seen that the compressive strength and
hardness of the composites increased, and the friction coefficient decreased. While
the wear rate of the unreinforced ZK60 alloy was 4.5e-5 g/m, this value decreased by
37.5 percent to 2.5e-5 g/m in the 0.5% AIN +15% SiC reinforced ZK 60 alloy. In
addition, according to the percentages of SiC and AIN reinforcing elements in the
matrix, the corrosion resistance increased. It was discovered that the reinforced
ZK60+ 15% SiC (ZK60I), ZK60+ 15% SiC+ 0.2% AIN (ZK60II), and ZK60+ 15%
SiC+ 0.5% AIN (ZK60IIT) compounds had potentiodynamic corrosion resistance that
was 1.6, 1.8, and 3.5 times higher than that of the unreinforced ZK60 alloy. The
calculated immersion corrosion rates for the unreinforced ZK60, ZK60I , ZK60I1, and
ZK60III reinforcements were 2090.73, 1748.19, 1479.84, and 1397.79 (mglyear),
respectively. The presence of a layer rich in Si-O elements on the surface of the
AIN+SiC reinforced composites boosted corrosion resistance, according to the results

of the SEM and elemental spectrum response analysis of the corrosion surfaces.



According to the XRD results, the creation of Mg.Si intermetallics in the structure of

the SiC reinforced composites increased corrosion resistance.
Keywords : ZK60, SiC, AIN, Hybrid composite materials, magnesium,

nanoparticle, liquid-based mixing method, wear, corrosion,
Science Code : 91501
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OZET

Doktora Tezi

7ZK60/%15 SILISYUM KARBUR VE %0.2 - 0.5 NANO ALUMINYUM
NITRUR TAKVIYELi KOMPOZITLERIN MIKROYAPI VE MEKANIK
OZELLIKLERININ ARASTIRILMASI

Abdulmuaen M. M. SAGER

Karabuk Universitesi
Lisansiistii Egitim Enstittsu
Makine Miihendisligi Anabilim Dah

Tez Danmismani:
Prof. Dr. Ismail ESEN
Kasim 2023, 137 sayfa

Bu calismada, kirk bes um %15 silisyum karbiir (SiC) pargaciklar: ve aliiminyum
nitriir nanopargacik (AIN) ile giiclendirilmis ekstriide ZK60 matris kompozitlerin
hibrit kompozitlerin mikro yapisi, sertligi, sikistirma, asinma, termal ozellikleri,
daldirma ve potansiyodinamik korozyon davranmiglar1 takviye (%0.2-0.5 760nm)
incelenmistir. Uretim prosediirii, toz karisimlarinin hazirlanmasini, preslenmesini ve
sinterlenmesini igerir; eriyik bazli indiiksiyon karigimi ile alasimlama ve dokiim;
homojenlestirme ve ekstriizyon; ve son adim olarak mikro yapi, sertlik, sikistirma,
asinma, korozyon ve termal Ozelliklerin kontrol edilmesi. Toz karigimlar
olusturulurken nanopartikiil tozlarin topaklanmasmni Onlemek ve homojen
dagilimlarini garanti altina almak i¢in s1v1 bazli karistirma olarak bilinen benzersiz bir

teknik kullanildi. %15 SiC(p), %15 SiC(p) ve %0,2 AIN karisimindan yapilmastir,
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ve %15 SiC(p) ve %0,5 AIN nanoparcaciklart. Kompozitlerin takviye elemanlari olan
SiC ve AIN karigimlar1 dnce ana alasim olarak magnezyum tozu ile karistirildiktan
sonra 450 MPa basing altinda preslenmis ve 420°C'de sinterlenmistir. Ikinci olarak,
sinterlenmis pargalar yar1 kat1 erime sicakliginda ZK60 alasim matrisine yerlestirilir
ve eriyik mekanik olarak karistirilir. Eriyikler 30 dakika karistirilip homojen bir
karisim olustuktan sonra karigimlar metal kaliplara dokiilerek kompozit numuneler
elde edilir. 400°C'de 24 saat homojenizasyondan sonra kompozit numuneler 300°C'de
16:1 ekstriizyon orani ve 0,3 mm/s piston hizi ile ekstriide edildi. Dokiim, homojenize
ve ekstriide edilmis numuneler icin iretilen numunelerin mikroyap: analizleri
yapilmistir. Mikro yapi ¢alismalari, SiC ve AIN ilavelerinin matris boyunca diizgiin
bir sekilde dagildigin1 ortaya g¢ikardi. Donati orani biiyiidiikce yapidaki yigilmalar
goraldi. %0,5 Homojenlestirilmis numunelerin mikro yap1 goriintiilerine gore, ikincil
fazlarin sayis1 6nemli dlgiide azaldi, ancak a-Mg taneciklerinin boyutu énemli 6lglide
degismedi. Sicak ekstriizyon sirasinda meydana gelen dinamik yeniden kristallesme
(DYK), tiim alagimlarin ekstriizyon sonrast mikroyapi resimlerinde tane boyutlarini
belirgin sekilde kiiciiltmesine neden olur. SiC ve AIN takviyesi genel olarak sertligi
ve basing dayanimini arttirmistir. Mikroyap1 karakterizasyonu ve sertlik analizinden
sonra, tim kompozit numunelerin kuru siirtiinme davraniglart incelenmistir. Matris
icerisindeki SIC ve AIN takviye elemanlarnin yiizde oranlarina bagli olarak
kompozitlerin basing dayanimi ve sertliginin arttig1, siirtlinme katsayisinin ise azaldigi
gorillmistiir. Takviyesiz ZK60 alasiminin asinma orani 4,5¢-5 g/m iken, %0,5 AIN +
%15 SiC takviyeli ZK 60 alasiminda bu deger yiizde 37,5 azalarak 2,5e-5 g/m oldu.
Ayrica matristeki SiC ve AIN takviye elemanlarinin yiizdelerine bagh olarak korozyon
direncinin arttif1 goriilmiistiir. Sonug olarak, gili¢lendirilmis ZK60+ %15 SiC
(ZK60SiC15), ZK60+ %15 SiC+02AIN (ZK60SiC15AIN0.2) ve ZK60+ %15 SiC+
%0,5 AIN (ZK60SiC15AINO0.5) bilesiklerinin potansiyodinamik korozyon direncinin
1,6 kat arttig1 goriildii. , takviyesiz ZK60 alasimina kiyasla 1,8 ve 3,5 kat. Daldirma
korozyon oranlar1 takviyesiz ZK60, ZK60SiC15, ZK60SiC15AINO0.2 ve
ZK60SiC15AINO.5 donatilar i¢in sirasiyla 2090.73, 1748.19, 1479.84 ve 1397.79
(mg/y1l) olarak hesaplanmistir. Korozyon ylizeylerinin SEM ve elementel spektrum
tepki analizleri sonucunda, AIN+SiC takviyeli kompozitlerin yilizeyinde Si-O

elementlerice zengin bir tabakanin varlig1 korozyon direncini artirmistir. Ek olarak,
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XRD sonuglarina gore SiC takviyeli kompozitlerin yapisinda Mg2Si intermetaliklerin

olusumu korozyon direncini iyilestirmistir.

Anahtar Kelimeler: Hibrit kompozit malzemeler, magnezyum, nanopartikiil, sivi

bazli karistirma yontemi, asinma, korozyon, termal iletkenlik.

Bilim Kodu 1 91501
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PART 1

INTRODUCTION

Magnesium is the metal with the lowest density, is a prominent substance today
Because of its great mechanical qualities, remarkable decomposition potential, and
exceptional compatibility with biological systems. [1-4]. Nonetheless, Magnesium
alloys' poor absolute strength, weak ductility, and low corrosion and wear
performances prevent them from employed across various applications. Significant
efforts have been made to improve these features thus far. [5-8]. Commercial
magnesium alloys from the ZK family have excelled because they provide a superb
blend of durability, ductility, and the ability to be extruded [9,10]. The composition of
the alloy also affects its capacity to be extruded. Despite increasing Mg's strength Zn
decreases alloy solidus temperature, increasing hot cracking risk.. [11].
Conversely, the inclusion of 0.8 wt % Zr raises the Mg-Zn alloys' solidus temperature,
improving their extrudability. Due to the zirconium enrichment of the Mg-Zn alloy
system, ZK60 was produced. [12]. Additionally, it has been shown in literature
research that Zn and Zr are the main elements in sediments generated during aging.
[13]. An examination of the consequences of precipitation, dislocation, and the
strengthening of fine grains were used to determine the increase in strength. Together,
the aforementioned information allows one to conclude that the microstructure
improvement procedures improve the ZK60 magnesium alloy [14]. Furthermore,
based on the literature [15], as compared to pure ZK60 alloy, the 1% Ce with ZK60
alloy has a reduced volume fraction of uncrystallized grains, which boosts compressive
yield strength. Particularly brittle Mg-Zn-Ce particles reduced the length at the break,
but the inclusion of Ce also boosted yield and tensile strength. The addition of 1.0
wt% Ce was reported to enhance the hot workability, however it deteriorated at high
Ce ratios [16]. The major intermetallic precipitate for the ZK60 alloy, Mg7Zn3, has a
20% greater hardness than MgzZn2Ce intermetallic, which the formation of this

compound occurs due to an unintentional introduction of metal, leading to the partial



removal of solute from the magnesium solid solution.. [17]. Utilizing the formation
of a protective layer of oxide on the surface that is susceptible to wear, the addition of
Ce to alloys considerably increases their dry wear resistance. [18]. According to Wu
et al [19], Yb "Ytterbium reinforcement of ZK60 results in a 17% improvement in
tensile strength. The ZK60-1Sm "Samarium™ alloy, on the other hand, showed better

strength and ductility when compared to ZK60 alloy [20].

According to Abbas et al [21], 12 passes of equal channel angular extrusion (ECAP)
boosted ZK60's ability to absorb hydrogen by 5.3 wt. Huang et al.'s [22] Conducting
research on the impact that Bi has on the microstructure and mechanical characteristics
of extruded ZK60 showed a notable 15% enhancement in tensile strength. According
to Liang et al. [10], the rod-shaped p_17'-MgZn precipitated phase brought about a
considerable improvement in the mechanical properties of the LPBF ZK60 Mg alloy
thanks to its appearance. Wear resistance and elongation-to-fracture were both
improved by fifty percent when 0.2 weight percent of Nd was added. According to
studies by Zengin et al. [8]. In a recent study by Labib et al [23], The impact of
incorporating SiC at levels of 5%, 10%, and 15% into pure magnesium was studied.
The findings indicated that Mg with a 15% SiC content demonstrated increased wear
resistance at all temperatures. The shear punch test's deformability remained
unaffected after extrusion, while the wrought ZK60 alloy's tensile, ultimate, shear, and
tensile elongation to failure characteristics increased [24]. In a recent study conducted
by Banijamali et al [25], it was discovered that the inclusion of Y-containing
precipitates enhances the hardness and wear resistance of the ZK60 alloy when 3 wt
percent Y is introduced. Behnamian et al. [26] shown that increasing the concentration
of multi-walled carbon nanotubes to 0.5 wt% led to a decrease in wear rates and an
enhancement in hardness. Conversely, the hardness increased while the rate of wear
escalated as the concentration of boron carbide was boosted to higher levels. YIN et
al [11] conducted a study on the mechanical and corrosion characteristics of an
extruded Mg-Zn-Mn alloy. The addition of Zn to Mg enhances the alloy's strength
while simultaneously improving it has qualities that prevent rusting. The optimal anti-
corrosion property may be achieved at a Zn concentration of 1%. Consequently,
zirconium was introduced into the Mg-Zn alloy system, resulting in the development

of ZK60. Zinc enhances corrosion resistance by neutralizing the harmful impact of



nickel and iron impurities [27]. Due to the amalgamation of these beneficial
components, ZK60 alloys have improved mechanical properties. ZK60 alloys may
also be produced readily at high temperatures and have a minimal propensity for
cracking [13,16]. In other words, dynamic recrystallization (DRX) takes place during
the hot forming processes, which can enhance the mechanical properties. However,
several ZK60 alloy characteristics, including, high temperature strength, , and
corrosion resistance, continue to be inferior to those of its rivals. As a result, numerous
attempts to enhance these features have been tried thus far. The incorporation of
various elements into magnesium alloys of the ZK series, aiming to leverage the
benefits of their thermal stability.. When the ZK60 alloy was created utilizing the
selective laser melting SLM process, according to Wu CL et al. [28], the rate of
hydrogen generation was reduced by 30%, and their corrosion current density ware
decreased by 50%. The mechanical characteristics and microstructure of the hot rolled
ZK60 alloy with the addition of Ce base metal were assessed by Silva et al. [29], while
Liu et al. al [30] It was observed that the ZK60 alloy, when subjected to hot rolling,
displayed greater strength and elongation at the point of fracture in comparison to its
cast counterpart. Similarly, the Mg-2Zn-0.2Mn alloy showcased enhanced corrosion
resistance post extrusion and aging, attributed to its finer average grain size, more
evenly distributed phases, and reduced porosity in comparison to the cast alloy. As
indicated in a study published in existing literature [31], hydrothermal methods were
employed to fabricate ZK60 magnesium alloys, which were subsequently coated with
a composite layer and hydroxyapatite (HA). The outcomes indicated that treatment
solutions with a pH of 9 yielded hydroxyapatite coatings with the most significant
enhancement in corrosion resistance. There is also Tang et al. [32]'s investigation into
porthole die extrusion using ZK60 Mg alloy. High extrusion speed raised the
temperature and eliminated the precipitate in B1'," which resulted in the formation of
transparent grains. Localized pitting increased the pace of corrosion, which later
slowed down due to the formation of a denser, more protective layer. In addition, Z.
Li et al.[33]. Heat treatment was tested on ZK60 magnesium microstructure and
corrosion. Heat-treated ZK60 alloys (T4 and T6) were exhibited superior resistance
against corrosion compared to the untreated ZK60 alloys, which underwent processes
of water quenching at 515°C for 2 hours and water quenching at 515°C for 2 hours
followed by air cooling at 160°C for 24 hours. Notably, the ZK60 alloy subjected to



T4 treatment demonstrated the most optimal corrosion resistance. Enhanced corrosion
resistance in magnesium alloys correlates with a reduced rate of hydrogen release.
Conversely, a higher rate of hydrogen evolution leads to flaws in the coatings and
diminishes their effectiveness as protective layers. In a recent investigation conducted
by Song et al.[34], the influence of hydrogen on the corrosion performance of the Mg-
2Zn and Mg-5Zn alloy compositions was examined. The microstructure of the Mg
substrate also exerts a significant influence on the charging hydrogen effect. insertion
methods for organic functional groups. In their investigation into the creation of
biodegradable magnesium alloys, Wei et al. [5] showed that lon implantation treatment
has the dual effect of reducing the rate of corrosion and improving the biocompatibility
of the alloy. Furthermore, other investigations focused on investigating the impact of
biodegradation on magnesium and ZK60 alloy behavior in both rat models and
simulated urine environments. The estimated corrosion rates, based on current
densities, were found to be 1.36 mm/y for pure Mg and 0.96 mm/y for the ZK60 alloy.
Correspondingly, the corrosion current densities were measured at 59.66 + 6.41 A/cm?
and 41.94 £ 0.53 A/cm?, respectively. These findings indicate the suitability of ZK60
alloy for use in biodegradable stents designed for urinary applications [35]. Gao et al.
[36] Performed a research investigation on the ability of biodegradable magnesium
alloys, created by selective laser melting, to resist corrosion. The researchers
discovered that the surface layers exhibited enhanced defensive characteristics,
facilitated by phases enriched in Mn and/or Sn, played a crucial role in impeding the
penetration of the surrounding medium. This resulted in decreased current exchange
with the matrix and contributed to improved corrosion behavior. Furthermore, the
presence of solute Mn and/or Sn induced alterations in the corrosion potential that

further bolstered the alloy's corrosion resistance.

Shuai et al. [37] conducted an investigation into the mechanical characteristics and
resistance to corrosion of magnesium alloys enclosed within a 3D honeycomb
nanostructure. The research highlighted the benefits of a finely grained ZK60
magnesium alloy, which was manufactured using a sequence of upsetting procedures.
This alloy demonstrated a favourable combination of strength, corrosion resistance,
and ductility, as described in existing literature [3]. Additionally, Wang et al. [38]
explored the degradation of composite bio-coatings on ZK60 alloy utilized a



combination of electrophoresis deposition and microarc oxidation. In their research,
Yang et al. [39] employed an in-situ apatite deposition method to provide protection
for a laser-produced magnesium-based composite. Their findings indicated that
magnesium had a corrosion-inhibiting effect. Furthermore, Youwen et al. [40],
discovered that magnesium improved the degradation of a laser-additive manufactured
magnesium-based composite. According to literature [3], repeated upsetting (RU)
decreased corrosion in fine-grained ZK60 magnesium alloy. This was due to the alloy's
reduced grain size and higher corrosive solution exposure of non-basal planes.
However, the three-pass sample has good strength, ductility, and corrosion resistance,
making it a promising biodegradable magnesium alloy. Research on the
electrochemical and immersion corrosion of ZK60 magnesium alloy before and after
hydroxyl ion implantation reveals that a less-toxic functional ion implantation method
might prevent Mg alloy implant corrosion [6]. Zengin et al. [41] examined how adding
Y affected extrude Mg-Zn-Nd-Zr alloy corrosion and microstructure. Based on their
investigation, they discovered that Y-free extruded alloys had a low resistance to
corrosion. As a result of micro galvanic contact, Y at a weight percentage of one
enhanced the corrosion resistance. This table provides a list of the standard mechanical
features of the ZK60.
Table 0.1. Presents the mechanical characteristics of ZK60 alloy [42].

Alloy  Nominal Elongation at Tensile Yield strength
composition fracture (%)  strength (MPa)
(MPa)
ZK 60 Mg-6Zn-0.6Zr 8 315 235

1.1. ZK60 MAGNESIUM ALLOY

ZK60 magnesium alloy is a widely studied material with various applications in
different industries. It has high strength-to-weight ratio, good mechanical properties,
damping capacity, easy machinability, and corrosion resistance [43]. However, ZK60
alloy also has some limitations, such as its high degradation rate and poor room

temperature ductility compared to commercial aluminium alloys [44].



One of the key characteristics of ZK60 alloy is its grain size, which can significantly
affect its properties. Superplastic metals, including magnesium alloys, generally have
grain sizes in the range of 3-5 um [45]. Nevertheless, methods such as equal-channel
angular pressing (ECAP) and high-pressure torsion (HPT) have the capability to
generate submicron-sized grain structures within the alloy.[45,46]. These refined
grains, if stable at elevated temperatures, can contribute to the excellent superplastic

behaviour of the material [45].

The microstructure of ZK60 alloy can be further modified through various methods.
For example, homogenization treatment can refine the grain structure of the casting
ZK60 alloy [47]. Heat treatment processes, such as T5 and T6 treatments, can also
affect the mechanical properties and microstructure of the alloy [48,49]. Additionally,
the addition of alloying elements like yttrium (Y) and can lead to microstructural

refinement and enhance the mechanical characteristics of the ZK60 alloy [22].

The corrosion behaviour of ZK60 alloy is an important aspect to consider for its
applications. The alloy has been found to be prone to localized corrosion, which can
lead to the creation of deep cracks on the surface [50]. To improve the corrosion
resistance of ZK60 alloy, different surface modifications and coatings have been
investigated. For example, microarc oxidation (MAQ) coatings and hydroxyapatite
(HA) coatings have been applied to the alloy to enhance its corrosion resistance
[51,52]. Other methods, such as Fe ion implantation and coating, have also been

explored to modify the surface properties and corrosion resistance of ZK60 alloy [53].

In terms of specific applications, extensive research has been conducted on the ZK60
alloy for its potential use in biomedical implants. Its biocompatibility and
biodegradability make it a promising material for orthopaedic applications [54,55].
However, the rapid degradation rate of the alloy might pose a challenge, and
researchers have been investigating methods to control and optimize its degradation
behaviour [56,57]. Coatings, such as chitosan and polycaprolactone (PCL), have been
used for ZK60 alloy to improve their corrosion resistance and biocompatibility
[58,59].



ZK60 alloy has also been explored for hydrogen storage applications. Studies have
shown that the utilization of severe plastic deformation techniques like ECAP and HPT
on the ZK60 alloy presents substantial benefits as a hydrogen storage material.[60].
The stability of hydrogenation properties in ZK60 alloy has been investigated in long-
term studies [60].

Furthermore, ZK60 alloy has been used in the development of composites and coatings
to enhance its mechanical and wear properties. For example, silicon carbide (SiC) and
aluminum nitride (AIN) particles have been added to the alloy matrix to strengthen it
and improve its wear resistance [61]. Friction stir processing (FSP) has been utilized
to enhance the microstructure and elevate the superplastic characteristics of the ZK60
alloy. [62].

In conclusion, ZK60 magnesium alloy is a versatile material with a wide range of
applications. Its properties can be modified through various processing techniques,
heat treatments, and alloying element additions. The alloy's grain size, microstructure,
corrosion resistance, and mechanical properties can be tailored to suit specific
application requirements. Ongoing research aims to further optimize the properties of
ZK60 alloy and explore its potential in various industries, including aerospace,

biomedical, and hydrogen storage.

1.2.THE EFFECT OF SIC ADDITION TO MAGNESIUM

The addition of SiC (silicon carbide) to magnesium alloys has been studied extensively
in the literature. SiC is a ceramic reinforcement that is known for its high strength,
hardness, and compatibility with metallic matrices [63]. When SiC particles are added
to magnesium alloys, they can improve various properties of the composite material.
One of the key benefits of SiC addition to magnesium is the enhancement of
mechanical properties. SiC reinforcement can increase the stiffness, specific strength,
and dimensional stability of magnesium alloys[64]. It has been reported that even a
small amount of nano-sized SiC can lead to similar or even better creep resistance
compared to creep-resistant magnesium alloys [65]. SiC particles can also improve the

wear resistance of magnesium composites [66]. The addition of SiC particles causes a



considerable change in the microstructure of the composite, resulting in improved
mechanical properties [67].

SiC addition to magnesium can also have a positive effect on the corrosion resistance
of the composite material. Several studies have shown that Mg composites with
incorporated SiC particles exhibit enhanced anti-corrosion properties [63]. SiC can
form a protective layer on the surface of the composite, reducing the corrosion rate
[68]. Additionally, SiC can improve the wettability of magnesium, leading to better
interfacial bonding between the matrix and the reinforcement [69]. The microstructure
of SiC-reinforced magnesium composites is influenced by the addition of SiC
particles. SiC particles can refine the grain structure of magnesium alloys, resulting in
finer grain sizes [70]. The inclusion of SiC particles can result in the creation of a
structured pattern comprising areas with a higher concentration of particles alongside
regions devoid of particles. The size and dispersion of SiC particles within the
composite material can significantly impact its microstructure and mechanical
properties [71].

The processing techniques used to fabricate SiC-reinforced magnesium composites
can also impact the properties of the material. Various techniques, such as stir casting,
powder metallurgy, and friction stir welding, have been employed to produce SiC-
reinforced magnesium composites [72—74]. The choice of processing technique can
affect the distribution and dispersion of SiC particles in the composite, which in turn
can influence the physical properties and mechanical of the material [75].

In summary, incorporating SiC into magnesium alloys can enhance mechanical
characteristics, including resistance to creep, stiffness, and wear.SiC can also enhance
the corrosion resistance of magnesium composites. The microstructure of SiC-
reinforced magnesium composites is influenced by the addition of SiC particles and
the processing technique used. Further research is needed to optimize the SiC content,
particle size, and processing parameters to achieve the desired properties in SiC-

reinforced magnesium composites.

1.3.THE EFFECT OF ALN NANO PARTICLE ADDITION TO MAGNESIUM

The addition of aluminium nitride (AIN) nanoparticles to magnesium alloys has been
studied extensively to investigate its effects on the structure, phase composition, and



mechanical properties of the resulting composites. In a study by [76], it was shown
that increasing the proportion of AIN particles from 5 to 15 wt.% led to a decrease in
the density and strength of the samples. The size of the AIN particles used in this study
ranged from 1 to 3 pum. Similarly, Meignanamoorthy et al.(2022) [77] found that the
addition of nano AIN particles to an Al-Si-Mg alloy matrix composite resulted in a
decrease in the amount of magnesium. This suggests that the addition of AIN
nanoparticles to magnesium alloys can have a negative effect on the density and
strength of the composites. On the other hand, Sankaranarayanan et al. (2014) [78]
investigated the effect of varying the volume fraction of nano-AIN addition on the
microstructural and mechanical properties of pure magnesium. They found that the
addition of nano-AIN particles improved the microstructural and mechanical
properties of the pure magnesium matrix. Similarly, Garrido et al. (2020) [79] reported
that the dispersion of AIN nanoparticles into nanocrystalline aluminium enhanced its
hardness and elastic modulus. These findings suggest that the addition of AIN
nanoparticles can have a positive effect on the microstructural and mechanical
properties of magnesium alloys. Incorporation of nanoparticles in magnesium and its
alloys has also been shown to result in the formation of more stable secondary phases
and a reduction in ductility [63]. This suggests that the addition of nanoparticles,
including AIN nanoparticles, to magnesium alloys can affect the formation of
secondary phases and the ductility of the composites. The addition of AIN
nanoparticles to magnesium alloys has been found to have multiple beneficial effects.
Paramsothy et al. (2012) [80] investigated the effects of Al203 nanoparticle addition
to cast magnesium-based systems and found that it enhanced the strength and ductility
of the corresponding magnesium alloys. Similarly, Paramsothy et al. (2012) [81]
studied the effects of TiC nanoparticle addition to a hybrid magnesium alloy and found
that it enhanced the mechanical response of the alloy. These findings suggest that the
addition of nanoparticles, including AIN nanoparticles, can have positive effects on
the mechanical properties of magnesium alloys. The dispersion of nanoparticles,
including AIN nanoparticles, in magnesium alloy matrices has been shown to be
important for achieving good reinforcing effects. Shimizu et al. (2008) [82] found that
the dispersibility of carbon nanotubes in a magnesium alloy matrix was important for
achieving a good reinforcing effect. Similarly, Lakavat (2021) [83] reported that the
addition of nano Al203 enhanced the deposition of Ni-P on an AZ91 magnesium



composite. These findings suggest that the dispersion of nanoparticles, including AIN
nanoparticles, in magnesium alloy matrices is crucial for achieving the desired
reinforcing effects. The crystal structure and lattice parameters of AIN nanoparticles
and magnesium have similarities, which makes the growth of magnesium on an AIN
particle relatively easy [84]. This suggests that the addition of AIN nanoparticles to
magnesium alloys can facilitate the growth of magnesium on the nanoparticles. In
summary, the addition of AIN nanoparticles to magnesium alloys can have both
positive and negative effects on the properties of the resulting composites. The specific
effects depend on factors such as the proportion and size of the nanoparticles, the
processing techniques used, and the specific alloy composition. The dispersion of the
nanoparticles in the magnesium alloy matrix is crucial for achieving the desired
reinforcing effects. Further research is needed to optimize the addition of AIN
nanoparticles to magnesium alloys and to understand the underlying mechanisms of

their effects.

1.4. CORROSION AND WEAR BEHAVIOUR OF ZK60 MAGNESIUM
ALLOY

The corrosion and wear behaviour of ZK60 magnesium alloy has been extensively
studied in various research articles. These studies have investigated the corrosion
resistance, wear properties, and surface modifications of ZK60 magnesium alloy to
understand its performance in different environments and applications. One study by
Baril et al. (2001) [85] investigated the corrosion behaviour of as-cast magnesium
alloys, including ZK60, in a sodium sulfate solution using electrochemical impedance
spectroscopy. The study analysed the corrosion product layer using transmission
electron microscopy. The results provided insights into the time-dependent corrosion
behaviour of ZK60 magnesium alloy. Another study by Ishizaki et al. (2011) [86]
concentrated on examining the corrosion resistance and endurance of a
superhydrophobic surface applied to a magnesium alloy. This surface was coated with
a nanostructured cerium oxide film and fluoroalkyl silane molecules. Electrochemical
tests and contact angle measurements were employed to assess the coating's ability to
resist corrosion in a corrosive NaCl aqueous solution. Bagherifard et al. (2018) [87]

Explored were the impacts of nanofeatures resulting from severe shot peening on the
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mechanical, corrosion, and cytocompatibility properties of the magnesium alloy
AZ31, akin to ZK60. The research findings indicated that severe shot peening
mitigated localized corrosion by reducing the size of secondary phase particles and
encouraging microstructural uniformity. Mostaed et al. (2014) [88] Investigated was
the impact of the equal channel angular pressing (ECAP) process on the mechanical
and corrosion attributes of pure magnesium and ZK60 magnesium alloy, particularly
for potential use in biodegradable stent applications. The findings highlighted that
ECAP had a marginal effect on the overall corrosion resistance of the ZK60 alloy.
Silva et al. (2019) [46] Researched was the impact of high-pressure torsion (HPT) on
the microstructure, hardness, and corrosion behavior of various magnesium alloys,
including pure magnesium and ZK60. The study employed transmission electron
microscopy to scrutinize the microstructure and concluded that HPT resulted in the
refinement of the grain structure of the ZK60 alloy. Zhang et al. (2017) [35] Examined
was the biodegradation performance of both pure magnesium and the ZK60 alloy in
artificial urine and rat models. The investigation involved analyzing the corrosion
mechanism through methods such as electrochemical impedance spectroscopy and
potentiodynamic polarization tests. Furthermore, the corrosion potential of the ZK60
alloy was assessed across various environments. Kumar et al. (2021) [66] studied the
wear behaviour of SiC reinforced magnesium alloy composites, including AZ91,
which is similar to ZK60. The study evaluated the extensive wear behaviour of the
composites with different SiC particulate variations. Lee et al. (2017) [89]

The primary focus was to enhance the corrosion resistance of a biodegradable
magnesium alloy by creating a defensive ceramic coating through a micro-arc
oxidation (MAO) process. This study aimed to elevate the corrosion resistance of the
underlying material, specifically targeting its suitability for orthopedic implant
applications. Trang et al. (2023) [90] Explored in this study was the in vitro cellular
biocompatibility and in vivo degradation behaviour of a calcium phosphate-coated
ZK60 magnesium alloy. The research aimed to assess the impact of various calcium
phosphate layers on both the corrosion resistance and biocompatibility of the ZK60
alloy. Sager et al. (2022) [61] the study examined ZK60 matrix composites reinforced
with silicon carbide and aluminium nitride nanoparticles' microstructure, mechanical,
and wear characteristic. The primary objective was to enhance the mechanical strength
and wear resistance of the ZK60 alloy. Myagkikh (2023) [91] Explored in the study
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was the strain rate sensitivity concerning the mechanical properties of the ZK60 alloy,
particularly under conditions involving significant corrosion damage. The research
delved into investigating the role of diffusible hydrogen in the fracture mechanism of
metals and its influence on the degree of embrittlement in the ZK60 alloy. Li et al.
(2020) [92]

Explored were the impacts of microstructure and phase composition on the corrosion
characteristics of cast magnesium alloy ZK60 when exposed to NaCl solution. The
study involved analyzing the corrosion tendencies of the ZK60 alloy through weight
loss measurements. Dou et al. (2022) [93] Researched was the enhancement of surface
friction and corrosion resistance in the AZ31 magnesium alloy through ion
implantation and ultrasonic rolling. The study's findings indicated a decrease in the
wear rate of the magnesium alloy subsequent to ion implantation. Gao et al. (2010)
[94] studied the effect of Mg2+ concentration on the biocompatibility of pure
magnesium. The study investigated the corrosion behavior of different magnesium
alloys, including AZ91, in Hank's solution and found that the corrosion resistance of
AZ91 was the best. Xue et al. (2022) [95] investigated the corrosion behaviour of
ZK60 wrought magnesium alloys with micro-arc oxidation (MAO) coatings exposed
to salt spray and constant stress corrosion conditions. The study evaluated the
influence of forging process and MAO coating on the corrosion behavior of ZK60
alloy. Banijamali et al. (2020) [18] examined ZK60 magnesium alloy tribology with
cerium. The research examined ZK60 alloy mechanical characteristics and wear
resistance with varied cerium adding rates. Zhao et al. (2021) [96] examined cold-
sprayed NiCrAl coating on AZ91D magnesium alloy microstructure and
characteristics. The wear mechanism of AZ91D alloy was studied, showing parallel
furrows, fractures, and debris. Rodrigues et al. (2021) [97] examined plasma
electrolytic oxidation-coated ZK30 magnesium alloy corrosion resistance and
tribology. The research used PEO coatings to enhance ZK30 alloy corrosion and wear
resistance. Merson et al. (2017) [98] examined ZK60 magnesium alloy corrosion
following significant plastic deformation. The research examined ZK60 alloy
mechanical characteristics, biocompatibility, and biodegradability. Chen et al. (2017)
[56] examined the impact of heat treatment on the mechanical and biodegradable
characteristics of extruded ZK60 alloy. The research assessed the microstructure and
mechanical characteristics of the ZK60 alloy after various heat treatment procedures.
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Jian et al. (2023) [99] The objective was to develop a surface modification technique
for ZK60 magnesium alloy implants that could gradually degrade while stimulating
bone healing. The study suggested employing micro-arc oxidation (MAO) treatment
on the ZK60 alloy to improve its corrosion resistance and biological activity.. Su et al.
(2020) [54] researched was the corrosion-wear performance of a biocompatible
magnesium matrix composite in simulated body fluid. The study incorporated
hydroxyapatite within a magnesium matrix composite to assess its corrosion resistance
and wear properties. Xue et al. (2019) [51] characterized the corrosion performances
of micro-arc oxidation (MAQ) coatings on AZ31B, AZ80, and ZK60 cast magnesium
alloys. The study investigated the corrosion behaviour of the coated and uncoated
alloys using electrochemical measurements. Fahad & Bavanish (2021) [100]
Examined was a wear and corrosion investigation on AZ91D magnesium alloy
reinforced with nano lanthanum and nanoceria via the stir casting method. The study
scrutinized various wear mechanisms, encompassing abrasive, oxidation, adhesion,
and delamination, involved in the research. Zheng et al. (2014) [53] investigated the
surface corrosion resistance and characteristics of ZK60 magnesium alloy modified
by Fe ion implantation and deposition. The study analysed the surface microstructures
and corrosion behavior of the modified alloy. These studies provide valuable insights
into the corrosion and wear behaviour of ZK60 magnesium alloy and offer potential
strategies for improving its performance in various applications. The research findings
contribute to the understanding of the factors influencing the corrosion resistance, wear

properties, and surface modifications of ZK60 alloy.

1.5. MECHANICAL AND CHEMICAL PROPERTIES OF ZK60
MAGNESIUM ALLOY

ZK60 is a magnesium alloy that is composed of 5 wt% Zn, 0.8 wt% Zr, and the
remaining balance being magnesium [101]. It is known for its excellent mechanical
properties, with high specific stiffness/strength, good damping capacity, and die-
castability [102]. The alloy has been extensively studied for different applications,
such as bone repair materials, orthopedic implants, and automotive components
[89,103,104].
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One of the most factors that affect the mechanical properties of ZK60 is the grain size.
Superplastic metals, including ZK60, typically have grain sizes in the range of 3-5 um
[45]. However, processing techniques like equal-channel angular pressing (ECAP) and
high-pressure torsion (HPT) can produce submicrometric grain sizes in the alloy
[45,46]. These refined grains can enhance the superplastic behaviour of ZK60 at
elevated temperatures [45]. Severe plastic deformation methods, including equal-
channel angular pressing (ECAP) and high-pressure torsion (HPT), have been applied
to refine the grain structure of the ZK60 magnesium alloy. [46]. These techniques can
lead to the formation of a submicrometric grain size, which can enhance the
superplastic behaviour of the alloy [45]. The refined grain structure obtained through
severe plastic deformation can also improve the mechanical properties of ZK60, such
as strength and ductility [105].

ZK60 magnesium alloy can also be processed through submerged friction stir
processing (SFSP) [106]. This technique involves severe plastic deformation with
enhanced cooling rates, which promotes dynamic recrystallization and retards grain
growth [106]. As a result, the as-cast microstructure of ZK60 is refined, leading to

improved mechanical properties.

The mechanical properties of ZK60 can be further enhanced by the addition of alloying
elements. For example, the addition of holmium (Ho) to ZK60 magnesium alloy has
been shown to improve its microstructure and mechanical properties [102]. The
presence of Ho can refine the grain structure and enhance the strength and ductility of
the alloy [102].

In terms of corrosion resistance, ZK60 magnesium alloy has been found to exhibit
good in vivo and in vitro degradation rates, as well as excellent biocompatibility [35].
The alloy has been investigated for its potential use in biodegradable implants, where
it gradually dissolves in the human body and is replaced by bone tissue [35]. Different
surface modification methods, such as micro-arc oxidation (MAO) and plasma
electrolytic oxidation (PEQO), have been utilized to enhance the corrosion resistance of
ZK60.[89,97]. Coating ZK60 magnesium alloy with hydroxyapatite has also been
explored to enhance its biocompatibility and corrosion resistance [103].
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Hydroxyapatite (HA), possessing a chemical composition akin to bone mineral, finds
extensive application in coating magnesium alloys for bone repair purposes. The HA
coating can provide a protective barrier against corrosion and promote bone integration
[103].

In terms of tribological properties, the exploration involved studying ZK60 matrix
composites that were reinforced with silicon carbide (SiC) particles and aluminum
nitride (AIN) nanoparticles.[61]. The addition of these reinforcements can improve the

wear resistance of ZK60 alloy.

In summary, ZK60 magnesium alloy is a promising material with excellent mechanical
properties and biocompatibility. It can be processed through various techniques to
refine its grain structure and enhance its superplastic behaviour. The addition of
alloying elements and the use of surface modification techniques can further improve
its mechanical properties and corrosion resistance. The alloy has potential applications

in bone repair materials, orthopedic implants, and automotive components.

1.6. BIOCOMPATIBILITY OF ZK60 MAGNESIUM ALLOY

Biocompatibility is a crucial factor to consider when evaluating the suitability of
magnesium alloys for biomedical applications. Magnesium alloys have gained
significant attention in the field of biomedicine due to their low density, good
castability, high damping capacity, and good biocompatibility [107]. Among the
various magnesium alloys, ZK60 magnesium alloy, which is composed of magnesium,
zinc, and zirconium, has been extensively studied for its biocompatibility and
degradation behavior [42,54,99,108-110]. Zinc and zirconium are chosen as alloying
constituents in biodegradable magnesium alloys, such as ZK60, because of their
capability to enhance strength and exhibit favorable biocompatibility.[111].
Incorporating zinc and zirconium into magnesium alloys can enhance their mechanical
characteristics and corrosion resistance, rendering them suitable for biomedical
applications [46,108,109]. ZK60 magnesium alloy has been reported to exhibit good
mechanical properties and is considered a potential biodegradable material [54,56].
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The degradation behaviour of ZK60 magnesium alloy is an important aspect to
consider for its biocompatibility. Studies conducted in vitro aimed to assess the
degradation rate, hydrogen evolution, ion release, surface characteristics, and
cytotoxicity of ZK60 magnesium alloy [111]. The degradation rate of ZK60 alloy can
be influenced by factors such as the microstructure, heat treatment, and surface
coatings [35,48,56,97,104,112,113]. Surface modifications, such as microarc
oxidation (MAO) coatings and hydroxyapatite (HA) coatings, have been investigated
to improve the corrosion resistance and biocompatibility of ZK60 magnesium alloy
[52,114,115].

In addition to degradation behaviour, the cytocompatibility of ZK60 magnesium alloy
has also been studied. In vitro cytocompatibility tests have been conducted to evaluate
the biocompatibility of ZK60 alloy with different cell types [90,111,116-118]. The
effects of surface coatings, such as calcium phosphate (Ca-P) coatings and HA
coatings, on the cytocompatibility of ZK60 alloy have been investigated Trang et al.
(2023)Yang et al., 2015)[90,118]. It has been reported that surface modifications, such
as Ca-P coatings and HA coatings, can enhance the corrosion resistance and
biocompatibility of ZK60 magnesium alloy. Furthermore, the mechanical properties
of ZK60 magnesium alloy, such as hardness and corrosion behaviour, have been
studied [46,56,97,114,119]. Severe plastic deformation techniques, such as high-
pressure torsion (HPT) and equal-channel angular pressing (ECAP), have been used
to process and refine the grain structure of ZK60 magnesium alloy, resulting in
improved mechanical properties [46,120,121]. Heat treatment processes, such as
solution heat treatment and aging treatment, have also been investigated to improve
the mechanical and biodegradable properties of ZK60 alloy [48,56].

In summary, the biocompatibility of ZK60 magnesium alloy has been extensively
studied, considering its low density, good castability, high damping capacity, and good
biocompatibility. The degradation behavior, cytocompatibility, mechanical properties,
and surface modifications of ZK60 alloy have been investigated to evaluate its
suitability for biomedical applications. Surface coatings, such as microarc oxidation
(MAO) coatings and hydroxyapatite (HA) coatings, have been explored to improve
the corrosion resistance and biocompatibility of ZK60 magnesium alloy. Severe plastic
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deformation techniques and heat treatment processes have been used to refine the grain
structure and improve the mechanical properties of ZK60 alloy. Overall, the research
on ZK60 magnesium alloy provides valuable insights into its biocompatibility and
potential applications in the biomedical field.

While several studies have focused on enhancing the corrosion resistance of
magnesium ZK60/SiC composites [122], there has also been research conducted on
the impact of incorporating nano-diamond content on the characteristics of magnesium
alloys [123]. Nevertheless, there have been no studies undertaken on the impact of SiC
and AIN additions on the characteristics of ZK60 alloy. The aim of this work was to
improve the mechanical characteristics and corrosion resistance of the ZK60 alloy by
using micro SiC and nano AIN particles. In addition, the corrosion performance of the
extrudates was evaluated on both the paralleel and traansverse surfaces throughout the
extrusion process. Consequently, our research is partitioned into two segments: a
comprehensive examination of existing literature and practical investigations.
However, literature review and experimental studies were examined separately. In the
"Introduction™ section, which is the first part of these studies, a general view of the
study is given. The general properties of magnesium and magnesium alloys are
discussed in detail in the second chapter. In addition, the effects of Mg alloys on
alloying elements and their application areas in various industries are given. In the
third chapter, metal matrix composite materials and the reinforcement elements used
are explained. Wear and corrosion behaviour of magnesium-based materials are
discussed in detail in the fourth chapter. The devices used in the experimental research
and the experiments performed are explained in the five chapter. The sixth chapter of
the study contains a detailed analysis of the results as well as the experimental find
and the discussion section. The general results of the research are presented in the

seventh chapter, which is the last chapter.
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PART 2

MAGNESIUM AND MAGNESIUM ALLOYS

2.1. MAGNESIUM

Magnesium, symbolized as Mg with atomic number 12, is a silvery-white metal
recognized for its lightweight, ductile, and notably reactive properties. It ranks as the
eighth most abundant element in the Earth's crust and possesses a density of 1.74
g/cm®. This characteristic distinguishes it prominently when juxtaposed with the
densities of commonly utilized commercial metals like steel (7.8 g/cm®) and aluminum
(2.7 g/cm®). Magnesium is sourced from minerals such as dolomite, magnesite, and
carnallite.[127]. Magnesium ranks as the sixth most abundant metal and the eighth
most abundant element on Earth. Table 2.1 exhibits additional crucial physical
properties of magnesium. Its low density, coupled with a commendable strength-to-
weight ratio, renders it especially fitting for components necessitating reduced weight.
The low melting temperature and latent heat of melting improve the castability
properties of magnesium, and thus the production of cast parts can be done effectively.
In addition, magnesium has very good machinability, good damping ability, and good
weldability. On the other hand, the exceptionally low oxidation potential of
magnesium, such as -2.37 V, increases its susceptibility to galvanic corrosion and

reduces its corrosion resistance. In addition, magnesium has low creep strength.

Table 2.1. Some important physical properties of magnesiu[127,128].

Density 1.74 g/cm3

The atomic number 12

The melting point 650 °C (1,202 °F)
The Boiling point 1,090 °C (1,994 °F)

Conductivity Magnesium is a good conductor of both electricity and
heat.
Hardness Magnesium is a relatively soft metal and can be easily

scratched or dented about 30-47 HB.
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Flammability Magnesium is highly flammable and can ignite easily,
which makes it a potential fire hazard if not handled
properly.

modulus of elasticity 45 GPa

Corrosion resistance  Magnesium is prone to corrosion, but it can be protected
from corrosion by anodizing or other surface treatments.

Magnesium has a hexagonal close-packed (HCP) crystal structure, which can be
described as a stack of close-packed layers of atoms arranged in a hexagonal pattern.
The HCP crystal structure is characterized by two lattice parameters, a and c, where a
represents the distance between the centres of two adjacent atoms in the same plane
and c represents the distance between two adjacent planes. Under atmospheric
pressure, pure magnesium crystallizes in a hexagonal, tightly packed structure. Figure
2.1 shows the atomic arrangements and fundamental planes and directions in the
magnesium unit cell. The fundamental directions in the magnesium unit cell are the
[0001] direction, which is perpendicular to the basal plane and parallel to the c-axis,
and the <11-20> directions, which are parallel to the basal plane. The <11-20>
directions can be identified by the notation [uvw], where u, v, and w are integers that

represent the direction vector relative to the crystal axes.

3333
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Figure 2.1. Schematic representation of magnesium unit cell crystal structures a)
atomic positions; b) base plane and fundamental planes in the region
[129].
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2.2. MAGNESIUM ALLOYS

For engineering applications, pure magnesium is frequently used with the alloy.
magnesium's formability is improved through alloying for both wrought and cast
products.  The most popular alloying components are zin and aluminium. Other
alloying components that significantly affect an alloy's characteristics include
manganese, silicon, and rare earth metals [130]. The addition of an alloying element
can also affect other important properties of the melt, such as reactivity, castability,
and corrosion properties. It is possible to give desired properties to magnesium alloys
through the careful selection of alloying elements. For example, it is typical to add
alloy elements to Mg to develop mechanical qualities. Aluminium (Al) improves
castability, tensile strength, and hardness[131]. Zinc (Zn) Increases tensile strength
and hardness Refine grain structure [132]. Manganese (Mn) increases Yyield strength
and reduces the effect of iron on corrosion resistance [133]. Silicon (Si) addition to
molten metal generally enhances viscosity, improves creep resistance by forming
Mg2Si particles, but may reduce corrosion resistance in certain magnesium
alloys.[134], Rare earth metals, when added to alloys, tend to reduce the freezing range
while increasing hardness [135]. There are many magnesium alloys that have been
produced until now and have been accepted because they have certain properties.
Some of these and their prominent features are shown in Table 2.2.

Table 2.2. Some magnesium alloys and their distinctive properties[127].

Alloy Typically  Characteristics and commonly used

contains
AZ31B 3% Al and It has excellent combination of strength, ductility, and
1% Zn. formability. It is commonly used in sheet and plate forms
for aerospace, automotive, and consumer electronics
applications.
AZ91D 9% Al and It has excellent strength, but is also highly resistant to
1% Zn. corrosion, making it a popular choice for automotive parts,

such as steering wheels, frames, and wheels.
AMG60B 6% Al and It has highly resistant to corrosion and has good castability,
0.27% Mn. making it a popular choice for cast automotive
components, such as transmission cases and housings.
ZK60A 5.5%Znand It has excellent tensile strength and is highly resistant to
0.45%k impact and vibration, making it a popular choice for
aerospace and defence applications.
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WE43 4% Y and It is known for its high strength, excellent corrosion

3% Nd. resistance, and good high-temperature performance,
making it a popular choice for aerospace and defence
applications.

3% Al and It has good strength and excellent corrosion resistance. It

1% Zn is often used in aerospace and automotive applications.

9% Al and It has good strength, excellent castability, and good

1% Zn. corrosion resistance. It is often used in automotive and

electronic components.

6% Zn and It has good strength, excellent castability, and good creep

0.5% k. resistance. It is often used in aircraft and aerospace
applications.

WE43 4% Y and It has excellent high-temperature strength and good creep

3%E. resistance. It is often used in aerospace and defence
applications.

3% Zn and It has good strength, corrosion resistance, and castability,

0.5% k. making it suitable for use in a wide range of applications.

It is commonly used in aerospace, automotive, and
sporting equipment industries.

6% Al and It has a good balance of strength, corrosion resistance, and
3% Zn. castability. It is commonly used in aerospace, automotive,
and other high-performance applications.

2.2.1. Commonly Used Alloying Elements and Their Effects on Mg Alloys

Zinc (Zn): Zinc is frequently incorporated into magnesium alloys to enhance
their strength, hardness, and resistance to creep. Additionally, the addition of
zinc improves the castability of magnesium alloys, elevates their corrosion
resistance, and decreases the overall density of the alloy.

Manganese (Mn): Manganese is used to improve the strength and ductility of
magnesium alloys. It also enhances the castability and improves the resistance
to corrosion and wear.

Rare earth elements (REEs): Rare earth elements such as cerium, lanthanum,
and neodymium are added to magnesium alloys to improve their high-
temperature performance, creep resistance, and corrosion resistance. REEs also
improve the mechanical properties of magnesium alloys, including their

strength and ductility.
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4. Copper (Cu): Copper is added to magnesium alloys to improve their strength
and hardness. The addition of copper also enhances the corrosion resistance
and improves the castability of magnesium alloys.

5. Nickel (Ni): Nickel is added to magnesium alloys to improve their mechanical
properties, such as strength and ductility. The addition of nickel also improves
the corrosion resistance of magnesium alloys.

6. Silicon (Si): Silicon is added to magnesium alloys to improve their castability
and reduce the risk of hot cracking during casting. The addition of silicon also
improves the strength and wear resistance of magnesium alloys.

7. Titanium (Ti): Titanium is added to magnesium alloys to improve their
strength, creep resistance, and high-temperature performance. The addition of

titanium also enhances the corrosion resistance of magnesium alloys.

Magnesium alloys are commonly used in various applications due to their high
strength-to-weight ratio, excellent corrosion resistance, and good heat dissipation
properties. Alloying elements are added to magnesium to improve its mechanical,

physical, and chemical properties for specific applications[136].

It is important to note that the effects of alloying elements on magnesium alloys can
vary depending on the type and amount of the element added, as well as the specific
application of the alloy. Here are some commonly used alloying elements and their

effects on magnesium alloys:

2.2.1.1. Aluminum

Aluminum (Al): Aluminum is the most common alloying element used in magnesium
alloys. It increases the strength and hardness of magnesium alloys, improves corrosion
resistance, and enhances castability. The addition of aluminum also increases the solid
solution strength of magnesium alloys, which improves the high-temperature
performance of the material. The binary phase diagram formed by magnesium and
aluminium is shown in Figure 2.2. The Mg-Al binary phase diagram shows the phases
that are formed when magnesium and aluminum are combined in different ratios and

heated to various temperatures. The diagram is a useful tool for understanding the

22



behavior of magnesium-aluminum alloys. At low aluminum concentrations (less than
5% by weight) [129], the binary alloy forms a single phase known as the alpha phase,
which is a solid solution of magnesium in aluminum. As the aluminum concentration
increases, the alpha phase becomes richer in aluminum, until it reaches a maximum
solubility of around 12% aluminum at the eutectic point (around 470°C) [129,137]. At
concentrations above 12% aluminum, the binary alloy forms an intermetallic
compound known as Mg2AlI3, which is also called the beta phase. This phase has a
complex crystal structure and is much harder and more brittle than the alpha phase.
The beta phase can exist in different stoichiometries, with the Mg2AI3 compound
being stable from around 12% to 24% aluminum, and other related compounds such
as Mg17AI12 and Mg41Al24 forming at higher aluminum concentrations. The Mg-Al
binary phase diagram also shows the temperatures at which the distinct phases form,
which can be useful for designing processing and heat treatment schedules for
magnesium-aluminum alloys. The diagram can also be used to predict the
microstructure and properties of magnesium-aluminum alloys based on their

composition and processing history[129,137].
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Figure 2.2. Mg-Al binary phase diagram [127].
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2.2.1.2. Zinc

Zinc is the second-most-used alloying element in magnesium after aluminium. Zinc is
not commonly used as an alloying element in magnesium. The most common alloying
elements used with magnesium are aluminum, zinc, and manganese. Aluminum is
typically the primary alloying element used in magnesium alloys, with zinc and
manganese added in smaller amounts. These alloying elements can improve the
mechanical properties of magnesium, such as strength, stiffness, and corrosion
resistance. Zinc improves fluidity during melting and casting, but it can also cause
microporosity in castings. Zinc is also a good grain size reducer [138]and increases
strength because of the Hall-Petch effect [139]. Zinc also enhances corrosion
resistance by mitigating the adverse impact of iron and nickel impurities on the
corrosion process.[127,140]. Zinc is often used in combination with aluminum in
magnesium alloys, as the two elements can form a stable intermetallic compound that
can improve the strength and creep resistance of the alloy. However, zinc is not
typically used as the primary alloying element in magnesium alloys.

The binary phase diagram of magnesium and zinc is shown in Figure 2.3. The
maximum solubility of zinc in magnesium solid solution is about 6.2% wt. Similar to
aluminum, since its solubility at room temperature is about 1% wt., the degradation of
supersaturated solid solution can be controlled by heat treatment, aging can be realized,
and the strength of the alloy can be increased [141,142]. On the other hand, with the
addition of Zn to polycrystalline magnesium, the strength at room temperature can be
significantly increased by solid solution hardening. Caceres and Blake have shown
that the ductility of magnesium can be increased up to 1.0% (2.6% wt) by zinc
addition[143]. The reason for this increase is the softening of the prismatic planes
because of the addition of zinc. It was observed that the rate of strain hardening
increased with increasing Zn addition, and the softening caused by these secondary

slips was balanced by solid solution hardening, and the ductility decreased [144].
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Figure 2.3. Mg-Zn binary phase diagram [127].

2.2.1.3. Zirconium

Zirconium is an extraordinarily strong grain reducer in magnesium alloys, but this
effect is valid in the absence of Al, Mn, Si, and Fe elements in the structure because
it’s forms stable compounds with these elements and its grain reducer effect is lost
[127]. For this reason, only magnesium alloys based on zinc and rare earth elements
can be grain reduced with zirconium. which is effective as a grain refiner in
magnesium alloys because it has a strong affinity for oxygen, and can scavenge oxygen
from the melt, forming zirconium oxide particles that act as nucleation sites for the
growth of fine grains. However, the strength of the resulting alloy will depend on other
factors such as the specific composition of the alloy, the processing conditions used,
and the final heat treatment [137,145]. In addition, the addition of the Zr element to
the Mg-Zn binary system increases the solidus temperature of the alloy and provides
an extra benefit to the hot deformation process [146]. These properties have led to the
development of some important commercial Mg-Zn-Zr wrought magnesium alloys
(ZK40 and ZK60).
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The Mg-Zn-Zr system, owing to the advantageous combination of zinc (Zn) and
zirconium (Zr) elements, is acknowledged as one of the most widely utilized and well-
suited magnesium alloy systems, following the Mg-Al-Zn system, in commercial
applications. In the investigations made so far in the Mg-Zn-Zr system, no triple phase
formed by these three elements has been found[145,147]. The intermetallics formed
in this system are mostly Zn-Zr and Mg-Zn binary phases. The low solubility of Zn
and Zr elements in Mg solid solution at room temperature and the low formation
enthalpy between Zn and Zr can be shown as the main reasons for the formation of
these compounds. As can be seen from the Zn-Zr binary phase diagram in Figure 2.4,
ZnZr and Zn2Zr intermetallics are intermetallics with high thermal stability, and these
intermetallics were frequently observed in previous studies examining the Mg-Zn-Zr
system[145,148,149]. The phase relationships between zinc (Zn) and zirconium (Zr)
at different compositions and temperatures. At low temperatures and low
concentrations of Zr, the diagram shows a single-phase region of pure zinc (a-Zn). As
the concentration of Zr increases, a new intermetallic compound ZnZr is formed,
which has a hexagonal crystal structure and exists in a limited compositional range.
At higher temperatures, a second intermetallic compound, Zn5Zr, is formed which has
a cubic crystal structure and a wider compositional range. The diagram also shows a
eutectic point at around 5% Zr and 420°C, where the liquid phase transforms into a
mixture of a-Zn and Zn5Zr upon cooling. Overall, the Zn-Zr binary phase diagram
illustrates the phase transformations that occur when zinc and zirconium are combined

and can be useful for understanding the behavior of alloys that contain these elements.

26



Weight Percent Zirconium

0 10 200 30 40 50 60 70 80 a0 100
1[”][, by i - Y L , I - . I . i . L y
1800 4 Sl
1600 -
1400 4 E
J
S 12003 3
#
210004 3
2
E 500 e
600 4 oo E 3
1958 19! vy
400 F— =19 3
(Zm) {.= = ]
L L | . = =
20048 £ g 2 2
L 2 = =
1 T r T T T 1 T '
0 10 20 30 40 50 a0 70 80 a0 1000
Zn Atomic Percent Zirconium Zr

Figure 2.4. Zn-Zr binary phase diagram [127].

2.2.1.4. Rare Earth Elements (REEsS)

The most commonly utilized rare earth elements (REES) in magnesium alloys are
cerium (Ce) and neodymium (Nd). These elements are added in small quantities,
typically ranging from 1-5 wt%, and can significantly influence the microstructure and
properties of the material [41,150,151]. Cerium functions as a grain refiner in
magnesium alloys, aiding in microstructure refinement and enhancing the material's
mechanical properties. It can also serve as a modifier, reducing the size and quantity
of intermetallic phases formed during casting. Lanthanum is primarily employed to
enhance the high-temperature properties of magnesium alloys, contributing to
increased stability at elevated temperatures and mitigating the susceptibility to hot
tearing during casting. Neodymium is commonly combined with other REEs like
cerium and lanthanum to further enhance the mechanical properties of magnesium
alloys. Additionally, it can improve corrosion resistance and lower the risk of
environmental stress corrosion cracking in the material. Overall, the incorporation of
REEs in magnesium alloys can enhance their strength, ductility, and corrosion
resistance, making them suitable for various applications in industries such as

aerospace, automotive, and consumer electronics. However, despite their benefits, the
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utilization of rare earth elements, such as in ZE10 (Mg-1Zn-0.2Ce-MM), WE43 (Mg-
4Y-3Nd-0.5Zr), and WE54 (Mg-5Y-3.5Nd-0.5Zr) alloys, remains limited due to their
high cost [127].

2.2.2. Application Areas of Magnesium Alloys

Magnesium alloys stand as the third most employed structural metal subsequent to
steel and aluminum alloys. Featuring a density approximately one-quarter that of steel
and two-thirds that of aluminum, magnesium, being the lightest structural metal,
presents considerable advantages, particularly in applications emphasizing weight
reduction. The unique properties of magnesium and its alloys, such as low density,
high specific strength, good machinability, and excellent castability, render them
highly versatile across various industries. Some common applications encompass.

1. Automotive Industry: Magnesium alloys find extensive utilization within the
automotive industry owing to their low density, impressive strength-to-weight
ratio, and commendable corrosion resistance. These alloys are employed in
diverse automotive components, including steering wheels, engine blocks,
transmission cases, and seat frames.

2. Aerospace Industry: Magnesium alloys are used in the aerospace industry due
to their low density, high specific strength, and good thermal conductivity.
They are used in various aerospace components, such as aircraft parts, rocket
casings, and missile components.

3. Medical Industry: Magnesium alloys are biocompatible and have good
mechanical properties, which make them suitable for medical applications.
They are used in various medical devices, such as implants, screws, and plates.

4. Electronics Industry: Magnesium alloys are used in the electronics industry due
to their good electromagnetic shielding properties. They are used in various
electronic devices, such as laptops, mobile phones, and cameras.

5. Sports Equipment Industry: Magnesium alloys are used in the sports equipment
industry due to their low density and high strength-to-weight ratio. They are
used in various sports equipment, such as golf clubs, tennis rackets, and

bicycles.
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6. Defense Industry: Magnesium alloys are used in the defense industry due to
their lightweight and high strength-to-weight ratio. They are used in various
defense applications, such as armored vehicles, aircraft components, and

weapon systems.

Overall, magnesium and its alloys have numerous applications across various
industries due to their unique properties and advantages. Some examples of these are
shown in Figure 2.5 In most of these applications, magnesium alloys are used after

casting.
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Figure 2.5. Most of these applications, magnesium alloys are used [152,153].
The incorporation of magnesium alloys in the automotive industry can be traced back

to the 1920s. An early instance involved the utilization of magnesium for engine parts
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in Indy 500 race cars in the United States. In 1937, Germany produced approximately
4 million units of magnesium parts using presses. Additionally, the first magnesium
crankcase was manufactured by the general engine company in 1931. By around 1970,
magnesium components found applications in air-cooled gearboxes and engines within

the automotive sector.

However, the rise in engine power and operating temperatures prompted a shift from
air-cooled engines to water-cooled engines, leading to a reduction in the usage of
magnesium components. Despite this shift, since the 1990s, certain applications such
as magnesium seat frames, passenger doors, and steering frames have been produced
by notable brands like Mercedes and BMW. Furthermore, magnesium alloys have

proven to be well-suited for use in various portable electronic devices [153].

2.2.3. Casting Methods of Magnesium Alloys

Magnesium alloys offer higher castability than castings made of aluminum and copper
because they have special solidification characteristics like particularly good fluidity
and minimal susceptibility to hydrogen porosity. 98% of the parts made from
magnesium alloys that are employed structurally are created by casting, which is the
procedure that predominates in the production of magnesium alloy products [154,155].
For casting magnesium alloys, there are three distinct types of techniques. These
include gravity casting, low-pressure casting, and high-pressure casting. Other casting
techniques include ablation casting, lost foam casting, compression casting, and semi-
solid casting [156]. Each of these casting methods has its own advantages and
disadvantages, and the choice of method depends on factors such as the complexity of
the part, the quantity of parts to be produced, and the required surface finish and

dimensional accuracy.

30



2.2.3.1. High Pressure Casting

High pressure die casting (HPDC) is a casting method that is commonly used for the
production of high-volume, high-quality, and complex-shaped parts made of non-
ferrous metals, including magnesium alloys. HPDC involves injecting molten metal
under high pressure into a metal mold, or die, that has been designed to produce the

desired part geometry [157].

The process begins with the preparation of the die, which is typically made of steel
and consists of two halves that are hinged together. The die is then coated with a release
agent to prevent the molten metal from sticking to it. The molten magnesium alloy is
melted in a furnace and then transferred to a shot chamber, where a plunger is used to
inject the metal into the die cavity under high pressure. The molten metal solidifies
rapidly as it is cooled by the walls of the die, and the two halves of the die are opened

to release the solidified part [158].

HPDC offers several advantages over other casting methods, including:

1. High production rates: HPDC can produce hundreds of parts per hour, making
it ideal for high-volume production.

2. Excellent dimensional accuracy and surface finish: The high pressure used in
the process ensures that the part is formed precisely and has a smooth surface
finish.

3. Low porosity: The rapid cooling of the molten metal in the die cavity results in
a low porosity part with high density.

4. Good mechanical properties: The rapid solidification of the molten metal in the
die cavity results in a fine-grained microstructure, which improves the

mechanical properties of the part.
However, HPDC also has some limitations, including high tooling costs, limited part

size, and the need for careful process control to prevent defects such as porosity,
shrinkage, and cold shuts [151,158,159].
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Figure 2.6. Depicts equipment used for high-pressure casting.

2.2.3.2. Low Pressure Casting

Low-pressure casting (LPDC) consists of a crucible under pressure with a feeder
channel placed under the casting mold, as shown schematically in Figure 2.7. The
pressure in the chamber where the crucible is located pushes the molten magnesium
upwards through the channel that acts as the feeder, allowing it to be filled into the
mold. Pressure continues until solidification is complete, and the runner channel acts
as a feeder to remove shrinkage during solidification. If the appropriate design is made,
when the pressure is reduced after solidification, the metal in the channel still remains

liquid and returns to the crucible.

Moving platen

Dies

/q/ Metal fill

Pressurizing gases———»

Fill stalk

— Crucible

Figure 0.7. Low pressure casting method [160].
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The low-pressure die casting method is well established in the aluminium die casting
industry, and commercial equipment is readily available and easy to access, but this is
not yet the case for magnesium alloys. With this method, low porosity and semi-
automatic production of magnesium alloys are possible, and very high casting quality
and high productivity can be achieved. Hollow castings that cannot be obtained with
high pressure can be produced by the low-pressure casting method. In addition, the
low-pressure casting system costs less than high-pressure casting. Despite all these
advantages, it is not widely accepted in the commercial field because it is not suitable
for the production of magnesium parts thinner than 3 mm and the casting cycle takes
2-4 times longer than high pressure. For this reason, the number of academic studies
examining the process parameters and mechanical properties of the produced parts is
very small [160,161]. Fu et al. produced the AM50 magnesium alloy using the low-
pressure casting method with very low shrinkage and pore defects and determined the
optimum process parameters. 15-22 sec. filling time, 8-12 sec. pressure dwell time,
390-410 °C mold and 705-710 °C casting temperatures, and 0.07 MPa casting pressure
[160].

LPDC offers several advantages over other casting methods, including:

1. Good surface finish: LPDC produces parts with good surface finish and low
porosity, which is ideal for parts that require a high degree of accuracy and a
smooth surface finish.

2. Reduced scrap rate: The use of low pressure helps to reduce the incidence of
defects, resulting in a lower scrap rate.

3. Improved mechanical properties: The slow and controlled solidification
process produces a fine-grained microstructure, which results in improved
mechanical properties.

4. Reduced tooling cost: LPDC has lower tooling costs compared to high-

pressure die casting methods.

However, LPDC also has some limitations, including slower cycle times, the need for

skilled operators, and limited part size [160].
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2.2.3.3. Gravity Casting

Gravity casting, also known as permanent mold casting or gravity die casting, is a
casting method used to produce medium to high-volume, dimensionally stable, and
high-quality parts made of non-ferrous metals, including magnesium alloys. The
gravity casting process involves pouring molten metal into a reusable metallic mold,
or die, which is typically made of steel or iron. The die consists of two or more sections
that are hinged together and contain a cavity that is the exact shape of the part to be
cast. The molten metal is poured into the die, and gravity fills the mold cavity. Once

the metal solidifies, the die is opened, and the part is removed [155].

The gravity casting process offers several advantages over other casting methods,

including:

1. Good surface finish: Gravity casting produces parts with good surface finish
and low porosity, which is ideal for parts that require a high degree of accuracy
and a smooth surface finish.

2. Dimensional stability: The use of permanent molds and controlled cooling
rates result in parts that are dimensionally stable and have consistent wall
thickness.

3. Low cost: The reusable nature of the die means that the cost of tooling is lower
compared to other casting methods.

4. Wide range of alloys: Gravity casting can be used to cast a wide range of non-

ferrous metals, including magnesium alloys.

However, gravity casting also has some limitations, including:

1. Limited complexity: The design of the part must be such that it can be easily
cast and removed from the mold.

2. Limited size: Gravity casting is typically used for parts that weigh less than 50
kg.

3. Limited production rate: The production rate of gravity casting is slower

compared to other casting methods such as high-pressure die casting.
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4. Limited material utilization: The gating and riser system used in gravity casting
can result in significant material waste.
5.
Overall, gravity casting is a reliable and cost-effective casting method for producing
medium to high-volume, high-quality parts made of non-ferrous metals, including

magnesium alloys.

2.2.4. Deformation Mechanism of Magnesium Alloys

The deformation mechanism of magnesium alloys involves the movement of
dislocations within the crystal lattice of the material. Dislocations are defects or
irregularities within the crystal structure of the metal, and their movement is what
allows the material to deform under an applied load. In magnesium alloys, the most
common deformation mechanism is slip, which involves the movement of dislocations
along specific crystal planes. Slip occurs when an applied stress causes the dislocations
to move along these planes, resulting in plastic deformation of the material. The slip
planes in magnesium alloys are closely packed planes with a hexagonal arrangement
of atoms, which makes them more prone to deformation along these planes. Various
sliding systems are shown in Figure 2.18. In magnesium, the lowest critical shear stress
(0001) was found at the base plane and in the < 1120 > direction. According to the
von Mises criterion, five independent shear systems are required for uniform plastic
deformation[4,162]. Magnesium has only two independent sliding systems and a twin
mechanism at room temperature. This limits the deformation of magnesium at room
temperature. Additional sliding systems must be activated to improve the formability
of the magnesium. By increasing the temperature, the prismatic and pyramidal sliding

systems shown in Figure 2.8 can be activated in magnesium.
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Figure 0.8. Slip systems in magnesium. a) (0001) basal shift, (b) (1010) prismatic

shift, (c) first order (1011) pyramidal shift, and (d) second order (1122)
pyramidal shift [163].

Another deformation mechanism in magnesium alloys is twinning, which involves the
formation of new crystal planes in the material. As seen in Figure 2.9, the critical shear
stress required for twinning is lower than that of non-spatial (prismatic and pyramidal)
planes, and twinning becomes active when shear systems are constrained. This
explains why twinning occurs in hexagonal materials at low temperatures and high

deformation rates [163].
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Figure 2.9. Schematic representation of twinning systems in magnesium. a) tension
twinning and b) compression twinning[164].
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Twinning occurs when the material is subjected to a deformation that is not aligned
with the slip planes, causing a change in the crystal orientation of the material.
Twinning results in a different type of deformation than slip, which leads to different
mechanical properties of the material. The deformation behavior of magnesium alloys
can also be influenced by factors such as temperature, strain rate, and microstructure.
At higher temperatures, magnesium alloys tend to exhibit greater ductility and lower
strength, while at lower temperatures, the opposite is true. Similarly, the strain rate can
affect the deformation behavior of the material, with higher strain rates leading to more
brittle behavior. The microstructure of magnesium alloys, including the size,
distribution, and orientation of the grains, can also have a significant impact on the
deformation behavior of the material. Fine-grained magnesium alloys tend to have
higher strength and ductility compared to coarse-grained alloys. In addition, the
presence of second-phase particles, such as intermetallic compounds, can also affect
the deformation behavior of magnesium alloys. The specific features that distinguish
twinning from crystallographic shift are as follows.

1. Twinning represents a deformation mechanism that occurs in a singular
direction. It generates either tensile or compressive strain along the c-axis but
not simultaneously in both directions.

2. Twinning has limited capacity to provide strain. The amount of plastic
deformation caused by twinning is very small.

3. Twinning acts as a barrier to dislocation shift and has a grain-reducing effect
when it occurs at a high rate.

4. Twinning allows crystals to be rearranged, depending on the type of twin

system.

Overall, the deformation mechanism of magnesium alloys is a complex process that
involves the movement of dislocations within the crystal lattice of the material, and is
influenced by factors such as temperature, strain rate, and microstructure.
Understanding these factors is important for designing and engineering magnesium

alloy components with the desired mechanical properties.
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2.2.5. Extrusion of Magnesium Alloys

Extrusion is a manufacturing process that involves forcing a material through a shaped
die to create a continuous profile. Magnesium alloys are often extruded to create
various parts and components for different industries, such as automotive, aerospace,
and electronics. The extrusion of magnesium alloys requires a carefully controlled
process due to the material's low ductility and high reactivity with oxygen. The
extrusion process involves heating the magnesium alloy billet to a specific
temperature, typically between 350°C and 450°C, to make it soft enough to be shaped.
The billet is then pushed through the die using a hydraulic press, with the speed and
pressure controlled to achieve the desired shape and surface finish. The basic direct
extrusion system is shown schematically in Figure 2.10. Extrusion is one of the most
important thermomechanical processes for magnesium alloys, because besides the
technical and economic advantages of extrusion, it provides production in a wide
product profile [165].

Container liner Container

Billet

Die Pressing stem

Extrusion Dummy block

Figure 0.10. Schematic representation of the extrusion process.

There are several benefits to extruding magnesium alloys, including their high
strength-to-weight ratio, , good corrosion resistance and excellent machinability .

Additionally, extruded magnesium alloys can be easily formed into complex shapes
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with tight tolerances, renders them suitable for diverse applications across various
fields.

However, there are also some challenges associated with extruding magnesium alloys,
including their high susceptibility to cracking and their tendency to form a surface
oxide layer during processing. To overcome these challenges, extrusion processes are
often performed under controlled atmospheres, such as in a vacuum or with the use of

protective gases, to minimize oxidation and prevent cracking.

Extrusion is a complex process for magnesium alloys as it involves the relationship
between process variables and the high-temperature properties of the material.
Theoretical process variables include extrusion speed, extrusion temperature, and
extrusion rate. Texture, microstructure, and mechanical properties are shaped

according to these variables[166].

2.2.5.1. Extrusion Speed

The extrusion speed is a critical parameter in the extrusion process, which determines
the production rate, efficiency, and quality of the extruded product. The extrusion
speed depends on various factors, including the material properties, billet temperature,
die design, and extrusion press capacity. In general, the extrusion speed is determined
by the cross-sectional area of the extrusion and the output rate required. The speed can
range from a few millimeters per second for complex shapes with tight tolerances to
several meters per second for simpler profiles with less stringent requirements. Figure
2.11 shows the variation of the extrudability of different alloys as a function of
temperature and the effect of increasing extrusion speed on the surface of the alloy. In
Figure 2.11 (a), it is seen that the extrusion limit of the aluminum alloy shown as
AA6063 is wider than the magnesium alloys and that the M1, ZM21, and AZ31 alloys
are at competitive levels with aluminum alloys. AZ61 and ZK60 alloys, which have
higher strengths than these alloys, can be shaped at lower deformation rates. ZK60
alloy is more ductile and malleable, as well as more durable, than AZ61 alloy, thanks
to the small-grained structure provided by the zirconium (Zr) element in its content
[167]. In Figure 2.11 (b), it is clearly seen that the hot cracking on the surface gradually
increases with the increase in the extrusion speed of the AZ31 alloy.
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Figure 0.11 (a) The extrusion limit diagrams for several commercial magnesium alloys
and the aluminum alloy AA6063 are displayed. Additionally, part(b)
demonstrate the surface appearance of as-extruded magnesium alloy
AZ31 under different processing conditions. The rod extrusion took place
at a temperature of 375°C, with varying ram speeds of 2.6, 6, and 14.7
mm/s, using rods with a 4-mm diameter [167].

2.2.5.2. Extrusion Temperature

The extrusion temperature is a critical parameter in the extrusion process of
magnesium alloys. The temperature affects the material properties, flow behavior, and
extrusion quality. The extrusion temperature of magnesium alloys typically ranges
from 350°C to 450°C, depending on the specific alloy composition and extrusion
process requirements. At lower temperatures, the material is less ductile, making it
more difficult to form complex shapes. At higher temperatures, the material becomes
more ductile, allowing for easier deformation and improved surface finish. However,
excessively high temperatures can lead to issues such as melting, burning, or oxidation,
which can result in product defects.

Ilustrated in Figure 2.12, utilizing such data, one can discern a general trend where
the yield strength (YS) of an extruded alloy typically diminishes with increasing
extrusion temperature. For instance, Mg-3Zn-0.2Ca-0.5Y exhibited a tensile yield
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strength of 309 MPa when extruded at 150°C. However, this value notably decreased
to 160 MPa when the extrusion process was carried out at 300°C [168]. This
outcome is typical of  the majority of  magnesium  alloys and shows  that
lower extrusion temperatures are more likely to result in higher YS. The UTS of an
extruded Mg  alloy  reduces or changes only  slightly  withan  increase
in extrusion temperature, as illustrated in Figure 2.12 (b). In
the traditional conundrum for metallurgists, an  increase in extrusion  temperature
increases the elongation of alloys that have been extruded. As an illustration, when the
extrusion temperature was raised from 300°C to 400°C, there was a substantial
enhancement in elongation observed for the Mg-0.2Zn-0.3Ca-0.14Mn alloy,
increasing from 20.6% to 32%. Notably, the Mg—1Zn-0.5Ca alloy exhibited an even
more notable increase in elongation, going from 8% to 44%, as depicted in Figure
2.12(c) [167].
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Figure 2.12. The diagram demonstrates alterations in (a) tensile yield strength, (b)
ultimate tensile strength, and (c) elongation concerning different
extrusion temperatures for magnesium extrusion alloys that underwent
processing with identical extrusion speed and extrusion ratio [167].
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Similarly, in a study by Zhang et al., the recrystallized grain size increased as the
extrusion temperature rised from 310 °C to 400 °C [130]. These changes in the
microstructure also seriously affected the mechanical properties, while the yield and
tensile strengths decreased with increasing extrusion temperature, the amount of

elongation increased.

2.2.5.3. Extrusion Rate

The extrusion ratio refers to the ratio between the cross-sectional area of the billet and
the cross-sectional area of the extruded product. The extrusion rate indicates the
amount of mechanical work done during extrusion. While low extrusion rate means

low plastic strain, high extrusion rate causes high strain formation.

Different findings have been obtained in studies on the effect of extrusion rate on the
grain size of the final product. Chen et al. observed a decrease in grain size from 25
um to 4 pm as the extrusion rate increased from 7 to 100 at a constant extrusion rate
of 250 °C for the AZ31 alloy [169]. Ishihara et al., again in AZ31 alloy at 450 °C at

constant extrusion speed, extrusion ratio from 10 to 100.

The grain size increased from 30 um to 170 um [170]. Uematsu et al. observed only a
small change in grain size from 5.9 um to 4.3 um as the extrusion rate increased from
39 to 133 in the AZ80 alloy at a constant extrusion rate at 330 °C [171]. The main
reason for these different findings is due to the fact that the first extrusion temperatures
are different, and the extrusion rate increases, resulting in an increase in the material

exit temperature.
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PART 3

MAGNESIUM METAL MATRIX COMPOSITES

Magnesium metal matrix composites (MMC) are a type of advanced material made by
combining magnesium with other materials to enhance its mechanical properties.
These composites typically consist of magnesium as the matrix material and a
reinforcing material, such as ceramic or metallic particles, fibers, or whiskers. MMC
are attractive for a range of applications because of their exceptional balance between
strength and weight, coupled with a lightweight nature, and superbly efficient heat
transfer capabilities. These properties make them ideal for use in the aerospace,
automotive, and electronic industries, among others. The properties of MMC can be
further enhanced by perfecting the fabrication process and selecting appropriate
reinforcement materials. However, some challenges exist in producing MMC, such as
difficulties in achieving uniform distribution of the reinforcement materials and

maintaining the integrity of the matrix material during the fabrication process.

Below is a comprehensive analysis of the literature with information on studies on Mg-

MMK produced using various reinforcements.

3.1. CERAMIC PARTICLES

Ceramic particles such as silicon carbide, alumina, and titanium dioxide are commonly
used as reinforcements in Mg-MMK. They offer high strength, stiffness, and wear
resistance, but can be challenging to distribute evenly within the magnesium matrix.
There are several types of ceramic particles that can be used as reinforcements in Mg-
MMK, including:
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3.1.1. Silicon Carbide (SiC) Particles

SiC particles offer high strength, stiffness, and excellent wear resistance. They are also
relatively affordable compared to other types of ceramic particles.

Gupta et al. [172] has studied characterize the properties of the Mg/SiC composites,
several tests are conducted. The mechanical properties, including tensile strength,
hardness, and impact resistance, are evaluated using standardized testing methods. The
results demonstrate the influence of SiC content and distribution on the mechanical
behaviour of the composites. The composites with optimized microstructures exhibit
enhanced strength and toughness compared to the pure Mg alloy. The research also
suggests future directions for optimizing the composite manufacturing process and
further enhancing the performance of Mg/SiC composites. Prakash et al. [173] in this
study provides insights into the mechanical and wear behaviour of Mg-SiC-Gr hybrid
composites, showcasing their potential as advanced engineering materials. The
findings contribute to the development of composites with enhanced properties,
expanding the possibilities for their utilization in various industries. Hubler et al.[174]
this paper concludes by summarizing the cyclic deformation behaviour of Mg-SiC
nanocomposites on both the macroscale and nanoscale. The findings highlight the
enhanced fatigue resistance of the nanocomposites due to the presence of SiC
nanoparticles, which act as effective reinforcements and inhibit crack propagation. The
nanoscale observations provide valuable insights into the underlying deformation
mechanisms and dislocation interactions, elucidating the mechanisms responsible for
the improved fatigue performance. According to research by Matin et al. [175]
summarizing the microstructure and mechanical properties of Mg/SiC and AZ80/SiC
nanocomposites fabricated through the stir casting method. The findings demonstrate
the potential of these nanocomposites to exhibit that SiC nanoparticles significantly
reduce the grain size of magnesium matrices and the presence of nanoparticles
increases the hardness, tensile strength and ductility values compared to the pure
matrices. In addition, Choi H et al. [176] reported that Mg-1%SiC nanocomposites
were produced using an ultrasonic cavitation-based casting method. The addition of
SiC particles enhances the strength, stiffness, and hardness of the composites
compared to the pure Mg matrix. The improved mechanical properties are attributed

45



to the effective load transfer and strengthening mechanisms provided by the dispersed
nanoparticles. Additionally, Penther, D et al. [177] examine the influence of silicon
carbide (SiC) nanoparticles on the production method, internal structure, and hardness
of magnesium (Mg)-SiC nanocomposites formed through mechanical milling and hot
extrusion. The findings demonstrate the potential for improving the mechanical
properties, such as hardness, through the addition of SiC nanoparticles. The research
contributes to the understanding of Mg-SiC nanocomposites and offers insights for
optimizing the fabrication process to achieve desirable microstructures and mechanical
properties in these nanocomposites. Ponhan, in their research [178], the researchers
explored how the microstructural characteristics and properties of Mg-SiC
nanocomposites were affected by varying the content of SiC nanoparticles and the
duration of the milling process. These nanocomposites were created via powder
metallurgy techniques that encompassed high-energy ball milling. The findings
emphasize the importance of optimizing SiC content and milling parameters to achieve
desirable microstructures and enhanced mechanical properties. The research
contributes to the understanding and development of Mg-SiC nanocomposites for
various applications .Zhang, L.[179] conducted a study focusing on the dry sliding
wear performance of magnesium-based nanocomposites utilizing a ball-on-disk wear
test apparatus. The findings suggest that augmenting the SiC content correlates with
an improvement in the wear resistance of these nanocomposites, offering potential
benefits in wear-prone applications. The research advances the understanding of wear
mechanisms in Mg-SiC nanocomposites and provides insights for optimizing their

composition for improved wear performance.

3.1.2. Aluminum Oxide (Al203) Particles

Al203 particles offer high strength, stiffness, and good thermal stability and chemical
resistance. Ghasali, E., et al [180] reported the corrosion behaviour of two types of
Mg-metal matrix nanocomposites reinforced separately with AI203 and Si3N4
particles in their study. According to corrosion tests, the presence of ceramic
reinforcements can influence the surface properties and bioactivity of the composites,
affecting their ability to support tissue growth and mineralization. In addition, they
claimed that, compared to the Mg-SisN4 composite, the Mg-Al.O3 composite showed
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a lower corrosion current density. Singh A et al.[181] report that in their study, Al203
particles varying between 3-12% were added to the pure Mg matrix. It has been noted
that comparing the wear behaviour of the Mg and Mg/Al>O3 composites, it is possible
to assess the effect of the reinforcement on the composite's wear resistance. The

addition of Al203 particles can potentially improve the hardness and wear resistance.

3.1.3. Titanium Carbide (TiC) Particles

TiC is a ceramic material known for its high hardness and wear resistance, making it
an ideal candidate for reinforcing the softer Mg matrix. Aydin, F .el al. [182]
investigated the mechanical, wear, and corrosion performances of TiC-reinforced
AZ91 matrix composites produced by powder metallurgy methods, including hot
pressing. Significant improvements in hardness and wear resistance were observed
with the addition of TiC. On the other hand, they reported that the corrosion rate
increased with the addition of TiC particles due to the presence of galvanic reactions.
Anasori et al. [183] has investigated the mechanical properties of TiC and Ti2AIC-
reinforced Mg (AZ31, AZ61, and AZ91) composites. The addition of TiC and Ti2AIC
particles to the Mg alloy matrix can significantly improve the mechanical properties
of the composites. These reinforcements act as strengthening agents, enhancing the
composite's strength, hardness, and stiffness. TiC and Ti2AIC have high hardness and
thermal stability, providing resistance against deformation and wear. Dash et al. [184]
investigated the bending and abrasion properties of Mg/TiC composites in their study.
The results of the three-point bending test showed that the maximum bending strength
and bending stress were obtained in the AZ91D/20% TiC composite, and the inclusion
of TiC particles can enhance the wear resistance of the composites by providing
hardness and wear-resistant properties. Falcon et al. [185] evaluated the corrosion
behavior of TiC particle reinforced Mg-Al alloy in 3.5% NaCl solution in their study.
As a result of the tests, the corrosion of Mg-Al/TiC composites can be influenced by
several factors, including the composite's microstructure, particle distribution, and the
interaction between the matrix, reinforcement, and the corrosive medium, and they
reported that the composite exhibited a lower corrosion rate than the base alloy. In
addition, Meenashisundaram et al. (2015) [186] synthesized 0.58%, 0.97, and 1.98%
TiC nanoparticle-reinforced composites with Mg matrix using melt deposition and hot
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extrusion methods. The tensile properties of the synthesized nanocomposites revealed
a significant improvement in the tensile breaking stress of pure Mg and an increase in
the compressive yield strength of pure Mg by 0.2% with the addition of nano TiC.
Narayanasamy et al. (2015) [187] aimed to develop TiC-Mo0S2 hybrid composites
using powder metallurgy techniques. The hardness value of the hybrid composite
increased with the presence of TiC compared to the matrix material. They also reported
that the presence of MoS2 particles showed a slight decrease in hardness. The report
highlighted a notable enhancement in the abrasion resistance of the produced
composites in contrast to the magnesium base material. This improvement was
attributed to the synergistic impact resulting from the incorporation of both
reinforcements. In the author work Narayanasamy et al. (2018) [188] the study delved
into the wear characteristics of magnesium metal matrix composites fortified with
varying weight percentages (0, 5, 10, 15, and 20 wt%) of TiC, manufactured through
powder metallurgy. Their findings indicated that the resulting composites displayed a
uniform microstructure and notable enhancements in both mechanical and tribological
properties. Notably, composites featuring higher TiC content showcased heightened
wear resistance, albeit accompanied by an increase in the coefficient of friction. Reyes
et al. (2016) [189] in their study, Mg-AZ91/TiCp composite was produced using
spontaneous infiltration technique at 950 °C with argon atmosphere, and its
microstructure and mechanical properties were evaluated. As a result of XRD, Mg,
TiC, Al, and Mg17Al12 phases were determined. It was stated that the hardness of the
produced composites increased up to 316 HV. Selvakumar et al. (2015) [190]

The study examined the dry sliding wear performance of magnesium (Mg) matrix
composites reinforced with titanium carbide (TiC) and molybdenum disulfide (M0S2),
created using the powder metallurgy method. According to their findings, the abrasion
resistance of the resulting composites exhibited a substantial improvement in
comparison to the base magnesium matrix. This enhancement was attributed to the

combined effects provided by both types of reinforcements [191].

3.1.4. Aluminum Nitride (AIN) Particles

AIN can be used as reinforcements in Mg-MMK to enhance the properties of the
composite material. AIN is a ceramic material that offers high thermal conductivity,
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high electrical insulation, and good thermal shock resistance. And this some literature

to give some information about the characterising of AIN.

Chen et al. [192]. This study focuses on investigating the effect of different particle
contents of AIN on the mechanical properties and fracture behaviour of the Mg-Al
matrix. The researchers conducted a series of tests to evaluate the mechanical
properties of the composites, including tensile testing, hardness measurement, and
impact testing. They also examined the fracture behaviour and analyzed the
microstructure of the composites using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). The results indicated that 5% AIN
reinforcement showed the highest densification and flexural strength, and with
increasing reinforcement content, the fracture mode of the composites changed from
plastic to brittle. Songwei et al. [125]. In this study, AZ31 alloy samples were prepared
with different conditions: with and without the addition of AIN particles, and with and
without the application of electromagnetic stirring during the casting process. The
microstructure of the as-cast samples was then examined and analyzed. The combined
effect of AIN particles and electromagnetic stirring was found to produce the most
pronounced improvement in the microstructure. The presence of AIN particles, along
with the agitation provided by electromagnetic stirring, resulted in a highly refined and
more homogeneous microstructure in the as-cast AZ31 alloy.

Li et al. [126] produced an AlIN-particle-reinforced Mg-Al matrix composite by
casting. As a result, it was reported that the AIN particles acted as reinforcing agents,
effectively strengthening the composite material. They enhanced the tensile strength,
hardness, and impact resistance of the composite. The improved mechanical
properties were attributed to the load transfer between the Mg-Al matrix and the AIN
particles, as well as the restriction of dislocation movement by the AIN particles. In
the author literature Nano-aluminium nitride (AIN) particle-reinforced magnesium
(Mg) composites have been extensively studied to explore their microstructural and
mechanical properties. As a result of microstructural characterization investigations,
nano-AIN particle-reinforced Mg composites exhibit enhanced microstructural
characteristics and improved mechanical properties, including increased strength,

hardness, and potentially enhanced wear resistance, creep resistance, and fatigue
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performance. Among the developed composites, Mg/0.8AIN has been reported to
show superior strength (30% improvement) and Mg/0.2AIN has improved ductility
(80% improvement)[78].

The selection of the ceramic particle reinforcement will depend on the specific
application requirements and the desired properties of the composite material. Other
factors to consider when selecting a ceramic particle reinforcement include its cost,
availability, and compatibility with the magnesium matrix material. Additionally, it is
important to ensure that the ceramic particles are evenly dispersed within the

magnesium matrix to maximize the performance of the composite material.

3.2. CARBON FIBERS

Carbon fibres are commonly used as reinforcements in Mg-MMK due to their high
strength, low weight, and excellent stiffness. However, they are expensive and can be

difficult to produce consistently.

There are several types of carbon fibers that can be used as reinforcements in Mg-
MMK, including:

3.2.1. Polyacrylonitrile (PAN) Based Carbon Fibers

PAN-based carbon fibers are the most used type of carbon fiber reinforcement in Mg-
MMK. They offer high strength, stiffness, and fatigue resistance, and are relatively
affordable compared to other types of carbon fibers [193]. Yusof et al. (2012) [194]
summarizing the key findings and highlighting the importance of understanding the
post-spinning and pyrolysis processes for PAN-based carbon fibres and activated
carbon fibres. It emphasizes the need for optimization and control of process
parameters to achieve desired Fiber properties and tailoring the characteristics of
activated carbon fibres for specific applications. Lindsay et al.(2007) [195] studied
combining IGC and XPS techniques, researchers can gain valuable insights into the
surface properties, chemical composition, and reactivity of PAN-based carbon fibres
after electrochemical treatment. These analyses can help elucidate the effects of the
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treatment on the Fiber surface and provide a better understanding of the structure-

property relationships in the context of carbon Fiber applications.

3.2.2. Pitch-Based Carbon Fibers

Pitch-based carbon fibers offer higher strength and stiffness than PAN-based fibers
but are also more expensive[196]. Viala et al. [197] investigating the effect of
magnesium on the microstructure, composition, and mechanical properties of carbon
fibres can provide valuable insights for tailoring and optimizing carbon fiber
characteristics for various applications, including high-performance composites,

energy storage devices, and structural materials.

3.2.3. Rayon-Based Carbon Fibers

Rayon-based carbon fibers are less commonly used in Mg-MMK but offer good
strength and stiffness properties. Xiao et al.[198] find that while hot stretching
improves the microstructures and properties of both PAN-based and rayon-based
carbon fibres, PAN-based fibres tend to exhibit more significant enhancements due to

their higher degree of graphitization and orderliness.

3.2.4. Carbon Nanotubes (CNTs)

CNTs offer high strength and stiffness, as well as excellent electrical and thermal

conductivity.

Shi et al. (2019)[199] developed magnesium (Mg) matrix composites reinforced with
carbon nanotubes (CNTSs) using a three-stage preparation method involving mixed ball
milling, melt processing, and hot extrusion. To induce an interfacial reaction on the
CNT surface, aluminum (Al) was introduced into the composite melt at a mass ratio
of 0.3% before casting. The study concluded that the Mg-6Zn-0.3AI/CNT composites
exhibited a notable increase in both yield strength (by 21.1%) and ultimate strength
(by 9.3%) compared to Mg-6Zn/CNT composites.
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Aung et al. (2010) [200] investigated the corrosion resistance of composites reinforced
with pure magnesium and 0.3% and 1.3% by weight CNTs in a 3.5% NaCl solution
by using a dip test and electrochemical measurements. They reported that the corrosion
rate increased significantly with the presence of CNTSs, due to the microgalvanic effect

between the cathodic CNTs and the anodic Mg matrix.

Habibi et al. (2011) [201] produced Mg/AI-CNT hybrid nanocomposites using powder
metallurgy and hot extrusion. In their final report, their microstructure indicated that
the hybrid AI-CNT nanoparticles up to 1.00 wt% Al content were highly uniformly
dispersed, and the compressive strength of all hybrid Mg/Al-CNT nanocomposites was

significantly higher compared to pure Mg.

The selection of the carbon fiber reinforcement will depend on the specific application
requirements and the desired properties of the composite material. Other factors to
consider when selecting a carbon fiber reinforcement include its cost, availability, and
compatibility with the magnesium matrix material. Additionally, it is important to
ensure that the carbon fibers are evenly dispersed within the magnesium matrix to

maximize the performance of the composite material.

3.3. WHISKERS

Whiskers, such as silicon carbide and alumina, offer high strength and stiffness, but

are challenging to distribute evenly within the magnesium matrix.

In addition to the whiskers mentioned earlier, there are several other types of whiskers

that can be used as reinforcements in Mg-MMK. These include:

3.3.1. Boron Carbide (B4C) Whiskers

B4C whiskers offer high strength and stiffness, as well as good wear and corrosion

resistance.
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Kumar et al. (2018) [202] investigated the electrochemical and mechanical behaviour
of B4C/Al-Mg-Si composites produced using the powder metallurgy method. They
reported that with increasing B4C content, the corrosion resistance decreased and the
hardness of the composite increased. Krishnan et al. (2020) [203] investigated the wear
behaviour of pure Mg and Mg- B4sC (5-15%) composites developed by powder
metallurgy technique. According to the results, it was concluded that the Mg-15% B4C
sample had excellent wear behaviour, and the surface roughness of Mg decreased from
3.718 to 0.647 um with the increase in B4C addition. Majzoobi et al. (2020) [204]
carried out the production of composites by powder compression technique using Mg
matrix and 1.5%, 3%, 5%, and 10% reinforced B4C nanoparticles. They stated that the
highest strength was obtained in 1.5%, 3%, and 5% B4C -reinforced composites,
respectively. In addition, Jutanaiman et al. (2020) [205] carried out the production of
magnesium composites by the mixing casting method using magnesium as matrix and
2, 4, 6, and 8 % micro B4C as reinforcement. The best mechanical properties in
magnesium composites were obtained by adding 8% B4C. They reported that the
mechanical properties of the magnesium composite increased due to the increase in
the number of B4C particles causing new interfaces that would inhibit dislocation
motion and the dispersed B4C particles acting as load-retaining elements. Rahmani et
al. (2019) [206] conducted a study on the hardness and wear resistance of Mg-B4C
nanocomposites, employing both dynamic and quasi-static compression methods for
production. Their findings revealed that the Mg-10% B4C nanocomposite exhibited
approximately a 50% increase in hardness and approximately a 70% improvement in
wear resistance compared to pure Mg. Rahmani et al. (2021) [207] examined the
corrosion characteristics of Mg-B4C composites. The findings indicated that these
composites exhibited a reduced corrosion rate attributed to their decreased porosity
and elevated relative density. For instance, as reported in the study, the measured
corrosion rate for the sample reinforced with 5% volume of B4C particles was 54%
lower than that observed for the pure sample.

Singh et al. (2017) [208] outlined their study where magnesium-based metal matrix
composites reinforced with B4C particles were effectively created using an
economical conventional mixing casting technique. Their wear experiments distinctly
demonstrated that the wear resistance of the cast composites surpassed that of

unreinforced magnesium. This improvement was attributed to dispersion hardening
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induced by the presence of carbide particles. Yao et al. (2015) [209]: In their research,
the study focused on B4C/Mg composites created through a metal-supported pressure-
less infiltration technique, analyzing the wear behavior and mechanisms of this
material. The findings indicated that the B4C/Mg composites exhibited superior wear
resistance compared to pure Mg across different applied loads. Notably, while abrasion
was identified as the primary wear mechanism for pure Mg, adhesion and delamination

were observed in the case of B4C/Mg composites under low loads.

3.3.2. Silicon Nitride (si3n4) Whiskers

Si3N4 whiskers offer high strength and stiffness, as well as good thermal stability and
corrosion resistance. Jong et al [210] from the University of Michigan have conducted
comprehensive research on the synthesis and characterization of silicon nitride
whiskers. Their work has contributed to the understanding of whisker growth
mechanisms, optimization of synthesis parameters, and characterization of the
physical and chemical properties of silicon nitride whiskers. Wang et al (2023) [211]
studied the addition of magnesium oxide (MgO) in a multiphase additive during the
synthesis of BSisNa whiskers has a significant effect on the formation process and
morphology. MgO acts as a catalyst, promotes the growth of BSisNa whiskers,
influences their morphology, enhances crystallinity, and stabilizes the desired 3-phase.
However, more research is needed to fully understand the underlying mechanisms and
optimize the use of MgO in controlling the formation and properties of BSisNa4

whiskers.

3.3.3. Carbon Nanotubes (CNTSs)

CNTs offer high strength and stiffness, as well as excellent electrical and thermal
conductivity. Dimitrios Bikiaris's research focused on the microstructure and
properties of PP/CNT nanocomposites, including dispersion, interfacial interaction,
alignment, and their effects on mechanical, electrical, thermal, gas barrier, and
rheological properties. These investigations aimed to establish structure-property
relationships and optimize the performance of PP/CNT nanocomposites [212]. Han et
al (2010) [213] Fina conducted a comprehensive review on the thermal conductivity
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of CNTs and their polymer nanocomposites. They analyzed the intrinsic thermal
conductivity of CNTs, factors influencing their thermal conductivity, and the
mechanisms behind the thermal conductivity enhancement in polymer
nanocomposites. Their work provides valuable insights for understanding and

designing CNT-based materials with improved thermal conductivity.

The selection of the whisker reinforcement will depend on the specific application
requirements and the desired properties of the composite material. Other factors to
consider when selecting a whisker reinforcement include its cost, availability, and
compatibility with the magnesium matrix material. Additionally, it is important to
ensure that the whiskers are evenly dispersed within the magnesium matrix to

maximize the performance of the composite material.

The selection of the reinforcement material depends on the specific application
requirements and the desired properties of the composite material. Additionally, the
fabrication process used to produce the Mg-MMK must be optimized to ensure even
distribution of the reinforcement material within the magnesium matrix and to

maintain the integrity of the matrix material during processing.
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PART 4

WEAR AND CORROSION BEHAVIOR OF MAGNESIUM-BASED
MATERIALS

In addition to their superior qualities compared to other materials, magnesium-based
materials have limited wear and corrosion resistance, which limits their application in
industry[214]. When analysing magnesium-based materials, it is very important to
accurately express the wear and corrosion mechanisms. Information about wear
mechanisms, types of corrosion, and corrosion mechanisms in magnesium-based

materials is given in this section.

4.1. WEAR BEHAVIORS

Abrasion is one of the most important problems that limit the useful life of the
materials used and cause material loss as a result of two materials touching each other.
The weak hardness of Mg and its alloys prevents them from being used as gears,
pistons, cylinders, or shaft bearings due to significant wear losses[214]. It is common
to use particle-reinforced MMK to increase the wear resistance of magnesium-based
materials. These materials show different wear processes at different loads and speeds,
among other wear circumstances. The primary wear mechanisms in these materials

include adhesion, delamination, wear, oxidation, melting, and thermal softening.
4.1.1. Adhesive Wear

In adhesive wear, especially at high loads, material transfer occurs and is seen as
spreading and plastic deformation on the surface. This type of wear occurs less in

composites than in non-reinforced alloys[215,216]. Figure 4.1 indicates the surface

where adhesive wear occurs.
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Figure 0.1. Adhesive wear surface appearance[215].

4.1.2. Abrasive Wear

In this form of wear, grooves and scratches usually appear parallel to the direction of
sliding. Wear is caused by material tearing or breaking due to hard protrusions on the
steel ball or hard particles on the contact surfaces [215,216]. Figure 4.2 schematically
represents how abrasive wear occurs. An image of an abrasive-worn surface is shown

in Figure 4.3.
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Figure 0.2. Abrasive wear formation [217].
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Figure 0.3. Abrasive eroded surface image [215].
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4.1.3. Oxidative Wear

Oxidative wear occurs when the surface is oxidized as a result of the heat created by
friction during sliding. Oxide wear deposits saturate the surface, providing a protective
layer and reducing contact and wear rates as a result of repeated sliding. Said oxide
films are formed when the surface temperature rises to a level suitable for oxidation to
occur and reaches a certain thickness [216]. The oxidatively degraded surface image
is shown in Figure 4.4,

o BEE

Figure 4.4. Oxidatively degraded surface appearance [215].

4.1.4. Delamination

Delamination usually occurs with the formation of vertical cracks in the direction of
shear. This process is usually due to fatigue, and repeated sliding causes subsurface
cracks to expand, eventually shearing the surface and forming long, thin wear plates
[215,216]. Figure 4.5 shows a delaminated, eroded surface.
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Figure 0.5 Delaminated eroded surface image [215].

4.1.5. Thermal Softening and Melting

The large plastic deformation causes this wear, and the material protrudes from the
interface and resolidifies around the pin. When too much material is transferred to the
disc, it leaves a lot of wear residue behind. The frictional heat at the friction interface
causes this wear [216].

Figure 4.6 [216] depicts the creation of a wear map between normal loads against
sliding speeds in order to provide a more concise summary of the wear processes of
magnesium and its composites. Changes between mechanisms happen gradually, and
the lines shown are only approximations. It is possible to see the broad patterns shown
below.
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Figure 4.6. Simplified wear mechanism map depicting wear behavior of magnesium
and its composites [216].

4.2. CORROSION BEHAVIORS AND TYPES OF CORROSION

Corrosion is often defined as a substance losing its metallic properties due to an
electrochemical or chemical interaction with its surroundings. The utilization of
magnesium-based materials in construction applications has been severely limited due
to their low resistance to corrosion. Nonetheless, corrosion is inhibited by the oxide
layer that forms on the magnesium surface. For two reasons, the corrosion rate of
magnesium alloys is low. The first is secondary phases and contaminants causing
galvanic corrosion. Second, compared to surfaces composed of aluminum and

stainless steel, the hydroxide layer that forms on the magnesium surface is less stable
[218].

Many unusual types of corrosion occur in magnesium and magnesium alloys.
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4.2.1. Galvanic Corrosion

Magnesium has one of the lowest electronegative potentials leading to galvanic
corrosion among engineering metals. Galvanic corrosion can be seen as macro and
micro (Figure 4.7) [219].
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Figure 4.7 a) External galvanic corrosion. b) Galvanic corrosion inside [219].

b

The B-Mg17Al12 secondary phase, located at the AZ91 alloy's grain boundaries and
containing 9% aluminum, exhibits cathodic activity in contrast to the matrix (Table
4.1). [220]. Table 4.1 displays the corrosion potential values of magnesium and
magnesium secondary phases after two hours in a 5% NaCl solution with a pH of 10.5.
The B-Mg17Al12 secondary phase exhibits corrosion resistance due to a thin passive
layer that develops on its surface [220].
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Table 4.1. Values of magnesium's corrosion potential and the main secondary phases
of magnesium in a 5% NacCl solution [220].

Metal Ecorr ,Vsce
Mg -1.66
Mg2Si -1.66
AlsMn -1.53
AlzMn -1.44
AlsMns -1.26
Mgi7Al12 -1.21
AlsMns(Fe) -1.19
Beta-Mn -1.18
AlsMM -1.16
AlsMn(Fe) -1.11
Als(MnFe) -1.01
AlsFe(Mn) -0.96
AlsFe -0.75

There are two impacts of the secondary phase of B-Mgl7Al12 on magnesium
corrosion. These effects are the barrier and the galvanic cathode. When the volume
fraction of the B phase in the matrix is too low, the p-Mg17Al12 phase acts as a micro
galvanic cathode and speeds up the corrosion of the matrix. When the volume of the 8
phase is large, it functions as a barrier to stop the alloy from corroding. [221]. The
galvanic corrosion between the major phases of magnesium and Mg-Al alloys is

schematically shown in Figure 4.8 [222].

Anodic reaction Cathodic reaction
Mg — Mg2* + 2e 2H,0 + 2e— 2(0OH) + 2H;(g)

. Mg-Matrix
\ O. - Phase

B - Phase (Mg,;Al,;) Intermetallic compound
(Al, Mn, Fe)

Figure 4.8. Diagram showing the progression of galvanic corrosion in Mg-Al alloys
between the main phases [223].
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4.2.2. Intergranular Corrosion

This kind of corrosion is not common in materials made of magnesium. Corrosion
cannot pass through the grain because the grain boundary phases are cathodic to the

grain. Most often, corrosion occurs in grains and at grain borders. [219].

4.2.3. Pitting Corrosion

Localized corrosion attack on metal surfaces is known as "pitting corrosion.” Pitting
occurs when the Mg17AIl12 network in the magnesium-aluminum alloy system is
attacked. Magnesium is considered an inactive metal. Pitting corrosion occurs when
magnesium encounters chlorine ions in a non-oxidizing environment and has free
corrosion potential. Corrosion cavities were discovered in defect areas near some
second-phase particles such as Mg17Al12 and AlMn. As an example, Figure 4.8 shows
cavities formed around AI-Mn particles in magnesium AMG60 alloy immersed in a
3.5% NaCl solution [217].

Figure 4.9. Pitting corrosion image of magnesium AMG60 alloy after submersion in an
aqueous solution of 3.5% NaCl [217].
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4.2.4. Stress Corrosion Crack

For stress corrosion to occur, the metallic material must be supported in the direction
of tension or compression as well as a crack initiation and a supporting electrolyte.
Under most environmental conditions, commercially pure magnesium is not
susceptible to stress corrosion cracking (GST) when applied to a load greater than its
yield strength. In magnesium alloys, the presence of aluminum and zinc as alloy
components increases the susceptibility to GCC. Aluminum and zinc-free magnesium

alloys are the most resistant to GCS [217].

4.2.5. High Temperature Corrosion

As the temperature increases, the MgO film formed on the surface provides protection
at temperatures below 450°C. As the oxidation temperature increases, the MgO
coating is porous and non-protective. In general, the corrosion rate increases as the

temperature increases. It increases the oxidation rate of Al and Zn [219].

4.3. FACTORS AFFECTING CORROSION

Alloying elements, impurity elements, phase components and microstructure affect the

corrosion of Mg-based materials.

4.3.1. Al and Zn Effect

A continuous and layered structure of Al, Mg and Mg17Al12 is formed along grain
boundaries. The resulting 8 phase acts as a corrosion barrier. In addition, as the amount
of Al increases, the composition of the hydroxide film on the surface also changes. It
is possible to form a protective layer rich in Al. Corrosion resistance is higher in Al-
rich areas close to B precipitates. Zn increases the tolerance limits of other elements by

changing the surface film characteristic [219].
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4.3.2. Impurity Elements

Impurity elements adversely affect the corrosion resistance of magnesium alloys, and
examples of these elements are iron, nickel, and copper. The precipitation of iron as
Al-Fe compounds causes galvanic corrosion in magnesium as it is more cathodic
compared to the magnesium matrix. Nickel, which is more harmful than iron in pure
magnesium and magnesium alloys due to its limited solubility in solids, is found in a
different phase in magnesium alloys. It is well known that the tolerance limit value for
nickel varies with the casting process and is not affected by manganese or other
alloying elements. In Mg-Al-Zn alloys, copper has a negative effect on the corrosion
resistance of magnesium. Galvanic corrosion occurs as more copper is added to the

Mg-Al-Cu-Zn phase, where the corrosion potential becomes more noble [219].

4.4 3. Effect of Phases

The B phase (Mgl17Al12) has a significant effect on the AZ91 alloy. Regarding the
matrix, this phase is cathodic. The B phase behaves passively over a wide pH range.
At this stage, a lower pH level is expected to result in thicker film production [224].
The Mgl7AIl12 phase acts as a corrosion barrier and is inert in chloride solutions
compared to the Mg matrix [225]. The formation of a thin passive coating on the

surface of the 3 phase explains its high strength.

4.4.4. Microstructure

In terms of corrosion, grain size and phase distribution factors are important. Thin and
evenly dispersed cathodic phases have lower corrosion resistance. Corrosion
resistance is also adversely affected by micropores. As a result, there is more corrosion
per unit area [219]. The corrosion resistance of AZ series magnesium alloys increases
with increasing aluminum content. According to theory, the distribution and amount
of phase influence how well magnesium alloys resist corrosion to aluminum. However,
since the AZ31 alloy consists of the matrix phase, the 3-phase theory cannot be applied
to it. As a result, the corrosion behavior of the alloy is affected by the grain size, crystal
defects and surface condition [226].
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PART 5

EXPERIMENTAL STUDIES

In this research, varying proportions of AIN and SiC alloys were combined with ZK60
magnesium alloy. The alloys were prepared through a low-pressure casting technique
by incorporating the elements. Following the casting process, the homogenized
samples were extruded at a temperature of 300°C, utilizing an extrusion ratio of 16:1.
The study encompassed an investigation into the microstructure, hardness,

compressive strength, wear resistance, and corrosion properties.

5.1. PRODUCTION OF ALLOYS.

The study generated ZK60 alloys, encompassing both the ZK60 alloy compositions
and ZK60 composites strengthened with 15% SiC and 15% SiC + 0.2/0.5% nano AIN.
These compositions are outlined in Table 5.1. The reinforcing elements, namely silicon
carbide (SiC) and aluminium nitride (AIN), were of 99% purity. The size of SiC
particles ranged from 60 to 70 um, while AIN particles measured 790 nm. Visual
representations of SiC and AIN can be observed in Figure 5.1 using scanning electron
microscope (SEM) images.

Table 0.1. Displays the gram quantities of the constituents within the examined ZK60
alloy and ZK60 matrix composites, normalized for 1000 grams.

SiC AIN Mg Zn Zr Mg
(ar) (ar) (gr) (@) (gr) (an)

Alloy and composites

ZK60 0 0 0 60 5 935
ZK601 150 0 114 60 5 735
ZK60I1 150 2 114 60 5 733
ZK 60111 150 5 114 60 5 730
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Figure 5.1. Presents images of (a) aluminum nitride (AIN) and (b) scanning electron
microscope (SEM) visualization of SiC powder.
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5.1.1. Preparation of Powder Mixtures

In order to achieve uniform dispersion of particles and prevent the formation of clumps
that may occur during the process of mixing powders, liquid-based mixing and powder
metallurgy techniques are used. At this stage, a mixture of 9% magnesium and 15%
micro silicon carbide particles is blended for one hour in a V-type mixer. After being
immersed in ethanol, the powder combinations in the ultrasonic vibration equipment
are subsequently mixed together (Figure 5.2). After subjecting the combination to
ultrasonic energy, it is then agitated in ethanol for a further three hours using a
temperature-controlled magnetic stirrer. The addition of magnesium and silicon
carbide particles to the aluminium nitride is done gradually in order to prevent

clumping.

H- Ultrasonic vibration device

V-type mixer

Magnetic stirrer

Figure 5.2. Preparation of the powder mixtures.

5.1.2. Compression and consolidation of powder mixtures

The AIN nanoparticles and SiC microparticles are pulverized at a temperature of

350°C at this stage. Figure 5.3 illustrates the use of a hydraulic press with a capacity
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of thirty tons to exert force on the material, causing it to be inserted into a mold with
a diameter of 32 mm and a length of 30 mm. Once the capsules have been enveloped
in aluminum foil, as seen in figure 5.4, the sintering process is conducted for a duration
of three hours at a temperature of 500°C. This is done inside a safeguarding

environment consisting of SiO2 and graphite particles.
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Figure 5.3. Schematic representation of the hydraulic press and pressing process used
in the pressing and extrusion stage.
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Figure 5.4. Protherm brand heat treatment furnace.
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5.1.3. Induction Mixing and Casting Process

Using an induction melting furnace with gas shielding, alloys are melted. In order to
keep the environment to prevent atmospheric contact during the melting process, a
constant supply of CO2+0.8 SF6 gas combination is delivered to the ladle. With the
aid of a mechanical mixer made of graphite, the melt in the crucible is mixed. First,
in the casting procedure, pure Mg is added to the graphite crucible, and melting is
anticipated. After thorough blending, a mixture of 6% zinc and 0.5% zirconium is
added to the completely molten magnesium. A mechanical mixer spinning at 200 rpm
for 30 minutes creates a vortex after the mixture reached a semi-solid state (about 450
°C). Capsules containing 9% Mg/SiC15, 9% Mg/SiC15 / AINO.2, and 9% Mg/ SiC15
/ AINO.5 are introduced into the mixture after the furnace temperature reaches 750 C.
An further two hours are spent stirring. After melting and mixing are finished, casting

is created into cylinder-shaped casting molds (Figure 5.5).
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Figure 5.5. Cylindrical casting mold.

5.1.4. Homogenization

To prevent segregations from developing in the structure after casting and to
homogenize the alloy composition, homogenization heat treatment is done to all
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samples. Following their wrapping in aluminium foil, the cast ingots are immersed in
a mixture of SiO2 and graphite sand and subjected to homogenization at a temperature
of 420 °C for a duration of 24 hours, as seen in figure (5.6). The samples that were
taken out of the furnace were immediately cooled by immersion in water in order to

retain the homogenized structure.

Figure 0.6. Protherm brand heat treatment furnace.

5.1.5. Extrusion

An alloy extrusion process is carried out using a hydraulic press that has a capacity of
30 tons. The extrusion process utilizes a billet with a diameter of 32 mm and an
extrusion exit with a diameter of 10 mm. The alloy undergoes extrusion at a
temperature of 400 °C, with a velocity of 0.3 mm/s. The production of cylindrical
extrusion samples with a diameter of 10 mm is achieved by spinning the punch
connected to the press and applying pressure to a cylindrical billet with a diameter and
length of 30 mm each. The billet is placed in the mold shown in figure (5.7), which
has been heated to the required extrusion temperature. The formula below was used to
compute the extrusion rate
Ap

(EQ).EO0 = =2 (5.1)

As
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The variable Ao represents the cross-sectional area of the billet, whereas As represents
the cross-sectional area of the sample produced after extrusion. For all extrusion
operations in this investigation, a 9:1 extrusion ratio was used, based on the billet
diameter of 30 mm and the extrusion outlet diameter of 10 mm, as specified in
Equation 5.1.
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Figure 5.7. The hydraulic press and Images of produced samples.

5.2. CHARACTERIZATION OF ALLOYS

The microstructure of the produced composite materials was examined following
casting, homogenization, and extrusion. The samples were merely examined for
hardness, compression, wear, corrosion, and thermal conductivity testing after

extrusion.
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5.2.1. Density Measurement

After fabrication, the experimental The densities of the samples were measured using
Archimedes' principle. For this, firstly, the weights of the parts were calculated with

the precision measuring device shown in Figure 5.8.

Figure 5.8. PRECISE XB 220A precision balance used in the experiments.
5.2.2. Microstructure Characterization
The microstructure pictures of the manufactured samples were generated using an

optical microscope and SEM (Scanning Electron Microscopy), while the component
phases were identified using the XRD (X-Ray Diffraction) technique.
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5.2.2.1. Metallographic Studies

The samples undergo initial sanding using SiC paper with a grid size of either 600,
800, 1000, 1200, or 2500 for metallographic examinations. The surface cleaning is
then completed by polishing with 1 um alumina paste. The sample is then etched to
disclose its internal structural features after being dipped in a picric acid solution (The
mixture consists of 6 grams of picric acid, 5 milliliters of acetic acid, 10 milliliters of
distilled water, and 100 milliliters of ethyl alcohol). Using an optical microscope,
metallographic analyses of the produced samples are performed. Microstructure
images of each produced alloy after casting, the process of homogenization and
extrusion was seen using a Nikon optical microscope and a Carl Zeiss Ultra Plus
Gemini scanning electron microscopy (SEM) with energy dispersive spectroscopy
(EDS) capabilities, as shown in figure 5.9. All samples were cut in appropriate sizes
before imaging and cold molded in a cylindrical form with a mixture of epoxy resin
and hardener. Subsequently, the surfaces of the Microtext brand were prepared for
etching by using the conventional metallographic technique using a sanding and
polishing apparatus. An etching solution consisting of 6 grams of picric acid, 5
milliliters of acetic acid, 10 milliliters of distilled water, and 100 milliliters of ethyl
alcohol was used.

Grain size analysis was performed by examining 6 different microstructure images of
each alloy by linear intersection method in accordance with ASTM E112 standard
[180]. The volume ratio of the secondary phases in the structure after casting and

homogenization was determined with the help of Image-J program.
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Figure 0.9. Carl Zeiss Ultra Plus Gemini Fesem SEM analyzer.

5.2.2.2. XRD Analysis

The XRD profiles of all samples were acquired using a Rigaku Ultima IV apparatus.
The scanning angles ranged from 10° to 90°, with a scanning speed of 3°/min (Figure
5.10). The identification of the constituent phases in the post-casting structure was

achieved by correlating the peaks seen in the XRD profiles with those present in the
standard cards.

Figure 0.10. Rigaku brand XRD device.
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5.2.3. Hardness Test

The specimens' Brinell hardness ratings are determined using a Brinell hardness testing
instrument. A 2.5 mm diameter ball with a load of 187.5 N is used in the Brinell
hardness test. Three distinct indentations are created for each sample, and their
hardness levels are averaged by measuring the corresponding diameters, as seen in
Figure 5.11.

.1»‘

Figure 0.11. The Brinell hardness device.
5.2.4. Compressor Test

The compression values of the samples are obtained using the Zwick Roel 600 kN
compression device, as shown in figure 5.12. The samples used for the compression
test have dimensions of roughly 10 mm in diameter and 12 mm in length. The
compression speed employed is 0.5 mm/min. Three instances are generated for each
parameter, and the compressor values are determined by calculating the mean.
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Figure 0.12. The compression device Zwick Roel 600 kN device.

5.2.5. Characterization of Corrosion Properties

An analysis of the corrosive characteristics of casting and Extrusion samples were
fabricated by constant immersion in salt solution and electrochemical potentiodynamic
polarization tests. For both corrosion tests, the surfaces of the samples The surface was
polished using sandpaper with a grain level of 1200 and there were no residues, voids,

etc. on the surfaces. Factors that may affect the corrosion rate, such as.

5.2.5.1. Immersion Test

Immersion test specimens were extracted from casting and extrusion specimens with
an outer diameter of 8 millimeters and a length of 15 millimeters in a cylindrical
fashion. The surfaces of these specimens were then sanded and washed with pure water
using an ultrasonic device. Due to the immersion test, the surface dimensions of the
samples were computed to be 2772 + 2mrh. This was done in order to get the results
of the computations. After calculating the surface areas of the samples and measuring
their initial weight with a balance with 0.0001 g sensitivity before dipping, they were
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left suspended with the help of a net in 3.5% NaCl solution placed in equal amounts
in glass jars Figure 5.13. The specimens that were placed in the solution were
recovered at certain time intervals of 3, 6, 9, 12, 24, 48, and 72 hours. Following
removal, the surfaces of the items were purified and their weights were measured and
documented. To eliminate the corrosion products that formed on the surface, the
samples were immersed in a chromic acid solution with distilled water at a
concentration of 180 g/L for 10 minutes, repeated hourly. then, the samples underwent
ultrasonic cleaning using alcohol and were then submerged in a 3.5% NaCl solution.
Weight losses were computed for each hour, and the overall average corrosion rates
were established. Each sample underwent three immersion corrosion tests, and the
average of the data was calculated. Following the 72-hour immersion test, SEM was
used to capture pictures of the damaged surfaces of each sample, allowing for a

detailed examination of the corrosion processes.

Figure 5.13. Illustrates the subsequent step, in which the specimens were submerged
within an ultrasonic vibration apparatus.

5.2.5.2. Potentiodynamic Polarization Test

The corrosion resistance of the newly produced composites is evaluated in a 3.5%
NaCl solution at room temperature, utilizing both the Tafel technique and an
electromechanical test approach. For this purpose, a Gamry type PC4/300 mA
potentiostat/galvanostat coupled with computer controlled DC105 corrosion analysis
is employed to generate the potentiodynamic curves, as shown in Figure 5.14.

Before initiating the corrosion assessment, the samples are crafted in dimensions of
10x10 mm, enclosed by copper wire, and placed within Bakelite material. The wire's
end is deliberately separated from the Bakelite to guarantee conductivity. After the
exposed area of the sample has been polished to a smoothness of 2000 grit, a strong
adhesive tape with a circular opening of 0.25 cm2 is affixed to its surface. This method
guarantees uniform exposure to the corrosion testing for all samples.
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Within the 1 mV/s scan zone, the potentiodynamic polarization curves are shown,
which range from -0.25 V (vs Eoc) to +0.25 V (vs Eoc). As in a standard three-
electrode cell configuration, the sample surface operates as the working electrode in
this experimental setup, with a graphite rod acting as the counter electrode and a

calomel electrode as the reference electrode.

Figure 0.14. The preparation of samples to Potentiodynamic Polarization Test

5.2.6. Wear Test

Wear tests were conducted on both casting and extrusion specimens employing a
reciprocating wear testing apparatus, as depicted schematically in Figure 5.15. The
tests were carried out under three different modes: constant load, constant speed, and
constant distance. Prior to the wear tests, the samples were trimmed to match the bed
provided as a sample inside the gadget. Afterward, the surfaces were meticulously
polished using sandpaper with a grain size of 1200 and thoroughly cleaned with
alcohol.

The wear evaluations were conducted with a 20N load, a sliding speed of 0.1 m/s, and
a total sliding distance of 1000 m. The frictional force throughout the wear process
was quantified by means of a load cell affixed to the tribometer arm, with

80



instantaneous data being logged on the computer. The substance inserted was a high-
hardness steel ball made of AISI 52100 grade.

Following the wear tests, the wear depths were quantified Using a Mitutoyo SJ-410
instrument for assessing surface roughness, employing a 2 um standard probe in line
with the 1SO 1997 standard. The wear volume losses for each sample were calculated

using the formula provided below.

2ab
Vy(mm3) = = ¢ (5.2)

where Vy, is the wear volume loss, c is the track length, a is the scar width, and b is the
scar depth. The wear rates were calculated from the ratio of the volume losses
calculated from here to the total distance. The worn surfaces underwent a thorough
examination using Scanning Electron Microscopy (SEM), and the wear processes were
identified. Each sample underwent three wear tests, and the average of the findings

was calculated.

Figure 5.15. Schematic representation of the reciprocating wear tester.
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PART 6

EXPERIMENTAL RESULTS AND DISCUSSION

This study presents the outcomes of various tests, encompassing density measurement,
microstructure analysis, hardness assessment, compression testing, wear evaluation,
and corrosion analysis, conducted on the compositions of the ZK60 alloy and ZK60
composites strengthened ZK601,ZK 6011, and ZK60IIT .

6.1. DENSITY MEASUREMENT RESULTS OF COMPOSITES

The samples, which are prepared at a ratio of 1:1 into pore water of known density are
immersed in the water in turn. By making use of the difference between the weight of
the samples in the air and the weight of the pure water, density determination is carried
out without the need for volume measurement. Weighing during density measurement
0.0001 scale with gr sensitivity is used. Measurements are made 3 times for each

sample and the results are averaged.

Principle equation is used while calculating density of the material using Archimedes
scale method.

(p = puWa(Wy — W) (6.1)
Here p denotes the actual density of the material, p,, is the density of pure water as
(1g/cm?®), W, is the weight of the material at air and W, represent the weight of the

material at water.

Hence the measured densities of the studied composites are presented in Table 6.1.
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Table 0.1. The density results of composites.

Composites Density(gr/cm?d)
ZK60 1.817
ZK601 1.824
ZK60I1 1.827
ZK60III 1.831

6.2. XRD RESULTS

The XRD analysis results for ZK60 are displayed in Figure 6.1. The ZK60 alloy
exhibits the presence of the MgZn and Zn»Zr intermetallics alongside the predominant
-Mg matrix. However, when examining the XRD outcomes of ZK60I (Figure 6.2), this
composite showcases a primary matrix composed of -Mg, accompanied by
intermetallic particles such as MgZn;, Zn,Zr, Mg2Si, and SiC particles. The XRD data
for the ZK60 composite reinforced with 15% SiC and 0.2% AIN is presented in Figure
6.3. This particular composite (ZK60II) reveals phases of MgZn,, Mg.Si, and Zn,Zr
intermetallics, as well as SiC and AIN nanoparticles. With the ZK 60111 composite, the
XRD results exhibit additional peaks at 35°, 59°, and 70° angles as the AIN content is
increased from 0.2% to 0.5% weight. This composite's XRD patterns (Figure 6.4)
show the presence of the main -Mg matrix, along with MgZn,, MgzSi, and ZnxZr
intermetallics, SiC particles, and AIN nanoparticles. To simplify referencing, the
composite ZK60I reinforcement is denoted as ZK601 , while the additional 0.2% and
0.5% AIN reinforced composites are denoted as ZK60II and ZK60III, respectively.
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Figure 6.1. showcases the XRD (X-ray diffraction) patterns of the ZK60 alloy.
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Figure 0.2. showcases the XRD (X-ray diffraction) patterns of the ZK60I.
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Figure 6.3. showcases the XRD (X-ray diffraction) patterns of the ZK60II.
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Figure 6.4. showcases the XRD (X-ray diffraction) patterns of the ZK60III.
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6.3. MICROSTRUCTURE RESULTS

6.3.1 Optical Microstructure Images

Figures 6.5a, 6.5b, and 6.5c provide a comparative view of the microstructures of the
cast, homogenized, and extruded ZK60 alloys. Correspondingly, Figures 6.5d, 6.5e,
and 6.5f showcase ZK601 . ZK601I is illustrated in Figures 6.5g, 6.5h, and 6.5i, while
ZKO60III is depicted in Figures 6.5j, 6.5k, and 6.51. Utilizing an image processing
software application in accordance with ASTM standard (ASTM E112), in order to
find the grain size, the average of five measurements was computed. Consequently,
the mean grain sizes of the as-cast samples were calculated to be 65 um for ZK60, 60
pm for ZK601, 62 um for ZK6011, and 48 um for ZK60III. For the extruded samples,
the average grain sizes were observed to be 32 um for ZK60, 28 pum for ZK60I, 25 um
for ZK60II, and 23 pm for ZK60I11.

(a) ZK60 at 500 X after casting.
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(b) ZK60 at 500 X After homogenization.

(c) ZK60 at 500 X after extrusion
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(d) ZK601I at 500 X after casting.

(e) ZK60I at 500 X after homogenization.
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(f) ZK60I at 500 X after extrusion

(9) ZK60II at 500 X after casting.
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(h) ZK601I at 500 X after homogenization.

Y,

(i) ZK601I at 500 X after extrusion.
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(J) ZK60III at 500 X after casting.

(k) ZK60III at 500 X after homogenization.
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(I) ZK60III at 500 X after extrusion.

Figure 6.5. Light microscopy pictures of the following samples: ZK60 (a, b, and c),
ZK60I (d, e, and f), ZK60II (g, h, and i), and ZK60III (j, k, and I).

The black, clearly visible microstructures particles are thought to be SiC. It has been
noted that following extrusion, the ZK60 alloy's a-Mg grain size decreases with the
addition of SiC and AIN. The post-extrusion microstructure images show that
dynamic recrystallization (DRX), which occurred during hot extrusion, significantly

reduced the grain size in all alloys.

6.3.2. SEM Microstructure Images and EDX Analysis

The ZK601 reinforced ZK60 composite is shown in Figure 6.6a in SEM pictures and
Figure 6.6b in an EDX map analysis at a 2kX magnification. The elemental spectra of
the sites marked with the digits 1-6 in Fig. 6.6a is shown in Table 3.

Figure 6.6a's section 1 has the components 4.48% carbon, 87.15% magnesium, and
8.45% zinc, which indicates the existence of the main matrix. This information is

shown in Table 6.2. The structure of the SiC particles in the composite is shown by
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the presence of 13.22% carbon and 36.19% silicon in the area illustrated by 2 and in
Figure 6.6a. In addition, there is a trace quantity of Zr that may be found at the grain
boundaries of the SiC particle. Additionally, the SiC particle is represented by area
3, and the SiC particle is represented by region 4, which shows a spectrum consisting
of 11.9% carbon, 29.59% silicon, and 55.6% magnesium elements. Within area 5,
there is an intermetallic compound composed of magnesium and zinc, and within
region 6, there are a few trace quantities of fine-grained SiC particles. During the
powder mixing process, certain SiC particles are naturally finer than others. This is
because the steel balls that are contained inside the V-type mixer contribute to the

particle size.

7102 2
SE MAG: 2000 x HV: 10.0 kV WD: 11.7%mm
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Figure 0.6. SEM microstructures of the extruded ZK60I sample; (a) the EDX
analysis image at 2kX (indicating the 6 sites to be studied using EDX
spectrum analysis); and (b) the elemental mapping of the EDX picture in
Figure 6.6a.

Table 0.2. The spectrum analysis findings for the locations shown in Figure 6.6a for
ZK60I are as follows:.

Aspects of C Mg Si Zn Zr
1 4.46 87.15 0.00 8.40 0.00
2 13.22 47.16 36.19 2.18 1.25
3 7.23 57.79 32.97 1.75 0.27
4 11.90 55.60 29.59 2.89 0.02
5 8.58 83.64 0.09 7.43 0.25
6 12.27 80.20 0.43 7.10 0.00
Mean value 9.61 68.59 16.55 4.96 0.30
Sigma 3.42 17.03 18.06 3.00 0.48
Sigma mean 1.40 6.95 7.37 1.22 0.20
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Figure 0.7. Shows ZK60 with ZK60I reinforcement SEM pictures. Part (a) shows
sections indicated for EDX spectrum analysis in the 10,000X SEM picture,
whereas part (b) shows the elemental mapping of Figure 6.7a's EDX
image.
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The findings of the energy-dispersive X-ray (EDX) spectrum analysis conducted on
sections 1 through 7 of the ZK60 composite sample, which consists of 15% SiC and
0.5% AIN, are shown in Table 6.3. The slices may be recognized in the scanning
electron microscope (SEM) picture shown in Figure 6.7a.

Table 0.3. Presents the results of the spectral analysis conducted on the different areas
indicated in Figure 6.7a for the composite ZK601II.

Aspects of C N Mg Al Si Zn
1 6.53 181 8286 1.06 019 755
2 313 3135 152 6265 008 1.27
3 11.63 2018 094 60.78 6.21  0.27
4 28.82  3.19 7.18 566 53.86 1.28
5 2.92 0.00 8389 11.70 0.00 1.49
6 15.14 2.68 71.06 2.65 144 7.04
7 275 3672 079 5882 013 0.79
Average 10.13 13.70 3546 29.05 884 281
Sigma: 953 1552 4124 2986 19.98 3.09
Sigma av: 3.60 586 1559 1129 755 117

According to the results of the elemental response spectrum analysis, which are shown
in Table 6.3, there is a trace amount of magnesium zinc intermetallic present in area 1,
which is the primary matrix material. The areas 2, 3, and 7 provide evidence that the
SiC particle in area 4 is related to AIN nanoparticle reinforcements. This is proved by
the existence of these reinforcements. The fifth section is a representation of the border
that separates the main matrix, SiC particles, and AIN nanoparticles. Region 6
contains the basic matrix as well as a small number of SiC and AIN particles that have

been finely separated.

6.4. MECHANICAL TEST RESULTS

6.4.1. Hardness Test Results

The outcomes of the Brinell hardness examination conducted on ZK60 specimens,
involving casting, extrusion, and enhancement with SiC and AIN, are depicted in
Figure 6.8. In contrast, the Brinell hardness test findings for as-cast ZK60 were 60.23,
for ZK60 reinforced with ZK60I they were 73.33, for ZK601I the value was 78.29, and
for ZK60III reinforcement, it measured 81.61 HB. After extrusion, the initial ZK60
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displayed a hardness of 85.65 HB, which was increased to 96.86 HB by incorporating
15% SiC, to 101.23 HB with 0.2% AIN reinforcement, and to 103.94 HB with 0.5%
AIN reinforcement. The mechanical qualities and hardness values of the specimens
were also enhanced by the fine-grained structure resulting from substantial
deformation during the extrusion process. Moreover, the augmentation in hardness
was directly proportional to the added reinforcing content. The hardness elevation is
attributed to the introduction of harder particles into the matrix, effective segregation
of AIN particles at grain boundaries [227], Additionally, the homogeneous dispersion

of reinforcing particles attributed to the deformation process caused by extrusion

[139].

ZK60 ZK60 SiC15 ZK60 SiC15 ZKe60 SiC15
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Figure 6.8. Contrasting the hardness test outcomes among the as-cast, homogenized,
and extruded samples.

6.4.2. Compressor Test

Compression experiments for the materials ZK60, ZK601, ZK60I1, and ZK60I1I were
carried out to examine the impact of reinforcements on the mechanical behaviours of
the sample. Figure 6.9 displays the results of the stress-strain test. Figure 6.9
illustrates the compression test outcomes for both the unenhanced ZK60 and the
reinforced composites, presenting the highest fracture stresses. The unreinforced

ZK60's compression test result was 340 MPa; with SiC15 reinforcement, it increased
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to 355 MPa; and ZK 601 reinforcement, it increased to 370 MPa. Finally, it increased
to 410 MPa for ZK60III.
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Figure 6.9. The results from the compression test conducted on the unenhanced ZK60,
ZK60I, ZK60II, and ZK60III.

There has been an increase in the compression strength with the addition of
reinforcements to ZK60, as shown by the compression results in Figure 6.10. When
compared to ZK60 that hasn't been reinforced, the ZK60III reinforcement increases
compressive strength by 20.5%. Because the reinforcement particles are more equally
distributed throughout the primary matrix and have a more durable structure, the
addition of the particles increases the strength. Additionally, the strength may be
increased by increasing the dislocation density of the particles introduced to the
microstructure. Furthermore, nanoscale reinforcements have a high dislocation density

and stop dislocations from moving during deformation under stress [228].
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Figure 6.10. The comparisons of the maximum compressive strengths.

6.5. CORROSION TEST RESULTS

Corrosion tests of the produced composites were carried out in 3.5% NaCl solution in

two diverse ways, potentiodynamic polarization and immersion corrosion test.

6.5.1. Immersion Test Results

The loss of weight during immersion of the hybrid composites made from ZK60,
ZK 601, ZK60II, and ZK60IIT is shown in Figure 6.11 with regard to exposure periods.
As shown in Figure 6.11, the immersion weight loss of the materials under
investigation rase for up to 12 hours before stabilizing at the conclusion of the 72-hour
exposure period. The post-extrusion samples' weight loss test findings for the ZK60,
ZK601, ZK60II, and ZK60III, respectively, are 7914.28, 7023.16, 5632.68, and
5332.03 mg/dm?. Figure 6.12 displays the samples' daily corrosion rates (mg/dm?
day). As can be seen, the corrosion rate first rose before falling as the exposure period
went on. After two days, the graph's line started to stabilize. The corrosion rate of the
composites following a three-day period is depicted in Figure 6.13. When considering
corrosion rates, the initial corrosion rate of the unreinforced ZK60 at 2638.1 mg/dm?
day The rate of decrease was observed to be 2341.1 mg/dm? day when 15% SiC was
incorporated, and it further decreased to 1877.56 mg/dm?2 day when 0.2% AIN was
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added. Lastly, the rate reached 1777.4 mg/dm2 day when 0.5% AIN was introduced.
Furthermore, Figure 15 illustrates the projected annual corrosion rates. These rates are
determined by utilizing the densities of the samples ZK60, ZK601I, ZK60II, and
ZK60I1I, and are as follows: 2090.73, 1848.19, 1479.84, and 1397.79 (mg/year),

respectively.
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Figure 6.11. Displays the weight reductions (in mg/dm?) of the specimens during the
initial 72-hour period.
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Figure 6.12. Depicts the rates of corrosion (measured in mg/dmz2day) for the samples
over the course of each day.
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Figure 6.13. Illustrates the corrosion rates of the samples after a three-day duration.
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Figure 6.14. Demonstrates the corrosion rates (measured in mg/year) over successive
years, estimated using the density values of the respective samples.

Analyzing the graphical representations in the figures, it is evident that the weight loss
rises when the samples are submerged for longer periods of time. In Figure 6.13,
corrosion started out slowly and then picked up speed between 6 and 12 hours after
immersion. In other words, The rate of corrosion is delayed as the oxide layer that has
formed on the surfaces of the samples stabilizes. The pictures demonstrate how adding
reinforcements to the ZK60 alloy increases its corrosion resistance. The sample with

the highest level of corrosion resistance contained ZK60II1. After 72 hours, the weight
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loss of ZK60I decreased from 7914.28 mg/dm? to 7023.16 mg/dm?, as shown in Figure
6.11. The weight loss in hybrid composites decreased from 5632.68 mg/dm? in the
0.2% AIN-reinforced sample to 5332.03 mg/dm2 when the nanoparticle concentration
was increased to 0.5%. After a duration of three days, the corrosion rate of the sample
supplemented with 15% SiC and 0.5% AIN exhibited a reduction of 1.48 in
comparison to the unreinforced ZK60 alloy.

Figures 6.15 and 6.16 display the SEM images of the surfaces of the corroded samples.
Figure 6.15b shows the general elemental spectrum response graph of the corroded
ZK60, and Figure 6.15a shows the SEM pictures of the corroded ZK60 at 5kX.
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Figure 0.15. Showcases: a) Visual representations of the corroded surface of ZK60 at
5 KX magnification, and b) the graphical presentation of the elemental

spectrum response for ZK60.

Table 6.4. Presents comprehensive energy-dispersive X-ray (EDX) analyses

corresponding to the image depicted in Figure 6.15a.

L L

9

10

Aspects of 0] Mg Cl Zn Zr
1 2.33 89.67 0.01 7.81 0.17

2 2.76 89.05 0.10 8.01 0.09

3 0.35 92.44 0.03 7.07 0.10

4 2.01 89.95 0.06 7.99 0.00

5 3.86 87.98 0.06 8.01 0.10

6 2.71 88.99 0.09 8.06 0.15

7 18.92 72.20 0.50 8.38 0.00
Average 4.71 87.17 0.11 7.91 0.08
Sigma 6.35 6.76 0.16 0.41 0.06
Sigma value 241 2.56 0.05 0.16 0.02

Figure 6.16a displays a magnified view (1 KX) of the corroded surface of the ZK601I1

composite, while Figure 6.16b exhibits the overall graphical representation of the

elemental spectrum response for the identical composite.
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Figure 6.16. Demonstrates: a) At a 5 KX magnification, visual representations of the

corroded surface of ZK60III; and b) A graphical depiction of the
elemental spectrum response specific to ZK60III.
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Table 0.5. Provides comprehensive energy-dispersive X-ray (EDX) analyses
corresponding to the visual content displayed in Figure 6.16a.

Aspects of C N @) Mg Al Si Cl zZn Zr
1 214 095 233 85.04 048 0.00 0.00 893 0.12

2 2718 155 220 415 098 63.39 0.01 052 0.02
3 164 000 054 148 0.75 9488 0.00 0.42 0.30
4 2245 127 256 317 0.61 69.27 0.00 0.68 0.00
S)
6
7

290 112 367 7637 6.61 051 0.00 875 0.08
1.81 090 3.13 84.08 0.16 031 0.06 9.57 0.00
217 106 431 8223 029 022 0.00 959 0.15
8 239 094 368 8273 040 0.05 0.00 9.69 0.13

Average 782 096 282 5240 1.27 2857 0.02 6.01 0.11

Sigma 1055 044 1.18 41.06 2.18 40.16 0.03 454 0.11
Sigmavalue 3.74 0.15 041 1450 0.76 1421 0.02 1.62 0.03

The initiation of corrosion, as observed in Figure 6.15, was predominantly attributed
to galvanic cells formed between the MgZn> phase and the Mg grains. This led to the
formation of voids at the grain boundaries. Upon the removal of ZK60 alloy grains
from the matrix, the corrosion process proceeds further. The disintegration of the
intermetallics at the grain boundary in back of the detached grains can be accelerated
by corrosive ions. As shown in Figure 6.16, the ZK60III hybrid composite exhibits
improved corrosion resistance due to the significantly more refined and uniform
MgZzZn2 intermetallics and larger grain boundaries, which function as corrosion barriers
due to the reduced ratio of anode to cathode area. There is a belief that the
incorporation of SiC+AIN to the investigated composite reduced the grain boundary
corrosion. Corrosion resistance is increased when a surface film rich in Si+O
components forms on the corroded surface, as seen in Figure 6.16 and Table 6.5. SiC
and AIN were added, and Mg2Si, SiC, and AIN peaks were produced as a result.
Mg2Si intermetallics more efficiently limit corrosion due to their polygonal shape
[229,230].

6.5.2. Potentiodynamic Polarization Test Results

Figures 6.17 and 6.18 illustrate the outcomes of potentiodynamic polarization
experiments conducted on the composites. The measurements of corrosion potential
(Ecorr) and corrosion current density (lcorr) are plotted on a graph to facilitate the

application of the Tafel extrapolation method for analysis. The corrosion potential
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readings are shown in Volts and the corrosion current density is shown in A/dm?. The
extruded samples' potentiodynamic characteristics are evaluated both parallel to and
perpndicular to the extrusion direction. In comparison to measurement conducted from
a parallel section, Measurements done from a segment perpendicular to the direction
of extrusion provide more precise findings. Results acquired from the region
orthogonal to the direction of extrusion surpassed those gathered from the parallel
segment in terms of performance. In general, a high rate of corrosion is indicated by
elevated icorr measurements and reduced Ecorr values (more negative). The
composites consist of ZK60III. shown greater corrosion resistance when the
composites are compared. The corrosion resistances of all composite materials are
compared using values for corrosion current density (icorr), and the findings are as
follows: ZK60III is superior to ZK60II and ZK601. The corrosion current density (Icorr
) values for ZK60, ZK601, ZK60II, and ZK60III are 245 pA/cm?, 151 pA/cm? , 136
HA/cm?, and 53.70 pA/cm?, respectively, As per the corrosion test results acquired
from the section perpendicular to the extrusion direction. ZK60 has a corrosion
potential of 1.370 volts, ZK601 of 1.410 volts, ZK60II of 1.390 volts, and ZK60III of
1.140 volts. According to the findings of the corrosion tests performed on the segment
aligned with the extrusion direction, the density of corrosion current (lcorr ) Values for
ZK60, ZK601, 200 A/cm2, and 152 A/cm?2 for ZK60I1I are 377 pAlcm?, 242 pAlcm?,
200 pA/cm?, and 152 pA/cm? respectively. ZK60, ZK60I, ZK60I1, and ZK60III have
respective corrosion potentials of -1.420 V, -1.480 V, 1.410 V, and -1.360 V. lcorr and
Ecor values in ZK60 alloy have a tendency to diminish, when SiC and AIN

reinforcements are added. Silicon dioxide (SiO :), which is produced atop the

material's surfaceas a result of the addition of SiC, offers protection against corrosion.
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Figure 6.17. Presents the outcomes of corrosion tests obtained from the cross-sectional
analysis of the specimens perpendicular to the extrusion direction. This is
depicted in: a) the potentiodynamic polarization graph, and b) the values
of icorr (COrrosion current) and Ecorr (corrosion potential).

107



-0.90

1E-05 1E-04 1E-03 1E-02 -1.00
-1.10
-1.20
-130 <
-140 W
150 5
S
-160 B
a
-1.70
Corrosion Current, i (A/cm?) -1.80
—ZKe0  e=e=-- ZK60SiC15
— —ZK60SiC15AINO0.2 — - =ZK60SiC15AIN0.5
a)
600 4 - -1.75
S 200 - -1._502-
E T 1480 ”
et -last -1,410 - .5
= - ’ -1.360F -1.25/3
Z 400 4 377.00 -
= m =
= ) - -1,002
2 30( 2
= 300 ~ B =
¥ w2 075
;lg* 200 4 _‘_”‘.’:"Q{‘:}*Q(;}_H_‘l52.UU - H\{,é
S = T8
g 1007 - 0.25
5 0 . . ; 0.00
- ZK60 ZK60SIiC15  ZK60SiC15AIN02ZK60SiC 15AIN0.5
ALLOYS
---®--- Corrosion Current Density,Icorr —a— Corrosion Potential, Ecorr
b)

Figure 6.18. showcases the results obtained from corrosion tests performed on the
segment aligned parallel to the direction of sample extrusion. This is
demonstrated by: a) the potentiodynamic polarization graph, and b) the
values of icorr (corrosion current) and Ecorr (corrosion potential).
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6.6. WEAR TEST RESULTS

Figure 6.19 displays the weight loss of the samples as a function of sliding distance
after a reciprocating wear test was conducted on the extruded materials under a 20 N
load, at a speed of 0.1 mm/s, and over 1000 m. Volume losses per meter are used to
determine wear rates. The weight loss of the ZK60 is 0.0359 gram after the 1000m
sliding test. A weight drop of 0.03287 gram is experienced by the ZK60I reinforced
composite, 0.03203 gram is experienced by the ZK60III reinforced composite, and
0.0301 gram is experienced by the ZK60III reinforced composite. In comparison to
the quantity of addition, the wear resistance has thereby improved due to the

reinforcing parts.

_ 004 -
C
> 0.03 - _
& 0.02 —e—ZK60 SiC15 AINO.5
B . ZK60 SiC15
5 0.01 A
= 0 ZK60
0 200 400 600 800 1000 ZK60 SiC15 AINO.2

Distance (m)

Figure 6.19. illustrates the outcomes of the dry wear test conducted on both the
unreinforced ZK60 and the reinforced composite materials.

The wear rates (g/m) depicted in Figure 6.20 are derived from Figure 6.19.

Specifically, under a 20 N load, the wear rates for ZK60, ZK60I, ZK6011I, and ZK 60111
were 4e-5, 3.5e-5, 2.8e-5, and 2.5e-5 g/m respectively.
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Figure 0.20. displays the computed wear rates of all composite materials (g/m).

Figure 6.21 presents the comparisons of how the friction coefficient varies with sliding
distance. The average friction coefficients for the samples, including ZK60 alloy,

ZK601, ZK6011, and ZK60III composites, are 0.1268, 0.1262, 0.0994, and 0.0684,
respectively.
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Figure 6.21. illustrates the variations in the friction coefficient concerning the sliding
distance across all samples.
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Figures 6.22 and 6.23 depict the scanning electron microscope (SEM) images
illustrating the surfaces of the utilized samples. The SEM photos of the extruded ZK60
alloy at 1kX the illustration is presented in the figure 6.22a, and Figure 6.22b shows
the overall elemental spectrum response graph of the ZK60 without reinforcement.
The adhesive and abrasive wear processes are identified on the SEM images in Figure
6.22a , they are denoted by the letters A and B, respectively. The counter surface and
other alloying components listed in Table 6.6 are richer in Mg, Zn, and a trace amount
of Fe and Cr elements, which are added to the adhesion wear mechanism (A).

111



cps/eV

45

40

25—:Zr Fe

Cr Fe Zn

(b)

Figure 6.22. Worn ZK60 exhibit surfaces : (a) SEM image at 1 kX; (b) The graph
displaying the elemental spectrum response of the ZK60.

Table 0.6. General EDX analyses of the image shown in Figure 6.22a.

The Parts Compound with Atoms[%]

0] 32.54
Mg 64.72
Cr 0.03
Fe 0.02
Zn 2.65
Zr 0.04

Total 100.00

Figure 6.23a shows a SEM image at 1kX of a surface that has been worn down for
ZK60 SiC15 AINO.5. As illustrated in Figure 6.23a, the adhesive, abrasive, and wear
mechanism sections are labeled A and B, respectively. The adhesion wear mechanism
layer (A) is enriched in Al element and a trace quantity of Fe and Cr elements from
the counter surface, according to the elemental EDX map picture (Figure 6.23b). Other
alloying elements are listed in Table 6.7. Figure 6.22a's SEM pictures of the ZK60
alloy and the reinforced composite of ZK60I1I show that the latter exhibits degreased

adhesive wear.
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Figure 6.23. Worn ZK601II exhibit surfaces : (a) SEM image at 1 kX; (b) The graph
displaying the elemental spectrum response of the ZK60III.
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Table 0.7. General EDX analyses of the image shown in Figure 6.23a.

The parts Compound with Atoms[%]
C 12.11
N 1.84
0] 10.90

Mg 71.68
Al 0.86
Si 0.09
Cr 0.04
Fe 0.07
Zn 2.38
Zr 0.01
Total 100.00
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PART 7

GENERAL CONCLUSIONS AND RECOMMENDATIONS

After conducting an analysis of the microstructure and the study of corrosion
characteristics of numerous new hybrid composites formed by incorporating 15% SiC
and varying proportions of 0.2% to 0.5% AIN into ZK60 magnesium alloy, the
subsequent findings have been established.

e The coarse primary -Mg dendritic grains and distinct intermetallic phases that
resemble spheres make up the ZK60 alloy's casting microstructure. The images
clearly display the uniform distribution of the black particles, which are
commonly found in microstructures and are thought to represent SiC. Mg2Si and
SiC phases were produced with the addition of SiC, according to the findings of
the XRD investigation. AIN was added, and as a result, peaks of both MgSi and
AIN were produced.

e+ The as-cast microstructure of ZK60 alloy is mostly coarse-Mg. ZK60, ZK601,
ZK6011, and ZK60I1I samples had average grain sizes of 65 pum, 60 um, 62 um,
and 48 um. Extruded ZK60, ZK601, ZK60I1, and ZK60III samples have average
grain sizes of 32 um, 28 um, 25 um, and 23 pm.

e  The hardness test results for the as-cast unreinforced ZK60, ZK601, ZK60I1, and
ZK60III are 60.23, 73.33, 78.29, and 81.61 HB, respectively. The hardness
values of ZK60, ZK60I, ZK6011, and ZK60III were measured as 85.65, 96.86,
101.23, and 103.94, respectively, after the extrusion process.

e The unreinforced ZK60's compression test result was 340 MPa; with ZK601
reinforcement, it increased to 355 MPa; and ZK60II reinforcement, it increased
to 370 MPa. Finally, it increased to 410 MPa for ZK60III.

e The corrosion rates from the immersion test showed a decrease in corrosion rate
of 1.13, 1.41, and 1.49, respectively, for the samples containing ZK601, ZK6011
reinforced , and ZK60II1.This was related to the creation of surface coatings wit
h a high Si-O content.
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* The potentiodynamic polarization test findings showed that measurements done
perpendicular to the extrusion direction demonstrated better performance than
those taken parallel to the extrusion direction. The corrosion resistances of the
composites are assessed by comparing their corrosion current density (icorr)
values. The ranking of corrosion resistances is as follows: ZK60II1I> ZK601I >
ZK60I > ZK60.

The ZK60, ZK60I, ZK6011, and ZK60III have respective wear test values of 4e-
5, 3.5e-5, 2.8e-5, and 2.5e-5 gram/m. The samples' average friction coefficients
for ZK60, ZK601, ZK6011, and ZK60III, respectively, are 0.1268, 0.1262, 0.0994,
and 0.0684.

In recent years, the utilization of magnesium alloys with high specific strength
has increased due to the need for weight gain, which has emerged with the
increasing developments in the automotive and aerospace industry. For this
reason, composite technology will soon see an increase in interest in this topic.
By using these ceramic micro and nanoparticles, it will be able to increase the
utilization of magnesium and its alloys in industries such as automotive,
aerospace and electrical products. In this study, the focus is on evaluating both
the mechanical and corrosion properties of the ZK60 alloy. which is a common
extrusion alloy, were investigated with different alloying and shaping processes,
and significant improvements were obtained in mechanical properties, while a
decrease in corrosion resistance occurred. In this study, It is thought that the
amount of nano reinforcement should be 0.5% for best results. The desired
amount of hardness increase could not be achieved with the addition of 15% SiC.
For this reason, it is recommended to evaluate the results by adding higher rates
of SiC.
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