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ABSTRACT 

Magnesium and its alloys have gained utmost attention as potential lightweight 

structural materials owing to their low density. However, the application of 

magnesium alloys is still limited by their low strength and poor corrosion 

resistance compared to aluminum alloys. Recently, Mg-RE-Zn alloys have 

shown good mechanical and corrosion resistance by forming long period 

stacking ordered (LPSO) phase. In the present study, Mg-2Y-1Zn (at. %) alloy 

was cast by horizontal twin-roll casting (TRC) process. The cast strips were 

processed through hot-rolling and analyzed for their mechanical properties and 

degradation behavior. The tensile behavior of the alloy showed improved 

mechanical property with higher preheating temperatures. Electrochemical and 

immersion tests indicated that the corrosion resistance was enhanced by higher 

preheating and annealing temperatures. The SKPM measurement revealed that 

the LPSO phase acts as a micro cathode to form galvanic couple with the -

Mg which dominated the corrosion mechanism. The alloy showed its unique 

microstructure when solution heat-treated and the corrosion resistance was 

greatly improved by forming dense surface film.  

Keywords: Mg-Y-Zn alloy, mechanical properties, corrosion properties, LPSO, 

twin-roll casting 
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Chapter 1 

Introduction 

In recent years, the need for research and development of lightweight material 

has increased in response to worldwide efforts to reduce the greenhouse gas 

emission. Magnesium (Mg) and its alloys are attractive materials for 

lightweight structural applications such as in automotive and aerospace 

industries owing to their low density and good specific strength. In fact, Mg 

alloys are the lightest structural material among commercialized metal alloys 

available on the market. However, application areas for magnesium alloys are 

still very limited due to their low absolute strength and poor corrosion 

resistance compared to other commercial alloys.  

One way to supplement the strength of Mg alloys is to form a long-period 

stacking-ordered (LPSO) phase by adding rare earth (RE) elements into zinc 

based Mg alloys. It has been found that Mg-RE-Zn alloys exhibit excellent 

mechanical properties due to their unique LPSO structures. The first research 

on LPSO alloys was reported by Kawamura et al. [1] that Mg-2Y-1Zn (at.%) 

alloy processed through rapid solidification and extrusion can reach the tensile 

strength of 600MPa and elongation up to 5% due to the fine grains and high 

density of stacking faults. The excellent mechanical property and unique 

microstructures have drawn a considerable interest among the researchers to 

fully understand the formation of the LPSO phase and improve the 

performance of the alloys. Further studies revealed that the LPSO phases are 

not restricted to the Mg-Y-Zn system, but also can be found in Mg-RE-X 

system where RE=Y, Gd, Dy, Ho, Er, Tb or Tm and X=Zn, Cu or Ni. In 
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addition, the formation of LPSO phase was reported in the alloys prepared by 

conventional ingot casting and the alloys with subsequent thermo-mechanical 

processes such as extrusion, hot-rolling, and ECAP were proven to have 

excellent mechanical properties. These alloys have also shown to retain a 

reasonable strength even at elevated temperatures compared to other 

conventional Mg alloys such as AZ31 which makes the alloys promising 

candidates for future structural materials for automotive and aviation industries.  

Nevertheless, Mg alloys in general are susceptible to degradation due to high 

electrochemical reactivity of Mg and the poor corrosion resistance is another 

limitation that hinders broad application of Mg alloys. The degradation 

behavior depends on the amount, composition and distribution of the phases 

within the alloys. RE elements in general are reported to have beneficial effects 

on corrosion resistance of Mg alloys when added up to certain amounts. 

However, majority of research on Mg-RE-X alloys has been focused on their 

mechanical properties by different processing route and the corrosion 

properties of these alloys have been rarely reported.  

Furthermore, a development of more industry favorable casting routine is 

required for industrial applications of Mg-RE-Zn alloys. Twin roll casting 

(TRC) is one of the promising methods to mass produce Mg-alloy sheets. TRC 

process greatly reduces time and efforts of repeated heating and rolling 

procedure required for a sheet production from direct chill (DC) slab, as TRC 

process is capable of producing thin magnesium strips by feeding molten 

magnesium directly into a pair of cooling rolls.  This characteristic enables 

high productivity of magnesium sheets and saves both cost and energy that are 

required by metal industries.  
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The primary purpose of current study is to investigate the effect of TRC 

casting parameter on the quality and properties of Mg-2Y-1Zn (at.%) strips. 

For this objective, Mg-2Y-1Zn alloy was cast by laboratory scale twin-roll 

caster with different casting speeds. A secondary aim is to further hot-roll the 

strips and analyze the effects of hot-rolling parameters on mechanical and 

corrosion properties of the TRC cast Mg-2Y-1Zn alloy.  
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Chapter 2  

Background and Objective 

2.1 Twin-roll casting 

Twin-roll casting (TRC) is a relatively new concept of producing metal sheets 

which came into practice in the early 1950’s for the production of aluminum 

alloys [2].The capability of producing thin metal strips directly from molten 

metals has attracted metal industries and there has been continuous research on 

this casting method in attempt to produce near-net-shape metal strips at low 

cost and with high efficiency. Figure 2.1 shows schematic diagram of 

conventional slab casting process and twin-roll casting process. It can be seen 

that twin-roll casting requires less processing steps compared to slab casting 

process which makes TRC more cost and energy efficient process. Also, rapid 

solidification rate of TRC process allows high casting speed and thus high 

productivity compared to conventional ingot/slab casting. However, TRC is a 

rather complex process that incorporates both solidification and deformation 

during the casting. The strip quality is significantly affected by process 

variables such as melt temperature, roll rotation (casting) speed, and roll 

separation force. The combination of these variables must be carefully 

considered depending on the alloy system, as an unfavorable solidification 

behavior leads to surface and internal defects such as cracks and centerline 

segregation. These defects affect the performance of the strip and also make 

the post cast processing and uses of the product difficult.  

Due to the arising demand for light weight material from automotive industry, 

production of Mg alloys by TRC has been attempted in many parts of the  
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Figure 2. 1 Schematic diagram of (a) slab caster and (b) twin-roll caster [2] 
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world. A few Mg alloys have actually been commercialized but the market 

response has been rather mediocre as it lacks clear advantage over the 

aluminum alloys that has been successfully adopted for several decades. The 

main disadvantages of Mg alloys include their mechanical properties, 

formability, and corrosion resistance. There are some alloys that have resolved 

these problems and Mg-2Y-1Zn alloy is one of them. In most studies, gravity 

casting has been used for material preparation, followed by extrusion and 

ECAP for maximum mechanical properties. To the best of our knowledge, this 

is the first time an LPSO type alloy is processed through twin-roll casting. In 

that regard, one of the main focus of this study is to assess the effect of casting 

parameters on cast strip quality and performance; and compare with the alloys 

prepared by ingot casting since the majority of previous works on the LPSO 

type alloys adopted conventional gravity casting process. For that purpose, 

Mg-2Y-1Zn strips were cast with different casting speed (roll rotation speed) as 

it is the key process variable in industries which directly influence the 

productivity as well as the quality of the material.  

2.2 Hot-rolling of Mg alloys 

Hot-rolling is a common practice conducted on metal alloys after twin-roll 

casting (TRC) and usually as-cast strips are fed directly to the rolling mills. 

Hot-rolling is performed to reduce the strip thickness into a desired level, and 

control the microstructure of the strips to tailor the performance of the final 

product. As-TRC strips often have uneven microstructure and poor mechanical 

properties. Hot-rolling refines the grain size and microstructure, and enhance 

the mechanical properties of the cast strips during the process. The final 

properties of the Mg alloy sheets greatly depends on the process parameters 
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such as initial state of the strips, preheating temperature, reduction per pass and 

many other parameters. Therefore, finding the optimal rolling parameters for 

the selected alloys is important to alter the alloys to desired dimension and 

mechanical properties.  

The Mg-Y-Zn alloys are known to exhibit excellent mechanical properties 

under appropriate thermomechanical processes which are attributed to their 

unique LPSO structures [3]. However, most of these alloys were gravity cast 

and then processed through extrusion and ECAP and there are not many 

reports on hot-rolled properties of Mg-Y-Zn alloys. Thus, another contribution 

of this study is to compare the properties of twin-roll cast and hot-rolled Mg-

2Y-1Zn (at. %) alloy with the previous studies and to understand the 

relationship between the hot-rolling parameters and the performance. For this 

objective, the twin-roll cast Mg-2Y-1Zn alloy was hot-rolled and annealed at 

different temperatures.  

2.3 Degradation of Mg 

Despite many desirable properties for various applications, Mg and its alloys 

are susceptible to environmental degradation (corrosion) due to their 

electrochemical nature. Mg has the lowest negative standard electrode 

potential among commercial metals as can be seen from Table 1, which makes 

it especially vulnerable to galvanic corrosion when in contact with other metals. 

Just like other metals, the corrosion behavior of Mg depends on the formation 

of a protective surface film which inhibits the chemical attack when exposed to 

a corrosive, environment. However, the passive film easily breaks down in 

case of Mg due to its loose and porous structure and only provides limited 

protection especially in chloride environment.  
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Table 1 Standard reduction potential of metals 
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The corrosion reaction of Mg can be expressed by following equations: 

Mg → Mg
2+

 + 2e
-  

(1) 

2H
+
 + 2e

-
 → H2  (2) 

2Mg+ + 2H2O → 2Mg
2+

 + 2OH
-
 + 2H2  (3) 

Mg
2+

 2OH
-
 → Mg(OH)2  (4) 

Mg + 2H2O → Mg(OH)2 + H2  (5) 

The corrosion sequence of Mg can be broken down in to the anodic (Eq. 1) and 

cathodic (Eq. 2) reactions. The evolution of hydrogen is a key cathodic 

reaction in corrosion of Mg. Hydrogen molecules are generated by the 

reduction (Eq 2) reaction as well as the reaction between Mg and water (Eq. 3). 

The degradation process produces a degradation layer of Mg(OH)2 on the 

surface of magnesium by the reaction between Mg
2+

 and OH
-
 (Eq.4) but the 

layer could be composed of other corrosion product depending on corrosion 

mediums. Thus, the overall reaction of Mg degradation produces Mg(OH)2 and 

H2 gas (Eq. 5).  

The degradation of Mg is a complex process and can be affected by interaction 

of various factors. It is commonly understood that the corrosion properties of 

Mg and its alloys largely depends on their microstructure such as grain size 

and secondary phase distribution. Grain refinement is an effective way of 

tailoring the corrosion properties as well as the mechanical properties. Liu et al. 

studied the effect of grain size on the corrosion properties of pure Mg prepared 
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by different cooling rate [4]. The study showed that the corrosion resistance 

increased with the decrease in grain size as a result of uniform and dense film 

formation on the refined grains. Similar result has also been reported by Jang 

et al. for AZ31B Mg alloy which showed better corrosion resistance in finer 

microstructure [5]. On the other hand, some studies revealed that the corrosion 

rate increases as the grain size decreases. Song et al. reported that the pure Mg 

with finer grains showed deteriorative corrosion resistance after equal channel 

angular pressing (ECAP) [6]. Saikrishna et al. also found that the corrosion 

rate increases as the grain size decreases in friction stir welded AZ31 [7]. 

These conflicting results suggest that it is difficult to define the contribution of 

grain size although it does have an impact on corrosion behavior of Mg.  

The corrosion properties of Mg are also greatly influenced by alloying 

elements. The alloying elements react with Mg and form secondary phase 

which could affect the degradation process. Mg is electrochemically very 

reactive and forms micro galvanic cell with precipitates. Therefore, the 

presence of secondary phase is considered to have negative effect on corrosion 

properties in general. In case of single element addition, Mn, Er, Ce, La and 

Nd are reported to improve the corrosion resistance whereas Ca, Zn, Zr and Sr 

could either enhance or deteriorate depending on its concentration. The 

addition of multiple elements and its effect on corrosion behavior is much 

more complex as various secondary phases may form. The volume fraction, 

distribution and electrochemical potential of the secondary phase and their 

interaction are all critical factors which affect the corrosion properties.  

The corrosion properties of LPSO containing alloys also have been a great 

interest among the researchers as much as their mechanical properties. Similar 
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to other precipitates, the LPSO phases are known to affect the corrosion 

properties of Mg by their types, volume fraction and distribution. Zhang et al. 

studied the effect of LPSO phases on the corrosion properties of Mg-Y-Zn 

alloying containing different amount of LPSO and found the galvanic 

corrosion took place in the junction of LPSO and -Mg [8]. Li et al. also 

reported that the LPSO phase accelerated the corrosion rate in Mg-Y-Zn 

system due to different localized potential between the secondary phase and 

the -Mg [9]. However, most studies on corrosion behavior of the LPSO alloys 

were conducted for the gravity cast alloys and the degradation behavior of 

twin-roll cast Mg-2Y-1Zn (at .%) alloy has not been investigated so far. Thus, 

the corrosion properties of twin-roll cast Mg-2Y-1Zn (at. %) alloy are explored 

in as-cast and hot-rolled condition.  
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Chapter 3 

Experimental procedure 

3.1 Twin-roll casting 

The magnesium alloy with nominal composition of Mg-2Y-1Zn was subjected 

to TRC process on a laboratory scale using a horizontal TRC caster shown in 

Fig. 3.1 (a,b). The alloy was melted in a form of pure Mg, Zn and Mg-40Y 

master alloy at 720-730 °C in a boron nitride coated steel crucible under a gas 

mixture of SF6 and CO2 to protect molten metals from oxidation. The melt was 

held at 735 
o
C for 20min to stabilize the melt temperature and ensure all the 

alloying elements were dissolved and homogenized. After complete dissolution 

of the elements, the melt was transferred into a calcium silicate nozzle 

preheated to 650 °C and then fed in to the water cooled copper-beryllium rolls 

(diameter=150 mm and face width=200 mm) set to a roll gap of 2 mm for 

casting. The water flow through the rolls was set to 11 L/min per roll. During 

the casting, all the casting parameters except the casting speed were set 

constant. The strips were cast at 2.6, 3.3, 4.0 and 4.7 m/min in each individual 

casting process. No lubricant was applied on the surfaces of the rolls during the 

casting. The rolls were fixed at one end and the other side was supported by 

springs to control the roll separation force. The roll separation load was 

initially set to 1000 kg measured by a load cell and then set to 3000 kg once 

the melt passed the rolls and the strips started to come out. The thickness of the 

cast strips were in range of approximately 2.5-4.5 mm depending on the 

casting speeds and the width was in range of 55-60 mm. The actual chemical 

composition of the cast strips were determined by ICP spectrometer and are  
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Figure 3. 1 (a) Schematic diagram of laboratory scale twin-roll caster and (b) 

photograph of the twin-roll caster. 
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listed in Table 2 with the dimensions of the strips. .  

3.2 Hot-rolling of TRC strips 

The cast strips were cut to 50 mm in length and homogenized at 400 °C for 24 

h for more refined and uniform microstructure. A relatively low 

homogenization temperature was selected initially to preserve the as-TRC 

structure and see the effect on mechanical and corrosion properties. The 

homogenized strips were hot rolled at the roll temperature of 300 
o
C for three 

passes with a reduction rate of 20-30% per pass until the thickness of 1.3-

1.4mm, depending on the initial thickness. The roll speed was set to 1.0 m/min 

and the preheating temperatures were 350, 400, 450, 500 and 550 
o
C (P350, 

P400, P450, P500, P550) respectively and the strips were reheated to the 

preheating temperature for 10 min between each passes. During this stage, the 

strips preheated to 350 
o
C were cracked and strips preheated to 550 

o
C 

experienced hot tearing and further processing was impossible. Other samples 

were put into intermediate annealing at 400 
o
C for 1 h and subjected to the 

final pass of hot rolling at each preheating temperatures using the reduction 

ratio of 30 %. The final thicknesses of the strips were approximately 1.0 mm. 

The rolled sheets were then annealed at 350, 500 and 550 
o
C (A350, A500, 

A550) for 1 h.  

For the strip cast at 3.3 m/min, hot-rolling through the alternative route was 

also conducted, starting from a solution heat treatment of the as-cast strips at 

540 
o
C for 24 h, followed by the furnace cooling at 0.5 

o
C/min. After the heat 

treatment, the strips followed the same hot-rolling procedure as the 

homogenized strips but preheated at 500 
o
C only. The rolled sheets were then 

annealed at 350 
o
C (A350) for 1 h.  
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Table 2 Chemical composition and thickness of twin-roll cast strips. 
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3.3 Characterization of hot-rolled sheets 

Microstructures of as-cast and rolled samples were observed by an optical 

microscope. The samples were polished to 4000 grid abrasive papers and 

etched with acetic-picral solution and natal solution. For better understanding 

of the microstructure, scanning electron microscope (SEM) equipped with 

energy dispersion spectroscopy (EDS) were also utilized. The phases of the 

alloys were also confirmed by X-ray diffractometry (XRD). Tensile tests were 

performed for the as-cast strips and hot-rolled sheets with a strain rate of 2×10
-

4
/sec according to the ASTM standard B557M with the loading axis being 

parallel to the casting and rolling direction.  

The as-cast strips and hot-rolled sheets were prepared for the corrosion test by 

polishing up to 2000 grid abrasive paper followed by ultra-sonication in 

ethanol. The samples were immersed in 3.5 wt.% NaCl solution saturated with 

Mg(OH)2 for 5-10 h at room temperature (25±1
o
C). The samples were hung by 

fishing line and suspended vertically so that the entire surface get exposed to 

the solution. Hydrogen was collected during the immersion test with inverted 

funnel and the corrosion rate was determined by hydrogen evolution (PH) and 

weight loss (PW) methods after removing the corrosion products by dipping the 

samples into 200 g/L CrO3 solution containing 10g/L of AgNO3. 

Electrochemical studies were also conducted using the potentiostat. The 

working electrode was the samples with exposed area of 1 cm
2
, platinum (Pt) 

and Ag/AgCl (saturated KCl) were used for counter and reference electrodes, 

respectively. Open circuit potential (OCP) was measured as a function of time 

for 30 min and potentiodynamic polarization measurement was conducted with 

a scan rate of 1.0 mV/s between the range of ±250 mV respect to the OCP. 
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Corrosion morphologies after the immersion test were also observed using 

optical microscope and SEM. 
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Chapter 4 

Results and Discussion 

4.1 Twin-roll casting 

4.1.1 Casting of Mg-2Y-1Zn strips 

Prior to twin-roll casting, thermodynamic simulation on Mg-2Y-1Zn alloy was 

carried out using JMatPro software to predict solidification behavior and find 

suitable process condition. Figure 4.1 shows predicted solidification sequence 

and second phase fraction according to the temperature. The Scheil (non-

equilibrium) cooling mode was selected for the calculation considering a rapid 

solidification behavior during TRC as the diffusion in the solid phase is very 

limited. The simulation results show that -Mg starts to solidify first at 628
o
C, 

followed by the formation of Mg3Y2Zn3 (W-phase) at 570
o
C. Right after that, 

Mg12YZn (X-phase LPSO) starts to precipitate at 562
o
C and finally Mg24Y5 

forms at 556
o
C. Major precipitates are Mg12YZn, so called the X-phase LPSO, 

suggesting that centerline segregation of the strip would consist mostly of -

Mg and Mg12YZn, although Mg24Y5 is the last solid predicted to form. Also, it 

is noticeable that the solidification is complete in a fairly short range of 71.1
o
C 

considering the amount of alloying elements contained, as the alloy mainly 

consists of high melting point phases. The melt temperature was carefully 

selected based on our previous studies. Insufficient melt temperature leads to 

partial or complete clogging of feeding nozzle as the melt solidifies inside the 

nozzle which hinders uniform feeding of the melt. Inconsistent melt delivery 

and unstable contact condition between the melt and the roll surface could 

cause surface dent on the cast strip which affects the appearance and quality of  
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Figure 4. 1 Solidification diagram of Mg-2Y-1Zn (at. %) alloy. 
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the strips. On the contrary, overheated melt leads to other types of surface and 

internal defects such as heat-line and centerline segregation which have 

negative effect on strip quality and performance. To see the effect of casting 

speed on strip quality, other process variables were set constant in all casting 

trials. 

4.1.2 Microstructure of cast strips 

Figure 4.2 shows the surface appearance of the as-cast TRC strips cast at each 

casting speed from 2.6 to 4.7 m/min. The strip cast at 2.6 m/min showed 

continuous ripple like pattern across the transverse direction as shown in Fig 

4.2 (a) which can be often seen from the strips with insufficient cooling and 

inhomogeneous solidification. The strip cast at 3.3 m/min had a sound surface 

appearance without noticeable surface defect as can be seen from Fig 4.2 (b). 

As the casting speed is further increased, cracks begin to appear at the edge of 

the strips as shown in Fig 4.2 (d). All of the cast strips had purple colored 

oxidation band at the edge of the strips and the band thickness decreased and 

became less apparent as the casting speed was increased. The cast strips had 

different thickness in accordance with casting speed as listed in Table 2. The 

thickness was inversely proportional to the casting speed and the strip cast at 

2.6 m/min was the thickest with the thickness of 4.54 mm and the thinnest strip 

was found at the casting speed of 4.7 m/min which had the thickness of 2.52 

mm. As one side of the rolls was fixed by the force of the spring, the slower 

roll rotation led to larger amount of melt passing between the rolls which lifted 

up the roll and consequently resulted in thicker strips. Similarly, the width of 

the strips also changed with the casting speeds and the strip cast at slower 

speed were wider although the change in width was not as large as the change  
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Figure 4. 2 Surface appearance of the as-cast trip; (a) 2.6 m/min, (b) 3.3 m/min, 

(c) 4.0 m/min and (d) 4.7 m/min. 
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in thickness.  

Figure 4.3 depicts the dendritic structure of the as-cast strips from the 

transverse direction. It is apparent that centerline segregation is formed near 

the center of the strips at all casting speeds along the casting direction due to 

the large freezing range of the remaining solute enriched liquids. Also, the 

strips showed quite homogeneous microstructure with equiaxed dendritic 

structures throughout the thickness of the strips. This is most likely due to the 

low superheat and consequently low temperature gradient which hindered 

dendritic growth. Figure 4.4 shows the SEM images of as-cast strips from the 

transverse direction and it can be seen that the strip cast at 2.6 m/min (Fig. 

4.4(a)) had a thick band of segregation layer suggesting that it had the slowest 

solidification rate. Other strips (Fig. 4.4 (b, c, d)) also had segregation at the 

center but the width and amount of segregation decreased as the casting speed 

was increased which also indicates the increase in cooling rate in response to 

the increasing casting speed. A close-up image of centerline segregation for the 

strip cast at 2.6 m/min is illustrated in Fig. 4.5. The segregation layer mainly 

consisted of two phases and the EDS results of each phases are given in Fig. 

4.5 (c,d,e). The gray colored network like phase in the segregation region 

turned out to be X-phase LPSO (Mg12YZn) as expected from thermodynamic 

simulation result. The brighter phase that spreads over the LPSO phase had 

more concentrations of Y and Zn as the solutes migrate to the remaining liquid 

during the solidification. Fig. 4.6 presents the optical micrographs of the as-

cast strips at the central part taken from the normal direction. As can be seen, 

the surface had a unique maze like dendritic structure for all casting speeds.  

The dendrite structure became finer and dense as the casting speed is increased. 
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Figure 4. 3 Optical micrographs of the as-cast strips from transverse direction; 

(a) 2.6 m/min. 

 

 

Figure 4. 4 SEM-BSE images of the as-cast strips from transverse direction; (a) 

2.6 m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 
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Figure 4. 5 (a, b) SEM-BSE images of center line region of the strips cast at 

2.6 m/min and (c,d,e) EDS analysis. 
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Figure 4. 6 Optical micrographs of as-cast strips from normal direction; (a) 2.6 

m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 
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The dendrite structure became finer and dense as the casting speed is increased. 

The dendrite spacing was measured using an image analyzing software with a 

calibration factor of 0.35μm/pixel and the result is shown in Table 3. It was 

observed that the dendrite spacing of the alloy decreased with increasing 

casting speed indicating that the strip cast at 2.6 m/min had the slowest 

solidification rate. It is normally understood that slower roll rotation and longer 

residence time of melt between the rolls provide faster cooling. However, it 

seems that the reduction in strip thickness was more effective than the longer 

contact time of melt between the rolls in this case. Figure 4.7 shows the optical 

micrographs of as-cast strips from transverse direction under polarized light. 

All of the strips had similar microstructure in terms of grain size but there was 

a difference in the degree of deformation. The strip cast at 2.6 m/min had the 

least degree of deformation whereas the strip cast at 4.7 m/min showed the 

most deformed structure. It is most likely that this resulted from the difference 

in strip thickness and width as all the strips were cast with same roll separation 

force and the roll separation force and roll torque were not enough to deform 

the thicker and wider strips. Another possible reason is that the solidification 

fronts were formed further away from the nozzle in case of the thicker strips 

which resulted in shorter deformation region.  

To observe the change in microstructure after the homogenization, optical 

micrographs of the as-cast strips homogenized at 400 
o
C taken from the 

transverse direction are shown in Fig. 4.8. The centerline segregation regions 

are still noticeable at all casting speeds. Although the segregation region area 

decreased compared to the as-cast state, removing the centerline segregation 

completely was not possible due to the high thermal stability of Mg12YZn  
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Table 3 Average dendrite spacing of as-cast strips. 

 

 

 

Figure 4. 7 Polarized image of as-cast strips from transverse direction; (a) 2.6 

m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 
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Figure 4. 8 Optical micrographs of homogenized strips from transverse 

direction; (a) 2.6 m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 
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phase as can be seen in Fig. 4.8. The cross sectional images of homogenized  

strips under polarized light are presented in Fig. 4.9. There was no significant 

change in microstructure after homogenization as the degree of deformation 

during the casting was not enough to trigger a noticeable level of 

recrystallization. On the other hand, the effect of homogenization heat 

treatment was visible under SEM which is shown in Fig. 4.10. It is clear that 

the bright Y/Zn rich region that spread over the Mg12YZn in Fig. 4.5 is hardly 

noticeable after the homogenization treatment. Instead, the amount of Y and Zn 

contained in the α-Mg increased, indicating that these elements dissolved into 

the matrix during the heat treatment.  

4.1.3 Mechanical properties of cast strips 

To see the effect of casting speed on mechanical properties of the as-cast strips, 

tensile test was conducted and the stress vs. strain curves are plotted in Fig. 11 

and the results are summarized in Table 4. The highest yield strength was 

observed in the strip cast at 4.7 m/min which had the yield strength of 250.6 

MPa. This is due to the fast solidification of the strip and higher degree of 

deformation which resulted in the finer microstructure and higher degree of 

work hardening. The yield strength continually decreased along with the 

casting speed and the strip cast at 2.6 m/min had the lowest yield strength of 

194.2 MPa due to the rather slow solidification rate and less deformed 

microstructure. The casting speed did not have much of an impact on tensile 

strength and the strips showed similar UTS. The highest tensile strength was 

found in the strip cast at 4.7 m/min showing 282.9 MPa, and the strip cast at 

2.6 m/min had the lowest strength which was 270.9 MPa. The change in 

casting speed also had an effect on the ductility of the strips. However, it must  
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Figure 4. 9 Polarized images of homogenized strips from transverse direction; 

(a) 2.6 m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 

 

Figure 4. 10 (a, b) SEM-BSE images at the center region of homogenized strip 

cast at 2.6 m/min, and (c, d) EDS analysis. 
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Figure 4. 11 Stress-strain curves of as-cast strips. 

 

Table 4 Tensile properties of as-cast strips. 
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be noted that the cast strips had different thickness, and accordingly, the tensile 

specimen for each casting speeds had different cross sectional area. Thus, the 

elongation values shall not be used for comparison of ductility between the 

strips whereas the YS and UTS are generally understood to be independent of 

specimen thickness [10]. Nevertheless, the YS values show obvious difference 

between the strips which suggests that the strips cast at higher casting speed 

had higher degree of deformation which resulted in more work hardening and 

higher YS. As mentioned in the earlier section, casting thicker strip resulted in 

longer solidification zone and shorter deformation zone due to the slower 

solidification and hence less deformed state. It is also possible that the roll 

separation force and roll torque were not enough to deform the thick strips. 

From the strain hardening behavior, it also seems reasonable to assume that the 

strips cast at faster speeds indeed have lower ductility due to the more work-

hardened states.  

4.1.4 Corrosion properties of cast strips 

Corrosion of metallic materials largely depends on its thermodynamic 

tendency to participate in the electrochemical reactions with surroundings. The 

thermodynamic stability of the material can be determined by measuring open 

circuit potential against reference electrodes. To obtain the steady-state 

potential value of the as-cast Mg-2Y-1Zn (at. %) strips, OCP was measured 

and the results are shown in Fig 4.12. For all tested samples, the potentials 

shift towards nobler values within the first moments of exposure, indicating 

passivation behavior. The passivation is most likely attributed to an initial 

formation and growth of passive oxide film on the surface. The curves 

demonstrate that all of the strips reached a steady state at about 600 s after the  
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Figure 4. 12 OCP curves of as-cast strips in 3.5 wt. % NaCl solution. 
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exposure and remain mostly unchanged until the end of the measurements. It 

shows that the casting speed does not have a significant impact on the OCP 

values indicating that the surface of the strips have similar thermodynamic 

stability under the tested solution. However, it should be noted that the actual 

corrosion rate and the kinetics can not be determined by the OCP alone. To 

further evaluate the electrochemical properties, cathodic and anodic 

polarization curves were recorded for each strips as shown in Fig. 4.13 and the 

results are summarized in Table 5. The polarization curves were not 

symmetrical and all of the curves showed a similar trend in the tested solution. 

In the polarization measurement of magnesium alloys, the cathodic curves are 

assumed to represent the hydrogen evolution through reduction of the water 

molecules, while the anodic curves represent the dissolution of magnesium 

meaning that the characteristics of the strips were almost identical. As can be 

seen from Table 5, the Ecorr values followed the trend similar to that of OCP 

which was not largely affected by the casting speed in general. It is also worth 

mentioning that the corrosion potential Ecorr did not equal the OCP values. The 

corrosion potential showed up to 68 mV higher potential compared to the OCP 

value, indicating that there was a change in surface condition during the 

polarization measurement due to the formation of corrosion product. The 

corrosion current densities (icorr) and cathodic Tafel constant (bc) were 

determined by Tafel-extrapolation using the cathodic branch and the corrosion 

potential (Ecorr), as the anodic branch did not demonstrate Tafelian behavior 

which contains linear region. From Table 5, it was found that the icorr increases 

with faster casting speeds suggesting the strip cast at 4.7m/min has the highest 

corrosion rate. The microstructures of the alloys after the electrochemical tests 

were examined by optical microscope and SEM for better understanding.  
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Figure 4. 13 Polarization curves of as-cast strips in 3.5 wt. % NaCl solution. 

 

Table 5 Electrochemical properties of as-cast strips measured in 3.5 wt. % 

NaCl solution. 
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Figure 4.14 shows the surface and cross-sectional microstructure of the as-cast 

strip after 0.5 hour of immersion without the corrosion product. It can be seen 

that, the corrosion proceeds along the inter-dendritic precipitates between the 

-Mg matrix suggesting galvanic corrosion between the two phases. The 

overall surface the -Mg of seems relatively intact whereas the crevices are 

formed between the -Mg. Some traces of precipitates are visible in the 

crevices, but at this stage, it is still hard to determine which phase was 

dissolved preferentially. Figure 4.15 shows the SEM corrosion morphologies 

of as-cast strip after 1 hr of immersion. The entire surface of the strip was 

covered by gypsum flower-like corrosion products. These corrosion products 

were later confirmed to be Mg(OH)2 as can be seen from XRD analysis in Fig. 

4.16. No other corrosion product containing Y or Zn was detected by XRD 

scan. After removing the corrosion products (Fig. 4.15 (c, d)), it can be 

confirmed that it is actually the -Mg matrix that has been preferentially 

corroded around the precipitates. At higher magnification, the dissolution of -

Mg is clear around the remaining precipitates. The degradation of -Mg 

adjacent to the precipitates indicates that the precipitate is electrochemically 

nobler phase acting as a galvanic corrosion site. 

For clarification, the electrochemical potential distribution was monitored by 

SKPM mapping to examine the difference in potential between the precipitates 

and -Mg (Fig. 4.17). In this mode of operation, the differences in intensity 

represent relative potential difference between the AFM tip (Cr-Au in this 

study) and the local surface potential. Dark spots indicate a small Volta 

potential difference whereas bright spots represent a large difference relative to 

the cantilever tip. The potential map revealed that the second phase (dark  
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Figure 4. 14 (a, b) Surface SEM images and (c) cross sectional optical 

micrograph of as-cast strip after 0.5 hr immersion in 3.5 wt. % NaCl solution 

without corrosion products. 
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Figure 4. 15 SEM images of as-cast strip after 1 hr of immersion in 3.5 wt. % 

NaCl solution; (a, b) with corrosion products, and (c, d) after removing the 

products 
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Figure 4. 16 XRD peaks of as-cast strips after 1 hr immersion in 3.5 wt. % 

NaCl. 

 

 

Figure 4. 17 SKPM surface potential distribution of as-cast strip. 

  



40 

 

region) has higher Volta potential than the -Mg matrix (bright region), 

indicating the precipitate is electrochemically nobler than the -Mg. The 

potential difference between the two phase were measured to be up to 450 mV, 

suggesting the interface acts as an active micro-galvanic corrosion site due to 

the large potential difference. The SKPM results provide an evidence for the 

corrosion initiation at the precipitates that was found in corrosion morphology 

observation. It could also explain the higher corrosion density observed in the 

strips cast at faster speeds. The as-cast microstructure (Fig. 4.6) showed that 

the increase in casting speed resulted in finer dendritic structure, which 

provides more contact area between the precipitates and the -Mg matrix. 

Considering the fact that the corrosion initiates at the interface of the two 

phases, the increase in contact area is responsible for the higher icorr found in 

the strips with higher casting speeds.  

The immersion tests were conducted to further evaluate the corrosion 

properties. The hydrogen evolution rate and the corrosion rate of the as-cast 

samples are shown in Fig. 4.18. and Table 6. It shows that the hydrogen 

evolution rate and the corrosion rate increases in the order of 4.7< 4.0 ≤ 3.3 < 

2.6 m/min, indicating that the strip cast at faster speeds had better corrosion 

resistance. The immersion test results contradicts with the electrochemical test 

results which showed the opposite trend. The macroscopic images (Fig. 4.19) 

taken after the immersion tests show that the corrosion mainly occurred around 

the central part of the strip. The central parts of the strips were more prone to 

corrosion since the strips had segregation regions at the mid-thickness section 

which could have led to macro-galvanic corrosion between the surface and the 

cross sectional part of the strips. As the strips cast at lower speeds had larger  
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Figure 4. 18 (a) Hydrogen evolution rates and (b) corrosion rates of as-cast 

strips in 3.5 wt. % NaCl solution. 
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Table 6 Corrosion rates of as-cast strips based on weight loss and hydrogen 

evolution. 

 

 

 

Figure 4. 19 Macroscopic images of as-cast strip specimen (a, b) before 

immersion test and (c, d) after immersion test. 
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cross sectional area, it resulted in higher corrosion rate even though it had 

better corrosion resistance at the surface.  

 

4.2 Hot-rolling of TRC strips 

4.2.1 Microstructure  

The optical micrographs of as-rolled Mg-2Y-1Zn (at.%) sheets preheated at 

400 
o
C and 500 

o
C (3.3-P400, 3.3-P500) are represented in Fig. 4.20. The as-

rolled sheets had elongated structures towards the rolling direction for all 

casting and rolling conditions. The as-cast strips had a large fraction of area 

covered by the secondary phase that appears as the dark continuous lines 

which extends across the rolling direction. It is hard to distinguish the grain 

boundaries clearly due to the amount of secondary phase present at lower 

preheating temperature (3.3-P400), but deformed grain structures are visible 

from the samples preheated at higher temperatures (3.3-P500). It seems that 

these secondary phase spread between the grains and along the grain 

boundaries. It was hard to confirm the sign of active dynamic recrystallization 

(DRX) as can be seen from the coarse elongated grains, although the rolling 

temperature was sufficiently high for other Mg alloys to undergo DRX. The 

majority of grains were more than 25 μm in size and the fine recrystallized 

grains were hardly visible. It is assumed that high amount of Y content 

suppressed DRX due to retarded grain boundary motion and increased the 

recrystallization temperature [11].  

The optical micrographs of as-polished 3.3-P400 and 3.3-P500 are also 

presented in Fig. 4.21 for better visualization of the secondary phase  
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Figure 4. 20 Optical micrographs of as-rolled sheets from normal direction; (a, 

b) 3.3-P400 and (c, d) 3.3-P500. 

 

Figure 4. 21 Optical micrographs of polished as rolled (a) 3.3-P400 and (b) 

3.3-P500. 
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distribution. It is obvious that these secondary phases originates from the 

dendritic structure that was visible in the as-cast alloy. The amount of 

secondary phase gradually decreased as the preheating temperature was 

increased. From Fig. 4.21, it is noticeable that these precipitates become more 

discontinuous which implies that some of the precipitates were dissolved into 

the matrix during the preheating. Figure 4.22 and 4.23 shows the SEM images 

and the EDS results of as-rolled sheets 3.3-P400 and 3.3-P500. The as-rolled 

sheets consisted of three phases, which were α-Mg, Mg12YZn, and Mg24Y5 

based on the EDS results. The secondary phase that spread across the rolling 

direction was identified to be Mg12YZn as can be seen from the EDS analysis 

in Fig. 4.22 and the bright fine particles in both P400 and P500 were found to 

be Mg24Y5. The discontinuity of secondary phase at higher preheating 

temperature is also prominent in the SEM image and the EDS analysis 

suggests that some of the secondary phases dissolved into the α-Mg during 

higher preheating temperature, which can be confirmed by higher Y and Zn 

content in the 3.3-P500 compared to the 3.3-P400. Figure 4.24 shows the XRD 

results of the as-rolled sheets at each preheating temperatures. The XRD peaks 

suggests that α-Mg, Mg12YZn, and Mg24Y5 are present similar to the EDS 

analysis results. As can be seen from XRD scan, the peak intensities that 

correspond to the Mg12YZn phase weaken in response to the increase in 

preheating temperature. The change in peak intensity also implies that some of 

the Mg12YZn dissolved into the Mg matrix which agrees with the EDS results. 

The peaks for Mg24Y5 did not show a noticeable change in intensity over the 

preheating temperature range, which indicates the high thermal stability of the 

secondary phase.  
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Figure 4. 22 (a) SEM-BSE image of 3.3-P400 from normal direction and (b, c, 

d) EDS analysis. 

 

Figure 4. 23 (a) SEM-BSE image of 3.3-P500 from normal direction and (b, c, 

d) EDS analysis. 
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Figure 4. 24 XRD peaks of as-rolled sheets. 
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The hot-rolled strips were annealed at different temperatures to see the effect 

of annealing treatment on microstructural change and mechanical properties. 

The rolled strips were first annealed at 300 
o
C for 1 hr, but the change in 

microstructure and mechanical properties were almost negligible. When the 

annealing temperature was increased to 350 
o
C, the YS and UTS suddenly 

decreased in all samples. 

Figure 4.25 represents the optical micrographs of the hot-rolled sheets 

preheated at 500 
o
C and annealed at 350 

o
C (3.3-P500A350) for 1 hr. The 

distribution of secondary phase remains almost unchanged and the deformed 

elongated grain structure is still visible even after annealing. However, some 

fine recrystallized grains of about up to 5 μm are visible at higher 

magnification. The recrystallized grains are mostly clustered around the second 

phase particles suggesting that the precipitates acted as the nucleation sites for 

recrystallization.  

The samples were further annealed at higher temperatures for the sake of better 

corrosion properties that will be discussed later this chapter. The sample 

annealed at 500 
o
C (3.3-P500A500) is shown in Fig 4.26. At this annealing 

temperature, almost all the grains have recrystallized and grain size was in 

range of 5-15 μm. The grain size was relatively small considering the high 

annealing temperature. It seems that the precipitates between the grains 

inhibited further grain growth of the recrystallized grains. In almost all grains, 

a lamellar morphology was observed. These were initially considered to be 

annealing twins but the BSE image revealed that these samples contain 

lamellar LPSO phase as can be seen from Fig. 4.26 (a). When the annealing 

temperature was raised to 550 
o
C, significant grain growth occurred (Fig. 4.27). 
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Figure 4. 25 Optical micrographs of 3.3-P500A350 from normal direction. 

 

 

Figure 4. 26 (a, b) Optical micrographs and (c, d) SEM-BSE images of 3.3-

P500A500 from normal direction. 
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Figure 4. 27 (a, b) Optical micrographs and (c, d) SEM-BSE images of 3.3-

P500A500 from normal direction. 
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The average grain size was measured to be 50 μm. The inter-dendritic LPSO 

phase that was visible since the as-cast condition was no longer observed as the 

sample was heated above its complete dissolution temperature. Instead, the 

lamellar LPSO was observed across the grains and intra-granular coagulated 

LPSO was also visible which were formed during the cooling [12]. 

4.2.2 Mechanical properties  

The tensile properties of as-rolled Mg-2Y-1Zn (at.%) strips at room 

temperature are listed in Table 7 according to their casting speeds and 

preheating temperatures. The highest yield strength (YS) and ultimate tensile 

strength (UTS) was observed for the specimen cast at 3.3 m/min and hot-rolled 

with the preheating temperature of 500 
o
C (3.3-P500). On the other hand, the 

lowest YS and UTS was seen in the sample cast at 2.6 m/min and hot-rolled 

with the preheating of 500 
o
C (2.6-P500). The 2.6-P500 samples showed very 

brittle tensile behavior and reached the fracture point even before exhibiting 

any characteristic yield point in repeated trials. This might have originated 

from casting defects such as centerline segregation, which could not be 

removed even after the homogenization heat treatment. The strip cast at 2.6 

m/min showed significant amount of centerline segregation compared to the 

other strips cast at higher speeds. In fact, the strip cast at 2.6 m/min showed 

poor elongation for all preheating temperatures as summarized in Table 7. In 

addition, the rich chemistry around the central part of the strip might have 

caused incipient melting during high temperature preheating and hot-rolling 

which could have introduced other forms of defects such as cracking. 

According to these factors, the 2.6-P500 showed very brittle behavior 

compared to other samples that were cast at higher speeds. Among the samples  
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Table 7 Tensile properties of as-rolled sheets. 
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that had noticeable yield point, the sample cast at 4.7 m/min and hot-rolled 

with the preheating temperature of 400
o
C (4.7-P400) showed the lowest YS 

and UTS. The YS and UTS of as-rolled samples are also plotted according to 

their casting speeds and pre-heating temperatures in Fig 4.28. The data point 

for 2.6-P500 was excluded from the plot as it showed early fracture before 

acquiring a reliable data even after the repeated trials. According to the figures, 

both the YS and UTS at as-rolled state are inversely proportional to the casting 

speed. This contradicts with the tensile test results of as-cast alloys in which 

the higher casting speed resulted in higher YS and UTS. After the hot-rolling 

process, the samples cast at higher speeds tended to have lower YS and UTS 

although the difference was not significant. It is believed that the changes in 

strength are resulted by the total reduction ratio rather than the casting speed 

itself. The thickness of the as-cast strips increased as the casting speed was 

decreased which caused the highest total reduction ratio of the trip cast at 2.6 

m/min and vice versa. Fukuda et al. reported that the strength was improved as 

the result of higher total reduction ratio due to the grain refinement and 

secondary phase distribution in case of Mg-8Al-1Zn-1Ca (AZX811) alloy [13]. 

Even though there was no obvious change in microstructure between the 

samples cast at different speeds in this study, the YS and UTS showed an 

increasing trend according to the increase in total reduction ratio. On the other 

hand, the effect of preheating temperature on the YS and UTS was more 

prominent as can be seen in both Fig and Fig. The samples hot-rolled at higher 

preheating temperatures showed higher YS and UTS throughout all casting 

speeds consistently. For each casting speeds, the alloy sheets preheated at 500 

o
C (P500) showed the highest YS and UTS followed by the alloys rolled with 

the preheating of 450 
o
C (P400) and lastly 400 

o
C (P400). LPSO type alloys 
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Figure 4. 28 (a) YS and (b) UTS of as-rolled sheets in accordance with the 

casting speeds and preheating temperatures.   
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 are reported to have a large variation in their mechanical properties depending 

on the process temperature [14]. Su et al. reported the change in microstructure 

and mechanical property of Mg-2Y-1Zn (at. %) alloy, in which the alloy 

showed a better strength at higher preheating temperature in certain 

temperature range due to the repeated dissolution of the Mg12YZn phase [15]. 

As confirmed earlier in Fig. 4.20, the main difference between the alloys rolled 

at 400 
o
C (2.6-P400) and 500 

o
C (2.6-P500) is their distribution of secondary 

phases, mainly the Mg12YZn. This trend was also observed regardless of the 

casting speeds and all of the alloys hot-rolled with higher preheating 

temperature contained less secondary phases compared to the strips hot-rolled 

at 400 
o
C. The amount of Y and Zn contained in the -Mg was the highest in 

the alloys rolled with the preheating of 500 
o
C followed by 450 

o
C and then the 

lowest amount found for the 400 
o
C. It is considered that the dissolution of the 

secondary phase into the matrix at higher preheating temperatures and higher 

solute concentration in -Mg led to solid solution strengthening similar to the 

reports of Su et al.[15]. Su observed the increase in hardness of hot-rolled Mg-

2Y-1Zn (at. %) alloy as the Mg12YZn phase gradually dissolved into the -Mg. 

It is also possible that the variation in strength comes from the distribution of 

secondary phase itself. It is commonly understood that finely dispersed 

secondary phase around the grain boundaries hinders dislocation motion and 

act as an effective strengthening constituent [14]. In that sense, the coarse 

continuous network of Mg12ZnY phase found in the alloys hot-rolled at 400 
o
C 

could have a negative effect on the tensile properties. Yang et al. found that the 

coarse continuous Mg12ZnY phase act as a crack initiation site in the Mg-4Y-

1.2Mn-1Zn (wt. %) alloy [16]. As shown in Fig. 4.21, the amount of Mg12ZnY 

phase decreases with the increase in preheating temperature and becomes 
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quasi-continuous structure. The microstructure observation suggests that finer 

discontinuous secondary phase was more effective in terms of alloy 

strengthening as plotted in Fig 4.28.  

The tensile properties of hot-rolled alloys annealed at 350 
o
C for 1hr are listed 

in Table 8. It is observed that both the YS and UTS decreased compared to the 

as-rolled state listed in Table 7, while gaining the ductility in general. Although 

there seemed to be no significant change in microstructure after the annealing 

(Fig 4.25), it seems reasonable to attribute the decrease in strength and increase 

in ductility to be the result of partial recrystallization and recovery during the 

annealing process considering the high thermal stability of the second phase. In 

Fig 4.29, the YS and UTS of the samples annealed at 350 
o
C for 1hr are plotted 

according to their casting speeds and pre-heating temperature. It can be 

identified that the effect of preheating temperature on the strength of hot-rolled 

sheets is still obvious even after the annealing treatment. The samples 

preheated at higher temperatures had higher YS and UTS regardless of the 

casting speeds as can be seen from the figures. On the other hand, the 

relationship between the casting speeds and the strengths was more incoherent 

after the annealing compared to the as-rolled condition. Both the YS and UTS 

showed fluctuation and there was no clear trend between the casting speeds 

and the strengths. The UTS plot in particular became almost flat after the 

annealing treatment.  

The as-rolled sheets were processed through high temperature annealing to see 

whether it makes further improvement in corrosion properties. Only the 

samples 3.3-P500 were examined during the process as the effect of casting 

speeds and the preheating temperature was considered to be insignificant after  
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Table 8 Tensile properties of hot-rolled sheets annealed at 350 
o
C. 
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Figure 4. 29 (a) YS and (UTS) of hot-rolled sheets annealed at 350 
o
C in 

accordance with the casting speeds and preheating temperatures. 
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these high annealing temperatures. The stress-strain curves of samples 

annealed at 500 
o
C and 550 

o
C (3.3-P500A500, 3.3-P500A550) are plotted in 

Fig. 4.30. with the corresponding curves of 3.3-P500 and 3.3-P500A350 for 

comparison. It is evident that both YS and UTS were deteriorated as a result of 

the high temperature annealing (Table 9). In case of the 3.3-P500A500, the 

drop in YS was particularly large as the grains almost fully recrystallized and 

the dislocations were removed. The dissolution of the precipitates is also 

responsible for the decrease in strength. In return, the ductility was improved 

to a large degree as a result of recovered grains and finer precipitates. At the 

annealing temperature of 550 
o
C, the YS further decreases due to the excessive 

grain growth. On the other hand, it retained relatively good UTS considering 

the degree of grain growth.  

4.2.3 Corrosion properties  

The results of electrochemical test for the as-rolled sheets are shown in Table 

10. The similar OCP values were observed throughout the preheating 

temperatures and the casting speeds although the as-rolled samples showed 

clear change in microstructure depending on their preheating temperature. This 

was not expected as the as-rolled sheets had different amount of precipitate 

that has the nobler electrochemical potential compared to the Mg-matrix. The 

electrochemical potential also largely depends on a distribution and shape of 

the secondary phase particles which could have affected this phenomenon. The 

polarization curves of the as-rolled samples are shown in Fig. 4.31. The 

corrosion potential Ecorr showed increased values compared to the OCP for all 

tested specimens indicating rapidly changing surface environment. Again, the 

processing parameters did not show much of an impact on the corrosion 
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Figure 4. 30 Stress-strain curves of 3.3-P500 with different annealing 

conditions. 

 

Table 9 Tensile properties of 3.3-P500 with different annealing conditions. 
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Table 10 Electrochemical properties of as-rolled sheets in 3.5 wt. % NaCl 

solution. 
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Figure 4. 31 Polarization curves of as-rolled sheets in 3.5 wt. % NaCl solution; 

(a) 2.6 m/min, (b) 3.3 m/min, (c) 4.0 m/min and (d) 4.7 m/min. 
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 potential. On the other hand, the change in icorr was rather large as can be seen 

from Table 10. The corrosion current density increased in the order of P500 < 

P450 < P400 for all casting speeds indicating the samples hot-rolled at higher 

preheating temperatures have lower corrosion rate. It is obvious the amount of 

precipitates affected the icorr, which act as a corrosion initiation site. The 

amount of precipitates found in the samples rolled at higher preheating 

temperature was less, which led to a decrease in precipitates/matrix interface 

for galvanic corrosion.  

The actual corrosion rates of the as-rolled sheets were measured by immersion 

test and the results are shown in Fig 4.32. It is noticeable that there is a 

significant change in corrosion rate compared to the as-cast state. The change 

in actual corrosion rate was much larger than that of corrosion current density. 

The corrosion rates calculated by weight loss and hydrogen evolution were 

both surprisingly high compared to the values reported for this alloy [9]. The 

corrosion rate increased in the order of P500 < P450 < P400 whereas the 

casting speeds seems to have very minor effect at this stage. As can be seen 

from Table 11, the highest corrosion rate was found for the alloy 4.7-P400 

which corresponded to Pw of 840.1 mm/year and PH of 758.7 mm/year. On the 

other hand, 2.6-P500 had the lowest corrosion rate Pw and PH of 475.2 

mm/year and 443.4 mm/year respectively. The general corrosion tendency was 

in good agreement with the electrochemical tests except for the fact that the 

alloy actually had much faster corrosion rate compared to the estimated 

corrosion rate. It should be noted that calculated corrosion rate based on icorr 

often does not match with actual corrosion rate in case of Mg alloys as the 

electrochemical test only provides instantaneous measurement [17]. The  
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Figure 4. 32 Corrosion rates of as-rolled sheets in 3.5 wt. % NaCl solution 

based on (a) weight loss and (b) hydrogen evolution.  
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Table 11 Corrosion rates of as-rolled sheets in 3.5 wt. % NaCl solution based 

on (a) weight loss and (b) hydrogen evolution. 
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majority of uncoated Mg alloys do not corrode uniformly and the polarization 

measurements rather provide a indicative of the severity of the corrosion. The 

extreme corrosion rate of the as-rolled alloy could be attributed to its corrosion 

behavior. The macroscopic images of corroding as-rolled sample (3.3-P400) in 

the tested solution are shown in Fig 4.33. The alloy shows exfoliation-type 

corrosion behavior which is quite rare for Mg alloys. The exfoliation corrosion 

is a form of inter-granular corrosion reported to occur mainly on cold-rolled Al 

alloys [18]. In exfoliation corrosion, the corrosion proceeds along the 

deformed grain boundaries parallel to the surface and corrosion products 

formed along the boundaries lift up the surface grains. In Mg alloys, the grains 

boundaries are usually cathodically protected [19]. However, the continuous 

secondary phase along the grain boundaries are believed to be the reason for 

this type of corrosion. As can be seen from Fig 4.33 (c), the flake-like 

corrosion products were continuously formed on the surface. The crack 

propagation of these corrosion products kept revealing fresh surface to 

corrosive environment accelerated the corrosion rate. Figure 4.34 shows the 

cross sectional BSE image of as-rolled (3.3-P400) sample after the immersion 

test. It can be seen that most precipitates are incorporated inside the corrosion 

products without dissolution and the EDS mapping (Fig. 4.34 (b, c)) shows 

some unreacted Mg falls apart even before it corrodes. The corrosion products 

were very loose and mostly fell apart during the sample preparation. The 

surface corrosion morphologies of the as-rolled samples after removing the 

corrosion products are shown in Fig. 4.35. It can be seen that the corrosion is 

proceeding layer-by-layer leaving thin uncorroded area.  

The corrosion behavior of the samples annealed at 350 
o
C was also assessed by 
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Figure 4. 33 Macroscopic images of 3.3-P400 specimen (a) before immersion 

and (b, c) during immersion. 

 

Figure 4. 34 (a) SEM-BSE image of corroded 3.3-P400 and EDS elemental 

mapping of (b) oxygen and (c) magnesium. 
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Figure 4. 35 (a, b) SEM images of 3.3-P400 from normal direction after 

removing the corrosion products. 
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 the same experimental methods used for the as-rolled samples. The results of 

OCP and polarization measurement are summarized in Table 12 and plotted in 

Fig. 4.36. For the electrochemical tests, only the strip cast at 3.3 m/min was 

tested as the effect of casting speeds on corrosion properties was relatively 

small after the hot-rolling compared to the effect of preheating temperatures. 

The OCP values for the annealed samples (A350) shows no significant change 

compared to the measured value at as-rolled state and the values were about 

the same for all preheating temperatures. This was expected, as the 

microstructure of the alloy remained relatively unchanged after the annealing 

as can be seen from Fig 4.25. The polarization measurement result shows that 

there was a slight increase in Ecorr similar to the as-rolled sheets. The order of 

Ecorr value was again irrelevant to the preheating temperatures. However, the 

decrease in icorr value was observed in all tested samples. The drop was 

especially large in case of the sample preheated at 400 
o
C (3.3-P400 A350) 

compared to the as-rolled state.  

The corrosion rate based on hydrogen evolution and weight loss method after 

the immersion tests are shown in Fig. 37 and Table 13. The corrosion rates 

were much lower than the as rolled state (Fig. 4.32) for all tested samples 

which agrees with the decrease in icorr in the polarization measurement. The 

corrosion rates increased in the order of P500 < P450 < P400 although the 

increment was much smaller compared to the as-rolled state. The effect of 

casting speeds is hardly noticeable. As discussed earlier, the decrease in 

corrosion rate was more pronounced for the P400 samples. The samples no 

longer exhibit the exfoliation-type of corrosion after annealing. Morishige et al. 

reported that the exfoliation corrosion is not easy to occur at annealed state due  
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Table 12 Electrochemical properties of hot-rolled sheets annealed at 350 
o
C. 

 

 

Figure 4. 36 Polarization curves of hot-rolled sheets annealed at 350 
o
C in 3.5 

wt. % NaCl solution. 
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Figure 4. 37 Corrosion rates of hot-rolled sheets annealed at 350 
o
C in 3.5 wt. % 

NaCl solution based on (a) weight loss and (b) hydrogen evolution. 
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Table 13 Corrosion rates of hot-rolled sheets annealed at 350 
o
C in 3.5 wt. % 

NaCl solution based on (a) weight loss and (b) hydrogen evolution 
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to the removal of residual stress through the thickness direction [20].  

Although the annealing at 350 
o
C showed a marked decrease in corrosion rates, 

the values obtained up to this point are still too high compared to the numbers 

reported by the others [21]. The hot-rolled samples were put into further high 

temperature annealing to find out whether it produce better corrosion 

properties close to the reported values. The results of electrochemical test for 

the hot-rolled samples annealed at 500 
o
C and 550 

o
C (A500, A550) are shown 

in Fig. 4.38 and summarized in Table 14. The experiments were conducted 

with the sample cast at 3.3 m/min as the samples showed the best mechanical 

properties overall and the effect of casting speed in corrosion properties was 

relatively insignificant. As can be seen from Table 14, the measured OCP for 

A500 samples are still in very close range with the previously mentioned 

samples suggesting similar corrosion susceptibility. However, the measured 

icorr was much smaller than the samples annealed at 350 
o
C. The decreased 

current densities most likely originates from the reduced second phase. It 

should be also noted that the corrosion current density difference in accordance 

with the preheating temperatures are now much smaller due to the comparable 

amount of precipitates between the samples. As previously discussed, the large 

electrochemical potential difference between the precipitates and the -Mg 

initiates galvanic corrosion and the reduced interface between the two phases 

resulted in lower icorr. It is also possible that the homogeneous microstructures 

of recrystallized grains formed more uniform passive films that inhibits the 

corrosion attack. When the annealing temperature was raised to 550 
o
C, the 

OCP finally shows a difference. The OCP shifted towards negative potential, 

which means that the samples are now even more thermodynamically unstable  
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Figure 4. 38 Polarization curves of hot-rolled sheets annealed at (a) 500 
o
C and 

(b) 550 
o
C in 3.5 wt. % NaCl solution.  
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Table 14 Electrochemical properties of hot-rolled sheets annealed at (a) 500 
o
C 

and (b) 550 
o
C in 3.5 wt. % NaCl solution. 

 

  



76 

 

and prone to corrosion. Also, the change in polarization behavior can be seen 

from Fig. 4.38 (b). There were clear breakdown potentials (Eb) in all 

preheating temperatures. The corrosion densities decreased to about 50% of the 

A500, due to the reduced cathodic kinetics.  

The corrosion rate of A500 and A550 alloys based on hydrogen evolution rate 

and weight loss during the immersion tests are shown in Fig. 4.39 and Fig. 

4.40 and the results are summarized in Table 15.  As expected, the corrosion 

rate decreased in the A500, although not to the extent suggested by the large 

change in icorr from the electrochemical tests. It seems reasonable to assume 

that the annealing temperature of 500 
o
C does not allow further dissolution of 

the precipitates and the corrosion kinetics is still dominated by the micro-

galvanic couple between the precipitates and the matrix. However, there are 

drastic changes in corrosion rate when the annealing temperature is raised to 

550 
o
C. The lowest corrosion rate measured for A550 was Pw of 6.8 mm/year 

and PH of 5.8 mm/year (3.3-P450 A550). At this state, the corrosion rates of the 

samples were almost equalized and all the tested condition showed very low 

corrosion rated compared to the previous results. Obviously, this is due to the 

dissolution of precipitates that were forming strong galvanic couple with the 

matrix.  

The corrosion morphologies of the annealed samples (A350, A500, A550) 

were compared to see the degradation behavior of the alloys. Figure 4.41. 

shows the surface morphologies of corroded samples after 3 hr of immersion. 

The surfaces of the 3.3-P400A350 (Fig. 4.41 (a,b) and the 3.3-P500A500 (Fig. 

4.41 (c,d)) were covered with rose-like corrosion products. The corrosion 

products were very loosely attached with porous structure. On the other hand,  
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Figure 4. 39 (a) Hydrogen evolution and (b) corrosion rates of hot-rolled sheets 

annealed at 500 
o
C in 3.5 wt. % NaCl solution. 
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Figure 4. 40 (a) Hydrogen evolution and (b) corrosion rates of hot-rolled sheets 

annealed at 550 
o
C in 3.5 wt. % NaCl solution. 
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Table 15 Corrosion rates of hot-rolled sample annealed at 500 
o
C and 550 

o
C in 

3.5 wt. % NaCl solution. 
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Figure 4. 41 SEM images of annealed samples after immersion tests from 

normal direction; (a) P400A350, (b) P500A500 and (c) P500A550. 
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the corrosion products formed on the 3.3-P500A550 (Fig. 4.41 (e,f)) had 

gypsum flower-like morphology similar to the corrosion products observed in 

the as-cast samples. These corrosion products were much dense and more 

compact compared to the 3.3-P400A350 and 3.3-P500A500, which could have 

provided better protection from the corrosive environment. The corrosion 

morphologies after removing the corrosion products are shown in Fig. 4.42. It 

can be seen that the corrosion proceeds along the precipitates in the 3.3-

P400A350, which is also visible in the cross-sectional image in Fig. 4.43. The 

surface obtained for the 3.3-P400A500 had globular morphologies. The lightly 

etched cross-sectional image revealed that the corrosion progresses grain by 

grain (Fig. 4.43 (b)). The grains rapidly corroded once the grain boundaries are 

damaged and the matrix was revealed to the corrosive environment. On the 

other hand, the corroded surface of 3.3-P500A550 (Fig. 4.42 (e,f), Fig. 4.43 (c)) 

shows uniform corrosion morphology and the surface was smooth even at high 

magnification. There was no sign of localized corrosion due to the absence of 

the secondary phase which proves its good corrosion resistance.  

 

4.3 Hot-rolling of solution heat-treated strips 

As discussed in earlier chapters, the hot-rolled strips showed poor corrosion 

resistance of more than Pw = 800 mm/year despite having a good mechanical 

property. This was mainly due to the inter-dendritic precipitates (Mg12YZn) 

present prior to the hot-rolling, which eventually developed into the inter-

granular precipitates causing severe micro-galvanic corrosion with the -Mg. 

The previous studies on Mg-2Y-1Zn (at. %) alloy demonstrated its excellent 

mechanical property as well as a reasonable corrosion rate [21]. The TRC cast  
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Figure 4. 42 SEM images of annealed samples after immersion tests without 

corrosion products from normal direction; (a) P400A350, (b) P500A500 and (c) 

P500A550. 
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Figure 4. 43 Cross sectional micrographs of the annealed samples after 

immersion tests without corrosion products; (a) P400A350, (b) P500A500 and 

(c) P500A550. 
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 and hot-rolled samples in this study also exhibited a comparable corrosion 

rate of Pw = 6.8 mm/year at high temperature annealed condition but the 

strength deteriorated significantly due to the excessive grain growth and lack 

of second phase particles. Thus, an alternative processing route was attempted 

to find the optimum process parameters in terms of both mechanical and 

corrosion properties.  

4.3.1 Microstructure 

The optical micrograph of solution heat treated and furnace cooled TRC strip 

from the normal direction are shown in Fig. 4.44. All the experiments in this 

chapter was conducted with the strip cast at 3.3 m/min since it had the best 

mechanical property. It can be seen from the figure that the inter-dendritic 

phase are no longer visible and the fine lamellar phase is formed across the 

grains. The lamellar phase is most likely the lamellar LPSO which has been 

observed in the previous section. The microstructures of as-rolled strips from 

the normal direction are shown in Fig. 4.45. The lamellar LPSO phase is still 

covering most of the sample although some absent areas were observed 

randomly. The grain size was hard to determine by the optical microscope due 

to the lamellar phase but some recrystallized grains with different lamellae 

orientation were clearly visible in some area Fig. 4.45 (b). The BSE image of 

as-rolled sample (Fig. 4.46) shows that the bulk precipitates are also present 

around the lamellae. These precipitates were confirmed to be the Mg12YZn by 

the EDS analysis (Fig. 4.46 (e)). Prior to the hot-rolling, these second phase 

were not visible indicating that these were formed by the repeated heating and 

cooling during the hot-rolling process. The lamellar phase was rich in Y and Zn 

compared to the matrix and as the atomic ratio is close to 1:1 (Fig 4.46 (d)), it  
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Figure 4. 44 Optical micrograph of solution heat-treated TRC strip from 

normal direction 
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Figure 4. 45 (a) Optical micrographs of solution heat-treated and hot-rolled 

sheet (SH-P500) from normal direction and (b) recrystallized region. 
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Figure 4. 46 (a, b) SEM-BSE images of solution heat-treated and hot-rolled 

sheet (SH-P500) and (c, d, e) EDS analysis. 
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is also believed to be the Mg12YZn phase as discussed in the previous chapter.  

4.3.2 Mechanical properties 

The stress-strain curves of solution heat-treated and hot-rolled samples (SH-

P500, SH-P500A350) at room temperatures are shown in Fig. 4.47 and the 

tensile properties are summarized in Table 16. The tensile behavior and 

properties of homogenized and hot-rolled samples (P500, P500A350) are also 

plotted for comparison. The YS and UTS of the SH-P500 were slightly lower 

than that of P500. Although there was a large difference in microstructure, the 

strengths of the two samples turned out to be similar. The solution heat-treated 

samples however, did show a lower ductility due to the dense lamellar 

precipitates as reported by Xu et al [22]. After 1 hr of annealing at 350 
o
C, the 

ductility increased at the expense of strength and the curve almost coincide 

with the curve of P500A350. This most likely resulted from partial recovery 

although no significant change in microstructure was observed. Overall, the 

different hot-rolling processes did not show much of a difference in terms of 

mechanical properties. However, hot-rolling of solution heat-treated samples at 

other preheating temperature could have produced better mechanical properties, 

considering the precipitation of bulk Mg12YZn phase during the hot-rolling. 

The fine lamellar phase are reported to be more efficient in improving the 

strength and hot-rolling at lower preheating temperature might have prevented 

the dissolution of lamellar phase and the precipitation of bulk Mg12YZn.  

4.3.3 Corrosion properties 

The corrosion behavior of the post solution heat-treated samples was analyzed 

by the electrochemical test and the immersion test. The results of  
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Figure 4. 47 Stress-strain curves of SH samples plotted with P500 and 

P500A350. 

 

Table 16 Tensile properties of SH samples compared with P500 and P500A350. 
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electrochemical test are shown in Fig. 4.48 and summarized in Table 17. The 

OCP curves showed slow increase up to around 1500 s indicating the 

formation of surface films. The polarization curves of SH-P500A350 and SH-

P500 are plotted in Fig 4.48. along with the P500 and P500A350 for 

comparison. Again, the icorr was determined by the extrapolation of steepest 

part of the cathodic curves. The measured Ecorr was about 80 mV higher than 

the OCP value for SH-P500 and SH-P500A350. The two samples showed 

similar polarization curves indicating their close corrosion behavior. The SH-

P500A350 showed slightly higher icorr due to the increased cathodic kinetic 

compared to the SH-P500A350. It is also apparent that the corrosion behavior 

greatly change compared to the P500 and P500A350. The cathodic slope 

decreased and the cathodic curve showed a large shift towards lower current 

densities which resulted in much lower icorr for the solution heat-treated 

samples. On the other hand, the anodic branch showed little change over the 

different process.  

The EIS spectra was also measured for the SH-P500 and SH-P500350 for 

better understanding of corrosion properties. The Nyquist plot is shown in Fig. 

4.49 along with the P500 and P500A350 for comparison. All the plots 

comprised of a capacitive loop at mid-high frequency range followed by an 

inductive loop at low frequency region. The mid-high frequency loop is 

usually related to the charge transfer resistance and it can be seen from Fig. 

4.49 that the SH-P500 and SH-P500A350 have much larger semicircle radius 

implying better corrosion resistance of SH samples. The low frequency regions 

indicate the presence of adsorbed surface ions and possible local corrosion 

taking place at the surface. The experimental data was fitted with simple 
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Figure 4. 48 Polarization curves of SH samples, P500, P500A350 in 3.5 wt. % 

NaCl solution. 

 

Table 17 Electrochemical properties of SH samples, P500 and P500A350 in 

3.5 wt. % NaCl solution 
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Figure 4. 49 Nyquist plots of SH samples, P500 and P500A350 in 3.5 wt. % 

NaCl solution. 
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 equivalent circuit shown in Fig. 4.50 using ZSimpWin software and the fit 

result is shown in Table18. In the circuit, RS represents the resistance of tested 

solution. CPEdl stands for the electric double layer capacity, whereas Rct 

represents the charge transfer resistance. The constant phase element (CPEdl) 

was used instead of a capacitor to compensate the inhomogeneity of the system, 

which appear as depressed semicircles as a result of non-uniform and unstable 

electrode surface causing frequency dispersion during the measurement. The 

capacitance of CPE element is defined by the two elements Ydl and ndl. When 

ndl = 1, CPEdl behaves as a capacitor and as a resistor when ndl = 0. An inductor 

and an associated resistor, denoted as L and RL respectively, were also added to 

represent the inductive response at the low frequency region. In general, Rct is 

related to a charge transfer rate and a surface film property that reflect the 

dissolution rate of the alloy. Compact or dense surface films have large Rct 

whereas the CPEdl defines the thickness of the films [4]. It can be seen from 

Table 18 that the solution heat-treated sample SH-P500 and SH-P500A350 

have much higher Rct compared to the homogenized sample. Thus, it can be 

inferred that the SH-P500 and SH-P500A350 would have much better 

corrosion resistance as a result of compact and thick surface films which is also 

in good agreement with the results from potentiodynamic polarization 

measurements.  

The hydrogen evolution rates of immersed SH-P500 and SH-P500A350 are 

shown in Fig. 4.51. After 10 hr of immersion, the collected hydrogen was 

0.482 ml/cm
2
 and 0.754 ml/cm

2
 for SH-P500 and SH-P500A350 respectively. 

The calculated corrosion rates based on hydrogen evolution rate and weight 

loss methods are shown in Fig. 4.52 and summarized in Table 19 for  
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Figure 4. 50 Equivalent circuit model used to fit EIS spectra. 

 

 

Table 18 Fitting results for the EIS spectra. 
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Figure 4. 51 Hydrogen evolution of SH samples in 3.5 wt. % NaCl solution. 
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Figure 4. 52 Corrosion rates of SH samples, P500 and P500A350 based on 

weight loss and hydrogen evolution in 3.5 wt. % NaCl solution. 

 

Table 19 Corrosion rates of SH samples, P500 and P500A350 based on weight 

loss and hydrogen evolution in 3.5 wt. % NaCl solution. 
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comparison with P500 and P500A350. The SH-P500 showed slightly better 

corrosion resistance than the SH-P500A350 but this might be due to the short 

test period considering the fact that the electrochemical test suggests very 

similar corrosion behavior between these samples. On the other hand, it can be 

seen that the corrosion resistance was improved drastically compared to the 

P500 and P500A350 by the solution heat-treatment prior to the hot-rolling. 

That is more than 99% reduction in corrosion rate from 498.4 mm/year to 3.02 

mm/year by Pw which is remarkable. 

The surface potential distribution of SH-P500 was analyzed by SKPM 

mapping (Fig. 4.53). The result shows the potential difference between the 

precipitates (dark area) and the -Mg (bright area). As mentioned earlier, the 

SKPM measures the potential difference between the samples surface and the 

cantilever tip (Cr-Au). Thus, the higher potential in the figure indicates less 

noble state which is the -Mg in this case. It suggests these two phases still 

form a galvanic couple, as the precipitates are nobler than the -Mg.  

The corroded surface of SH-P500 after the immersion was examined by the 

SEM. The surface was covered with dense corrosion products after 3 hr of 

immersion as illustrated in Fig. 4.54. The higher magnification shows its 

gypsum flower-like morphology that is similar to the corrosion products 

formed on P500A550. The cross sectional image of corroded SH-P500 with 

and without the corrosion products are presented in Fig. 4.55 and Fig. 4.56. It 

can be seen that the corrosion is uniform across the surface although there is 

strong galvanic coupling between the precipitates and the -Mg. Also, the EDS 

mapping (Fig. 4.55 (c,d)) shows that the oxygen layer or the corrosion product 

is denser and more compact than the P500 (Fig. 4.34 (b)), suggesting better  
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Figure 4. 53 SKPM surface potential distribution of SH-P500. 

 

 

 

Figure 4. 54 (a, b) SEM images of SH-P500 after the corrosion tests in 3.5 wt.% 

NaCl solution with corrosion products. 
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Figure 4. 55 (a, b) SEM-BSE cross sectional images of SH-P500 after the 

immersion in 3.5 wt. % NaCl solution and EDS elemental mapping of (c) 

oxygen and (d) magnesium. 

 

 

Figure 4. 56 (a, b) SEM-BSE cross sectional images of SH-P500 after the 

immersion in 3.5 wt. % NaCl solution after removing corrosion products. 
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protection from corrosive environment. The SEM images after removing the 

corrosion products are shown in Fig. 4.57. After 1 hr of immersion (Fig. 4.57 

(a,b)), it can be seen that the corrosion is initiating around the bulk precipitates 

as well as the lamellar region. There was no sign of aggressive pitting 

corrosion unlike the homogenized and hot-rolled samples. When the 

immersion time reaches 3 hr, the sample reveals its unique corrosion 

morphology (Fig. 4.57 (c,d)). It seems that the corrosion proceeds along the 

Y/Zn rich lamellar leaving a thin layered structure. This is also visible from the 

samples after 10 hr of immersion, in which the sample surface remains 

relatively smooth compared to the homogenized samples (Fig. 4.57 (d,f)). The 

sample also showed different corrosion morphologies leaving crater-like or 

lamellar trace depending on the oriented direction of the lamellar phase.  

From the observation, the superior corrosion resistance of the solution heat-

treated samples is attributed to the formation of dense oxide/hydroxide film on 

the surface. It is apparent that such films would provide a better protection 

from the solution compared to the loose porous layer observed in homogenized 

samples. The better protection of the films can be also confirmed from the EIS 

data in which the SH-P500 and SH-P500A350 showed much higher charge 

transfer resistance than the P500 and P500350. It is believed that the formation 

of the stable protective layer is related to more homogeneous distribution of 

Y/Zn rich phases that consists the lamellar structure inside the grains.  
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Figure 4. 57 SEM surface images of SH-P500 after (a) 1 hr, (b) 3 hr and (c) 10 

hr of immersion in 3.5 wt. % NaCl solution without corrosion products. 
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Chapter 5 

Data Analysis 

The mechanical and corrosion properties of solution treated and hot-rolled 

strips were compared with the literature to see the position of TRC cast Mg-

2Y-1Zn alloy. Also, the same experimental procedure was carried out for a 

gravity cast Mg-2Y-1Zn alloy to find the feasibility of the study. 

5.1 Comparison with gravity cast alloy 

Fig. 5.1 shows the as-cast microstructure of the gravity cast (GC) Mg-2Y-1Zn 

(at. %) alloy. The grain size ranged roughly from 200 μm and up to 1 mm. The 

cast alloy had typical dendritic structure common to Mg alloy ingots. The 

intermetallic phase was identified to be the Mg12YZn phase by the SEM-EDS 

(Fig. 5.2). The solution heat-treated microstructure of the gravity cast alloy is 

shown in Fig. 5.3. The grain size remains almost unchanged while the lamellar 

phase can be observed across the grains that were oriented according to the 

crystallographic orientation of the grains similar to the TRC cast and solution 

treated alloy. However, in case of the gravity cast alloy, the original inter-

dendritic Mg12YZn phase is still visible which suggests that the transformation 

into the lamellar phase is still not complete. This is possibly related to the as-

cast dendrite structures of the two alloys. The TRC cast alloy had much finer 

intermetallic phase compared to the GC cast alloy, and the transformation into 

the lamellar phase required shorter time. The hot-rolled microstructure (Fig. 

5.4) shows elongated lamellar structure broken down into smaller clusters of 

lamellae. Recrystallized grains were observed near the deformed inter-

dendritic phase and in the absence of the lamellae. Also, the lamellae observed  
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Figure 5. 1 (a), (b) Optical micrographs of as-GC Mg-2Y-1Zn alloy. 

 

 

Figure 5. 2 (a) SEM micrograph of as-GC alloy and (b, c) corresponding EDS 

point analysis. 
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Figure 5. 3 (a), (b) Optical micrographs of GC and solution heat-treated (SH) 

alloy. 

 

 

Figure 5. 4 (a, b) Optical micrographs and (c, d) SEM-BSE images of solution 

heat-treated and hot-rolled GC alloy (GC-SH-P500). 
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in GC sample seems to be thicker and coarser compared to the TRC sample as 

can be seen from Fig. 5.4 (c, d). 

The stress-strain curve of the as-rolled GC cast alloy (GC-SH-P500) is plotted 

in Fig. 5.5 along with the curve of as-rolled TRC cast alloy (TRC-SH-P500) 

for comparison. It can be seen that the GC alloy fails in a very brittle manner 

and shows lower YS. This is attributed to the pores and other casting defects 

seen from the GC alloy prior to the hot-rolling which caused early failure. 

Another reason could be the smaller clusters of lamellar phase in TRC alloy 

which indicates that TRC alloy has smaller grain size overall even after the 

hot-rolling due to the finer initial microstructure.  

The polarization behavior of the as-rolled GC alloy (GC-SH-P500) is shown in 

Fig. 5.6 along with the as-rolled TRC alloy and the electrochemical properties 

are summarized in Table 20. The measured OCP of the two alloys were close 

to each other indicating similar corrosion susceptibility. However, the Ecorr 

value turned out to be quite different from the polarization test. There was a 

large shift in cathodic branch and more active cathodic reaction of the GC 

sample resulted in higher Ecorr as well as the icorr which suggests that the GC 

alloy has higher corrosion rate. The difference between the two alloys are also 

visible from the EIS spectra (Fig. 5.7). The shape of the semicircles closely 

resemble each other but the TRC sample shows larger semicircle in mid-high 

frequency range indicating better corrosion resistance which is also shown as 

the Rct value from the fitted data in Table 21. The higher Rct value of TRC 

sample implies lower dissolution rate of the electrode and better protective 

ability of the film.  
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Figure 5. 5 Stress-strain curves of TRC-SH-P500 and GC-SH-P500. 

 

Table 20 Tensile properties of TRC-SH-P500 and GC-SH-P500. 
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Figure 5. 6 Polarization curves of TRC-SH-P500 and GC-SH-P500. 

 

Table 21 Electrochemical properties of TRC-SH-P500 and GC-SH-P500. 
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Figure 5. 7 EIS spectra of TRC-SH-P500 and GC-SH-P500 in 3.5 wt.% NaCl. 

 

Table 22 Fitted EIS spectra for TRC-SH-P500 and GC-SH-P500. 
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The hydrogen evolution of GC-SH-P500 and TRC-SH-P500 in 3.5 wt.% NaCl 

saturated with Mg(OH)2 are shown in Fig. 5.8, and the calculated corrosion 

rates based on evolved hydrogen and weight loss are summarized in Table 22. 

The result of immersion tests also agrees with the electrochemical tests and the 

TRC samples showed much better corrosion resistance.  

Fig. 5.9 shows the corrosion morphologies of GC samples after removing the 

corrosion products. Similar to the TRC samples, the corrosion propagation 

along the lamellae phase can be identified after 1 hr of immersion due to the 

galvanic corrosion. After 10 hr of immersion, it can be seen that the corrosion 

progression is different depending on the location. The sample shows relatively 

uniform corrosion across the oriented lamellar structure but it seems that the 

inter-dendritic phase within the lamellar is corroded preferentially (Fig. 5.9 

(d)). Also, the lamellae showed different corrosion rate depending on its 

orientation as can be seen from Fig. 5.9 (e). The higher corrosion rate in GC 

sample could be attributed to the large clusters of lamellae and the inter-

dendritic phase within the lamellae that led to less homogeneous structure and 

surface film formation. Another possible reason could be the coarser lamellae 

in GC sample which caused less uniform corrosion and showed rough 

morphology compared to the TRC sample as can be seen from Fig. 5.10.  

Overall, the TRC cast and hot-rolled Mg-2Y-1Zn showed better mechanical 

properties and corrosion resistance owing to the fine lamellar structure. It was 

found that the alloy can be cast more efficiently and also requires less time for 

the preferred microstructure  
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Figure 5. 8 Hydrogen evolution of TRC-SH-P500 and GC-SH-P500 in 3.5 wt.% 

NaCl. 

 

Table 23 Calculated corrosion rates of TRC-SH-P500 and GC-SH-P500 in 3.5 

wt.% NaCl. 
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Figure 5. 9 SEM corrosion morphologies of GC-SH-P500 after (a, b) 1 hr and 

(c, d, e) 10 hr of immersion in 3.5 wt.% NaCl solution. 
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Figure 5. 10 SEM corrosion morphologies at the lamellae of (a) TRC-SH-P500 

and (b) GC-SH-P500 after 10 hr immersion in 3.5 wt.% NaCl solution. 
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5.2 Comparison with the literature 

The mechanical properties of studied alloy are compared with other LPSO 

alloys from the literature and listed in Table 24. It shows that the mechanical 

properties of TRC cast and hot-rolled Mg-2Y-1Zn (at. %) alloy are comparable 

to or better than the properties of Mg-2Y-1Zn alloy and other LPSO types of 

alloys that has been ingot cast and extruded. Moreover, the TRC cast and hot-

rolled Mg-2Y-1Zn showed even better properties than the alloys that contain 

more rare-earth elements. These values suggest that an alloy with better 

mechanical properties can be produced more efficiently and economically by 

combining TRC and subsequent hot-rolling. 

The position of yield strength and corrosion rate of the TRC cast as well as the 

hot-rolled Mg-2Y-1Zn alloys are compared with several LPSO type alloys and 

industrial Mg alloys and illustrated in Fig. 5.12. It can be seen that the TRC 

cast Mg-2Y-1Zn has better yield strength at the expense of corrosion rate 

compared to other ingot cast LPSO types of alloys. Once the alloy is hot-rolled, 

the corrosion rate drops to a reasonable level and shows a good combination 

strength and corrosion rate that are better than commercial Mg alloys 

processed by extrusion and ECAP. However, it should be noted that various 

corrosion mediums are used for these studies and the corrosion rate 

significantly depends on corrosion medium.  
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Table 24 Mechanical properties of selected LPSO type alloys. 
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        Figure 5. 11 Yield strength vs. corrosion rate of selected Mg alloys. 
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Chapter 6 

Conclusion 

The Mg-2Y-1Zn (at. %) alloy was cast by horizontal twin-roll strip casting 

(TRC) with different casting speeds (2.6, 3.3, 4.0, 4.7 m/min). The as-cast 

strips showed different surface appearance, mechanical properties, and 

corrosion properties according to the casting speeds. The main reason for 

different properties between the strips were their microstructure, degree of 

deformation and external/internal defects. The higher casting speed led to 

faster cooling and finer deformed microstructure, which resulted in better 

mechanical properties of the as-cast strip. On the other hand, the fine dendritic 

structure of the high-speed cast samples caused lower corrosion resistance on 

the surface due to the increased area for the galvanic reaction.  

The strips hot-rolled at preheating temperatures of 400, 450, 500 
o
C showed 

different mechanical and corrosion behavior. The samples cast at lower speed 

exhibited better mechanical properties after the hot-rolling, which is most 

likely attributed to the high level of total reduction rate. The higher preheating 

temperature also led to higher strength due to solid solution strengthening and 

quasi-continuous second phase distribution resulting from the dissolution of 

precipitates. The strip cast at lower temperature had better corrosion resistance 

even after the hot-rolling although in general the corrosion rates were 

extremely high (~840.5 mm/year). The effect of pre-heating temperature was 

more significant also in terms of corrosion properties. The dissolved second 

phase during high temperature rolling resulted in reduced interface between the 

precipitates and the alpha which suppressed the galvanic corrosion.  
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The annealing temperatures (350, 500, 550 
o
C) of the hot-rolled strips also had 

a huge impact on alloy characteristics. The alloys retained reasonable strength 

up to the annealing temperature of 350 
o
C with improved ductility. Only partial 

recovery and recrystallization occurred at this temperature. The corrosion 

resistance was improved especially in the case of the samples hot-rolled with 

lower preheating temperatures, as the samples no longer showed exfoliation-

type of corrosion due to the resolved internal stress. The increase in annealing 

temperature resulted in further decrease in strength but improved corrosion 

resistance. At the annealing temperature of 550 
o
C, the corrosion resistance 

was greatly improved to ~9.1 mm/year by the complete dissolution of the 

Mg12YZn.  

Hot-rolling of solution heat-treated strips was also attempted. The hot-rolled 

sheet comprised of bulk Mg12YZn, lamellar LPSO phase, and the -Mg. This 

process yielded similar mechanical properties before and after the annealing 

but the corrosion resistance was significantly improved (3.02 mm/year). The 

main reason for the improved corrosion resistance was mainly due to the dense 

protective films formed on the surface.  

The TRC cast and hot-rolled Mg-2Y-1Zn showed better overall properties than 

the gravity cast and hot-rolled alloy which indicates that the combination of 

TRC and hot-rolling is more industrially viable way of producing Mg-2Y-1Zn. 

The better mechanical and corrosion resistance compared to other commercial 

Mg alloys also suggests the possibility as a future structural material.  

In regards of twin-roll casting, controlling the process parameters such as roll 

separation force, melt temperature, roll gap, casting speed is of great 
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importance in determining the quality of cast strips. In this study, only the 

change in casting speed was considered which influenced the mechanical and 

corrosion properties of the as-cast strips to a certain degree. Modifying other 

parameters could lead to even more change in as-cast property. However, the 

effect of casting speeds gradually diminished as the strips were further 

processed through hot-rolling and annealing. Therefore, it might be worth 

paying attention to the post-casting parameters in the future study. The idea is 

to develop optimal processing parameters through more systematically 

designed procedure with deeper understanding of the strengthening mechanism 

of the alloy as well as the corrosion mechanism. Up to this point, the reason for 

improved corrosion resistance in solution heat-treated samples is still not fully 

understood. The future study will involve deeper analysis on the strengthening 

mechanism and the corrosion principle of the alloy.  
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