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Abstract 

In this work, rapid solidification microstructures and mechanical properties of 

Al1.5Mg0.2Sc and Al3Mg0.2Sc are investigated. Samples in the form of powders and 

strips / deposits of different thermal histories are obtained by means of impulse atomization 

technique. Cooling rates of the powders, varying from 300K/s to 900K/s within the 

investigated size range, are estimated using a thermal model of a solidifying droplet in a 

stagnant gas. Whereas cooling rates of the strips are measured by a two-color pyrometer at 

the strip-substrate interface and is found to average 1.7K/s. 

The effects of Mg content, cooling rate and melt superheat on the scale of microstructures 

and mechanical properties are investigated. The role of Sc is also analyzed. 

The increase in Mg content and cooling rate are found to yield finer microstructures.  For 

both powders and strips, a reduction in cell spacing is found to have limited impacts on 

microhardness. However, increasing Mg content (from 1.5wt% to 3wt %) is found to have 

a strengthening effect estimated by a hardness value of about 20 HV0.1. While cell spacing 

of the powders is found to increase with melt superheat, no noticeable difference in cell 

spacing or microhardness is observed.  

The effects of heat treatment on mechanical properties is also investigated. Aging of the 

as-atomized powders and strips are carried out at 300 °C for up to 2 hours in a DSC. 

Microhardness is measured on both as-atomized and aged samples. Maximum hardness is 

reached for both powders and strips after 2 hours of aging. For both alloy compositions 

compositions, a hardness increase of 40 HV0.1 is obtained. From DSC results and phase 

diagram, Sc precipitation is found to be responsible for the aging response.  

Compared with published industrial data on cooling rate, cell spacing, and response to 

aging, the combinations of the impulse atomization and impulse atomization with spray 

deposition exhibit the possibility of being used as a small scale platform for novel alloys 

testing and development for industrialized rapid solidification processes, such as twin-belt 

strip casting process.  



 

 

iii 

 

Acknowledgements 

There is an old saying in Chinses “高树靡阴, 独木不林”, which means: the taller the tree, 

the lesser the shade it provides; also, no single tree could be considered as a forest, no 

matter what kind of tree it is. The first part of this saying, in my mind, suggests that a 

scientific research, should aim of helping mankind improve our knowledge of the world 

and solving the real issues we dealt with. The second part of this saying shows a simple 

fact: everyone needs someone to achieve great things. Therefore, I would like to 

acknowledge the people who helped me in this section.  

I am very grateful to my parents, Chunguang Yin and Shuyu Sun, for showing me their 

unconditional love and support throughout my life. I would also like to show my deepest 

appreciation for Dr. Hani Henein, who shows and helps me on how to do a scientific 

research and more importantly, how to be a scientific researcher. I would like to thank Dr. 

Mark Gallerneault and Dr. Vahid Fallah for their help me gain a deeper understanding in 

the field of this work. 

My girlfriend Chenxin Zhou and my dearest friends (who are also my co-workers in the 

lab) Pusong Wang and Abdoul-Aziz Bogno have always been there for me whenever I 

needed them. I could not thank them enough.  

I also want to thank Dr. J. B. Wiskel for helping me understand his thermal model and 

giving me suggestions on the temperature measurements. I thank my group members in 

AMPL (Jacob, Pooya, Jonas, Carlos, Mohsen, Billy, and the rest of them) for the 

companionship they provided me in the past few years.  

Last but not the least, I would like to thank NSERC, Novellis, Alcereco, and ANR for 

funding this project. Without them, none of this is possible.  

  



 

 

iv 

 

Table of Contents 
Abstract ............................................................................................................................... ii 

Acknowledgements ............................................................................................................ iii 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

1. Introduction ..................................................................................................................... 1 

2. Literature review ............................................................................................................. 3 

2.1. Al-Mg alloy .............................................................................................................. 3 

2.2. Strengthening of Al-Mg alloys ................................................................................ 4 

2.3. Sc addition in Al and Al-Mg alloys ......................................................................... 8 

2.4. Casting of Al alloys ............................................................................................... 11 

2.5. Rapid solidification ................................................................................................ 12 

2.6. Impulse atomization ............................................................................................... 14 

2.7. Strip Casted Al-Mg-Sc Alloys ............................................................................... 17 

2.8. Summary ................................................................................................................ 19 

2.9. Objectives .............................................................................................................. 19 

3. Experiments and Results ............................................................................................... 21 

3.1. Sample production ................................................................................................. 22 

3.1.1. Impulse Atomization ....................................................................................... 22 

3.1.2. Impulse Atomization with Spray Deposition .................................................. 24 

3.1.3. Sample Produced ............................................................................................ 25 

3.2. Temperature Measurement .................................................................................... 26 

3.3. Sample Analysis..................................................................................................... 36 

3.3.1. Sieving ............................................................................................................ 36 

3.3.2. Metallography ................................................................................................. 37 



 

 

v 

 

3.3.3. Inductively Coupled Plasma (ICP) ................................................................. 40 

3.3.4. Cell spacing measurement .............................................................................. 41 

3.3.5. Microhardness measurements ......................................................................... 47 

3.3.6. Aging............................................................................................................... 49 

3.4. Summary ................................................................................................................ 50 

4. Discussion ..................................................................................................................... 52 

4.1. Thermal Profile ...................................................................................................... 52 

4.1.1. Thermal Model................................................................................................ 52 

4.1.2. Interface temperature measurement ................................................................ 56 

4.2. Cell Spacing and Cooling Rate .............................................................................. 60 

4.2.1. Powder ............................................................................................................ 60 

4.2.2. Spray deposit ................................................................................................... 64 

4.3. Microhardness ........................................................................................................ 65 

4.3.1. Powders ........................................................................................................... 65 

4.3.2. Spray deposit ................................................................................................... 67 

4.3.3. Cell Spacing vs. Microhardness ...................................................................... 68 

4.4. Age Hardening ....................................................................................................... 69 

4.4.1. Age Hardening Effect on Powders ................................................................. 70 

4.4.2. Spray deposits ................................................................................................. 72 

4.4.3. DSC ................................................................................................................. 74 

4.5. Industrial Relevance............................................................................................... 78 

4.6. Summary ................................................................................................................ 80 

5. Conclusions and Future Work ...................................................................................... 82 

5.1. Conclusions ............................................................................................................ 82 

5.2. Future Works ......................................................................................................... 83 



 

 

vi 

 

References ......................................................................................................................... 84 

Appendix ........................................................................................................................... 92 

Calculations for θ and h ................................................................................................ 92 

Calibration profile for K-type thermocouples............................................................... 93 

 

  



 

 

vii 

 

List of Tables 

Table 2.1. Classification of solidification based on cooling rates [41] ............................. 13 

Table 3.1: Runs done in this study .................................................................................... 25 

Table 3.2: Emissivity probe and infrared camera calibration data ................................... 33 

Table 3.3: Temperature recorded against hole-size .......................................................... 34 

Table 3.4: Calibration data by changing the emissivity slope .......................................... 35 

Table 3.5: Sieve Data for Al3Mg0.2Sc_Ar ...................................................................... 36 

Table 3.6: D50 and R2 from sieve analysis ........................................................................ 37 

Table 3.7: Polishing procedure suggested by the manufacturer ....................................... 38 

Table 3.8: Suggested etchant and procedure ..................................................................... 38 

Table 3.9: ICP Result ........................................................................................................ 40 

Table 3.10: Segregating power of elements in aluminum [60] ......................................... 44 

Table 4.1: Material properties used in thermal model ...................................................... 52 

Table 4.2: Summary of thermal model result for spray deposition runs .......................... 56 

Table 4.3: Calculated constant B ...................................................................................... 63 

 

  



 

 

viii 

 

List of Figures 

Figure 2.1: Al-Mg phase diagram [19] ............................................................................... 4 

Figure 2.2: Solute concentration in percent weight to the increase in yield strength ......... 5 

Figure 2.3:   Alloying elements in atomic percent to tensile strength [23] ......................... 6 

Figure 2.4:   Rolling strain vs. tensile strength for pure aluminum and Al-Mg alloys during 

cold rolling [24] .................................................................................................................. 7 

Figure 2.5: (a)Al-Sc phase diagrams; (b) Al corner in Al-Sc phase diagram [29] ............. 8 

Figure 2.6: Precipitates size’s effect on CRSS [23] .......................................................... 10 

Figure 2.7. The change in scale of the structure as the cooling rates are increased [42] .. 13 

Figure 2.8. Schematic of impulse atomization process [12] ............................................. 14 

Figure 2.9. Cell spacing of Al-5%Cu and Al-17% Cu droplets atomized in N2 and He. . 17 

Figure 2.10: Vickers hardness for as-cast Al3Mg and Al3Mg0.4Sc at different temperature 

and holding different time period [4] ................................................................................ 18 

Figure 2.11:  Bright field TEM images; Al3Sc precipitates during aging  [4] .................. 18 

Figure 3.1: Schematic of the AMPL IA tower [10] .......................................................... 22 

Figure 3.2:  Schematic of the IASP set-up [10] ................................................................ 24 

Figure 3.3: Sample produced from (a)IA and (b) IASD ................................................... 25 

Figure 3.4: The schematic of temperature measuring setup ............................................. 26 

Figure 3.5: Simplified block diagram of the emissivity probe [48] .................................. 27 

Figure 3.6: Schematic of measuring position ................................................................... 28 

Figure 3.7: Transmission rate vs.  Wavelength (µm) for (a) Germanium IR window with 3-

12 µm AR coating and (b) Uncoated Calcium Fluoride window [50, 51] ....................... 29 

Figure 3.8: Schematic of the fiber optic head [56] ........................................................... 31 

Figure 3.9: (a)Schematic drawing of the fiber optic lens; (b) fiber optic installed onto the 

substrate support with a holder ......................................................................................... 32 

Figure 3.10: Calibration setup to test the effect of small holes ........................................ 33 

Figure 3.11: Schematic of the test for the effect of the emissivity slope .......................... 35 

Figure 3.12: lnD vs. z-factor for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders .................... 37 

Figure 3.13: Al3Mg0.2Sc_Ar_600-710 etched with 1ml HF and 200 ml water and swabbed 

with cotton for 15 s ........................................................................................................... 39 



 

 

ix 

 

Figure 3.14: Al3Mg0.2Sc_ 710-850 powder etched by Keller’s etchant for (a); (b) ....... 39 

Figure 3.15: Cell spacing measurement procedure ........................................................... 41 

Figure 3.16: Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders ......................... 42 

Figure 3.17: Constitutional undercooling region in the front of a dendritic tip [60] ........ 44 

Figure 3.18: Sample images of strip Al3Mg0.2Sc_900°C ................................................ 45 

Figure 3.19: Cell spacing for Al1.5Mg0.2Sc_800 and Al3Mg0.2Sc_800 deposits at 

different sampling locations .............................................................................................. 46 

Figure 3.20:  Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits ........................ 47 

Figure 3.21: Al1.5Mg0.2Sc_Ar_250-300 with 10s dwell time ........................................ 48 

Figure 3.22: DSC curve for Al1.5Mg0.2Sc powders with 710-850 µm size range .......... 50 

Figure 3.23: DSC curve for Al1.5Mg0.2Sc powders with 710-850 µm size range subtracted 

by the pure aluminum baseline ......................................................................................... 50 

Figure 4.1: Al1.5Mg0.2Sc Scheil solidification path ....................................................... 53 

Figure 4-2: Curve fitting Scheil solidification path for Al1.5Mg0.2Sc ............................ 54 

Figure 4-3: Powder size vs. cooling rate for Al1.5Mg0.2Sc and Al3Mg0.2Sc ................ 55 

Figure 4.4: Emissivity Probe reading for Al4.5Cu ........................................................... 57 

Figure 4.5: Two color pyrometer reading for Al4.5Cu ..................................................... 58 

Figure 4.6: Emissivity Probe reading for Al3Mg0.2Sc .................................................... 59 

Figure 4.7: Two color pyrometer reading for Al3Mg0.2Sc .............................................. 59 

Figure 4.8: Cell spacing vs. cooling rate for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders . 61 

Figure 4.9: The pre-exponential factor M change with temperature ................................ 62 

Figure 4.10: Cell spacing for Al1.5Mg0.2Sc_800 and Al3Mg0.2Sc_800 deposits at 

different sampling locations .............................................................................................. 64 

Figure 4.11:  Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits ........................ 65 

Figure 4.12:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders .................... 66 

Figure 4.13: Microhardness for Al1.5Mg0.2Sc_900 and Al3Mg0.2Sc_900 at different 

axial locations ................................................................................................................... 67 

Figure 4.14:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits..................... 68 

Figure 4.15:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits..................... 69 

Figure 4.16: Microhardness for Al1.5Mg0.2Sc powders aged at 300 °C ......................... 70 

Figure 4.17: Microhardness for Al3Mg0.2Sc powders aged  at 300 °C ........................... 71 



 

 

x 

 

Figure 4.18: Microhardness for Al1.5Mg0.2Sc deposits aged  at 300 °C ........................ 72 

Figure 4.19: Microhardness for Al3Mg0.2Sc deposits aged  at 300 °C ........................... 73 

Figure 4.20: DSC result for two trials done on Al1.5Mg0.2Sc powders in 600-710µm 

diameter size range ........................................................................................................... 75 

Figure 4.21: A corner of Al-Mg-Sc ternary phase diagram at 300°C ............................... 75 

Figure 4.22: TEM micrograph of Al3Sc precipitates for Al-2wt%Mg-0.2wt%Sc aged at 

300ᵒC for 24 hrs [5] .......................................................................................................... 76 

Figure 4.23: Al3Sc precipitates radius growth at the different aging time under different 

aging temperature.  [72] .................................................................................................... 77 

Figure 4.24: Random walk distance vs. time. ................................................................... 78 

Figure 4.25: Al3Mg0.4Sc as-casted grain structure [4] .................................................... 79 

Figure 4.26: Vickers microhardness vs. aging time for Al2Mg0.2Sc at 300°C [5] .......... 80 

 



 

 

1 

 

1. Introduction 

Aluminum and its alloys receive much attention due to their high strength to density ratio 

and excellent resistance to corrosion. They have been widely used in automotive, aerospace, 

food packing and some chemical processing applications [1]. With the addition of Mg, 

improved mechanical properties are achieved through solid solution hardening and strain 

strengthening. However, a high Mg content would lead to a higher possibility of stress 

corrosion cracking [2]. If a higher strength is sought after without compromising Al-Mg 

alloy’s resistance to corrosion, an alternative method should be applied.  

Sc is reported to strengthen Al and Al-Mg alloys effectively even with a small addition. 

The strengthening of Sc addition in Al is achieved through precipitation hardening [3]. 

Supersaturation of Sc in the aluminum matrix is required to reach a good aging effect. For 

traditional Direct Chill (DC) casting, the cooling rates are reported in the range of 1K/s to 

10K/s [4]. With such low cooling rates, a good supersaturation of Sc generally has to be 

obtained after casting, by homogenization or solutionizing and quenching. Due to the low 

solubility and diffusivity of Sc in aluminum, this process is carried at a very high 

temperature (around 620°C) for a relatively extensive period (about 20 hours) [5].  

Rapid solidification processing could be used so that the Sc will be supersaturated in 

solidified condition and therefore, eliminate the energy and time-consuming steps, such as 

homogenization, hot rolling, solutionizing, and quenching. Semi-continuous DC casting, 

spray forming, or powder metallurgy processed Al-Mg-Sc alloys showed better machnical 

properties after aging without the additional supersaturation steps due to their high cooling 

rate [6] [7] [8]. Due to the high cost of Sc ($134/g of 99.9%Sc ingot or $220/kg of an Al-

2%Sc master alloy in 2015 in USD [9]), it is important to determine the most cost effective 

addition of Sc for strengthening at minimal cost. Based on a previouse research, is 

suggested that for twin-blet casted Al3Mg0.4Sc strips, only about 80% of the 0.4wt%Sc 

added contributes to the age hardening behavior and therefore, less Sc could be used to 

achieve a similar strengthening. This work aims to study the strengthening effect of a lower 

Sc level (0.2wt %) in an Al alloy with two different Mg levels.  
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To achieve a rapid solidification, Impulse Atomization (IA) and IA with spray deposition 

(IASD) process were in this study. Both of these techniques are developed in the Advanced 

Materials and Processing Laboratory (AMPL). IA has shown the ability to achieve a 

cooling rate in the range of 102-104K/s [10]; while IASD utilizes the droplets produced by 

IA to form a strip on a moving substrate with controlled dimensions [11]. Their heat profile 

during IA was simulated by the use of a thermal model reported in [12] [13]. A temperature 

measurement setup was developed in this work to monitor the heat profile of strips 

deposited during spray deposition. Cell spacing measurements and microhardness 

measurements were performed on the produced powders and strips. The age hardening 

effect of Sc was investigated by furnace aging and Differential Scanning Calorimetry (DSC) 

aging of the produced powders and strips.  

This study will be described in this thesis using the following structure. In Chapter 2, a 

literature review of the background research will be shown followed by the objective and 

scope of this study. The experimental setups and procedures for this work and the 

corresponding preliminary results will be presented in Chapter 3. Chapter 4 will be of the 

analysis and discussions of the results. Finally, in Chapter 5, the conclusions from this work 

will be drawn along with the proposed work for the future.  
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2. Literature review 

In this chapter, the advantages of aluminum magnesium (Al-Mg) alloy will be presented 

first. To understand the reasoning behind the excellent properties of Al-Mg alloys 

comparing to pure aluminum, strengthening mechanisms for Mg additions in aluminum 

will be discussed. To achieve for a better mechanical property, the addition of Sc to Al-Mg 

alloys will be presented along with the precipitation hardening mechanism for the Sc 

addition. After discussions of Al-Mg and Al-Mg-Sc alloys, their traditional casting 

processing methods will be introduced, and the need for rapid solidification will be 

established. The method used to achieve a high cooling rate during solidification process 

in this study, IA, will then be introduce. At the end, the objectives formulated based on the 

findings from literature review will be listed.  

2.1. Al-Mg alloy 

Aluminum is the most abundant structural metal on earth (8wt% of the earth’s crust) and 

the most consumed non-ferrous metal (24 million tons per year) in the world [14] [15]. 

Aluminum and its alloys feature a combination of low density, high strength, and good 

corrosion resistance. Their applications include automobiles, packing of food and 

beverages, construction of buildings, production of defense and aerospace equipment and 

many others [14]. Besides these conventional applications, aluminum and its alloys also 

can be found in the trendy additive manufacturing industry, such as ultrasonic additive 

manufacturing, laser additive manufacturing, wire and arc additive manufacturing in their 

form of powders [16] [17].  

Among all the aluminum alloys, the 5000 series aluminum-magnesium alloys stand out 

due to their outstanding strength and corrosion resistance. Al-Mg alloys with low Mg 

contents also feature excellent formability and surface finishing [18]. Al-Mg alloys are 

widely used as structural materials in marine and automotive industries; and their casting 

products could be found in dairy, food handling, and chemical processing applications [1].  

Aluminum magnesium phase diagram is shown in Figure 2.1 below: 
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Showing on the left corner of the phase diagram, Al α phase is a face-centered cubic Al 

solid solution. The maximum solubility of Mg in Al α phase is 17.1wt% at a eutectic 

temperature of 450 °C. The eutectic composition is reported to be 37wt% [20]. The β phase 

presented is a face-centered Al3Mg2; however, the difficulty in nucleating the β precipitates 

makes the 5000 series non-heat-treatable in general [18]. For casting Al-Mg alloys with a 

high Mg content (over at least 5wt%), age hardening can be achieved if the right heat 

treatment was to be applied [21].  

2.2. Strengthening of Al-Mg alloys 

The as-casted Al-Mg alloys are strengthened mainly by two mechanisms: solid-solution 

strengthening and cold working.  

Solid-Solution Strengthening    

Solid solution strengthening of Mg in Al-Mg alloys could be explained by Suzuki locking. 

Mg solute atoms tend to segregate around the dislocations and the stacking faults between 

dislocations. By doing so, the overall energy of the system is reduced. As a result, more 

energy will be needed to move these dislocations.  

 

Figure 2.1: Al-Mg phase diagram [19] 
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The increase in Vickers hardness ∆𝐻𝑣 can be expressed as a function of the solute fraction 

fs, the solute and aluminum atom radius r3 and ral as follow [22]:  

 
∆𝐻𝑣 = 𝐾(|

𝑟3 − 𝑟𝐴𝑙

𝑟𝐴𝑙
| 𝑓𝑠)1.33 Eq. 2.1 

Figure 2.2 shows that among all the elements, Mg could provide the highest increase in 

yield strength per unit weight due to its low molar weight comparing to other alloying 

elements and high atom radius difference comparing with Al atoms [23]. 

The strength increase due to different Mg additions can be expressed in the function as 

follow: 

 𝜎𝑓 = 15.5 (𝑤𝑡%𝑀𝑔) 2.2 

The coefficient 15.5 in the above equation could change by the difference in the size and 

texture of grains [23]. 

Cold Working 

In cold working (or strain hardening), randomly distributed dislocations are created and 

existing dislocations are multipied. Stress fields generated in this process help to obstacle 

the movement of dislocations. In Al-Mg alloys, Mg solute is found to promote the work 

hardening process by precipitating Al2Mg3 around the dislocations to block the disolaction 

movements, increasing the rate of dislocation multiplication to build up the dislocation 

 

Figure 2.2: Solute concentration in percent weight to the increase in yield strength  
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density, and reducing the rate of recovery to improve the efficicency of the work hardening 

process [23].  

Figure 2.3 shows the difference in UTS with the addition of different solutes. Due to the 

elongations in different aluminum alloys are similar, their UTS would be a good indication 

of how effective each of the solute elements helps to work harden aluminum. Mg shows 

the second best UTS increase per atom percent. 

Figure 2.4 shows the increase in cold working of pure aluminum and different Mg addtion 

levels during cold rolling. It suggests a higher Mg addition will lead to a better response to 

cold work, at least up to 4.5wt%.  

 

Figure 2.3:   Alloying elements in atomic percent to tensile strength [23]  
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Therefore, it can be summarized that more Mg addition is extremely useful for Al-Mg 

alloys to reach a better mechanical property. However, a high Mg content is also found to 

be responsible for some difficulties in processing as well as decreasing the resistance to 

stress corrosion cracking [2]. The effective weight percent of Mg for hardening was found 

to be less than 5wt [25]. 

Other potential strengthening methods for Al-Mg 

Grain size reduction could strengthen 5000 series O temper products (annealed after hot 

forming processes) by 7 – 28 MPa; but it does not have a tremendous impact on enhancing 

other Al-Mg alloy products [18]. Al-Mg is considered to be non-heat treatable. Binary Al-

Mg alloys are reported to show an abnormally little response to aging, and precipitation 

hardening effect only observed until the Mg content exceeds 5wt% [23].  

Another alternative strengthening method for Al-Mg alloys is through the addition of 

scandium into the alloying system. Among all the aluminum alloying elements and 

strengthening mechanisms, scandium is found to be the most effective strengthening 

addition per atomic percent [26]. For example, the casted Al6Mg0.17Sc alloy shows a 

significantly higher 0.2%-proof-stress (~55% higher), a higher tensile strength (~20% 

 

Figure 2.4:   Rolling strain vs. tensile strength for pure aluminum and Al-Mg alloys 

during cold rolling [24]  
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higher), a higher microhardness (~30% higher) and a slightly lower ductility than the casted 

Al-Mg alloy [27]. 

2.3. Sc addition in Al and Al-Mg alloys 

In 1971, L. A. Willey discovered Sc’s effect of improving the strength of Al-Mg alloys for 

the first time [28]. The Al-Sc phase diagram is shown in Figure 2.5. The maximum Sc 

solubility in aluminum achieved at a eutectic temperature of 655 °C for solid and liquid 

aluminum are 0.38 wt% and 0.52wt%, respectively.  

Sc strengthens Al and Al-Mg alloys through age hardening process with the formation of 

the L12 β phase Al3Sc. The Al3Sc precipitate strengthens the material by its ability to block 

the dislocation movement [3]. Mg and Al3Mg2 β phase are nearly not soluble in Al3Sc 

precipitates; hence the precipitation hardening effect of Sc addition becomes additive to 

the solid solution strengthening effect provided by Mg addition [30].  

Another attribute for Al3Sc precipitates is its ability to stabilize fine grains preventing them 

from grain growth. This refinement effect allows more work hardening to be done to the 

alloy for extra strength and toughness [30]. The stabilizing effect of Al3Sc will also 

minimize the loss of strength for Al-Mg alloys during toughness recovery processes. With 

the Sc addition, the recrystallization temperature of Al-Mg-Sc alloys increases to above 

  

(a)Al-Sc phase diagram (b)Al-Sc phase diagram, Al richer corner 

Figure 2.5: (a)Al-Sc phase diagrams; (b) Al corner in Al-Sc phase diagram [29] 
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600 °C due to the stabilization effect of Al3Sc, higher than those heat-treatable aluminum 

alloys. This makes Al-Mg-Sc alloys heat-treatable [31].  

During age hardening process, Al3Sc nucleates into clusters that grow to larger particles 

and then start to coarsen. According to bowing and cutting mechanism, small particles 

intercept dislocation movement effectively by cutting while the dislocations bow around 

coarsened particles with less obstacles. Therefore, during aging, it would be optimum for 

the particles to grow without coarsening. However, for Al3Sc, it is found that the growth 

and coarsening of Al3Sc precipitates take place simultaneously. The coarsening stage is 

transformed from the mixed stage of both growth and coarsening when the growth rate is 

reduced. The hardness for the alloys starts to decline at the mixed stage [32]; and therefore, 

a relatively low aging temperature and a small amount of Sc addition would be a good 

combination of achieving decent age hardening effect. On the bright side, Al3Sc has similar 

lattice parameters as the Al matrix, and thus, its precipitates coarsening rate is reduced 

compared to other precipitates [33]. 

The age hardening temperature is suggested to be 300 °C basesd on previous researchers. 

Coherent Al3Sc precipitates were observed from solution-treated alloys at 300 °C in alloys 

with 0.0006 wt% Sc and 0.03 wt% Sc [31], and the peak hardness for Al3Mg0.15Sc as-

cast sample occurred at 300 °C for 8.33 hrs [34].  

Precipitation Strengthening 

The precipitation hardening effect of Sc follows the Orowan Strengthening mechanism. 

During aging, the supersaturated Sc in the alpha aluminum matrix precipitates out to form 

Al3Sc precipitates. Depending on their size, the precipitates are either sheared or looped by 

dislocation during deformation.  

For small particles, which are coherent or partially coherent with the aluminum matrix, 

shearing by dislocation will occur. The increment in yield strength due to the presence of 

these small precipitates can be expressed by the following equation [35]: 

 ∆𝜎𝑦 = 𝑐𝑓𝑚𝑟𝑝
𝑞
 2.3 

Where, c, m, and q are constants; f is the volume fraction of precipitates, and rp is the radius 

of precipitates. In Equation 2.3, m and q are positive, and are reported to be around 0.5 in 
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most of the cases [35]. Hence, for precipitates that are sheared by moving dislocations, 

their fraction and size have a positive impact on the strength of the alloy. 

As aging process continuous, the precipitates will grow and lose coherency. Instead of 

shearing, moving dislocations will loop around the precipitates, and this strengthening 

mechanism could be expressed as the following equation [35]: 

 ∆𝜎𝑦 = 𝛽𝑟𝑝
−1𝑓0.5 2.4 

The volume fraction, f, is a positive factor contributing the increase of strength while the 

precipitate size is inversely proportional to the strengthening effect. Figure 2.6 summarizes 

the effect of precipitates size on the critical resolved shear stress (CRSS).  

A critical size (Dp)sb is established representing the theoretical maximum of the CRSS 

could be achieved. This holds true for all the precipitation hardening phenomenon follow 

Orowan Strengthening mechanism. For Al3Sc precipitates, this critical particle diameter is 

reported to be in the range of 2-3.7nm [4].  

In addition to the volume fraction and the precipitate size, precipitates spacing and their 

shape can affect their strengthening performance as well. The precipitates are expected to 

be uniformly distributed so that their strengthening effect is uniform. If the distance 

 

Figure 2.6: Precipitates size’s effect on CRSS [23]  
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between each precipitate is too long, smaller dislocations will pass through them without 

any effective interaction; while on the other hand, if the precipitates are too close, the larger 

dislocations would bypass many precipitates leading to an inefficient use of these 

precipitates. Therefore, the precipitation hardening effect is maximized when the curvature 

radius of the moving dislocation equals to the spacing between the precipitates [23]. The 

shape of the precipitate varies with its misfit with the matrixes. Spherical particle tends to 

form at a small misfit. Since misfit reduces the ductility of the material and enhances 

precipitate coarsening rate during aging, a lower misfit between the precipitate and the 

matrix, and therefore a spherical shape of precipitates is preferred [36].  

2.4. Casting of Al alloys 

Aluminum is one of the newest metal to cast, as compared to copper, gold, tin, lead and 

silver, which were first to cast at least 10,000 years ago [37]. During casting, aluminum 

alloys go through melting, alloying, fluxing, degassing, melt refining, filtration, and 

solidification processes [38].  

In fluxing, undesired particles in the melt will be separated and removed. Degassing is 

applied to reduce hydrogen dissolution in the alloy. This helps to avoid hydrogen induced 

cracking or internal porosities. Melt refining is done to eliminate impurities presented in 

the system to ensure the integrity of the cast product. During the filtration process, 

inclusions contained in the liquid alloy are captured by filters the melt is passed through 

[37]. After these steps, the alloy melt is sent to solidify into the desired form.  

Among all the casting processes, solidification is the most critical step as it determines the 

microstructure and therefore the properties of the final product. The microstructural 

features in consideration are dendritic arm spacing, grain structure and the formation of 

eutectic and intermetallic phases. The spacing between the secondary dendritic arms 

(SDAS), for a given composition, is solely controlled by the solidification rate; both 

mechanical and physical properties increase as the SDAS is reduced. As for the grain 

structure, an equiaxed grain is reported to offer a better resistance to hot tearing, a better 

surface finish, a less microsegregation, and a more homogenized grain compared to a 

columnar grain. Equiaxed grains can be achieved by a high cooling rate or by mechanical 

agitation [37]. A high solidification rate is also suggested to reduce the detrimental effects 
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of intermetallic phases. For instance, at a low cooling rate, the formation of needle shaped 

intermetallic phases -Al5FeSi is found to reduce the mechanical properties of the products 

in aluminum castings [39].  

Some post-casting treatments are done to the material to achieve better material properties 

through strain hardening and/or heat treatment. For the conventional DC casting, the 

average cooling rate is about 1K/s. This gives time for the solute to precipitate and growth 

to occur during the casting process. To develop a supersaturation of the solute element in 

the as cast aluminum, solid solution heat treatment or solutionizing refers to the process 

where the alloys are held near yet below their eutectic temperature for a relatively long 

period and then quenched. The time for solutionizing varies from minutes to twenty plus 

hours based on the thickness of the products. When the material is heated up close to its 

eutectic temperature, many problems could occur. Incipient melting caused by localized 

solute concentration leads to non-visible defects that significantly reduce the mechanical 

properties of the alloy. High-temperature oxidization and surface blistering due to moisture 

could also occur [40]. If a higher cooling rate could be established through rapid 

solidification process during casting, the precipitation and growth of solute would not occur; 

and this solid solution step could then be avoided.  

2.5. Rapid solidification 

A process can be termed as a rapid solidification process if it can generate very high cooling 

rate in the system that solidifies the processed material with a significant deviation from 

equilibrium. The most commonly used definition of cooling rate is the averaged ratio of 

temperature and time, for material from the temperature where the solidification of primary 

phase begins to the temperature where the solidification of eutectic structure is complete. 

The ratio can be expressed as following, 

 
�̇� =

∆𝑇

𝑡𝑓
 2.5 

Where �̇� represents the cooling rate; ∆𝑇 is the solidification range; and 𝑡𝑓 is the overall 

solidification time [41].  
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Different solidification processes can be categorized based on the difference in their 

cooling rates. Table 2.1 shows such a categorization. Solidification processes with cooling 

rates ranging from 10-6 K/s to 10 K/s (Very low and low) can be referred as “normal 

solidification”. Medium-rapid to Ultra-rapid solidifications are considered to be rapid 

solidification processes. These processes happen when a system, which has one dimension 

being minuscule compared to the others, experiences a large heat sink [41]. 

Table 2.1. Classification of solidification based on cooling rates [41] 

 

 

 

 

 

 

Figure 2.7 shows a plot of cooling rate vs. secondary dendrite arm spacing. The smaller the 

distance between the centers of two secondary dendrite arms implies a finer structure.  

 
Figure 2.7. The change in scale of the structure as the cooling rates are increased [42] 

Cooling Rate (K/s) Designation 

10-6 – 10-3 Very Low 

10-3 – 10 Low 

10 – 103 Medium-Rapid 

103 – 106 Rapid 

106 – 109  and above Ultra-rapid 
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The graph above suggests that a higher cooling rate can solely lead to the formation of a 

finer microstructure, without the help of inoculation or other methods that affect the 

integrity of the products. Hence, rapid solidification is known to generate finer structures 

with increased chemical homogeneity. 

2.6. Impulse atomization 

Impulse Atomization (IA) was developed and patented at the Advanced Material and 

Processing Laboratory, University of Alberta, Canada. IA is a single-fluid atomization 

process. Single-fluid atomization refers to a stream formed when exiting an orifice, then 

subsequently breaking down due to gravity or vibration instead of interaction with air, oil 

or other inert gas (two-fluid) [41]. 

Figure 2.8 shows a brief schematic of this process. An impulse generator is used to shake 

a plunger attached to it at a relatively low frequency and high amplitude. The plunger is 

positioned into the melt to be atomized. The melt in a tundish is accelerated by the 

movement of this shaking plunger and goes through a nozzle with a numbers of small 

orifices. The stream passes through the orifices, then breaks-up into spherical droplets with 

a controlled size distribution.  

 
Figure 2.8. Schematic of impulse atomization process [12] 
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The droplets produced are solidified during their free fall while their heat is being extracted 

by the atomization fluid, usually an inert gas. The IA process can reproducibly yield 

powders of uniform size distribution with cooling rates as high as 104K/s [41]. 

Thermal Model  

A mathematic model has been developed by Dr. J.B. Wiskel to describe the cooling profile 

of the droplets during an IA process [12]. The thermal model relates the distance of the 

droplets from the nozzle orifice to the temperature and solid fraction of the droplets.  

Some assumptions are made in this model. The thermal model neglects the temperature 

gradient within the droplets since the droplet size is small and the Boit number is less than 

0.1, where Boit number describes the heat transfer resistance ratio inside and at the surface 

of a body. The time for stream to break-up and for the spherodization of the ligament is 

also neglected since this time is short compared to the freezing range of the droplet [43]. 

The thermal model assumes the initial velocity of the stream from the orices to be 0.5 m/s, 

a constant ambient gas temperature, and no thermal interaction between droplets based on 

previous researches [44] [45]. The effect of undercooling is also neglected as the 

undercooling is found to have very limited effect on the soldification distance [44].  

The first part of this thermal model is to define the temperature change through time, and 

it is expressed in equation 2.5 below: 

where 
𝑑𝑇𝑚

𝑑𝑡
 is the change in droplet temperature with time, 𝜌𝑚  and 𝐶𝑝𝑚

 are the droplet 

density and effective specific heat, respectively, D is the diameter of the droplet and 𝑇∞ is 

the ambient gas temperature; and the effective heat transfer coefficient heff and effective 

heat capacity Cpm are expressed in equations 2.6 and 2.7 below: 

 𝑑𝑇𝑚

𝑑𝑡
= −

6ℎ𝑒𝑓𝑓

𝜌𝑚 ∙ 𝐶𝑝𝑚
∙ 𝐷

(𝑇𝑚 − 𝑇∞) 2.5 

ℎ𝑒𝑓𝑓𝐷

𝑘𝑠
= 2 ∙

𝐵

𝑘𝑠 ∙ (𝑚 + 1)
∙

(𝑇𝑠
𝑚+1 − 𝑇∞

𝑚+1)

(𝑇𝑠 − 𝑇∞)
+ (0.4𝑅𝑒0.5 + 0.06𝑅𝑒2 3⁄ )

∙ 𝑃𝑟0.4(
𝜇∞

𝜇𝑠
)1 4⁄  

2.6 
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And 

where ks is the gas conductivity at the droplet surface temperature, B and m are constants 

related to atomization gas, Re and Pr are the Reynolds and Prandtl numbers calculated at 

ambient temperature, 
𝜇∞

𝜇𝑠
 is the ratio between the viscosity at ambient temperature and 

droplet surface temperature, 𝑓𝑠 is the fraction solid at temperature Tm, ∆Latent is the latent 

heat of fusion, and Cp
 is the droplet heat capacity. The use of effective heat capacity takes 

the latent heat released during solidification into consideration.  

The second part of this model is to predict the droplet velocity changing with time. 

Newton’s Second Law of motion for a free falling body is used. After balancing all the 

forces on the droplets (gravity, gas buoyancy and drag), the following equation is 

established: 

Where 𝜌𝑚 and 𝜌𝑔 are the densities of the droplet and gas respectively, g is the gravitation 

acceleration, Cd is the drag coefficient which is calculated by 𝐶𝑑 =
18.5

𝑅𝑒0.6 , and v is the 

relative velocity of the droplet to the ambient gas. By integrating Equations 2.5 and 2.8 

with the respect of time, the temperature and distance from the orifice of a droplet with 

certain size could be estimated as well as its fraction liquid or solid.  

The equations above suggest that if all the rest conditions remain the same, the cooling rate 

should increase with the decrease in particle size and increase in gas thermal conductivity. 

Also, as stated in previous section, cell spacing reduces with increase cooling rates. Thus, 

for particles having the same composition, an increase in particle size will lead to a 

reduction in cell spacing. Figure 2.9 shows such a result for Al4.3Cu, Al4.5Cu, and Al17Cu 

atomized in nitrogen and helium [41].  

 
𝐶𝑝𝑚

=
𝑑𝐻

𝑑𝑇𝑚
=

𝑑𝑓𝑠

𝑑𝑇𝑚
∙ ∆𝐿𝑎𝑡𝑒𝑛𝑡 + 𝐶𝑝 2.7 

 𝑑𝑣

𝑑𝑡

(𝜌𝑚 − 𝜌𝑔)

𝜌𝑚
𝑔 − 0.75

𝜌𝑔

𝜌𝑚

𝐶𝑑

𝐷
𝑣2 2.8 
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Figure 2.9. Cell spacing of Al-5%Cu and Al-17% Cu droplets atomized in N2 and He.  

 

2.7. Strip Casted Al-Mg-Sc Alloys 

In industrial, one of the methods for achieving a rapid solidification process is twin-belt 

casting. The effects of 0.4wt%Sc in Al3Mg alloys produced by twin-belt casting was 

investigated previously  [4]. A lab-scale twin-belt caster with a high cooling rate of 100K/s 

was used to produce strips of Al-3wt%Mg and Al3Mg0.4Sc alloys. Due to this high cooling 

rate compared to conventional direct chill casting (1-10K/s), a supersaturation of Sc in the 

aluminum alpha matrix was found [4].  

To study the precipitation hardening of Sc, a part of the as-casted sample were heat treated 

at 300˚C and 400˚C from the 30s to 72hrs. To understand Sc’s effect on obstacle grain 

growth, another set of as-cast sample underwent 80% cold rolling before they were 

annealed at the same condition. Vickers hardness measurements were performed on those 

samples. A summary of the result is shown in Figure 2.10.  
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The presence of 0.4wt% Sc in the Al-3wt% alloys was found to increase the hardness after 

age hardening. Upon TEM examination, nano-sized coherence Al3Sc precipitates were 

observed after aging that contributes to the age hardening effect. The TEM images are 

shown in Figure 2.11.  

 

 
Figure 2.10: Vickers hardness for as-cast Al3Mg and Al3Mg0.4Sc at different temperature 

and holding different time period [4]   

  

(a) As-Cast, age hardened at 300°C for 24hrs (b) As-Cast, age hardened 400°C for 15 min 

Figure 2.11:  Bright field TEM images; Al3Sc precipitates during aging  [4]   
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One of the future work proposed in this work is to perform similar microstructural, and 

mechanical property tests to Al-Mg alloys with lower Sc addition due to the high cost of 

Sc.  

2.8. Summary  

Aluminum being the most abundant element in the earth crust also shows a great 

combination of excellent strength and light weight. Among all the alloying elements, Mg 

has the best strengthening per weight percent ratio due to Mg’s low density and outstanding 

solid solution hardening effect. However, excessive amount of Mg could not be added into 

aluminum without introducing concerns such as fragile to stress corrosion cracking. Sc 

could be added to further strengthen aluminum magnesium alloy. The strengthening 

mechanism for the Sc addition to aluminum alloy is precipitation hardening, which requires 

supersaturation of Sc. In order to achieva a supersaturation of Sc, solutionizing and 

quenching have to be done to casting products whose cooling rate is low. However, these 

processing methods are not cost or time efficient and many problems could occur during 

the treatments, such as oxidization and surface blistering. To avoid these additional heat 

treatment steps, a rapid solidification process could be used to produce Al-Mg-Sc alloys 

with the supersaturation of Sc as-casted, such as IA, IASD or twin belt strip casting. Al3Mg 

with 0.4Sc produced by twin-belt casting shows a great increase in microhardness after 

aging compared to Al3Mg without Sc addition. It has been proposed that the Sc addition 

could be reduced by at least 20wt% but still maintain a good precipitation hardening effect.  

Thus, this work aims to determine the effect of strengthening on an Al-Mg alloy with 

0.2wt%Sc undergoing rapid solidification. A breakdown of the approach used in this work 

to carry out this objective is outlined as follows: 

2.9. Objectives 

 Rapidly solidified Al1.5Mg0.2Sc and Al3Mg0.2Sc alloys will be produced with IA and 

IASD trying to cover the cooling rate range of twin belt strip casting; 

 The cooling rate of IA powders will be simulated with the use of a thermal model that 

has been developed and verified in previous research [12] [13]; 
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 A temperature measurement system will be developed, by which the cooling rate of the 

IASD process could be measured; 

 Cell spacing measurement will be carried out on the powders and strips; and a 

correlation between the cooling rate and cell spacing will be established and compared 

with published work; 

 Aging will be performed on the powders and strips performed at 300°C for varies 

period; 

 Microhardness will be measured on as-produced and after aged powders and strips; a 

comparison will be drawn to see the precipitation hardening effect; 

 DSC will be done to simulate the age hardening process to see if this hardening effect 

is due to the addition of Sc ; 

 A comparison between cooling rate, cell spacing, and response to aging will be drawn 

between impulse atomized powders, spray deposited strip and twin belt casted strips to 

see if these the two processing method used in this work could be used to evaluate the 

performance of an new alloy in twin belt casting process.  
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3. Experiments and Results 

In this chapter, the IA and IASD procedures will be introduced along with a list of the 

sample produced. The development of a temperature monitoring setup for IASD process is 

presented. Sieve analysis for IA powders will be shown. Different etchants and etching 

time to reveal the microstructure will be described. Inductively coupled plasma (ICP) of 

the chemical analysis of atomized powders and strips will be presented. Cell spacing 

measurement and microhardness measurement performed in this work will be introduced. 

Finally, furnace aging and DSC aging will be exhibited.   
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3.1. Sample production 

3.1.1. Impulse Atomization 

The schematic of the IA apparatus at the Advanced Materials and Processing Laboratory 

(AMPL) is shown in Figure 3.1. 

 

For all the IA runs performed in this study, 3mm thick graphite nozzle plates with 37 

orifices (350 µm in diameter) were used along with graphite crucibles (4 in the schematic). 

Graphite was chosen for the nozzle plates and crucibles materials due to its excellent 

thermal and electrical conductivities for better heating efficiency using an induction 

furnace (3 in the schematic). The nozzle plates were glued to the bottom of the graphite 

crucibles with a graphite glue.  

 

Figure 3.1: Schematic of the AMPL IA tower [10] 
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During the setup, an alumina plunger (2 in the schematic) was fixed onto the pulsator (1 in 

the schematic) with bearings. The plunger was set above the nozzle plate at a distance 

equals to the shaking displacement.  A pre-calibrated Fisher brand K-type thermocouple 

was inserted into the crucible. A ceramic tube was used to protect the thermocouple from 

the melt. The covered K-type thermocouple was placed way from the plunger to avoid any 

blockage to plunger movement. The metal charge of known weight was added into the 

crucible. A glass beaker (8 in the schematic) filled with oil was put on top of a load cell (7 

in the schematic) located in the bottom chamber.  

The IA could be considered as a three stages process: the atmosphere setting stage, the 

temperature setting stage, and the atomization stage. At the atmosphere setting stage, an 

Ar (or other gas as desired) atmosphere with less than 10 ppm oxygen level was established 

with vacuuming and purging. This is done because aluminum is very sensitive to 

oxidization. A slight positive pressure was maintained throughout the atomization process 

to keep the atmosphere in the atomization chamber at low oxygen level. At the temperature 

setting stage, the metal charge was slowly heated up to the desired atomization temperature 

and then stabilized for at least half an hour. At the atomization stage, the plunger was 

shaken at a proper frequency and amplitude so that a continuous stream of powders could 

be generated through the orifices. The atomized powders were collected in the beaker filled 

with oil 4m below the nozzle plate. The mass flow rate was recorded with the load cell.  
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3.1.2. Impulse Atomization with Spray Deposition 

In an IASD process, instead of collecting the fully solidified powders in a beaker, semi-

solid droplets were deposited onto a moving substrate to form a strip, mimicking the strip 

casting process. The schematic of the IASD set-up is shown in Figure 3.2： 

The top part of the IASD setup was the same as the top chamber of the IA tower described 

in the previous section. In the bottom chamber, or a turret in this case (6 in the schematic), 

a moving copper substrate (8 and 9 in the schematic) was put at 378mm (or other distances 

desired) below the nozzle plate. The copper substrate was clamped on the top of a substrate 

support, which was motorized to move horizontally at a speed of 5mm/s (or other speed of 

choice). The top surface of the copper substrate was sandblasted and sprayed with a thin 

layer of oil to achieve a better thermal contact between the copper substrate and the strip. 

The copper substrate was preheated to above 100˚C by two heating blocks located on the 

substrate support. This was done to evaporate any moist on the substrate.  

The IASD process could be considered as an IA process with an additional deposition stage, 

at which semi-solidified droplets continuously deposited on the moving copper substrate.    

 

Figure 3.2:  Schematic of the IASP set-up [10] 
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3.1.3. Sample Produced 

Figure 3.3 shows the powder and strip samples produced from IA and IASD processes.  

A summary of IA and IASD runs performed in this work is shown in Table 3.1. 

Table 3.1: Runs done in this study 

  

  
(a) Powder produced (b) Strip produced 

Figure 3.3: Sample produced from (a)IA and (b) IASD 

Run # Composition  Size Tinital (°C) Comments 

IA1 Al1.5Mg0.2Sc 350 µm 900 Produced powders with different 

size ranges  IA2 Al3Mg0.2Sc 350 µm 900 

SD1 Sn 250 µm 400 Test run 

SD2 Al1.5Mg0.2Sc 350 µm 1000 
Cell spacing, eutectic fraction, 

micro hardness, age hardening at 

varies time @300 °C and its 

effect after aging were to be 

measured 

SD3 Al1.5Mg0.2Sc 350 µm 900 

SD4 Al1.5Mg0.2Sc 350 µm 800 

SD5 Al3Mg0.2Sc 350 µm 1000 

SD6 Al3Mg0.2Sc 350 µm 900 

SD7 Al3Mg0.2Sc 350 µm 800 

SD8 Al4.5Cu 350 µm 800 
Temperature measurement run 

SD9 Al3Mg0.2Sc 350 µm 1000 
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3.2. Temperature Measurement 

In this study, a temperature monitoring system was developed to measure the top and 

bottom interface temperature of the strips. The top interface refers to the boundary between 

the top surface of the strip and the inert atmospheres; and the bottom interface means the 

boundary between the bottom surface of the strip and the copper substrate. A schematic of 

the temperature measurement setup is shown in Figure 3.4: 

Infrared camera and emissivity probe 

Mikron M7640 Infrared Camera and Mikron QL3600C-2B Infrared Quantum II Emissivity 

Probe were used in this work to measure the top interface temperature. They had shown 

their capability in measuring the top interface temperature in similar applications of other 

researches [46] [47].   

An infrared camera measures the surface temperature of an object by converting the 

radiation emitted by that object. However, an object also reflects radiations from other 

objects at the same time. The emissivity is required to elminate the reflection radiation for 

accurate infrared temperature measurement. In this work, Mikron QL3600C-2B Infrared 

Quantum II Emissivity Probe was used to measure the emissivity of the top surface of the 

strip. Figure 3.5 shows the block diagram of this device.  

 

Figure 3.4: The schematic of temperature measuring setup 
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During measuring, a modulated infrared laser beam is sent to the target. The photodetector 

detects the intensity of the modulated infrared laser from the object. For an opaque object,  

Since the infrared beam is modulated, a reflected beam from the object at the same 

wavelength could be distinguished by this device. The intensity of the infrared radiation 

decays with their travel distance. The “range-finder” in the emissivity probe helps to 

determine the distance between the device and the object in focus. When the %Reflected 

of the modulated beam is determined, the emissivity of the object can then be calculated 

by the microcomputer built-in the device based on the aforementioned equation. A 

temperature output could also be generated based on the radiation energy from the object 

at the same time.   

The two observation windows on the previous IASD turret were modified to be the 

measuring windows for these two infrared devices. There are two issues that need to be 

addressed in order to do that: the position of the window and the property of the glass. The 

emissivity of an object depends mainly on two factors: the temperature of the object and 

the measuring angle (the angle between the sight of the infrared camera or the emissivity 

probe and the normal line from the measuring surface) if it is greater than 40° [49]. It is 

important to make sure that both of the devices are measuring the objects at the same sight 

 
Figure 3.5: Simplified block diagram of the emissivity probe [48] 

 𝐸𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 = 1 − %𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 3.1 [48] 
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intersection point from the same angle. A schematic of the measuring position is shown in 

Figure 3.6.  

Points A and B show the location of the two observation windows. The height H of the 

turret is measured to be 51.5 cm. The upper diameter L1 and lower diameter L2 of the turret 

are measured to be 46 cm and 122 cm respectively. The turret wall length L3 is measured 

to be 64 cm. The distance between the center of the observation window and the top edge 

of the turret along the turret wall L4 is measured to be 14 cm. The measuring angle θ and 

the height of the devices measuring sight intersection point h are calculated to be 53.6 ° 

and 17.2 cm. The detailed calculations could be seen in Appendix A.  

It is found that θ is larger than 40 ° and therefore, the emissivity probe has to be put at the 

same measuring angle as the infrared camera to get the specific effective surface emissivity 

at this angle. The height h is similar to the height of the substrate support, which is 

measured to be 18.5 cm. Therefore, it should be safe to say that the positions of those two 

observation windows were will intersect at the same point on the surface of the deposit. 

The intersection point is right next to where the spray of droplets occurs.  

The infrared camera measures the radiation energy at a spectral band of 8-12 µm; the 

emissivity probe shoots out a laser at the wavelength of 1.55 µm and the measures the 

intensity difference between its projection laser and laser reflected from the object surface. 

Therefore, the each of windows that those two devices measuring through need to have a 

minimal and known absorption loss at 8-12 µm and 1.55 µm respectively.  

 Figure 3.6: Schematic of measuring position 
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A 75mm in diameter Germanium with 3-12 µm AR coating IR window from Edmund 

Optics was used with the infrared camera. It has an above 95% transmission rate for light 

at a wavelength between 3 to 12 µm. A 75 mm in diameter Calcium Fluoride uncoated IR 

window from Edmund Optics was selected for the emissivity probe. It has an above 90% 

transmission rate for light at a wavelength of 1.0 to 2.0 µm. Their transmission rate vs. 

wavelength plot could be seen in Figure 3.7. According to the supplier, both of these two 

IR windows could take up to 69 kPa pressure difference as well as a slightly elevated 

temperature (40 °C). In our case, the maximum pressure difference in IASD tower should 

be 34 kPa.  

2-color pyrometer 

The bottom interface temperature is the temperature between the copper substrate and the 

bottom surface of the strip. A non-contact temperature measurement method has to be 

developped to avoid any additional heat sinks that could interference with the original 

condition. 

An approach was proposed by the researcher previously worked on this project. It is to use 

three self-assembled InGaAs photodiodes to measure the radiation emitted by the strip 

through three small holes (0.5 mm in diameter), and then, converting the detected radiation 

energy into temperature reading through calibrating the energy signal against known 

temperature. However, this idea did not work because the measuring spot size for the 

photodiode was unknown but surely large enough to not be able to read through the 0.5mm 

 

 

(a) (b) 

Figure 3.7: Transmission rate vs.  Wavelength (µm) for (a) Germanium IR window with 

3-12 µm AR coating and (b) Uncoated Calcium Fluoride window [50, 51] 
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holes. Although this method was not feasible, it provides some insights into the final 

solution.  

As mentioned above, the conversion of the radiation energy to temperature is related to the 

emissivity of the objects. Apart from measuring angle, the emissivity of an object is also 

temperature and surface roughness dependent [52] [53] [54].  

The limiting factors of selection a proper temperature measuring tool for bottom interface 

temperatures are: 

 Space: the measuring device has to be able to put underneath the substrate within the 

stage. 

 The emissivity of aluminum: the emissivity of aluminum is relatively small. This means 

that the measured light contains lights that are reflected and refracted. Therefore 

drawing errors into the measurement. 

 Non-contact: the intrusion of this temperature measurement has to be minimized to 

present the actual data. 

 Small spot size: to prevent the deposit from dripping through the holes, the hole size is 

limited (<0.5 mm from experiment). 

An infrared temperature measurement device is the major and relatively mature non-

contact temperature measurement method available. There are two types of infrared device: 

single-color and two-color.  

Single color devices detect light in a single wavelength. Emissivity value is required for a 

valid measurement. During the solidification process, due to the chaning temperature and 

the phases, the emissivity keeps changing as well. A single-color pyrometer that is 

specified for aluminum measurement is also available. It focuses on a particular 

wavelength that corresponds to the smallest emissivity change for aluminum [55]; however, 

the smallest spot size for this device is above 1.1 mm. A general purpose single-color 

pyrometer will provide a smaller spot size (down to 0.45 mm at 88 mm distance) but an 

emissivity monitoring device will then be needed to measure the change in emssivity. Due 

to the space and temperature limitation, a fiber optic will then be required to be connected 

to the emissivity monitoring device. After checking with the supplier, there is no standard 
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fiber optical component available for our emissivity probe. So if this approach is used, a 

custom built connection is required. The lens from the emissivity probe has to be removed 

and connected to a fiber optic directly and then to the light sensor inside the emssivity 

probe. This could be done if the light sensor has a smaller surface area than the spot size; 

otherwise, the reading will not be accurate due to the fact that it will consider the light is 

coming from the whole area. Also, the optical fiber has to be aimed precisely at both ends, 

the sensor and the hole. Theoretically, this will work if the sensor has a smaller surface 

area than 0.5 mm but a lot of skill and work has to be put in, not accounting for the risk of 

reducing accuracy from any human errors. An alternative method should be considered.  

A two-colored pyrometer measures simultaneously with two sensors in adjacent 

wavelengths. It calculates the temperature by rationing the radiation intensities of these 

two wavelengths. The absolute emissivity is not required. In addition, this technique 

eliminates some factors that reduce the accuracy of a conventional single color instrument, 

such as field of view, dirty viewing window, and dust or other contaminations.  

A two-colored pyrometer with a temperature range of 350-1200 °C was identified [56]. It 

came with a fiber optic head. Figure 3.8 shows the schematic of this fiber optic head.  

In the front of this fiber optic, there is a lens that is able to read a smallest spot size of 

0.45mm at a focal distance of 87 mm. A laser targeting system is a build inside the device 

allowing it to emit laser for easy targeting. This device could change from single color 

mode to two color mode if needed. The lens is enhanced so that it could be used at up to 

 

Figure 3.8: Schematic of the fiber optic head [56] 
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250 °C. Considering the temperature of the copper substrate is less than 250 °C during the 

run, this protection is sufficient [57]. A built-in laser targeting light is provided to help the 

lens focus on the hole.  

As stated above, the 0.45mm spot size could be achieved at a focal distance of 87mm. It is 

important to fix the lens at such distance from the top surface of the copper substrate (where 

metal/substrate interface occurs). First, a holder was implanted. A schematic is shown in 

Figure 3.9 (a). And Figure 3.9 (b) presents the actual setup. Two plastic screws were used 

to hold the fiber optic head. By loosing and tightening the screws, the height of the lens 

could be adjusted. The holder was attached to the center of the substrate support.  

Calibration of devices 

The infrared camera and the emissivity probe were calibrated together as they were to be 

used at the same time. The heat block used to preheat the substrate is used as a calibration 

heat source for the infrared camera and the emissivity probe. The temperature of the heating 

block was monitored by a K-type thermocouple. The temperature of the heat block was set 

to be 500 °C. The emissivity probe was used first without the installation of the IR window. 

At the same time, the infrared camera was also used to record the temperature of that block 

by setting the emissivity to 1.00. The point of interests was selected on the center of the 

view from the software. The infrared camera temperature was then calculated based on the 

  
(a) (b) 

Figure 3.9: (a)Schematic drawing of the fiber optic lens; (b) fiber optic installed onto the 

substrate support with a holder 
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measured emissivity from emissivity probe. The experiment was carried out again through 

the IR windows. The result can be seen in the table below.  

Table 3.2: Emissivity probe and infrared camera calibration data 

Less than 5% difference between the data recorded with and without IR windows was 

recorded. This suggests the selection of these IR windows is valid. The temperature 

recorded by the infrared camera after applying the measured emissivity was less than 5% 

lower than 500°C. Therefore, it is safe to say that both of the infrared camera and the 

emissivity probe are calibrated.  

The effect of small holes on temperature readings was then studied. The experiment set-up 

is shown in Figure 3.10.  

An iron wire was heated up by a power supply. The actual temperature of the iron wire was 

not monitored since it was the difference in temperature with and without the small holes 

that was interested at this stage. The goal here was to establish a comparison between the 

temperature measurements through different hole sizes and substrate thicknesses. The 

temperature calibration against an object with known temperature will be presented later. 

Two substrates (0.9 mm and 1.2 mm in thickness) with hole sizes of 0.45 mm, 0.55 mm, 

Device 
Emissivity Probe Infrared Camera 

Emissivity T (°C) T (ɛ=1), °C T (ɛ=measured), °C 

Without IR 

window 
0.896±0.018 503.3±4.2 566.8±5.8 508 

With IR 

window 
0.954±0.021 496.5±6.0 529.4±8.1 505 

 
Figure 3.10: Calibration setup to test the effect of small holes 
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and 0.65 mm were used. The wire was fixed by the clipper and held right on the top of the 

substrate. The substrate was then moved out of the view of the lens. The position of the 

wire was adjusted until there was a reading from the pyrometer. The substrate was moved 

back, and the focusing laser was turned on. The results are shown in Table 3.3.  

Table 3.3: Temperature recorded against hole-size 

Although the smallest spot size for the lens was specified at 0.45 mm, the smallest hole 

size that the pyrometer could read through was 0.55 mm, due to human error in alignment 

and setting the exact measuring distance. A 30 °C difference in the readings was noticed 

during the measurement. This could be explained by the small-hole effect, where the 

radiation intensity reduces approximately as the square of the ratio of hole diameter to 

length [58]. Due to the need of reading through small holes, a combination of 0.55mm hole 

and a 0.9 mm thick substrate was selected to be setup for temperature measurement.  

The two-color pyrometer simultaneously measures the radiation intensities of two 

wavelengths with two sensors. The temperature is calculated based on the ratio of these 

two measured radiations and assuming the emissivity does not change with wavelength. 

By doing so, the effect of emissivity is minimized. However, for aluminum and most metals, 

their emissivity does change with wavelength. The two-color pyrometer selected has the 

ability to change the emissivity slope so that the actual temperature could be measured with 

higher accuracy. To find a correct emissivity slope, a comparison test with a thermocouple 

probe is suggested in the user manual [56]. Al3Mg0.2Sc sample cut from the strips were 

used as a test object. The setup of the calibration process is shown as follow:  

 T for 0.9 mm thick substrate  T for 1.2 mm thickness substrate 

Without Substrate 757.7 ± 4.0 °C 788.0± 4.6 °C 

0.65 mm hole 726 .7± 3.1 °C 757.7± 2.1 °C 

0.55 mm hole 724.7± 2.5 °C -- 

0.45 mm hole -- -- 
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A small block of Al3Mg0.2Sc strip was put into a calibration furnace. The sample block 

was heated by the furnace while a calibrated K-type thermocouple was used to monitor the 

temperature on the block surface. The calibration profile of the K-type thermal couple 

could be found in Appendix B. The optic fiber lens was held at 87 mm from the top of the 

sample with a stand. The sample was first heated up to 400 °C. Emissivity ratio in the 

pyrometer was changed so that the temperature of the pyrometer is 400 °C plus 30 °C. The 

extra 30°C was added so that the temperature reduction due to the effect of measuring 

through a small hole could be compensated. The sample was then heated up to 500 °C and 

600 °C. The temperature from the pyrometer is recorded (Table 3.4).  

Table 3.4: Calibration data by changing the emissivity slope 

The K value was set to be 1.2 where the extra 30°C reading met. With the increase of the 

temperature, there was some fluctuation in the temperature readings; however, this was 

still in the acceptable range of less than 5%. The calibration was performed up to 600°C.  

 

Figure 3.11: Schematic of the test for the effect of the emissivity slope 

Emissivity slope K 1.0 1.1 1.2 

@400 °C 390.3± 2.5°C 414.7± 2.5°C 433.0± 2.0°C 

@500 °C 486.7 ± 1.5°C 506.3± 3.8°C 526.3 ± 4.0°C 

@600 °C 588.3± 1.5°C 614.3± 2.5°C 629.7 ± 4.2°C 
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3.3. Sample Analysis  

3.3.1. Sieving 

The collected powders were sieved using W.S. TYLER Sound Enclosure 6027 automatic 

sieving machine. ASTM B214 - 16 was followed. Sieve analysis was performed to find out 

the size distribution of the produced sample. Particles with size above 1000 µm were 

omitted from this analysis as they were not categorized as “powders” in this study and they 

represented a small portion of the total weight below 1000 µm. Table 3.5 shows the sieve 

data for Al3Mg0.2Sc_Ar.  

Table 3.5: Sieve Data for Al3Mg0.2Sc_Ar 

“Avg. Size D” is calculated by taking the average of the upper and lower sieves size. 

“Weight” is the weight of the sample in the corresponding size range. “Weight Fraction” 

is calculated by dividing the weight measured for each size range with the total weight.  

“Wt% Cumla” shows the cumulative weight percent at each size range. Cumulative weight 

fraction shows the weight fraction for powders of the size equal or smaller than the 

specified size range. “lnD” means the natural log of the specified average size. “Z” is the 

z-factor get from the z-table correspond to log-normal distribution [12]. “lnD” and “z” are 

plotted against each other. The plot is shown in Figure 3.12: 

Avg. Size D (um) Weight (g) Weight Fraction Wt% Cumla. lnD z 

925 16.5 0.0771 100 6.83 3.34 

780 31.7 0.148 92.3 6.66 1.42 

655 49.0 0.229 77.5 6.48 0.753 

550 38.3 0.179 54.6 6.31 0.115 

462.5 26.5 0.123 36.7 6.14 -0.344 

390 17.8 0.0832 24.3 5.97 -0.697 

327.5 15.2 0.0711 15.9 5.79 -0.998 

275 10.5 0.0491 8.84 5.62 -1.38 

231 8.40 0.0393 3.93 5.44 -1.76 

Total 213.9    
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A trend line and the corresponding equation are added to the plot. R2 shows how well the 

powder size distribution to a log-normal one. “lnD” and “z” follows the equation 3.3. 

The results are tabulated in to Table 3.6.  

Table 3.6: D50 and R2 from sieve analysis 

To sum up, the powders produced by IA have a log-normal distribution with a D50 being 

about 1.4 times the orifice size.  

3.3.2. Metallography 

Prior to microscopy and microhardness measurement, the powder and strip samples were 

mounted. For sample mounting, the epoxy is mixed and poured into a mold. The samples 

were put into a mold filled with epoxy. A small sheet of paper with the run number, 

composition and size range information was placed into the epoxy for reference purpose. 

 
Figure 3.12: lnD vs. z-factor for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders 
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The samples were polished with Buehler’s AutoMet 250 auto polisher. The polishing 

procedure was based on the suggested polishing method provided by the manufacturer of 

aluminum alloys as shown in Table 3.7.  

Table 3.7: Polishing procedure suggested by the manufacturer 

To fully remove the adherence of the 0.05 liquid, the last step was repeated for another 1 

minute with water instead of diamond liquid. The samples were then cleaned with tap water. 

After air drying, the samples were put into a glassware container filled with alcohol. The 

container was placed into an ultrasonic bath to wash for another 40 minutes.  

Etching was performed on mounter powders and strips samples to reveal the grain 

boundaries. The procedure for sample metallography for aluminum magnesium alloys 

suggested in ASTM standard E407-07 “Standard Practice for Micro-etching Metals and 

Alloys” [59] are tabulated in Table 3.8 below.  

Table 3.8: Suggested etchant and procedure  

Due to safety concerns and accessibility of the chemicals, etchant 1a and 3 were tested and 

used in this study. A 710-850µm diameter range Al3Mg0.2Sc powder sample was used as 

the etchant trial sample. The selection of larger particle size powders is due to their 

relatively large cell spacing suggested from the literature review.  

Grade RPM (head) Load N (lb) Direction Time (min:sec) 

320 grit 240 22.2 (5) Com Until plane 

1200 grit 150 26.7 (6) Com 6:00 

3µm 140 26.7 (6) Com 4:00 

0.05 µm 120 26.7 (6) Contra 10:00 

Etchant Composition Procedure 

1a 0.5% HF Swab with cotton for 15 s. 

2 3 % HF Swab 10 s to reveal general structure. 

3 Keller’s Immerse 10–30 s. Wash in a stream of warm water. 

6 25% HNO3
 Immerse 40 s at 70°C (160°F). Rinse in cold water 

8a 10% H3PO4 Immerse 1–3 min at 50°C (120°F). 
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Etching with 0.5% HF 

Figure 3.13 shows an optical microprobe image taken after 0.5% HF was swabbed with 

medical use cotton Q-tip for 15 s. No observable structure was revealed after this etching. 

Several attempts were made for swabbing a longer time, but no change could be observed. 

The next tested etchant is Keller’s solution  

Etching with Keller’s solution 

Figure 3.14 shows Al3Mg0.2Sc_Ar_710-850 powder sample etched with Keller’s etchant.  

 

Figure 3.13: Al3Mg0.2Sc_Ar_600-710 etched with 1ml HF and 200 ml water and 

swabbed with cotton for 15 s 

  

(a) 30 s (b) 60 s 

Figure 3.14: Al3Mg0.2Sc_ 710-850 powder etched by Keller’s etchant for (a); (b)  
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The etchant was applied for 10 s, 20 s and 30 s; at the 30s, some faint grain boundaries was 

observed. But they were not bright enough for cell spacing measurements. The sample was 

etched for an additional 30 s; and as shown in (b), the dendritic structure was clearly 

revealed. Therefore, Keller’s etchant etching for 1 minute was selected to procedure for all 

the powder and strip samples in this study. 

3.3.3. Inductively Coupled Plasma (ICP)  

During atomization runs at temperatures higher than 800°C, Mg deposits were observed 

around the cooling tubes inside the tower. Samples of IA and SD samples were sent to 

Cambridge Materials Ltd for ICP analysis. The samples were reported to be digested with 

HCl, HF, and H2O2 solution. The ICP results could be seen in Table 3.9. The nominal Mg 

composition for the charge material was given by the supplier. The Mg content decreases 

with increasing atomization temperature. For the IA samples, the Mg concertation is closer 

to the charge metal than the SD samples. This could be explained by to the shorter holding 

time at the atomization temperature.  

Table 3.9: ICP Result 

Mg. Content ICP 

Sample Al1.5Mg0.2Sc Al3Mg0.2Sc 

Charge Material 1.53 wt% 3.12 wt% 

SD_Ar_800C 1.40 wt% 2.98 wt% 

SD_Ar_900C 1.38 wt% 2.91 wt% 

SD_Ar_1000C 1.36 wt% 2.78 wt% 

IA_Ar_900C 1.46 wt% 2.84 wt% 
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3.3.4. Cell spacing measurement 

Optical Microscope 

The washed and dried samples were examined under Olympus BX61 optical microscope. 

The optical microscope was connected to a computer and the software Olympus Stream 

was used to control the microscope. The eye lens was fixed at 10x. The observation lens 

was set to 20x to achieve an overall 200x magnification. A 500x magnification was also 

used in this study for finer structure. A sample image could be seen in Figure 3.15.  

After polishing, the top and bottom surface of a mounted sample were not parallel to each 

other. Therefore, the top of the sample surface would not be parallel to the horizontal 

surface on which the sample was placed. This would lead to an image with a focus on one 

part and blur on the other part. The “Z-Stack” feature built in the microscope was used to 

acquire clear images. The “Z-Stack” feature enables us to combine images taken at 

different focal level and automatically produced an image with clear resolution. 

Cell Spacing Measurement 

Linear line intercept method introduced in ASTM E112-13 was employed in this study for 

cell spacing measurement. A sample measurement procedure is shown in Figure 3.15: 

 
Figure 3.15: Cell spacing measurement procedure 
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Images acquired from the optical microscope was analyzed further using ImageJ. After 

setting the scale, four lines with known distances were drawn on the image. “Cell Counter” 

feature built-in the software was used to record times that the drawn line intersects with 

the cell boundaries. If a line is tangent to a grain or either end of the drawn line falls into 

the grain, a half intersection point was recorded. The final cell spacing would be the total 

length of the drawn lines divided by the number of interception points.  

Powder 

Figure 3.16 shows the cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc as a function of 

powder sizes.  

The effect of cooling rate 

One thing could be noticed from Figure 3.16 is that for powders of the same composition, 

cell spacing reduces with decreasing powder size.  

Smaller powder size means the larger surface area to volume ratio. For powders produced 

by Impulse Atomization, their cooling rate 
𝑑𝑇𝑚

𝑑𝑡
 could be expressed [12]: 

 
Figure 3.16: Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders 
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Where heff is the effective heat convective coefficient, 𝜌𝑚  and Cpm are the density and 

effective specific heat where latent heat was considered for the droplet; D is the droplet 

size; Tm and T∞ are the temperatures for the droplet and tower atmosphere respectively. 

Equation 3.2 shows that the increase in droplet size will lead to a decrease in cooling rate. 

The increase in cooling rate will promote the amount of undercooling the droplet 

undergone and produce more effective nucleation sites for more grain to be formed in a 

fixed volume. Also, a fast cooling rate means a short time for grain growth to take place. 

By combining the above two factors, a smaller powder size will lead to a smaller cell 

spacing.  

The effect of Mg 

At the same particle size and therefore, similar cooling rate, Al3Mg0.2Sc powder has a 

smaller cell spacing compared to Al1.5Mg0.2Sc powder. This phenomenon could be 

explained by the constitutional undercooling. During a solidification process, the formation 

of Al alpha phase is companied by ejecting Mg into the liquid phase following the liquidus 

and solidus line on the phase diagram. At the liquid/solid interface, if the ejected Mg is not 

diffused away efficiently, a local enrichment of Mg will be resulted, which in turn, will 

lead to a higher liquidus temperature. If the thermal gradient is lower than the liquidus 

temperature gradient, a constitutional undercooling zone will be formed. Figure 3.17 shows 

an example of constitutional undercooled region at the growth tip.  

 

𝑑𝑇𝑚

𝑑𝑡
= −

6ℎ𝑒𝑓𝑓

𝜌𝑚 ∙ 𝐶𝑝𝑚 ∙ 𝐷
(𝑇𝑚 − 𝑇∞) 3.2 
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The formation of this constitutional undercooled zone will promote nucleation such as the 

formation of secondary dendritic arms on the main dendritic arm walls, and therefore a 

smaller cell spacing. In addition, the growth restricting factor (GFR) is used to describe the 

segregation power of an element. GFR is expressed in equation 3.3: 

Where m is the liquidus gradient, c0 is the bulk composition, and k is the partition 

coefficient [61]. In this equation, m and k could be considered constant for an alloy. Hence, 

GFR increases with higher solute concentration. It is reported that an initial rapid decrease 

in grain size with the increase GFR and reaches a minimum grain size at a critical solute 

concentration. In Table 3.10, the maximum concentration of Mg in aluminum is suggested 

to be about 3.40wt%, higher than the 1.5wt% and 3.0wt% Mg addition in the present work.  

In summary, both the addition of Mg and the reduction in powder size will result in a 

smaller cell spacing, which means leading to a powder with finer grain.  

Strip 

Figure 3.17: Constitutional undercooling region in the front of a dendritic tip [60] 

 𝐺𝐹𝑅 = 𝑚 ∙ 𝑐0 ∙ (𝑘 − 1) 3.3 

Table 3.10: Segregating power of elements in aluminum [60] 
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The effect of different locations  

Areas at various locations on the deposit experience different cooling rates. The top surface 

was cooled by heat convection of the gas present in the tower, the middle part was cooled 

by heat conduction to the upper and lower surfaces of the deposit, and the bottom surface 

was cooled by heat conduction to the copper substrate. As mentioned in the previous 

section, the difference in cooling rate should result in a difference in cell spacing. Therefore, 

cell spacing measurement was performed on the different locations along the axial 

direction of the spray deposit cross-section. A sample of images taken at various locations 

could be seen in the Figure 3.18.  

 

 

 

 

 

 

Figure 3.18: Sample images of strip Al3Mg0.2Sc_900°C 
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Figure 3.19 below shows the cell spacing of Al1.5Mg0.2Sc and Al3Mg0.2Sc measured at 

different locations in the deposit. 

The results do not show a noticeable difference in cell spacing through the thickness of the 

deposit. A similar trend has been observed in previous research done on the spray 

deposition process [62]. The strips produced by spray deposition are thin. This will lead to 

a low thermal history difference along the vertical direction. That being said, both of the 

alloys show a small cell spacing increase in the middle height of the strip, where the lowest 

cooling rate should be achieved among the three locations.  

The Effect of Atomization Temperature 

Figure 3.20 below shows that the increase of atomization temperature will lead to an 

increase in cell spacing. First, a higher superheat will lead to a lower percent solid upon 

landing the substrate. The cooling rate the droplets experienced on a flight is much higher 

compared with cooling on the substrate. Moreover, from the ICP result, more Mg are found 

to evaporate under high atomization temperature. This will lead to a reduction in Mg 

concentration in the alloy. As discussed above, solute contributes to reducing the cell 

spacing during solidification. Combined with these two factors, a higher cell spacing is 

observed with higher atomization temperature.  

 
Figure 3.19: Cell spacing for Al1.5Mg0.2Sc_800 and Al3Mg0.2Sc_800 deposits at different 

sampling locations 
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3.3.5. Microhardness measurements 

The microhardness of mounted and polished samples were measured by using Buhler VH 

3100 microhardness machine.  The device is calibrated using a steel block provided by the 

manufacturer. According to the ASTM E113-e11, the temperature range of the samples is 

within the range of 10 – 35 °C. Since the samples are stored in the fridge at 0 °C to prevent 

natural aging, the samples are placed at room temperature for at least one hour prior to 

microhardness testing. The samples are then cleaned with warm water and alcohol and air 

dried before the hardness measurement.  

The dwell time and load are set to be the same for all the measurements made on both 

powders and deposit. The dwell time is set to be 10 s which is within the range suggested 

by the ASTM standard. There is no specific requirement of the load to be used; however, 

it is mentioned in the ASTM standard that the larger the diagonal under the particular 

objective of view, the more accurate the result it would be. Hence, the biggest load is 

preferred if its indentation mark could be measured under X80 objective without a severe 

hardness drop. The optimum load is determined experimentally. The test starts with the 

lowest load available for the machine, 0.05gf and then this is increased to the point where 

the load starts to drop due to the powders being pushed into the mount. The smallest size 

 

Figure 3.20:  Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits 
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range 250-300 µm is selected as the test sample since it is the most sensitive to the load 

change. The plot of load vs. microhardness is shown in Figure 3.21. 

 
Figure 3.21: Al1.5Mg0.2Sc_Ar_250-300 with 10s dwell time 

The hardness starts to drop when the load reaches to 0.2 gf; and therefore, 0.1gf is selected 

to be the test load. 

For the powders, 10 points are measured on each sample, and both the hardness value and 

the diagonal length is recorded. According to the ASTM standard, the value could be 

accepted if both of the diagonals are longer than 19 µm, and the length of the two diagonals 

are within 5%. The measured points have to be validated so that they are representative. 

Average values and standard deviations are then calculated based on the measurement.  The 

standard deviation is treated as an error during the comparison. The standard deviation is 

limited to be less than 5% if not; more points will be taken.  

For the deposit, the overall thickness of the deposit is measured by the tool provided in the 

software. Moreover, the value is divided by 3 to differ the range of the area where is 

considered to be top, middle and bottom. Within each field, 10 points are taken, and the 

distance between each point should be at least 2.5 times larger than the diagonal of each 

indentation mark.  
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3.3.6. Aging 

Furnace  

Both the strips and the powders were age hardened with the use of Hagaus Supermatic 

furnace. The strips were cut into 5mm width pieces along the length before putting into the 

furnace. The powders were poured into a small ceramic container before putting into the 

furnace. Before use, the oven was preheated to 300 °C. Eurotherm control box was used to 

set the aging time. The powders and sections of strips were heated for 30min, 1 hour, 

1.5hours, and 2 hours; after the aging time was reached, the samples were then removed 

from the furnace and air cooled back to room temperature.  

DSC  

DSC analysis was performed on the IA and SD samples to monitor the heat flux variation 

during age hardening process. About 20mg of powders were weighed and put into TA 

Instrument DSC 2910. Nitrogen was used as the shielding gas. Before heating, the samples 

were equilibrated at 30 °C. The sample temperature was then ramped to 500°C at a rate of 

20°C/min. After reaching the set temperature, forced air cooling was used to return the 

samples back to room temperature. Figure 3.22 below shows one of the DSC results of 

Al1.5Mg0.2Sc powders in the size range of 710-850µm.  
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Before running the samples, pure aluminum was run at the same setting, and the result was 

used as a baseline. As the precipitation energy of 0.2wt%Sc was considerably small 

compared to the overall peak, resulting temperature vs. energy curves were subtracted from 

the pure aluminum baseline to establish a more detailed plot. The subtracted plot for the 

curve is shown in Figure 3.23.  

The DSC experiments were repeated at least one more time to ensure the results were 

repeatable. Some energy changes were observed in the above figure. The analysis of DSC 

results will be presented in next chapter.  

3.4. Summary 

Powders with Al1.5Mg0.2Sc and Al3Mg0.2Sc were produced with IA at 800-900°C 

atomization temperature. Strips of Al1.5Mg0.2Sc and Al3Mg0.2Sc were produced by 

IASD at 800°C, 900°C, and 1000°C atomization temperature. Nozzle plates with 350µm 

orifice diameters were used for the above runs. Ar was used as the atomization gas. An 

infrared camera and an emissivity probe were selected to measure the top interface 

Figure 3.22: DSC curve for Al1.5Mg0.2Sc powders with 710-850 µm size range 

  

Figure 3.23: DSC curve for Al1.5Mg0.2Sc powders with 710-850 µm size range 
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temperature of the strip during spray deposition process, and a two-color pyrometer was 

selected to monitor the bottom interface temperature through a 0.45mm hole on the copper 

substrate.  

 The produced powders have a log-normal size distribution, and their D50/Dorifce is in a ratio 

of 1.3-1.5 range. Keller’s solution was used to etch the powders and strips to reveal their 

microstructure. The chemical analysis acquired from ICP showed that as the atomization 

temperature increase, more Mg in the alloying system would be evaporated; but the amount 

of Mg vaporized was not critical comparing to the addition amount. Cell spacing 

measurement done on the powders and strips suggested a smaller particle size would relate 

to a finer cell spacing. Microhardness measurement done on the as-atomized and as-

deposited products showed that cell spacing has a limited effect on the microhardness value. 

DSC results showed some energy change variation occurred as the temperature increases. 

In next chapter, a relationship between the measured cell spacing and cooling rate will be 

drawn. Microhardness change as a function of aging time will be established. The effect of 

Sc precipitation during aging will be analyzed based on the DSC data. 
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4. Discussion  

In this chapter, the cooling rate of the powder produced will be estimated with the use of a 

thermal model; and from the temperature measurement done during spray deposition 

process, the cooling rate of strips on the substrate will be estimated. The effect of cooling 

rate on cell spacing will be investigated. The microhardness change during age hardening 

process will be discussed. DSC results will be used to explain the aging behavior of Al3Sc 

precipitates. In the end, a comparison will be made between the IA, IASD, and twin belt 

casting process.  

4.1. Thermal Profile 

4.1.1. Thermal Model 

The background of this thermal model is described in the literature review section. Material 

properties data for Al1.5Mg0.2Sc and Al3Mg0.2Sc used in this thermal model are listed in 

Table 4.1 below:  

Table 4.1: Material properties used in thermal model 

 

 

 

 

 

The material properties are found with the use of Thermocalc TTAL7 database. The eutectic 

temperatures are determined by the temperature of last liquid to solidify under Scheil 

simulation.  In addition to these constant values, the change of fraction solid, heat capacity 

and density as a function of temperature are needed.  

Two equations are used in the model to describe the change of fraction solid as a function 

of temperature: 

Properties Al1.5Mg0.2Sc Al3Mg0.2Sc 

ρ @Tatomization (kg/m3) 2389 2319 

K (w/m·k) 203.9 203.2 
Tliquidus (K) 925 918 
Teutectic (K) 754 723 

Latent Heat (J/kg) 372000 356000 
ρ @Troom (kg/m3) 2679 2661 

Cpliquid (J/kg·K) 1179 1183 
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And, 

The constants in the equations above were determined with curve fit method in Excel. To 

obtain a solid fraction change as a function of temperature, a Scheil solidification paths 

were drawn using Thermocalc (TTAL7 database) for both Al1.5Mg0.2Sc and Al3Mg0.2Sc. 

Figure 4.1 shows such a curve for Al1.5Mg0.2Sc.  

A software DataDigitzer was used to transfer the curve into data points (fs, T) and entered 

into Excel. The constants in equations 4.1 and 4.2 were set to a series of randomly guessed 

numbers, as well as the transition temperature to switch from equation 4.1to 4.2  By doing 

so, for each temperature, a solid fraction could be calculated. An absolute difference in 

solid fraction read from the curve and calculated from the equations was obtained for each 

 
𝐹𝑠1

= 𝑎1 − (
𝑏1 − 𝑇

𝑐1
)

𝑑1

+ 𝑒1 ∙ (𝑇 − 𝑓1) + 𝑔1 ∙ (𝑇 − 273)2 + ℎ1 ∙ (𝑇 − 273)3 4.1 

 𝐹𝑠2
= 𝑎2 + 𝑏2 ∙ (𝑇 − 𝑐2) 4.2 

   

Figure 4.1: Al1.5Mg0.2Sc Scheil solidification path 
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temperature step. A sum of these absolute difference was done. Using the “Solver” function 

in Excel, a minimum value for this sum of absolute difference was sought by changing the 

constants in equations 4.1 and 4.2 as well as the transition temperature. Figure 4-2 below 

shows the curve fitting result.  

This practice was repeated for heat capacity and density for both alloys. After all the 

material properties had been gathered, the thermal model was run for both alloys with at 

different powder sizes. When running this model, the atomization atmosphere, gas 

temperature, droplet size, calculating time step, atomization temperature, simulation stop 

temperature, and initial velocity were entered. Solidification rate and freezing range are 

calculated by the model. A data file with droplet height, temperature, velocity, enthalpy, 

fraction solid, velocity and Reynolds number at each time step is also provided.  

In this work, impulse atomization runs were done under Ar atmosphere with an 850°C 

atomization temperature. The cooling rates for Al1.5Mg0.2Sc and Al3Mg0.2Sc at different 

powder size can be seen in below.  

 
Figure 4-2: Curve fitting Scheil solidification path for Al1.5Mg0.2Sc  
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The thermodynamic properties and density difference between these two alloys do not vary 

a lot. In the plot, their cooling rates almost overlapped with one and another at the same 

powder size.  

For spray deposition, the thermal model was run with a similar setting as for powders but 

with the powder, size fixed at 490µm, which is 1.4 times than the orifice size 350µm. 

Different from impulse atomization, the droplets are deposited on a moving substrate 

378mm below the nozzle plate. Therefore, in addition to the cooling rate, the solid fraction 

when the droplets hit the moving substrate is also important. A summary of solidification 

fractions at 378 mm below the nozzle plate and cooling rates for both Al1.5Mg0.2Sc and 

Al3Mg0.2Sc at different atomization temperatures can be seen in Table 4.2 below. 

 

 

 

 

  
Figure 4-3: Powder size vs. cooling rate for Al1.5Mg0.2Sc and Al3Mg0.2Sc 
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Table 4.2: Summary of thermal model result for spray deposition runs 

At the same atomization temperature, the difference in cooling rate between these two 

alloys is marginal due to their similar thermodynamic properties. Compared to powder size, 

the atomization temperature has much less influence on the cooling rates of the droplets.  

At 800°C and 900°C, Al1.5Mg0.2Sc reaches about 10wt% more solid due to its higher 

liquidus temperature compared to Al3Mg0.2Sc. At 1000°C, both of these alloys are still in 

the fully liquid state. As mentioned in the literature review section, a 40% solid fraction is 

found to provide the best balance between bonding and shrinkage porosity. Therefore, 

spray deposition of Al1.5Mg0.2Sc should be carried out in between 800-900°C; while for 

Al3Mg0.2Sc should be in the range below 800°C.  

The thermal history for solidifying impulse atomized powder could be estimated by the 

thermal model. However, for spray deposition strips, another part of the solidification 

process takes place on the moving substrate. The thermal history of this part of 

solidification process is measured by the infrared camera, emissivity probe, and two color 

pyrometer system.  

4.1.2. Interface temperature measurement  

Before the use either Al1.5Mg0.2Sc or Al3Mg0.2Sc alloys, a temperature measurement 

atomization run was done with Al4.5Cu and 400µm orifice diameter nozzle plate at 800°C. 

Due to some technical issue, the data stored by the infrared camera could not be loaded. 

The data from emissivity probe could be seen in Figure 4.4 below:  

Composition 
Initial T 

( °C) 

wt% solid @ 

378mm 

Cooling Rate 

(K/s) 

Al1.5Mg0.2Sc 

1000 0% 384 

900 26.1% 379 

800 46.2% 372 

Al3Mg0.2Sc 

1000 0% 383 

900 12.6% 378 

800 32.8% 369 
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The temperatures shown in the plot are the temperatures for droplets just landing on the 

substrate. The aforementioned thermal model was run with Al4.5Cu material data 

published in previous research [12] [13]. With this setup (400µm orifice size, Ar, and 

800°C atomization temperature), the estimated landing temperature should be around 

594°C, which is close to the measured value 600°C. The emissivity measured from the 

probe is around 0.62, which is higher than the emissivity of aluminum reported in the 

literature [63]. The higher emissivity reading is due to the measurement was performed at 

an angle. The results from the two color pyrometer reading is shown in Figure 4.5: 

   

Figure 4.4: Emissivity Probe reading for Al4.5Cu 
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The temperature measured was the bottom interface temperature, where the deposited strip 

was in contact with the copper substrate. A linear trend line is fit on the curve. The equation 

suggests a cooling rate of 0.44K/s. As mentioned in the experiment section, the lower limit 

of the two color pyrometer is 350°C, and some of the data points fall off the limit. Therefore, 

for the temperature measurement run with Al3Mg0.2Sc, the atomization temperature was 

chosen to be 1000°C.  

The emissivity probe and two color pyrometer data for Al3Mg0.2Sc with 350µm nozzle 

plate impulse atomized at 1000°C are shown in Figure 4.6 and Figure 4.7 below 

   

Figure 4.5: Two color pyrometer reading for Al4.5Cu 
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The emissivity probe reading is not valid since a significant amount of Mg was found to 

evaporate due to high atomization temperature. Some of them deposited on the cold IR 

window and blocked the view of the emissivity probe. With a higher atomization 

   

Figure 4.6: Emissivity Probe reading for Al3Mg0.2Sc 

   

Figure 4.7: Two color pyrometer reading for Al3Mg0.2Sc 
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temperature, on the other hand, resulted in a better two color pyrometer reading. The linear 

fit suggests a cooling rate of 1.7K/s was achieved after the droplets being deposited on the 

substrate.  

Heat Removal  

For powders, the heat transfer coefficient for a 490µm diameter Al3Mg0.2Sc powder, the 

average heat removal rate over the freezing range is reported to be 218 kW/ m2 from the 

thermal model, assuming an ambient temperature of 25°C.  

The average heat removed through the substrate in order to achieve a 1.7K/s cooling rate 

is calculated using the following equation:  

In which, Cp is the heat capacity, �̇� is the cooling rate, ρ is the density, and h is the thickness 

of the strip (5mm). �̇� is calculated to be 28 kW/m2.  

4.2. Cell Spacing and Cooling Rate 

In this section, the cooling rate’s effects on cell spacing are investigated for both powders 

and strips.  

4.2.1. Powder 

The cooling rate’s effects on the cell spacing measured are briefly discussed in the previous 

chapter. A more detailed analysis is performed here. By combining the cell spacing vs. 

powder size and cooling rate vs. powder size plot, a relation between the cell spacing and 

cooling rate could be drawn, as shown below: 

 
�̇� = 𝐶𝑝 × �̇� × 𝜌 ×

ℎ

2
 4.3 
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Cell spacing could be expressed as a function of cooling rate as [64]: 

Another form of the cell spacing equation is described by the coarsening law, shown in 

equation 4.5: 

Where  

And 

 

Figure 4.8: Cell spacing vs. cooling rate for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders 

 𝜆 = 𝐵 ∙ �̇�−𝑛 4.4 

 𝜆 = 5.5 ∙ (𝑀𝑡) 
1/3

 4.5 

 
𝑡 =

∆𝑇

�̇�
 4.6 

 

𝑀 =
𝛤 ∙ 𝐷 ∙ 𝑙𝑛 [

𝑐𝑙
𝑚

𝑐𝑜
]

𝑚 ∙ (1 − 𝑘) ∙ (𝑐𝑜 − 𝑐𝑙
𝑚)
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Γ is the Gibbs-Thompson coefficient; D is the diffusion coefficient of solute (Mg) in the 

liquid (Al), 𝑐𝑙
𝑚 is the last liquid to solidify (eutectic composition), c0 is the overall 

composition, m is the slope of liquidus line, and k is the partition coefficient. Sc is not 

considered in this calculation. The diffusivity D could be calculated by: 

The material properties used are summarized in below: 

The change of pre-exponential factor M in equation 4.5 with the change of T could be seen 

in Figure 4.9.  

 
𝐷 = 𝐷0exp (

−𝑄𝑎

𝑅𝑇
) 4.8 

Properties Al1.5Mg0.2Sc Al3Mg0.2Sc Reference 

D0 (m2/s) 1.49·10-5 

[65] 
Qa (kJ/mol) 121 

Γ(K·m) 10-7 [66] 

𝑐𝑙
𝑚 34wt% 

[19] 
𝑐𝑜 1.5wt% 3.0wt% 

m -0.16 

k 0.42 

∆𝑇 195 171 

[67] Tliquidus (K) 918 925 

Teutectic (K) 723 754 

   

Figure 4.9: The pre-exponential factor M change with temperature 
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In order to compare the empirically determined pre-exponential factor B from the cell 

spacing vs. cooling rate plot (Figure 4.8), the calculated ranges of M values are converted 

to B using equation 4.9: 

This equation is derived by equaling equation 4.4 and 4.5 while assuming n in equation 4.4 

equals to 1/3.  

The calculated maximum, minimum and average value of B over the freezing range for 

both Al1.5Mg0.2Sc and Al3Mg0.2Sc are tabulated below:  

Table 4.3: Calculated constant B 

 

 

 

For both alloys, n should be around 0.33; in this work, the n values measured for 

Al1.5Mg0.2Sc and Al3Mg0.2Sc are 0.37 and 0.38 respectively, which agree with the 

theoretical value within 15%. For Al3Mg0.2Sc, the measured B value is within the 

suggested range. For Al1.5Mg0.2Sc, the measured B is 107, which lies outside the 

proposed range. There are several reasons might cause this. First, the calculation of B is 

very sensitive to the diffusivity of Mg; however, the diffusivity reported in the literature 

varies at least by 10%. Also, the 𝑐𝑙
𝑚 value also has a large impact on the result. However, 

from Scheil solidification path, no eutectic should form for Al1.5Mg; and hence, the 𝑐𝑙
𝑚 

used here should not be the eutectic composition. If 𝑐𝑙
𝑚 used in the calculation was 10wt% 

instead of eutectic composition, the upper limit will be changed to 110, which the measured 

value will be within.  

Once the relationship between the cooling rate and cell spacing has been established, the 

cooling rate measured by the two color pyrometer during the Al3Mg0.2Sc spray deposition 

run could be checked against the cell spacing measured.   

 

 𝐵 = 5.5 ∙ (𝑀 ∙ Δ𝑇)1/3 4.9 

Temperature Al1.5Mg0.2Sc Al3Mg0.2Sc 

@Tliquidus (K) 87.9 82.5 

@Teutectic (K) 26.9 20.0 

Avg. over ∆T 54.5 46.6 
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4.2.2. Spray deposit 

Figure 3.19 below shows the cell spacing vs. the vertical location of the spray deposit strips. 

The cell spacing near the middle position along the thickness of the strip is about the same 

as the ones near the bottom of the strip. The homogeneity of cell spacing is due to the high 

thermal conductivity of these aluminum alloys and rather small thickness of the spray 

deposited strip.  

The Effect of Atomization Temperature 

Figure 4.11 above shows that the increase of atomization temperature will lead to an 

increase in cell spacing. As the atomization temperature increase, the temperature at which 

the droplets land on the substrate also increases. Moreover, because of the cooling by 

conductive heat transfer through the copper substrate is much lower than cooling by forced 

convective heat transfer through Ar during free falling, a higher solidification rate could 

be achieved at a lower atomization temperature. Due to a slow solidification rate, the cell 

spacing of the deposit is about seven times greater than the cell spacing for the largest 

powder measured in this work. Another result could be seen in the figure above is that as 

the atomization temperature increase, the cell spacing difference between Al1.5Mg0.2Sc 

and Al3Mg0.2Sc samples is reduced.  

 Figure 4.10: Cell spacing for Al1.5Mg0.2Sc_800 and Al3Mg0.2Sc_800 deposits at 

different sampling locations 
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At 1000°C atomization temperature, the measured cell spacing is about 61.6 µm, which 

should be about the same for the cell spacing near the bottom height of the strip. The 

measured cooling rate at near the bottom interface is 1.7K/s. Based on the n and B values 

estimated based on our measurement, the calculated cell spacing is 61 µm. This agreement 

further proves the validity of the measurements done in this work.  

To sum up, for spray deposited strips, Al3Mg0.2Sc alloys have smaller cell spacing, i.e. 

finer structure than Al1.5Mg0.2 under the same experiment condition. In the same run, the 

cell spacing tends to be homogenous through the thickness of the sample due to the strip is 

thin. The cell spacing is about seven times greater than powders. A higher atomization 

temperature tends to lead to a higher cell spacing.  

4.3. Microhardness 

Microhardness measurements are taken on the impulse atomized powders and spray 

deposited strips.   

4.3.1. Powders 

Figure 4.12 below shows the Vickers microhardness measured from Al1.5Mg0.2Sc and 

Al3Mg0.2Sc powders at different cell spacings.   

 

Figure 4.11:  Cell spacing for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits 

50

55

60

65

70

800 900 1000

C
el

l 
S

p
a
ci

n
g
 (

µ
m

)

Atomization Temperature (°C)

Al1.5Mg0.2Sc Al3Mg0.2Sc



 

 

66 

 

The Effect of Mg  

It can be seen from Figure 4.12 that at each size range; Al3Mg0.2Sc samples shows a 

higher microhardness than Al1.5Mg0.2Sc. The extra hardening for Al3Mg0.2Sc is the 

result of the substitutional solid solution hardening effect of Mg. Due their similarity in 

size, Mg atoms substitute Al atoms in the α matrix lattice leading to a spherical strain field 

around the solute atoms due to the size and modulus differences between the Al matrix and 

the Mg solute atoms. The movement of dislocations will be blocked by this force field 

during deformation [23]. The hardness increase ∆σss due to the addition of Mg could be 

estimated by using Equation 4.10 below [68]: 

Where H and α are material constants that are found to be 13.8 MP/wt%α and 1.14 

respectively [69]. The ∆σss difference between substitution in 3wt% Mg and 1.5wt% Mg is 

calculated to be 26.4 MPa.  

The other trend that was found in Figure 4.12 is that the microhardness for Al1.5Mg0.2Sc 

and Al3Mg0.2Sc samples increase with smaller cell spacing. As the cell spacing reduces 

with increasing cooling rate, i.e. smaller powder size, the finer powders will result in better 

   

Figure 4.12:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc powders 
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microhardness. The effect of cell spacing to the microhardness will be discussed in detail 

after the presentation of microhardness data for strips.  

4.3.2. Spray deposit 

The Effect of location  

Similar to what have been done to the cell spacing measurement, the microhardness for 

deposits at different locations were compared. The result could be seen below.  

The microhardness at the middle part for both samples are slightly lower than the 

microhardness from the top and bottom part; however, if the standard deviations are 

considered, the microhardness at these three different locations are overlapping. The 

slightly decrease at the middle part of the deposit can be explained by its relatively low 

cooling rate which leads to a little larger grain size. The effect of atomization temperature 

is discussed next.  

The Effect of Atomization Temperature  

Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits produced at different atomization temperature 

was measured. The result could be seen in Figure 4.14 below.  

 

Figure 4.13: Microhardness for Al1.5Mg0.2Sc_900 and Al3Mg0.2Sc_900 at different 

axial locations 
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It can be seen that the atomization temperature does not have any effect on the 

microhardness of the strip. As mentioned before, Mg contributes to the strengthening of 

as-cast Al-Mg alloys. From the ICP result, a slight decrease in Mg concentration is 

measured as atomization temperature increases for Al3Mg0.2Sc. This difference in Mg 

level could be used to explain a slight reduction in microhardness with increase atomization 

temperature for Al3Mg0.2Sc. 

4.3.3. Cell Spacing vs. Microhardness 

Hall-Petch effects describes the yield strength decreases as a function of grain size 

increases due to grain boundary’s effect on obstacle the movement of dislocations during 

plastic deformation. In this study, due to the fact that the microstructure of the powder is a 

single crystal [70] and the obvious difficulty to apply a tensile test, a direct relation between 

yield strength and grain boundary is not applicable.  

As for powders, cell spacing is used to evaluate the scale of microstructure and 

microhardness (which could be related to the yield strength) is used to assess the 

mechanical properties. Therefore, the idea of Hall-Petch effect is borrowed in this work to 

correlate cell spacing and microhardness value to see how a finer microstructure relates to 

 

Figure 4.14:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits 
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the microhardness for powders and strips. According to Hall-Petch effect, an inverse 

relationship should exist between the yield strength ∆σgb and the grain size (D): 

The kh is reported to be 40 HVµm1/2 and 45 HVµm1/2 for 1.5wt% and 3wt% Mg addition 

to the Al-Mg alloys [71]. Figure 4.15 shows the relation between the d-1/2 and 

microhardness for powders and strips.  

Our measured values are 7.51 HVµm1/2 and 12.6 HVµm1/2 for Al1.5Mg0.2Sc and 

Al3Mg0.2Sc, which shows the same trend as the Hall Petch relationship. It is also worth 

noting that the strengthening effect of cell boundary is much less effective than the effect 

of grain boundary.  

4.4. Age Hardening 

One of the advantages of Impulse Atomized produced powders and deposits are the 

restriction of Macro-segregation making the solute dispersed more homogeneously in the 

matrix thank in a casting. Therefore, age hardening could be performed directly on the as-

atomized samples without being solutionizing, quenching then age hardening. In this study, 

 ∆𝜎𝑔𝑏 = 𝑘𝐷−1/2 4.11 

 
Figure 4.15:  Microhardness for Al1.5Mg0.2Sc and Al3Mg0.2Sc deposits 
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the age hardening of the sample was carried out at 300 °C and held for different aging times. 

The reason for age hardening at 300 °C is that Al3Sc precipitate, which is stated to promote 

the precipitation hardening of Al-Mg alloys [72].  

4.4.1. Age Hardening Effect on Powders 

Al1.5Mg0.2Sc 

The effect of age hardening for powders was studied first. Figure 4.16 below shows the 

microhardness for Al1.5Mg0.2Sc age hardened at 300 °C for different aging times. 

The age hardening effect increased in the first 1 hour; an additional 30 min would barely 

increase the microhardness. The age hardening effect reduced significantly after 1.5hrs as 

the hardness for sample age hardened for 2 hrs does not change from the hardness measured 

for samples age hardened for 1.5 hrs. In age hardening, two things happen simultaneously: 

precipitation hardening and grain growth. After 1 hour of age hardening, the precipitate 

formation rate slowdown and the strengthening effect from it is countered by grain growth. 

The Al1.5Mg0.2Sc powders start off with about the same microhardness and following 

similar age hardening path, and finally reach to the same maximum microhardness value 

 
Figure 4.16: Microhardness for Al1.5Mg0.2Sc powders aged at 300 °C  
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after age hardening. Therefore, it can be concluded that, for the Al1.5Mg0.2Sc IA powders, 

the different in particle size, i.e. different cell spacing and cooling rate is not the rate 

determine step in establishing age hardening. 

Al3Mg0.2Sc 

Figure 4.17 below shows the microhardness for Al3Mg0.2Sc powders age hardened at 

300 °C for different aging times. 

Similar to Al1.5Mg0.2Sc powders, the first 1 hour of age hardening shows an increase in 

microhardness and the aging effect stopped after 1.5 hours of holding. Similar to IA 

Al1.5Mg0.2Sc powders, the powder size, cell spacing and cooling rate are negligible for 

age hardening effect for Al3Mg0.2Sc impulse atomized powders as well.  

For Al1.5Mg0.2Sc and Al3Mg0.2Sc, at time zero, a difference in microhardness is 

observed due to the difference in Mg addition. After aging for 1.5 hours at 300°C, a similar 

microhardness increases are observed for Al1.5Mg0.2Sc and Al3Mg0.2Sc. The same 

amount of microhardness increase indicating that this is the role of Sc precipitates. In 

 

Figure 4.17: Microhardness for Al3Mg0.2Sc powders aged  at 300 °C 

40

45

50

55

60

65

70

75

80

85

90

0.0 0.5 1.0 1.5 2.0

M
ic

ro
h

a
rd

n
es

s 
(H

V
0
.1

)

Aging Time (Hr)

Al3Mg0.2Sc 250-300 Al3Mg0.2Sc 355-425 Al3Mg0.2Sc 500-600



 

 

72 

 

addition, the addition of 1.5wt% Mg and 3.0wt% Mg do not seem to alter the precipitation 

hardening effect of Sc. This is suggested to be the extremely low solubility of Sc and Mg 

within each other [30].  

4.4.2. Spray deposits 

The age hardening effect on spray deposited samples will now be discussed  

Al1.5Mg0.2Sc 

Figure 4.18 below shows the microhardness for Al1.5Mg0.2Sc deposits age hardened at 

300 °C for different age hardening times. 

The age hardening effect is similar to Al1.5Mg0.2Sc powders. The difference is that the 

holding time stops causing microhardness to increase after 1.5 hrs rather than 1 hour for 

the powders; the peak microhardness for powders and deposits are the same. This further 

confirms that the cooling rate of alpha phase has limited effect on the age hardening 

performance of Al1.5Mg0.2Sc IA powders and IASD strips.  

  

 

Figure 4.18: Microhardness for Al1.5Mg0.2Sc deposits aged  at 300 °C 
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Al3Mg0.2Sc 

Figure 4.19 below shows the microhardness for Al3Mg0.2Sc deposits age hardened at 

300 °C for different age hardening times. 

The age hardening trend for Al3Mg0.2Sc deposits is the same as it for the powders. 

Microhardness reaches its peak value after 1.5 hours of holding. Also, the strips produced 

at 1000 °C atomization temperature tends to have an overall slightly lower microhardness 

value. From the ICP results, Al3Mg0.2Sc atomized at 1000°C shows the least amount of 

Mg. Hence, the overall Mg solid solution strengthening effect is reduced.  

In summary, for the same alloy composition, in both IA powders and IASD strips, the 

cooling rate of alpha phase does not affect the aging behavior of Sc. This suggests that the 

cooling rate range for IA and IASD is enough to achieve a reasonable supersaturation of 

Sc in aluminum alpha for bothe Al1.5Mg0.2Sc and Al3Mg0.2Sc. By comparing 

Al1.5Mg0.2Sc and Al3Mg0.2Sc, although a difference in microhardness is observed 

before age hardening, the overall microhardness increases are the same for these two 

composititions after 1.5 hours aging times. This indicates that the Sc precipitation 

 

Figure 4.19: Microhardness for Al3Mg0.2Sc deposits aged  at 300 °C 
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hardneing effect of 0.2wt%Sc addition into aluminum magenisum alloy does not vary with 

1.5wt%Mg and 3.0wt%Mg addititon to the IA powders and IASD strips.     

The mechanical property changes should be correlated to microstructural changes. 

Differential scanning calorimetry (DSC) was done to both powders and strips samples to 

see the how the heat flux change during the aging process.   

4.4.3. DSC 

As discussed in literature review section, Al-Mg alloys with Mg concentration less than 

5wt% do not have any response to age hardening and are considered to be non-heat-

treatable. In this work, the increase in strength after aging is attributed to the addition of 

0.2wt% Sc.  

When heated in a DSC, a temperature vs. heat flux plot could be drawn to see the change 

of heat flux as a function of temperature. If no microstructural change occurs, a smooth 

curve should be observed. A pure aluminum was aged first with the same settings as for 

the samples to be tested. A baseline for aluminum alloys was then established. After the 

samples had been run under DSC, the curve was then subtracted from the aluminum 

baseline curve to reveal the subtle changes. The results for impulse atomized powders of 

Al1.5Mg0.2Sc in 600-710µm size range are shown in Figure 4.20 below.  
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An exothermic heat flux can be observed started at 285°C and ending at 365°C. Our aging 

temperature 300°C lies within this range. A ternary phase diagram corner for Al-Mg-Sc at 

300°C is generated in ThermoCalc with the use of TTAL7 database (Figure 4.21).  

The two alloys tested in this work are shown by labels A and B. It can be seen from the 

ternary phase diagram corner, at 300°C, both of the alloy compositions investigated in this 

work are in the Al-Alpha and Al3Sc area. Due to the high cooling rate, Sc is supersaturated 

in the primary alpha phase; and during aging, one would expect Sc precipitates to form. 

The size of the Al3Sc precipitates is reported to be in the range of several nanometers 

(Figure 4.22).  

Figure 4.20: DSC result for two trials done on Al1.5Mg0.2Sc powders in 600-710µm 

diameter size range 

 
Figure 4.21: A corner of Al-Mg-Sc ternary phase diagram at 300°C 
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Due to the scope of this work, TEM has not been performed to visualize the size, shape, 

location and distribution of Al3Sc precipitates after aging. The precipitates radius changing 

with the aging time at different aging temperatures is reported in Figure 4.24. At 300°C, 

the precipitates radius should be about 1 nm based on the plot after 2 hours. As mentioned 

in the literature review section, for Al3Sc precipitates, the critical particle diameter where 

the maximum strengthening can be achieved is in the range of 2-3.7nm [4].  

 

 

Figure 4.22: TEM micrograph of Al3Sc precipitates for Al-2wt%Mg-0.2wt%Sc aged at 

300ᵒC for 24 hrs [5] 
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As we establish the possible precipitate size during aging, it would be critical for us to see 

if precipitation is possible. A two-dimension random walk calculation was done for Mg 

and Sc atoms in the aluminum matrix at 300°C for various aging times. Equation 4.12 is 

used.  

In which x is the average distance an atom could diffusive, D is the diffusivity of the atom 

and t is the time allowed for this diffusion to take place. The diffusivities of Mg and Sc 

atoms in the aluminum matrix at 300 °C are calculated to be 1.55x10-4 µm2/s and 1.29x10-

7 µm2/s using equation 4.8. The activation energy and diffusion coefficient used for the 

calculation are 121 kJ/mol and 1.49x10-5 m2/s for Mg atoms in aluminum matrix [65]; and 

168 kJ/mol and 2.64x10-4 m2/s for Sc atoms in aluminum matrix [74]. The random walk 

distance as a function of time could be seen in Figure 4.24 below. After 2hrs, the random 

walk distance for Sc in the aluminum matrix at 300°C is calculated to be 0.06µm, which is 

60nm, about 60 times larger than the radius of the Al3Sc precipitates. Therefore, the 

precipitation of Al3Sc is possible.  

 
Figure 4.23: Al3Sc precipitates radius growth at the different aging time under different 

aging temperature.  [73] 

 𝑥2̅̅ ̅ = 4 ∙ 𝐷 ∙ 𝑡 4.12 
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In summary, the microhardness increase after aging is due to the formation of Al3Sc 

precipitates in nanometer radius after aging. The energy associated with this precipitation 

behavior has been observed by DSC measurement. Although TEM is not done due to the 

scope of this work, the radius of the precipitate should be 1-2nm based on literature. A 

random walk calculation shows the formation of these nano-sized precipitates is possible 

as the diffuse distance for Sc at 300°C for 2hrs is about 60 times larger than the 

precipitations radius.  

4.5. Industrial Relevance 

The reported cooling rates that are achieved by twin-belt casting is reported to be around 

100K/s, which is in the range of impulse atomization and spray deposition process.  The 

cell spacing reported for twin-belt casting is in the range of 40-50µm [75]. Figure 4.25 

below shows a grain structure of the as strip casted Al3Mg0.4Sc alloy 1mm from the cast 

surface. By applying the same cell spacing measurement method on the image, an average 

48.7µm cell spacing is measured.  

 

Figure 4.24: Random walk distance vs. time.  
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The measured cell spacing is also within the cell spacing range acquired in this study. 

Figure 4.26 below shows an example of age hardening effect on Al2Mg0.2Sc of samples. 

The cast sample used in that study was homogenized at 617°C for 24 hours after casting, 

and then water quenched to room temperature, followed by age hardening at 300°C. The 

homogenization and water quench was done to achieve a uniformly distributed Sc in 

aluminum alpha matrix [5]. 

  
Figure 4.25: Al3Mg0.4Sc as-casted grain structure [4] 
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The reported Vickers microhardness unit could be converted from MPa to kgf/mm2 by 

multiplying 9.81N/kg, which will give us 45 HV before aging and 90 HV after aging. The 

increase in Vickers microhardness is about 45HV. Which is comparable to what is 

observed in this work 30-35HV. The extra 10HV might be due to a more supersaturated 

condition achieved by a complete homogenization process.  

4.6. Summary 

The cooling rates for impulse atomized powders with Al.15Mg0.2Sc and Al3Mg0.2Sc 

alloys are estimated to be in the range of 300K/s to 900K/s depending on different particle 

size. When the semi-solidified droplet deposited on the moving copper substrate, the 

cooling rate dropped to about 1.7K/s.  

Relationships between cell spacing and cooling rate are established based on 

Al1.5Mg0.2Sc and Al3Mg0.2Sc powders. The exponential values in the equations are 

close to the theoretical value; for Al3Mg0.2Sc the pre-exponential constant is within the 

possible range of theoretical values while for Al1.5Mg0.2Sc it is not. The Al3Mg0.2Sc 

show a higher microhardness value at the same cell spacing; while for the same alloy 

composition, the cell spacing has a negligible effect.  For spray deposited strips, the 

  

Figure 4.26: Vickers microhardness vs. aging time for Al2Mg0.2Sc at 300°C [5] 
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different in atomization temperature and location along the thickness of the strip do not 

have an observable effect as well. Upon age hardening, both the powders and strips reach 

their maximum strength after aging for 2 hours at 300°C. Both of the Al1.5Mg0.2Sc and 

Al3Mg0.2Sc powders and strips achieved a 30-35HV increase in microhardness after aging. 

Their increases in hardness after aging are about the same, showing Mg addition does not 

have an effect on the age hardening behavior of Sc in the range of 1.5wt% to 3wt%.  

Comparing these results to industrial applications, the cooling rate and resulting cell 

spacing range measured in this work covers the twin-belt casting process. The performance 

of age hardening behavior of supersaturated Sc is close to homogenized and quenched 

casting product.  

  



 

 

82 

 

5. Conclusions and Future Work 

5.1. Conclusions 

Al1.5Mg0.2Sc and Al3Mg0.2Sc powders were produced using impulse atomization. Sieve 

analysis shows that the size distribution of the impulse atomized powders followed a log-

normal distribution. The D50/Dorifice is around 1.4. Al1.5Mg0.2Sc and Al3Mg0.2Sc spray 

deposited strips were produced with the use of impulse atomization technique with 

different atomization temperature.  

Cell spacing measurements were performed on the etched powder and strip samples. It was 

found that the addition of Mg would refine grain size at the same cooling rate. For spray 

deposits, a minor grain size difference was found along the thickness. This suggests that 

the difference in cooling rate does not vary much along the thickness of the deposit.  

Cooling rate calculated for the impulse atomized powders are in the range of 300 to 900K/s 

for powders in the size range of 212µm to 1000µm. Based on the cooling rate and cell 

spacing data, the relationships between these two parameters are established for both 

Al1.5Mg0.2Sc and Al3Mg0.2Sc. A temperature measurement setup is developed to 

measure the deposit-substrate interface cooling rate. By applying the cooling rate - cell 

spacing relationship to spray deposited Al3Mg0.2Sc atomized at 1000°C, the calculated 

cell spacing based on the measured cooling rate is close to the measured data.  

With the microhardness measurement, the addition of Mg is found to strengthen both 

powders and strips by the same amount. The strengthening effect of grain refinement is 

limited for both Al1.5Mg0.2Sc and Al3Mg0.sSc powders and strips. For spray deposits, 

the microhardness does not vary along the thickness thus showing a homogenous 

mechanical performance. The superheat shows little impact on microhardness rather the 

increase in superheat resulting in evaporation of Mg for Al3Mg0.2Sc alloys, which result 

in a decrease in microhardness.  

Age hardening was performed on the powders and strips at 300 °C using an induction 

furnace. It is found that Al1.5Mg0.2Sc and Al3Mg0.2Sc could reach their maximum 

microhardness after 2 hours of aging. Both Al1.5Mg0.2Sc and Al3Mg0.2Sc shows an 

increase of 30 HV0.1 after aging. This is contributed by the 0.2wt%Sc added into the 
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system. Combining the DSC results with ternary phase diagrams, the precipitation behavior 

of Al3Sc is further confirmed.  

With the comparison made to industrial applications, it is shown that the impulse 

atomization and spray deposition process have the potential to simulate industrialized rapid 

solidification process, such as twin-belt casting. Therefore, a platform is provided to 

industries to develop novel alloys with less material and cost. Also, when these alloys are 

processed using a rapid solidification route, there is no need for solutionizing, quench and 

age processing steps. The cast alloys may be age hardened directly eliminating costly and 

time consuming processing steps.  

5.2. Future Works 

 In this study, the top interface temperature measurement was not able to be performed 

due to the technical issue of the infrared camera. It is recommended to carry on the 

temperature measurement with the developed setup. Moreover, some modifications 

such as device mounting or better operation parameters could be further developed to 

the current setup.  

 The aging effect of Sc in Al1.5Mg0.2Sc and Al3Mg0.2Sc is not fully exploited. The 

nanometer size of Al3Sc precipitates requires TEM to be used to visualize their size 

and distribution. The TEM work is suggested to be done in the future. 

 For spray deposited strips, a tensile bar could be made to perform a tensile test or creep 

test on to characterize the products in more details.  

 Both 0.2wt%Sc and 0.4wt%Sc addition to Al3Mg alloys shows an excellent response 

to age hardening. Considering the high cost of Sc, 0.1wt%Sc addition in Al3Mg alloy 

is worth well to be studied in the future as well.  

 For a casted strip, porosity is an important parameter for the integrality of the product 

as well as for the difficulty of future processing. For IASD process, varying the 

atomization temperature and/or the distance between the nozzle plate and the copper 

substrate will be resulted in different droplets solid/liquid fraction upon landing. The 

effect of the different droplet solid/liquid fractions on the porosities, both surface 

porosities and internal porosities could be investigated.  
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Calculations for θ and h 
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Calibration profile for K-type thermocouples 

   University of Alberta      

   Instrument Shop Calibration      

Date   T/C Description SV Actual   T/C  Error Professor 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 50 49.99 49.45 -0.54 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 100 100 99.65 -0.35 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 150 150.01 150.61 0.6 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 200 199.99 200.91 0.92 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 250 250.01 250.77 0.76 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 300 299.98 300.41 0.43 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 350 350.02 350.33 0.31 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 400 400.06 400.43 0.37 Inst Shop 

11/4/2015 0.040"  Ktc 2012-41 20" long,  0.040" dia. 50 49.99 49.65 -0.34 Inst Shop 

         

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 50 49.99 50 0.01 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 100 100 100.47 0.47 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 150 150.01 150.74 0.73 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 200 199.99 200.33 0.34 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 250 250.01 250.09 0.08 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 300 299.98 299.69 -0.29 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 350 350.02 349.49 -0.53 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 400 400.06 399.52 -0.54 Inst Shop 

11/4/2015 0.040"  Ktc 14-032 20" long,  0.040" dia. 50 49.99 50.15 0.16 Inst Shop 

 


