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Abstract 

Semi-solid manufacturing is a near net shape forming process that takes advantage of an 

alloy's thixotropic behaviour. However, in order to obtain the desired thixotropic properties 

from an alloy in the semi -solid state, the microstructure ofthe as-cast feedstock metal needs 

to display a fine grained, equiaxed primary phase prior to reheating for the forming 

operation. Various methods are currently in use to obtain the required microstructure of 

which the MagnetoHydroDynamic (MHD) process is predominant. Two fundamental 

factors , namely shear rate and cooling rate, influence the formation of the fine grained, 

equiaxed primary phase during the MHD process. The aim ofthis research was to produce 

semi solid billets and in so doing, determine how the influence of the combination of the 

two fundamental factors contribute towards the final formation of the primary phase and 

to determine an optimal level ofthese factors' settings to deliver the desired microstructure. 

An MHD apparatus was constructed and the Taguchi method was used to design an 

experiment to investigate the influence ofthe fundamental factors involved in casting semi 

solid feedstock of aluminium A356.2. The issues ofthe formation of a fine eutectic phase 

and solidification shrinkage were also investigated. An experimental method was designed 

to investigate the significance ofthe fundamental factors' influence towards the appearance 

of the primary phase; the latter was evaluated using an image analysis system. The shear 

rate was controlled by varying the line frequency and the base frequency supplied to the 

electromagnetic stirrer and the cooling rate was controlled by initiation of a fixed, fast 

cooling rate at a certain melt temperature (TJ 

Results showed that a fine grained, equiaxed primary phase, with an average grain size of 

55 /lm, was achieved after casting, prior to reheating for forming. The contribution of the 

base frequency and the line frequency were 8 % and 3.5 % respectively and the 

contribution ofTi was 86.5 % towards the outcome ofthe result. The cooling rate changed 

from approximately 0.3 QC/sec to 4.5 QC/sec at Ti . A fine textured eutectic phase was 

achieved with the fast cooling rate. The solidification shrinkage was accounted for by 

incorporating a riser on the mould. The feedstock produced in this research was compared, 

on a microstructural basis, to commercially available Semi Solid Metal (SSM) feedstock 

from Pechiney and SAG. The research feedstock had a larger, average primary grain size, 

however, it was more discrete and round grained than the commercial alloys which were 

finer and more rosette grained. Upon reheating to the semi solid state, ready for forming, 

the final, evolved grain sizes and shapes were almost identical between the research and 

commercial feedstock, despite the initial differences in grain sizes and shapes. However, 

the commercial alloys showed primary grains with trapped eutectic whereas in the research 

alloy, the primary grains were largely free of trapped eutectic. 

111 



Acknowledgements 

To the CSIR and the industry sponsors in the Semi Solid Research collaboration for 

granting the opportunity to perform this research. 

To Dr JeffFerreira for his motivation, support and guidance. 

To Dr Gonasagren Govender for his supervision and guidance. 

To my colleagues Clive Goodman, Vaneil Ramdhani, Subash Sharma, Alex Banach, and 

Belinda Burton for their assistance and support. 

To the academic and workshop staff of the School of Mechanical Engineering, University 

of Natal, Durban for their valued assistance. 

To my parents for their patience, support and motivation, without whom, this would not 

have been a reality. 

IV 



Table of Contents 

Title page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i 

Declaration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii 

Abstract ... .. . . . . . "... .. .... . .. ...... . . . .. .... . . .. .... ...... . .. .. . ... . iii 

Acknowledgements ... .. . . .... . . . . . ........ . .. . .. . .. . .... . . . ....... . ... iv 

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. v 

List of Figures .. . ...... . . . . .. .. ... .. ............. ...... .. . . ........... x 

List of Tables ... ... . ........ ... . . . . . . ... .. . . .. ... .. .... .. . .. . .. . ... . . xvi 

Chapter 1 

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

Chapter 2 

2 Literature Survey ... . . . .. .................... .. .. . . . . . . . . . . . . . . .. 4 

2.1 Metallurgy of Aluminium Alloys. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 4 

2.1.1. Aluminium Alloying Principles. . . . . . . . . . . . . . . . . . . . . . . . . 4 

2.1.1.1 Silicon ... . . . . . . .. ..... .. ... . ........ . ....... 5 

2.1.1.2 Modification of Hypoeutectic Aluminium-Silicon Alloys 

.... . . . . . ... . .. . . .. . . ...... . . ... . . . . .. .. .. . . 7 

2.1.1.3 Magnesium ............. . .... . . . ...... . ....... 8 

2.1.1.4 Magnesium and Silicon . . . . . . . . . . . . . . . . . . . . . . . .. 9 

2.2 Casting Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11 

2.2.1 Solidification of Metals ... . ........... . . . . . . . . . . . . . .. 11 

2.2.1.1 Nucleation and Growth ......... . ........... . .. 12 

2.2.1.2 Freezing of Alloys .. . .. . .. . .... . . . . . . . . . . . . . .. 14 

2.2.2 Pouring and Feeding Castings . . . . . . . . . . . . . . . . . . . . . . . .. 16 

2.2.2.1 Gas Solubility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 17 

2.2.2.2 The Freezing Process . . . . . . . . . . . . . . . . . . . . . . . . .. 18 

2.2.2.3 Risers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19 

Riser shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19 

Riser size as a function of casting shape .. . ... . . ... 21 

v 



Riser connections to the casting . . . . . . . . . . . . . . . . .. 22 

Use of insulators and exothermic compounds . .... . . 22 

2.3 Semi Solid Manufacturing Background & Behaviour. . . . . . . . . . . .. 23 

2.4 Methods of Producing Semi Solid Feedstock . .. . . ..... .. .... . .. 25 

2.4.1 Strain Induced Melt Activated (SIMA) and Recrystallization and 

Partial Melting (RAP) . . ... . ... .. .. ....... .. .... . .... 25 

2.4.2 Chemical Grain Refining . .. .... ... .. .... . . .. . . . ... . .. 26 

2.4.3 Mechanical Stirring ............ . . . . . . . . . . . . . . . . . . . .. 26 

2.4.4 Magneto Hydrodynamic (MHD) Stirring ................ 27 

2.4.4.1 The Theory behind the MHD Process .......... ... 28 

2.4.4.2 The Theory behind Producing a SSM Structure . . ... 29 

2.4.4.3 Microstructure Evolution of SSM Materials . ....... 33 

2.4.4.4 Electromagnetic Stirring Equipment . . . . . . . . . . . . . . 37 

The electromagnetic stirring inductors ........ .... 38 

2.4.4.5 MHD Stirred Feedstock Production Processes .... .. 42 

The Single Slug Process (SSP) ................. . 42 

Concept and construction of the SSP device . . . . . . .. 43 

The MHD Continuous Casting Process . . . . . . . . . . .. 44 

2.4.5 Summary of the Process of Producing SSM Feedstock ... ... 45 

2.4.6 Comparisons of Microstructures Produced by SSP and MHD 

Continuous Casting . . .. . . ........................... 51 

2.4.7 Characterisation of the Reheated SSP and MHD Continuous Cast 

Materials . . .... .. . ..... .... . .. .................. .. 52 

2.5 MUltiple Variable Analysis Techniques ............ .. .......... 55 

2.5.1 Taguchi Experiment Design Strategy .. .............. ... 57 

2.5.2 Analysis of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 58 

2.5.3 Limitations of the Taguchi Method ............... ..... . 59 

Vl 



Chapter 3 

3 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 60 

3.1 Material Characterisation of A356.2 .......................... 61 

3.1.1 The Temperature Profile Experiment Apparatus Description. 62 

3.1.2 Parameters Selected for the Temperature Profile 

Measurements .... . .... ...... ..... . ..... . ... .... ... 65 

3.2 Experimental Procedure to Establish a Fine Grained, Equiaxed 

Primary Phase Formation .................................. 66 

3.2.1 Experimental Apparatus Description. . . . . . . . . . . . . . . . . . . . 67 

3.2.1.1 The Single Billet Caster System ................. 67 

3.2.1.2 The Electrical Inductor Coils . . . . . . . . . . . . . . . . . . . . 68 

3.2.1.3 The Power Source ........................... . 69 

Description of the AC motor drive unit operation. . .. 70 

Setup of the AC motor drive unit for experimental 

purposes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72 

3.2.1.4 The Mould .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72 

3.2.1.5 The Preheat and Melting Furnace . ..... .. ..... . .. 75 

3.2.2 Design of the Experiment to Achieve a Fine Grained, 

Equiaxed Primary Phase .... .. ....... . ............... 76 

3.2.2.1 Parameters Selected for the Taguchi Experiment 

Design .......... .. .............. . .......... 76 

3.2.2.2 The Taguchi Experiment Design .... ............. 77 

3.2.3 Analytical Techniques Used to Quantify Primary Phase 

Morphology ............ ..... ............... ..... .. 78 

3.2.4 ANOV A Analysis .. ....... ....... ... .. ........ ..... 85 

3.2.5 Optimum Condition Verification ..... . .. .... ........... 86 

3.3 Establishment of Cooling Conditions for A Fine Eutectic Phase 

Formation ............ .. . ....... ......................... 86 

3.3.1 Experimental Apparatus Description . . . . . . . . . . . . . . . . . . .. 87 

3.3.2 Evaluation of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 87 

3.4 Confirmation of Optimum Parameters for Casting SBC Billets ..... 87 

3.4.1 Experimental Apparatus Description. . . . . . . . . . . . . . . . . . . . 87 

3.4.1.1 The SBC System ... . .......... ... . .... .... . .. 87 

vu 



3.4.1.2 The Split Mould and Riser. . . . . . . . . . . . . . . . . . . . .. 88 

3.4.2 Parameters Selected for SBC Billet Casting .............. 89 

3.4.3 Evaluation of Results .. ....... . ........ .... ...... . . .. 89 

3.5 Cooling Rate Measurements in the Moulds .. . . ..... .. ...... . . .. 90 

3.5.1 Experimental Apparatus Description. . . . . . . . . . . . . . . . . . .. 90 

3.5.1.1 The Temperature Measurement and Logging System . 90 

3.5.2 Analysis of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 92 

3.6 Evaluation of Cast SBC Billets . ... .... .. . .... ....... ........ 92 

3.6.1 Experimental Apparatus Description . . . . . . . . . . . . . . . . . . .. 93 

3.6.1.1 Reheating Temperature Profile Measurement ... .... 93 

3.6.1.2 Reheating Experiment Layout .. . ... . ...... ... . .. 94 

3.6.2 Parameters Selected for Reheating Trials . .... ... ..... ... 94 

3.6.2.1 Reheating Temperature Profile Measurement .. .. . .. 94 

3.6.2.2 Reheating Experiment .. ............... . . ...... 95 

3.6.3 Evaluation of Results ................................ 95 

Chapter 4 

4 Results and Discussion .. . . . ... ............ . ........ . ........ ... . 97 

4.1 Material Characterisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 97 

4.1.1 Chemical composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 97 

4.1.2 Microstructure ..... .......... .. .................. .. 98 

4.1.3 Temperature Profiles .. ......... ... ...... .. .. . ....... 98 

4.2 Primary Phase Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 100 

4.2.1 Results of the ANOV A Analysis . . . . . . . . . . . . . . . . . . . . .. 100 

4.2.2 Optimum Condition Verification . ... ... ... . ...... . . . .. 104 

4.2.2.1 Pooling ofInsignificant Factors . . . . . . . . . . . . . . . . . 107 

Pooling Up Strategy. . . . . . . . . . . . . . . . . . . . . . . . .. 109 

Test of Significance Pooling . . .......... . .... . . 11 0 

4.2.2.2 Pooling strategy confirmation ... ... . . . . . .... ... 112 

4.3 Eutectic Phase Formation ......... .. . . . .. .... .. .. .. ... .. . . 114 

4.4 Single Billet Caster Billets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 

4.5 Cooling Rate Measurements ............................... 119 

4.6 Reheating Characteristics .......................... .. .... " 126 

V111 



4.7 Summary of Results .............. . .. ... .................. 133 

4.7.1 Material characterisation ............................ 133 

4.7.2 Primary Phase Formation ....... .... .......... ...... 133 

4.7.3 Eutectic Phase Formation ........................... 134 

4.7.4 . Single Billet Caster Billets ........................... 134 

4.7.5 Cooling Rate Measurements ... ... . ...... ............ 135 

4.7.6 Reheating Characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . .. 135 

Chapter 5 

5 Conclusions ....... ........................ .. ................. 136 

Appendix 

A 1 Three Phase Motor Data ..... . . . ... . .............. . ........... . . 137 

A2 Kontron KS300 Image Analysis Macro. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 138 

A3 Determination and Statistical Analysis of DNEw ........ .. •..... . . .. .. 139 

A4 Analysis of Variance (ANOVA) .................................. 161 

A4.1 Statistical Calculation .. . .. ............................... 161 

A4.2 Average Effects ............ ... .. ... ... . ............. . ... 165 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 168 

IX 



Chapter 1 

Figure 1.1 

Chapter 2 

Figure 2.1 

Figure 2.2 

Figure 2.3 

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Figure 2.8 

Figure 2.9 

List of Figures 

Demonstration of the thixotropic property of semi solid 

metal. ...... ......... .. . . .... . .. . ... .... ..... ... . ... ... .. 1 

Properties of AI-Si alloys as a function of silicon in the 

alloy. (a) Applies to sand castings (normal and sodium 

treated modified alloys) and (b) to chill castings. [5] ... . ... .. . .. .. 6 

The AI-Si phase diagram. [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 7 

The AI-Mg phase diagram. [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9 

The AI-Mg-Si phase diagram and quasi-binary system. [5] . ....... 10 

Cooling curve for a pure metal during casting. [10] ... .. . ...... .. 11 

Cooling curve for a solid solution alloy during casting (e.g. 50% Ni 

- 50% Cu composition). [10] .... .................... .. ...... 11 

The net effect of the surface energy and volume energy of a nucleus, 

with respect to its radius, results in the total energy of the nucleus 

reaching a maximum at a critical radius . [11] .. ................. 13 

Possible casting structures. 

a. Wholly columnar except for chill zone of equiaxed grains at 

mould wall, typical of pure metals. 

b. partially columnar and partially equiaxed grains, typical of solid 

solution alloys. 

c. wholly equiaxed grains, a result of heterogeneous nucleation from 

an absence of thermal gradients or the use of a nucleation catalyst. 

[9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

Chart of dendritic and eutectic solidification start and end 

times of an arbitrary eutectic alloy, showing the mode of 

solidification of such alloys. [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 

Figure 2.10 Mode of solidification in normal and modified AI-Si alloys. [9] . . . . 17 

x 



Figure 2.11 Solubility of a gas in a metal as a function of the temperature. [12] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 17 

Figure 2.12 Guidelines for a top riser design. [8] .......................... 22 

Figure 2.13 a. The dendritic microstructure. 

b. The microstructure of thixotropic material. . . . . . . . . . . . . . . . . . .. 23 

Figure 2.14 Various methods of producing feedstock material with the 

SSM microstructure. [13] .................................. 25 

Figure 2.15 The mechanically stirred process. [2] ......................... 27 

Figure 2.16 The MHD stirred process. [2] ............................... 28 

Figure 2.17 The grain evolutionary cycle. [17] . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33 

Figure 2.18 Plot of the average grain size vs the rest time. [18] . . . . . . . . . . . . . .. 36 

Figure 2.19 a. Axial stirring pattern. 

b. Tangential stirring pattern. [14] .............. .. ......... .. , 39 

Figure 2.20 a. The four pole field pattern. 

b. The two pole field pattern. [20] . . . . . . . . . . . . . . . . . . . . . . . . . . .. 40 

Figure 2.21 Instantaneous fields and forces which cause the molten metal to 

rotate. [19,20,21] ................................. ... .... 40 

Figure 2.22 Liquid metal velocity field in the case of horizontal stirring. [23] ... 42 

Figure 2.23 Liquid metal velocity field in the case of vertical stirring. [23] . . . . .. 42 

Figure 2.24 a. The MHD Single Slug Process (SSP) apparatus. [13] 

b. The MHD continuous casting process. [2] ................... 43 

Figure 2.25 The continuous casting production apparatus. [20] . . . . . . . . . . . . . .. 44 

Figure 2.26 Desired frequencies vs effective cross section diameter of a mould. 

[19] ....................... .. .............. .. ... . ....... 50 

Figure 2.27 a. The spheroidal ex structure of the SSP process prior to reheating. 

b. The fragmented ex structure of the MHD process prior to 

reheating. [13] ........................................... 52 

Figure 2.28 a. The reheated SSP material is nearly free of eutectic inclusions. 

b. A large number of eutectic islands are present in the primary 

particles of the reheated MHD material. [13] ................... 53 

Xl 



Figure 2.29 

Figure 2.30 

Figure 2.31 

Chapter 3 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 3.8 

Figure 3.9 

A comparison of (b.) the particle diameter of the primary phase and 

(a.) the shape factor of the primary phase between the SSP and 

MHD materials. [13] .. . ....... .. . ..... . . . .. . .... ........... 53 

Test matrix with three factors at two levels. [26] .... . .. . .. .. .... 55 

Orthoganal array Ls (27
) . [26] .... ....... . . . ..... ......... . .. 57 

a. The ceramic crucibles containing the aluminium sample 

and the copper control block. 

b. The positioning of the samples inside the muffle furnace. 

The samples were located at mid-length of the muffle tube 

during the experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 

The REX P90 furnace controller and muffle furnace used for the 

heating and cooling profile experiment. ...... .. ... .. . .... . .. .. 64 

a. Equipment setup of the temperature profile measurement experiment. 

b. Thermocouples were connected to the transmitter modules which 

relayed a 0 -10 V DC signal to the PC I/O card, proportional to the 

temperature measured by the thermocouples. ..... . ... . . .. . . . . .. 64 

The temperature profile programmed into the furnace controller 

which set the heating and cooling conditions for the DT A 

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 66 

a. The Single Billet Caster apparatus. 

b. Schematic of the SBC apparatus. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 

a. The 15 kW induction motor used in the SBC apparatus in 

exploded form. 

b. The stator showing the windings. .. . .. . .. . . . ......... . . .. .. 69 

The variable speed AC motor drive. . .. .. . .. . . . ... . .. .. .... ... 70 

Output characteristics with respect to frequency of the AC motor 

drive unit. [29] . ............ . ........ . .... .. .............. 71 

a. The exploded view of the test mould showing the end caps and tube. 

b. The assembled test mould ... . ...... .. .. ... . . . .. . ... . .. ... . 75 

XlI 



Figure 3.10 Resistive furnace used to preheat mould prior to casting. . . . . . . . . .. 75 

Figure 3.11 Captured image which has had contrast enhancement performed to 

define the difference between the phases more clearly. . . . . . . . . . . . . 79 

Figure 3.12 A binary image of figure 3.11, after a threshold operation, distinctly 

showirig the primary phase grains. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 80 

Figure 3.13 The binary image after scrapping the very small white areas, too 

small to be considered as primary phase grains. .. . .. . ......... . . 80 

Figure 3.14 An ultimate erosion operation reduced primary grains, separating 

thin borders between them, without erasing the grains completely. 81 

Figure 3.15 An ultimate dilation operation reformed the grains without allowing 

the close grains to merge; a separating line of background pixels 

remained between the grains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 81 

Figure 3.16 Figure 3.12 and figure 3.15 combined with a binary AND boo lean 

operation. .............. ...... ............. . . . . . . . . . . . . .. 82 

Figure 3.17 Graphical representation of the derivation ofDCIRCLE as the grain 

SIze. ................................................... 83 

Figure 3.18 Graphical representation of the derivation ofFCIRCLE as the shape 

factor. . . .......................... . . .. ... .. .. . . . .. .. .. . . 83 

Figure 3.19 Illustrating the differences in DNEW of different shape facto red 

primary phase grains which have equivalent areas and therefore 

equivalent grain sizes. .......... . ............ . ............. 85 

Figure 3.20 a. Assembled SBC split mould. 

b. Exploded form of the split mould and split riser system. ........ 88 

Figure 3.21 a. Thermocouple entry into the Taguchi experiment test mould. 

b. Approximate positions of the thermocouple tips are shown by the 

arrows ......................... . .................. ... ... 90 

Figure 3.22 a. Thermocouple entry into the SBC mould used during the SBC 

cooling rate measurement. 

b. Approximate positions of the thermocouple tips are shown by the 

arrows .............................. .. .... . . . ........... 91 

X111 



Figure 3.23 Comparisons of the as cast microstructures of the research material 

from the SBC billet and the commercially available material from 

Pechiney and SAG . . . . .. ... . ... .. . ...... .... .. ... .. . .. ... . 93 

Figure 3.24 a. The digital handheld thermometer used to measure the 

temperature of a trial reheat sample. 

b. View of the thermocouple inserted into the trial reheat sample. 94 

Figure 3.25 Layout of the trial reheat temperature measurement experiment. . . .. 95 

Figure 3.26 a. Layout of the reheat sample crucibles in the furnace with the 

indicated position of the furnace controller thermocouple. 

Chapter 4 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

b. The furnace used for the reheat experiment. ...... .. ... .... .. . 96 

Microstructure of the as received material. . .. . .. . . ... . .. ...... . 98 

Heating profile for A356.2 with DTA analysis. . . . . . . . . . . . . . . . . . . 99 

Cooling profile for A356.2 with DTA analysis. . . . .. . ... . .. . .... 99 

Microstructures obtained from the billets cast for the 

Taguchi L9 experiment. The numbers below the figures 

denote the experiment trial number performed on the billet. 

102 

Figure 4.5 Plot of the average effects for each ofthe factors involved in the L9 

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 105 

Figure 4.6 Microstructures obtained from the billets cast with the optimum 

condition settings. . ..... ... . . .... .. ........ . ..... . .. . .... 107 

Figure 4.7 Microstructures obtained from billets cast using the SBC system 

with Tj = 620 °c and a. with no stirring and b. with stirring at f = 

Figure 4.8 

Figure 4.9 

Figure 4.10 

70 Hz and fo = 220 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 113 

Eutectic texture formations as a result of the cooling/quenching 

media noted below each figure. ... . . . . . . . . . . . . . . . . . . . . . . . . . . 115 

A sectioned SBC billet showing the absence of shrinkage pores. . .. 116 

Microstructures of the SBC casting trials performed using the 

parameters listed in table 4.6. ...... . ..... . ... .. .. . . ..... . . . 117 

XIV 



Appendix 

Figure A4.1 Plot of the average effects for each of the factors involved in 

the L9 experiment. ....................................... 166 

xv 



Chapter 3 

Table 3.1 

Table 3.2 

Table 3.3 

Chapter 4 

Table 4.1 

Table 4.2 

Table 4.3 

Table4.4 

Table 4.5 

List of Tables 

The list of factors used in the primary phase formation 

experiment and the three levels at which each were tested. . . . . . . . .. 77 

The L9 descriptive table detailing the experimental trials for the 

primary phase formation experiment. ... ...... . . .... . ..... .... 78 

The process factor levels for base frequency, line frequency and 

initiation temperature used in the SBC billet casting trials. . . . . . . . .. 89 

Results of the chemical analyses with the average of the three 

analyses. The nominal composition is given for comparison. . . . ... 97 

Solidus and liquidus temperature determined from the temperature 

profile experiments. The nominal values are provided for 

comparIson. ....... . .......... . ... . .............. . .. . .... 98 

The descriptive table (top) with the DNEW results determined 

from the image analysis results. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 103 

The results of the ANOV A analysis with the percentage contribution 

(P) towards the outcome of the primary phase grain appearance. 

Symbols f, S, V and F represent degrees of freedom, sum of squares, 

variance and the statistical F value respectively. Refer to Appendix 

A3. . . ..... . . . . . . ... .. . . . . . . . ..... . . . . . . ..... ... .. . .... 103 

Summary of results determined for the optimum condition 

verification. . .. . .... ..... . ... ... ..... .. . .. .... .. .. .. . .. . 106 

XVI 



CHAPTER 1 

1 Introduction 

Semi Solid Metal (SSM) Forming is a hybrid manufacturing method which utilizes mainly 

the pressure die casting and forging processes[ll. It was based on a discovery made at the 

Massachusetts Institute of Technology (MIT) in the early 1970's. The research at this time, 

conducted by Spencer in 1971 [21, involved the investigation into the magnitude of forces 

invo lved in deforming and fragmenting dendritic growth structures using a high temperature 

rheometer[31. Molten tin - lead alloys were poured into an annular space between two 

concentric cylinders and allowed to partially solidify. When the outer cylinder was rotated, 

shear forces were transmitted through the freezing alloy and measured at the stationary inner 

cylinder[31. 

Spencer then conducted a different experiment. Instead of partially solidifying the alloy 

before beginning shear, he began to shear above the liquidus temperature of the alloy and 

then slowly cool the alloy into the solidification range while it was being sheared. Surprising 

results followed. The shear stress only increased very slowly as temperature was decreased 

below the liquidus temperature. The stress measured at a given temperature was orders of 

,-----------------, magnitude less than when the samples were coo led to the 

given temperature before shear[21. 

Further research showed that the material produced in 

this manner possessed thixotropic characteristics in the 

semi solid state. The semi solid alloys displayed viscosities 

that depended on shear rate. The viscosity rose very high 

to the consistency of butter when the material was at rest 

and yet decreased to the consistency of machine oils 

under the influence of intense shear forces. The 

Figure 1.1 Demonstration of thixotropic nature of the material can be demonstrated by 

the thixotropic property of cutting a free standing slug of semisolid material with a 

semi solid metal. spatula (figure 1.1). 
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Several potential benefits were identified for the forming processes using semi solid metal 

compared to conventional casting. 

• SSM forming operated at lower metal temperatures and reduced metal heat 

content. 

• The viscous flow behaviour could provide more laminar cavity fill than 

could generally be achieved with liquid alloys. This could lead to reduced 

gas entrapment. 

• Solidification shrinkage would be reduced in direct proportion to the 

fraction solidified within the SSM alloy, which should reduce shrinkage 

porosity and the tendency toward hot tearing. 

Continuous cast bars could be cast into semi solid material. This represented a raw material 

that could be heated at a later time or different location to the semi solid temperature range 

to reclaim the thixotropic properties. Industry began to adopt this principle as a source 

feedstock material and SSM forming was used as a means to produce metal components 

used in military, aerospace, automotive or other high integrity, safety critical applications. 

The demand for SSM feedstock of high quality increased. There was a need for the 

exclusion of gases, oxides, nonmetallic inclusions and other discontinuities from the SSM 

feedstock supply. Amongst other processes, the Magnetohydrodynamic (MHD) stirrer 

continuous caster was developed to meet these requirements. This showed there was an 

important relationship between the stirring shear rate and the solidification rate of the metal 

being cast and this relationship determined the type of SSM forming microstructure that 

was generated(31. 

A lengthy investigation into feedstock production using the MHD method found it was 

difficult to monitor the shear rate parameter without expensive equipment. Owing to the 

medium confinement and to the high degree of both the stirring intensity and temperature, 

methodical velocity measurements were particularly difficult. Furthermore, the working 

time of the sensors was limited to 30 minutes when they had been immersed into molten 

aluminium alloys which are very aggressive from the physical chemistry standpoint[41. 

However, an indication ofthe shear rate can be realised by monitoring the process factors 
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governing the characteristics ofthe shear rate without having to directly measure the shear 

rate. 

The aim of the study was to produce a billet of SSM feedstock using the MHD method, 

controlling the process indirectly by monitoring outside process parameters. In so doing, 

also determine the influence of the MHD process factors on the production of the SSM 

forming microstructure. 
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CHAPTER 2 

2 Literature Survey 

2.1 Metallurgy of Aluminium Alloys 

Pure aluminum is a relatively poor casting material so aluminum castings are actually 

produced from alloys. The casting alloys used are those having properties particularly suited 

to casting purposes. Since a large number of aluminum base casting alloys are available it 

is evident that widely different properties may be obtained from the various alloys. For all 

these alloys two types of properties should be considered: the casting properties, 

characteristics of the alloy which determine the ease or difficulty of producing acceptable 

castings, and the engineering properties, those properties which are of interest to the 

designer or user of the castings. These two sets of properties can be used as a basis for 

studying the similarities and differences of the large number of aluminwn casting alloys. 

2.1.1. Aluminium Alloying Principles 

The aluminum-base alloys may in general be characterized as eutectic systems, containing 

intermetallic compounds or elements as the excess phases. Because of the relatively low 

solubilities of most of the alloying elements in aluminum and the complexity of the alloys 

that are produced, anyone aluminum-base alloy may contain several metallic phases, which 

sometimes are quite complex in composition. These phases usually are appreciably more 

soluble near the eutectic temperatures than at room temperature, making it possible to heat

treat some of the alloys by solution and aging heat-treatments[5). 

All the properties of interest are influenced by the effects of the various elements with 

which aluminum is alloyed. Aluminium casting alloys must contain, in addition to 

strengthening elements, sufficient amounts of eutectic forming elements (usually silicon) 

in order to have adequate fluidity to feed the shrinkage that occurs in all but the simplest 

of castings [6). The principle alloying elements in aluminum-base casting alloys are copper, 

silicon, magnesium, zinc, chromium, manganese, tin, and titanium. Iron is an element 

normally present and usually considered as an impurity. 
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Classification of aluminium alloys follows the Aluminium Association designation system 

that recognises alloy families by the following scheme[61: 

1 xx.x: Controlled unalloyed compositions. 

2xx.x: Aluminium alloys containing copper as the major alloying element. 

3xx.x: AluminiUm-Silicon alloys also containing magnesium and/or copper. 

4xx.x: Binary Aluminium-Silicon alloys. 

5xx.x: Aluminium alloys containing magnesium as the major alloying element. 

6xx.x: Currently unused. 

7xx.x: Aluminium alloys containing zinc as the major alloying element, usually also 

containing additions of either copper, magnesium, chromium, manganese, or 

combinations of these elements. 

8xx.x: Aluminium alloys containing tin as the major alloying element. 

9xx.x: Currently unused. 

Designations in the form xxx. 1 and xxx.2 include the composition of specific alloys in 

remelt ingot form suitable for foundry use. Designations in the form xxx.O in all cases 

define composition limits applicable to castings. Further variations in specified 

compositions are denoted by prefix letters used primarily to define differences in impurity 

limits. Accordingly, one of the most common gravity cast alloys, 356, has variations A356, 

B356, C356; each of these alloys has identical major alloy contents but has decreasing 

specification limits applicable to impurities, especially iron content[61. 

In 2xx.x through 8xx.x designations, the second and third digits have no numerical 

significance but only identify the various alloys in the group. The digit to the right of the 

decimal point indicates product form: 0 denotes castings, 1 denotes standard ingot and 2 

denotes ingot having composition ranges narrower than but within those of standard 

ingot[61. 

2.1.1.1 Silicon 

The effect of silicon on the properties of AI-Si alloys is largely one of alloying since no 

significant benefits are obtained by attempts at solution heat-treating and aging. The 
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percentage of silicon in the alloy is first in importance, closely followed by the 

microstructural effects of modification by permanent mould or die casting or special 

melting practices. These factors are summarized in figure 2.1 . The general effect of 

increasing silicon contents (figure 2.1) to be that of increasing the strength until the eutectic 

silicon percentage is reached. Ductility, however, is lowered. The beneficial effects of 

modification with elements such as sodium and by chill casting are also evident in figure 

2.1. From these observations it follows that aluminum-silicon alloys will be at their best 

when modified by suitable additions, or better, when cast in metal moulds. Furthermore, 

since additional improvement cannot be obtained by heat treatment, these alloys are usually 

used in the as-cast condition[51. 

Silicon is present in all commercial aluminum casting alloys. As an alloying element it is 

used in amounts up to about 14 per cent Si. The binary AI-Si system is shown in figure 2.2. 

The solubility of Si in aluminum, the ex phase, is limited to 1.65 per cent at 577 °C and less 

than 0.05 per cent at room temperature. U ndissolved silicon is present as p, silicon particles 

containing an extremely small percentage of aluminum. 
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Figure 2.2 The AI-Si phase diagram. [5] 

The hypoeutectic alloys are a two phase system constituting primary phase et grains and a 

surrounding matrix of the eutectic phase. The eutectic is formed of an aluminium solid 

solution containing just over 1 % silicon and virtually pure silicon as a second phase[71. The 

combined eutectic composition is close to AI-12.7 %SiPl. 

Slow solidification of a pure AI-Si alloy produces a very coarse microstructure in which the 

eutectic comprises large plates or needles of silicon particles (which appear to be 

interconnected, individual cells[71) in a continuous aluminium matrix. Alloys having this 

coarse eutectic exhibit low ductility because ofthe brittle nature of the large silicon plates. 

Rapid cooling greatly refines the microstructure and the silicon phase assumes a fibrous 

form[71 with the result that both ductility and tensile strength are much improved (figure2.1). 

The eutectic may also be refined by the process known as modification. 

2.1.1.2 Modification of Hypoeutectic Aluminium-Silicon Alloys 

Modification induces structural refinement ofthe normally occurring eutectic phase and is 

achieved by the addition of certain elements such as calcium, sodium, strontium and 

antimony[61, the most common being sodium and strontium. 
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The mechanism by which the eutectic and, more particularly, the size and form of the 

silicon phase is modified is not clearly defined. Most theories involve the possible effects 

of sodium on the nucleation and/or growth of eutectic silicon during solidification. These 

theories include the following: 

• Sodium may depress the eutectic temperature by as much as 12°C and a finer 

microstructure is therefore expected because the rate of nucleation will be greater 

in an undercooled condition[71. 

• From the observation that the silicon particles appear to be interconnected within 

each cell, it has been suggested that there is no need for repeated nucleation to occur 

after each cell has formed. The theory is that sodium may segregate at the periphery 

of growing silicon plates and prevents or restricts further growth[7). 

The use of sodium has presented problems such as reduced fluidity, but its major 

disadvantage arises through the rapid loss of the element through evaporation or oxidation 

during melting and remelting. To overcome this, excess amounts were added to 

compensate, but this practice sometimes lead to over modification of the final casting 

Considerable commercial success has been achieved by replacing sodium and modifying 

with strontium. The addition of 0.03 to 0.05 % of this element also produces a refined 

eutectic and the tensile properties of castings are comparable with those obtained when 

sodium was used. Loss of strontium during melting is much less and the modified structure 

is retained after remelting[7). 

2.1.1.3 Magnesium 

The alloying behaviour of magnesium in aluminum results in an increase in the hardness 

and strength and a decrease in ductility of the alloy with an increase in magnesium content. 

The equilibrium diagram for the binary system is shown in figure 2.3. The alloy system 

shows a solid-solubility change of the et. phase with temperature, 14.9 per cent Mg being 

soluble at 451°C and less than 2.90 per cent at room temperature. A second, harder p phase 

exists when the solid-solubility limit is exceeded. The opportunity for solution and ageing 

heat-treatments is present, and the mechanical-property relationships with magnesium 
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percentage are similar to those in the AI-Cu alloys. Several alloys are based on this binary 

system, and normally contain 4, 8, and 10 per cent Mg[81• 
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Figure 2.3 The AI-Mg phase diagram. [5] 

2.1.1.4 Magnesium and Silicon 

Certain combinations of magnesium and silicon have been found to exhibit important 

alloying effects in aluminium. The two elements are able to combine and form the metallic 

compound Mg2Si. They then behave as a quasi-binary alloy system (figure 2.4). The AI

Mg2Si system is also of the type permitting solution and ageing treatments and their 

accompanying property changes. Ternary alloys taking advantage of this quasi-binary 

system and the beneficial effects of silicon contain small percentages of Mg, up to about 

0.30 per cent, and larger percentages of Si, 6 to 8.0 per cent. The excess of silicon is present 

to improve casting properties of these alloys since it is not needed to form Mg2Si(8). 

In some alloys, the combined effects of Si and Mg are undesirable, and they may then be 

limited as impurities. Since all aluminum alloys contain silicon, the addition of magnesium 

is all that is necessary to obtain the hardening effect ofMg2Si. The alloys may then become 

brittle. For this reason impurity limits for magnesium in many alloys (the Cu-AI, Si-AI, and 

their complex alloys, for example) are set at 0.03 to 0.10 per cent maximum. Thus the 

combined effects of the Mg and Si in Al alloys provide another case study of elements 

which are beneficial in some alloys when used as alloying elements or harmful when 

unintentionally present as impurities in other alloy types. (8) 
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2.2 Casting Technology 

The technology associated with castings has been developed through an understanding of 

the mechanics of solidification of a molten metal. Solidification shrinkage, microstructural 

evolution, melt flow, etc have to be considered for sound casting practices. These can be 

further understood by investigating the process of solidification of metals. 

2.2.1 Solidification of Metals 

Solidification occurs by the nucleation of stable nuclei which then grow under the influence 

ofthe crystallographic and thermal conditions that prevail. The size and character of these 

grains are controlled by the composition of the alloy and by the cooling rate. Growth ceases 

when all the available liquid metal has solidified. It is apparent that solidification proceeds 

in any of the following categories[91: 

1. At a constant temperature (pure metals and eutectic alloys, figure 2.5) 

2. Over a temperature range (solid solutions, figure 2.6) 

3. By a combination of solidification over a temperature range followed by 

constant temperature freezing. (Pro eutectic plus eutectic type freezing). 
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Figure 2.5 Cooling curve for a pure metal 

during casting. [10] 
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During the freezing process, heat is extracted from the molten metal as soon as the metal 

enters the mould. This heat is referred to as superheat since it represents that which must 

be removed before solidification can begin. Then there is the latent heat of fusion which 

evolves from the actual freezing of the metal as it changes from a liquid to a solid. This 

must be transferred to the mould before complete solidification can be achieved. Finally, 

the solid metal transfers heat to the mould and then to the atmosphere as it cools to room 

temperature[91. 

During the three stages of cooling (i.e. liquid, liquid-solid, and solid), shrinkage is 

occurring. Thus the metal contracts as it loses superheat, as it transforms to a solid, and as 

the solid cools to room temperature. There are therefore three points to consider when a 

casting solidifies[91: 

1. Growth of the solid grains. 

2. Heat evolution and transfer. 

3. Dimensional changes. 

2.2.1.1 Nucleation and Growth 

That part of the casting which is near the mould wall is supercooled and solidifies first as 

fine equiaxed grains. Nucleation of the supercooled grain is governed by two factors. The 

first factor is the free energy available from the solidification process which is dependant 

on the volume of the particle formed. The second factor is the energy required to form a 

liquid-solid interface which is dependant upon the surface area of the particle[91. The net 

effect of these two factors is that the total energy of the particle reaches a maximum at a 

given particle size for a given supercooling temperature (figure 2.7). This is the critical 

particle size which must be created before the nucleus is stable for that particular 

supercooled temperature. As the degree of supercooling increases the free energy available 

from the liquid-solid transformation also increases. Consequently, the critical particle size 

required for stability decreases, but simultaneously the thermal fluctuations which tend to 

create stable nuclei also decrease. As a consequence, the rate of nucleation builds up to a 

maximum with increasing supercooling and then drops off [91. 
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The preceding explanation represents homogenous nucleation. Usually foreign particles 

are present which alter the liquid-solid interface energy enough to assist in nucleation, 

thereby reducing the amount of supercooling required to effect nucleation. This is 

heterogeneous nucleation and usually prevails in castings. 

Figure 2.7 The net effect of the surface energy and 

volume energy of a nucleus, with respect to its 

radius, results in the total energy of the nucleus 

reaching a maximum at a critical radius. [11] 

Once a stable nucleus is formed, it grows by acquiring atoms from the liquid. The rate of 

growth is governed by the amount of supercooling below the melting point, with the growth 

rate increasing with the degree of supercooling until it reaches a maximum and then drops 

off. Therefore the rate of nucleation and the rate of growth follow the same general trend 

with increasing amount of supercooling. The relative rates differ to the extent that 

nucleation is predominant in the early stages of freezing and the first layer of solid metal 

at the metal mould interface consists of fine equiaxed grains mentioned previously. 

When the first skin of solid metal is produced, the latent heat of fusion is released and the 

remaining liquid loses most of its supercooling. This change stops further nucleation. 

Growth continues, however, on the grains already formed. This growth is controlled by the 

rate of heat transfer from the casting and since this establishes a temperature gradient 

toward the casting surface, the growth occurs in a direction opposite to the heat flow. In 

addition, because growth is also dependant on crystallographic direction as well as the 

direction of heat flow, only those grains which happen to be favourably oriented will grow 

toward the centre of the castings and other less favourably oriented grains will be blocked 
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off. The net effect creates a zone of columnar grains next to the outer layer of fine grains. 

In pure metals these columnar grains extend to the centre of the casting, but in alloys the 

columnar grain growth may be interrupted by an equiaxed grain growth (figure 2.8.). 

The columnar growth can occur dendritically, where the grains grow in a fir-tree like 

fashion. This type of growth represents about 10% of the total freezing process of pure 

metals, whereas it is commonplace for the freezing of alloys[91. 

(al (bl (c) 

Figure 2.8 Possible casting structures. 

a. Wholly columnar except for chill zone of equiaxed grains 

at mould wall, typical of pure metals. 

b. partially columnar and partially equiaxed grains, typical of 

solid solution alloys. 

c. wholly equiaxed grams, a result of heterogeneous 

nucleation from an absence of thermal gradients or the use of 

a nucleation catalyst. [9] 

2.2.1.2 Freezing of Alloys 

Alloys can be divided into those which: 

1. Start and complete their freezing by precipitating an essentially pure 

component, but over a temperature range. 

2. Start and complete their freezing as solutions. 
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3. Freeze at constant temperature by precipitating simultaneously two or three 

phases. These alloys are known as eutectics. 

4. Start their freezing by precipitating an essentially pure component and 

complete it with eutectic type freezing. 

5. Start their freezing as solutions and complete it as eutectic type. 

The aluminium alloy A356.2 solidifies according to case 4 above. Referring to the phase 

diagram in figure 2.2, an aluminium alloy with 7 % silicon, such as A356.2, solidifies 

through an a+L region between 620°C and 577 °C before the eutectic freezing occurs at 

577 DC. The a phase is the essentially pure component with 98.5 % AI. This type of 

solidification occurs in two stages: the dendritic growth of the primary a phase, followed 

by the final solidification of the remaining liquid as a eutectic phase. 

The first stage of freezing, dendritic growth, starts and moves inward, followed by an "end" 

wave after the "start" wave has completed its travel, thus creating a semi solid condition 

throughout the casting. Near the surface of the casting the eutectic freezing seems to start 

coincidentally with the completion of the dendritic "end" wave. The rate at which the 

eutectic structure extends into the interior appears to slow down drastically as soon as the 

eutectic begins to develop, because the beginning of the eutectic freezing near the centre 

of the casting is delayed until well after the dendrites have completed their growth. This 

results from the combined effect of the heat of fusion and the poor heat transfer out of the 

casting. The difference in time between the "start" and "end" of eutectic freezing at any 

point in the casting would not be expected to be very great since the eutectic solidification 

range is not large. Figure 2.9 shows a schematic explanation of the eutectic alloy 

solidification. 

The morphology ofthe eutectic structure in AI-Si alloys is dependant upon the temperature 

at which the silicon phase nucleates. The order, in terms of decreasing nucleation 

temperature, being polyhedral shaped silicon grains, coarse silicon plates, fine silicon plates 

and globular silicon particles. The globular structure is produced most readily by an 

addition of a modifying agent such as strontium, the resultant alloy being referred to as a 

modified alloy. A type of globular eutectic can also be produced by chill casting[91• 
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Figure 2.9 Chart of dendritic and eutectic solidification start 

and end times of an arbitrary eutectic alloy, showing the 

mode of solidification of such alloys. [9] 

The eutectic alloys are known to freeze either exogenously (i.e. from the surface to the 

centre of the casting) or endogenously (i.e. random nucleation of eutectic cells consisting 

of individual clusters of the two phases growing in the liquid as spherical masses). The 

result of exogenous freezing is to provide a wall like solidification from the surface to the 

centre of the casting while endogenous freezing leads to a mushy condition due to liquid 

surrounding each eutectic cell. Modified AI-Si alloys are found to freeze exogenously 

whereas the normal AI-Si alloys freeze endogenously (figure 2.10). 

Normal eutectic alloys will freeze in the endogenous cellular like fashion which tends to 

produce the mushy condition. Nevertheless, the greater nucleation of cells near the surface 

of the casting does cause the solidification to progress in a wavelike fashion, with the start 

of eutectic freezing progressing toward the interior some distance in advance of the 

completion of freezing[91. 

2.2.2 Pouring and Feeding Castings 

The soundness of a casting depends upon how the metal enters a mould and solidifies. A 

sound knowledge ofthe behaviour of the various alloys in the molten state, ofthe flow of 

liquids and of the solidification characteristics is necessary. The main factors to be 

considered when designing for castings are the fact that liquid metals absorb gases and also 

exhibit shrinkage on cooling. 
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2.2.2.1 Gas Solubility 

The presence of gases in the liquid metal may cause defects in the resulting casting known 

as gas holes, pin holes, or porosity. This comes about because of the decrease in the 

solubility of the gases in the metals with a temperature decrease. (figure 2.11) . 
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The solubility of the common gases such as hydrogen, nitrogen, moisture and carbon 

monoxide in liquid metal increases with temperature. The desirability of keeping the 

amount of superheat to a minimum when melting a metal is readily apparent. Although the 

gas liberated, as the liquid metal cools to the liquidus temperature, can escape from an open 

top casting, it requires 'considerable permeability in a mould that completely surrounds the 

casting. Also, when a casting is made in a completely enclosed mould, a thin shell of solid 

forms around the hot liquid metal. As this encased liquid metal cools to the freezing 

temperature, the liberated gas collects into large bubbles that result in large gas holes within 

the casting. 

Much ofthe gas that is liberated during solidification becomes trapped within the growing 

dendrites. In this case the gas is well dispersed in microscopic bubbles throughout the 

solid, and referred to as micro porosity. 

Several techniques are used in foundries to reduce or completely eliminate gas from liquid 

metal. Melting and casting of the metal can be done in vacuum chambers where there 

would be no air to dissolve into the melt. The most common technique is to bubble a gas 

that has a low solubility and no harmful effects, such as chlorine, nitrogen or argon, that 

removes the hydrogen from the liquid metal. This process is very simple since a porous 

ceramic tube through which the gas flows is moved around throughout the melt. As the 

bubbles flow upward, the dissolved hydrogen within the liquid diffuses to these hydrogen 

depleted regions and mixes with the scavenging gas to form a uniform hydrogen content 

throughout. As the bubbles float to the surface, the hydrogen and the scavenge gas diffuse 

out into the atmosphere. If this bubbling is continued for a few minutes, most of the 

dissolved hydrogen is removed[ J21. 

2.2.2.2 The Freezing Process 

The usual freezing process in a mould grows from the outside to the interior. This condition 

ofhaving a solid-liquid zone growing from the outside inward is referred to as progressive 

solidification. Gating design in the mould must control this progressive solidification in 

such a way that no part of the casting is isolated from active feed channels during the entire 

freezing cycle. This is referred to as directional solidification. Directional solidification is 
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a product of casting design, location of gates and risers, and the use of chills and other 

means for controlling the freezing process. 

In principle, it means that if a casting is so proportioned and disposed with respect to the 

feeding system that the sections most distant from the available liquid metal will solidify 

first, there will be a successive feeding of the contracting metal by still liquid metal until 

the heaviest last to freeze section is reached. This, in turn, can be fed by extra reservoirs of 

metal provided for that purpose and referred to as risers. These risers continually supply hot 

liquid metal to the shrinking casting until it is completely solidified[81. 

2.2.2.3 Risers 

The primary function of these risers is to feed metal to the casting as it solidifies. Many of 

the non-ferrous alloys which have an extended solidification range, require excessive and 

sometimes elaborate feeding systems to obtain sound castings. 

Shrinkage is an important factor in determining riser size since a variation in molten metal 

required for the casting can be expected in the volumetric shrinkage of metals. The riser 

must supply this variation in molten metal, referred to as feed metal. The riser and the 

casting it feeds should be considered an integral system because a casting cannot be made 

sound without adequate feed metal. A relatively small amount of feed metal is necessary 

to compensate for shrinkage but the metal in risers is subject to the same laws of 

solidification as the metal in castings. To be effective, a riser must remain fluid at least as 

long as the casting and be able to feed the casting during this time. The process of 

providing feed metal during the entire solidification period of the casting involves quite a 

few variables, some of which will be discussed in the following paragraphs[81. 

Riser shape 

A casting loses its thermal energy by transferring it to its surroundings by radiation, 

conduction and convection. The shape requirements can best be described by the following 

explanation[I21. 

The rate of heat loss of a casting is given by equation 2.1. 
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where: 

Cp = heat capacity 

p = density 

V = volume 

T = temperature 

t = time 

dT 
q=pCV-

P dt ... (2.1) 

This assumes a material with a high thermal conductivity so that no thermal gradients exist 

within the casting. 

The rate of heat flow across an interface or a surface is given by equation 2.2. 

q = hAt.. T ... (2.2) 
where: 

h = heat transfer coefficient 

A = surface area or interface area 

6. T = temperature difference across interface 

For a casting completely surrounded by a mould, all of the heat will flow through the 

casting surface into the mould. By equating the two above equations, the rate of cooling of 

the casting is given by equation 2.3. 

dT h!1T A 

dt pCp V ... (2.3) 

Although these relationships do not include the heat of fusion that is evolved as the metal 

solidifies, nor does the interface temperature remain constant, they do serve to illustrate the 

importance of the area to volume ratio. Thus if a casting has a high area to volume ratio, 

it will have a high cooling rate. Similarly, since it is desired to have the riser freeze more 

slowly than the casting it is feeding, the riser should have a low surface area to volume 

ratio. 
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Probably the first study that yielded quantitative values for the design of risers is the one 

by Chvorinov[91 in which he showed that the solidification time for a simple casting is 

related to its shape (equation 2.4). 

where: 

tf = time required for casting to freeze 

K = constant that includes the thermal properties of both mould and melt 

V = volume of casting 

A = area of casting 

Since the guiding rule of riser design is that the riser be the last to solidify, the riser itself 

can be considered as another casting. Then, if (If)R > (lr)c, it follows that the ratio ( VR J 

( v: J AR 
must be greater than A~ . 

{The sUbscripts "RI! and "e" refer to riser and casting respectively}. 

The relationship is only an approximation since some of the original volume of the riser 

metal flows into the casting during the early stages of solidification. However, it is accurate 

enough for a good engineering first approximation in designing riser sizes[121. 

Riser size as a function of casting shape 

If a cylindrical casting poured on end is to be fed by a riser, it is obvious that this riser must 

have a diameter at least as large as that of the cylinder. On the other hand, if the same 

volume of the metal used in the cylindrical casting is distributed over a greater area in the 

form of a plate, the riser needed to feed this plate will not be as large as the one for the 

cylinder, since it will not have to remain molten as long as the riser on the cylinder. 

Therefore, the surface area-volume ratio of the riser can be related to the surface area

volume ratio of the casting[81. 
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Riser connections to the casting 

Riser attachments to the casting determines how well the riser can feed the casting and how 

readily the riser can be removed from the casting. It may also control to some extent the 

depth of shrinkage cavity by solidifying just before the riser freezes, thereby preventing the 

cavity from extending into the casting. Riser neck dimensions for a top riser are given in 

figure 2.12. These dimensions are for cases where the material surrounding the neck has 

the same thermal properties as the moulding material used elsewhere. If insulating necks 

are used, the dimensions may be smaller[8l. 
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Figure 2.12 Guidelines for a top riser design. [8] 

Use of insulators and exothermic compounds 

A riser can be made more efficient by employing some artificial means to keep the top of 

the riser from freezing over so that the molten metal beneath can be exposed to atmospheric 

pressure. This can be done by use of certain additions made to the surface of the molten 

metal in the riser, preferably as soon as possible after the metal enters the riser. Insulating 

effects are obtained by such additions as powdered graphite or charcoal, rice or oat hulls, 

and refractory powders.Besides supplying insulation on the top of the riser, it is possible 

to use insulating sleeves to form the sides of the riser, thereby making it possible to secure 

a lower solidification rate in the riser and hence better feeding of the casting. For non

ferrous work such sleeves can be made from plaster of paris[8l. 
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2.3 Semi Solid Manufacturing Background & Behaviour 

Semi solid manufacturing is a process where a casting or forging is performed when the 

feedstock metal is in the partially remelted state. It displays thixotropic properties where 

it remains as a soft solid until a shear force is applied to it. The metal then flows like a 

liquid whose viscosity depends on the magnitude of the shear force . This thixotropic state 

is achieved when the feedstock is heated to the region between the metal's solidus and 

liquidus temperature, otherwise known as the semi solid region. The reason for the 

feedstock metal ' s thixotropic properties lies in the type of microstructure the feedstock 

metal contains (figure 2.13). 

a. b. 

Figure 2.13 a. The dendritic microstructure. 

b. The microstructure of thixotropic material. 

The microstructure present in the normal or raw metal (i.e. as cast metal) is known as the 

dendritic microstructure. The metal containing this structure does not display thixotropic 

properties when heated to the semi solid region. The metal's microstructure must contain 

fine round or spherical grains. When the feedstock is heated to the semi solid region, the 

solid spherical grains are suspended in a liquid phase. This condition gives the metal its 

thixotropic properties. The reasons for this phenomenon can be explained with reference 

to the figure 2.13 as follows. 
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When the material is heated to the semisolid region the lower melting point phase (known 

as the eutectic phase) is in the liquid state and is shown as the dark areas in figure 2.13 . The 

light regions of figure 2.13 are the primary phase and are in a solid state when the material 

is in the semi solid region. Therefore, the material in the semi solid state consi.sts of solid 

particles suspended ina liquid matrix. The morphology of the solid particles determines the 

thixotropic properties of the semi solid metal used in semi solid forming processes. 

Referring to figure 2.13 a., the solid regions consist of branched, tree-like, solid grains 

(dendrites) suspended in the liquid phase. When the semi solid material is deformed by a 

particular forming process, the dendritic branches latch on to each other as they move 

relative to one another thus resisting easy forming of the semi solid material. 

Referring figure 2.13 b. , the spheroidal solid grains are suspended in the liquid phase. 

When the semi solid material is deformed, the solid particles are able to move relative to 

one another with very little resistance. This results in a material that is readily formed 

whilst in the semi solid state. 
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2.4 Methods of Producing Semi Solid Feedstock 

Presently, spheroidal structured feedstock for thixoforming can be produced using a number 

of techniques (figure 2.14). Almost all techniques use shear forces at the solid/liquid 

interface in order to shear off the dendrites and to reshape them to a spheroidal structure. 

Exceptions are the SIMA method (Strain-Induced-Melt-Activated) and the use of chemical 

grain refining treatments. 

SI MA MHD Mech. Chem. 
S(riirlll'ldt.Ud Ml9nt10 
Mth ActlYated Hydlod)Tl.1m1c 

Stirring Grain Refining 
Sllmng 

Figure 2.14 Various methods of producing 

feedstock material with the SSM 

microstructure. [13] 

2.4.1 Strain Induced Melt Activated (SIMA) and Recrystallization and Partial 

Melting (RAP) 

The SIMA and RAP methods use conventional continuous cast round bars. By extruding 

or cold forming these bars, a high dislocation density is induced in the feedstock. The 

dislocation density is responsible for the recrystallization of the primary a-phase to a 

globular structure during the reheating process to the semi-solid-state. The fundamental 

difference between the SIMA and RAP process is the temperature at which the cast bars 

have been cold worked. The SIMA process extrudes feedstock above the recrystallization 

temperature and the RAP process extrudes feedstock below the recrystallization 

temperature. The SIMA material shows a fine texture. It has some possible advantages 

when compared with the MHD method, especially for use with difficult to cast materials. 
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The disadvantages of this method are the high production cost associated with the 

additional forming step and the restriction to small billets[131. 

2.4.2 Chemical Grain Refining 

At the beginning of the nineties a new method of chemical grain refining was developed 

as an innovative technique to produce feedstock. The grain refining offers a simple 

alternative using special grain refiners (e.g. Al Ti5Bi). Addition of grain refiners results in 

heterogeneous nucleation which results in the the globular structure required for the 

subsequent shaping. The combination of the MHD and grain refining methods shows an 

increased refinement of the resulting structure[131. 

The most common case of grain refinement involves a prealloyed WIre which is 

proportioned into the hot metal flow in a launder which feeds continuous castings lines. The 

prealloyed wire releases a number of heterogenous (mostly titanium and boron based) 

crystallizing agents[141. 

2.4.3 Mechanical Stirring 

The mechanical stirring method (figw:e 2.15) was one of the first methods used to produce , 
semi solid feedstock. It was a relatively cheap apparatus to develop and was used in the 

early research into the behaviour of semi solid materialsPl 

The mechanical stirring method shears the molten metal by forcing it into a narrow annular 

space between two concentric cylinders, one of which is rotating while the other is 

stationary. The shear rate is developed by the velocity profile between the two cylinder 

walls. The molten metal is then extracted from this stirring chamber and chilled thereby 

forming a continuous strand. 

The advantages and disadvantages of this method are: 
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Advantages: 

* 

* 

High shear rates are possible. 

Low power consumption. 

Disadvantages: 

* 
* 

Low machine life due to wear in moving cylinder parts. 

Slow production time due to restricted volume flow. 
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Figure 2.15 The mechanically 

SSM extrusion stirred process. [2] L-__________________ ~ 

The mechanical stirring method has not gained popularity in industry because of problems 

with erosion of the stirring device, problems with synchronization of the stirring with the 

continuous casting process, and the requirement of a high stirring rate to obtain fine 

partic1es[131. 

2.4.4 Magneto Hydrodynamic (MHD) Stirring 

The most common technique to produce feedstock that is used in industry is the Magneto 

Hydrodynamic (MHD) stirring technique. Because this method is similar to the 

conventional continuous casting process, only small modifications of this process are 

needed[ 131. 
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The MHD stirring method shears the molten metal by placing a volume thereof into the 

path of a moving magnetic field. The shear rate is developed by the velocity profile at the 

mould wall. The volume of molten metal solidifies by being chilled with water while being 

stirred thereby forming a billet of semi solid feedstock (figure 2.16). 

electromagnetic 
coils 

D SSM extrusion 

~----------------~ 

Figure 2.16 The MHD 

stirred process. [2] 

The advantages and disadvantages for the MHD method are: 

Advantages: 

* 
* 

No moving parts. 

Little wear. 

* Quicker production time due to higher volume flow. 

Disadvantages: 

* Higher power consumption. 

2.4.4.1 The Theory behind the MHD Process 

The two critical parameters in this process are the shear rate and the solidification rate. The 

shear rate has to be large enough to cause the remelting and fragmentation of dendrite arms 

and also to circulate the molten matrix sufficiently. The solidification rate must allow for 
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all dendrite arms to be fragmented before the matrix solidifies and also limit the grain 

growth time so that the primary, fragmented grains do not grow too large. These two 

parameters have previously been determined on an essentially empirical basis, based on the 

shear rates and solidification rates which generate as near perfect fine, round grained 

microstructures as possible. On the other hand, the most efficient process would be one 

which produced the finest grain size at the highest solidification rates and the lowest shear 

rates. 

For this to occur, there exists a unique relationship between the shear rate and the 

solidification rate which is universally applicable to all thixotropic metal alloy systems, and 

it has been shown that a single range of values can be used to specify acceptable operating 

limits for the ratio of shear rate to solidification rate. The slurry structured metal 

compositions produced in accordance with the above ratio have a microstructure which 

combines the best forming or shaping characteristics and the most economical forming 

costS[151. 

2.4.4.2 The Theory behind Producing a SSM Structure 

If metal alloy systems were allowed to freeze under equilibrium conditions, the result would 

be a solid with perfect crystallographic orientation and a uniform composition as 

determined by the equilibrium phase diagram. In practice such equilibrium conditions are 

seldom achieved. Dendrites grow as metals freeze because the metals are freezing under 

various degrees of non equilibrium in which growth rate and temperature gradient 

considerations are important. The dendrites grow in the crystallographic direction which 

permits the most rapid transfer of the heat released at the liquid/solid interface and the 

branching of the dendrites represents an efficient means to distribute the solute[151. 

The vigorous agitation of a metal or alloy as it freezes to convert the dendrites to a 

degenerate dendritic form is a dendrite fragmentation and coarsening process. A dendrite 

with its multiple branches has a very high surface to volume ratio and therefore a very high 

total surface energy. As in any other system, the tendency is to minimise the total energy 
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content and therefore to minimise surface area to volume ratio. This is the driving force 

which tends to give rise to dendrite coarsening (i.e. the tendency to transform to a 

morphology which provides the minimum surface energy to volume ratio)[151. 

The coarsening process is in direct competition with the freezing or solidification process 

which is causing the dendrite to form. Thus alloys tend to have large dendrite arm spacings 

as the cooling rate decreases. (A metallurgical tool for the examination of cast structures 

is to measure the secondary dendrite arm spacing to determine an approximate cooling 

rate). Alloys which are cooled very rapidly have very small dendrite arm spacing and 

therefore very high surface to volume ratios. Alloys which are cooled slowly have coarser 

particles and thus a lower surface to volume ratio. The vigorous agitation of a metal as it 

freezes to produce a slurry cast structure is believed to accentuate the degree of liquid 

motion within the liquid-solid mixture. This enhances the liquid phase transport, which is 

a key to the coarsening process, thus accelerating the coarsening process(151. 

The degree of coarsening can be approximately equated with the degree of agitation, an 

accurate measure of the latter is shear rate. The coarsening process must remove material 

from the extremities of the dendrite at about the rate that the freezing process is causing it 

to form. The range of ratios necessary to achieve the desired balance between the process 

has been determined experimentally by first determining the microstructure that produces 

the best forming characteristics (i.e. that which is most economically forged or otherwise 

formed into a final product). The critical range of ratios of shear rate to solidification rate 

was then determined to produce that microstructure[151. 

The relationship of shear rate to solidification rate is expressed in the ratio (2.5).(151 

r 

... (2.5) 

where 

r = shear rate (sec·l
) 

aft = change in fraction solids (by volume) 
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where 

or = change in time 

djslor = solidification rate (sec-I) (equation 2.6). 

Oft 
Of 

solid · volume· fraction· of . quench· sample( Oft ) 
time'· of . passage· through· mixing· zone(Of) 

volume· capacity· of . mixing' zone 
Of= ----"'------'--'------::.---

discharge· flow· rate· of . alloy ... (2.7) 

The average bulk cooling rate can be calculated (equation 2.8). 

T ~Xil 
pour - Of 

... (2.8) 

and since 

where 

and 

- I 

f -), I-K 
L - 'f' ••• (2.9) 

T - T· 
~=---=.:..::M __ 

TM - TL .•. (2.10) 

fL = fraction liquid 

K = equilibrium partition coefficient 

T L = the alloy liquidus temperature 

T· = exit temperature 

T M = melting point of the pure solvent. 

... (2.6) 

The solidification rate is the rate at which new solid is formed with respect to time and 

should be equally applicable to all alloys. If this ratio (djsl or) is kept between the range 

2x103 and 8x103 (preferably from 4x103 to 8x103
) good quality shaped components will 

be produced. If this ratio is allowed to fall below the minimum values then unacceptably 
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dendritic structures result leading to inconsistent and inhomogeneous flow and properties 

in the final shaping stage. Ratios in excess of maximum require uneconomical power inputs 

to provide the required r or uneconomically low freezing rates. Also, beyond a certain high 

y, turbulence and fluid cavitation is a processing problem, while low freezing rates result 

in very large grain sizes and poor resultant flow[l51. 

An acceptable microstructure has been defined as one capable of producing good quality 

shaped parts (i.e. a part which does not contain chemical segregation to the extent that 

major variations in mechanical properties will occur from region to region). The finer and 

rounder the solid particles (degenerate dendrites), the more homogeneous the semi solid 

flow. Variations in fraction solid which occurs in the shaped parts because of poor 

microstructure and consequent inhomogeneous flow is also indicative of a chemical 

difference which will affect such factors as corrosion, plate ability and mechanical 

performance. 

However, it is unnecessary to generate as near perfect spheres as possible to obtain good 

quality shaped components. The microstructure of successful compositions contains 

discrete degenerate dendritic particles which typically are substantially free of dendritic 

branches and approach a spherical shape; the particles are less than perfect spheres[151. 

In practice, a predetermination is made of the microstructure of a shaped metal part having 

acceptable forming properties and good quality. After this, the metal is heated until it is 

entirely molten and then added to a heated mould equipped with agitation means 

(mechanical or magnetic). The solidification rate is then measured and either the 

solidification rate, the shear rate or both are adjusted to fall within the foregoing range for 

the ratio of shear rate to solidification rate. 

The shear rate may range as low as 50 sec' I , but will normally fall from 500 sec·1 to 800 

sec·l
. Any solidification rate may be used which, in the absence of agitation, would produce 

a dendritic structure. The specific value of the ratio of shear rate to solidification rate is 

selected by comparison of the microstructure of various ratios with that of the 

predetermined microstructure[151. 

32 



2.4.4.3 Microstructure Evolution of SSM Materials 

When the temperature reaches below the liquidus of an alloy, nucleated primary crystals 

begin to grow in a dendritic pattern within the molten alloy. However such dendritic 

primary crystals tend to transform into a rosette and/or spheroidal shaped crystals if the 

molten alloy is stirred vigorously. 

Some experimental observations such as fragmentation of the primary dendrite crystals, 

spheroidisation of the primary crystals, and coalescence of the primary crystals are 

considered to be responsible for such a morphological change[16]. Five steps, which are time 

and temperature dependant, may be identified in a partly solidified casting, starting with 

the separation of dendritic side arms in the mushy columnar region and ending with the 

blocking of the columnar front by a network of equiaxed grains[17] (figure 2.17). The five 

steps in the cycle are: 

1. Columnar growth I dendrite fragmentation. 

2. Fragment transport from mushy region. 

3. Melting vs. survival 

4. Growth and sedimentation. 

5. Columnar I equiaxed transition. 
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Step 1: In the initial stages of stirring, the dendrites formed are remelted and fragmented 

into smaller particles. The metallic dendrites do not break mechanically in the course of 

a casting operation. They may be plastically bent, but some simple estimates based on 

bending moments and fluid flow calculations indicate that this will be a rare event[ 171. The 

dendritic crystals exist as a permeable array attached to the mould walls or as relatively 

isolated dendritic crystals floating about in open liquid, being swept along with the liquid 

in natural or induced flow patterns. To cause detachment of the columnar dendritic grains 

at the mould wall, the local temperature and/or the local solute concentration must rise so 

that the arms melt off at the necked roots[ 171. 

Step 2: The fragmented dendrites are transported to the open liquid regions by fluid flow 

caused by natural convection and/or induced stirring. Natural convection (or thermalsolutal 

convection) occurs because there are density variations caused by temperature and 

composition gradients. Usually, the composition dependance density exceeds that of 

temperature dependance density. This causes the solute enriched interdendritc liquid to 

become more or less dense than the open liquid, therefore the liquid tends to rise or sink 

within the mushy region. This fluid flow spews many dendrite fragments into the open 

melt. With electromagnetically induced liquid stirring, the fluid flow may not significantly 

penetrate the permeable dendritic array of the mushy zone. However, the fragments that 

escape by thermosolutal convection, are rapidly swept away into the open liquid to provide 

nucleation sites for further grain growth[171. 

Step 3: Without stirring, these fragments are unlikely to survive long in the warmer liquid 

before they remelt and dissolve into the liquid. However, the ambient liquid temperature 

falls continuously ahead of the columnar front due to a small solute accumulation at the 

dendritic front and the liquid in this region becomes slightly supercooled. With imposed 

stirring, the fragments can be transported into these cooler regions and have a much higher 

chance of survival than in a quiescent liquid. This may be one reason why liquid stirring 

favours a refined equiaxed structure[l71. 

Steps 4 and 5: When a fragment reaches liquid at a temperature below the liquidus, it 

begins to grow dendritically. Due to the induced stirring, there is a cloud of growing 
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dendritic crystals. When the number and size of these grains reach a certain level, continued 

growth of the initial front is blocked and the columnar to equiaxed transition has occured[171. 

The essential point is that fragmentation or crystal multiplication takes place by local 

remelting. Fluid flow due to induced stirring does not break up the structure in a mechanical 

sense but rather it disperses the remelted fragments which subsequently form equiaxed 

grains due to the liquid circulation[J71. 

In addition, the reduction of the interfacial energy between particles and liquid provides the 

driving force for spheroidisation of the particles. Oswald ripening would also take place, 

wherein solutes diffuse from small particles to larger particles resulting in the coarsening 

phenomenon. Stirring would enhance the ripening by accelerating solute diffusion. At this 

stage a rosette type of structure would form. A further mechanism also prevails, which is 

structure agglomeration due to bond formation among particles caused by impingement and 

reaction. As the stirring time increases, the structure evolution is governed by the balance 

among dendritic fragmentation, Oswald ripening, and structure agglomeration. As particles 

become further spheroidized, the dendrite fragmentation mechanism becomes less and less 

prevalent. A second rosette type of structure due to particle coalescence may develop when 

the agglomeration mechanism dominates. In the subsequent stage a steady state may be 

reached with the structure agglomeration, after which the Oswald ripening might become 

the prevalent mechanism[J81. 

In the initial stage of stirring, the dendrite fragmentation dominates, for which a high shear 

rate would lead to a smaller particle size. In the subsequent stage, when the Oswald 

ripening dominates, a higher shear rate would enhance the solute diffusion, thus 

accelerating the coarsening resulting in a larger particle size. The average grain size 

decreases as the shear rate increases, which should happen in the initial stage of stirring 

when dendrite fragmentation is dominant. The sphericity increases as the shear rate 

increases because the spheroidizing mechanisms, the reduction of the interfacial area, is 

enhanced by the higher shear rate[181. 
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When the controlling mechanism for Oswald ripening is volume diffusion during 

coarsening, the average particle radius increases with time (equation 2.11).[1 8] 

where: 

rn - ron = k · t ... (2.11) 

k = coarsening rate constant 

n = coarsening exponent (n = 3 for volume diffusion) 

t = time 

ro = radius of particle at t = 0 

r = radius of particle at time t 

The coarsening exponent n would be 4 for grain boundary diffusion, 3 for volume diffusion 

and 2 for interfacial reaction controlled coarsening. Results from experimentation with 

constant shear rate and stirring time with varying rest times after stirring showed that the 

grains became coarsened as the rest time increased (figure 2.18). The plot of a'verage grain 

size vs . the rest time after stirring shows a slope, the reciprocal of the coarsening exponent, 

which was calculated to be 3.2. This indicates that the coarsening of particles during the rest 

time following stirring is controlled by the particle volume diffusion. Sphericity increases 

as the rest time increases because the spheroidising mechanisms were in operation for a 

longer time[18]. 
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Figure 2.18 Plot of the average grain size vs the rest time. [18] 

In the presence of stirring where liquid convection and grain rotation must be considered, 

the grain size has been shown to increase with stirring time. However, results from 
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experimentation with constant shear rates and rest time after stirring with increasing stirring 

times have shown that the grain size decreases with stirring time. It has been determined, 

however, that a stirring time ofless than 600 sec. is still in the initial stage of stirring where 

the dendrite fragmentation mechanism is dominant, resulting in a smaller grain size as 

stirring time is increased. There is a critical stirring time, below which the grain size 

decreases with stirring time, while above which the grain size increases with stirring time [1 8] . 

Summary[J8] 

1. The grain size decreases and the sphericity increases as the shear rate increases for short 

stirring times at 600°C. 

2. Both the grain size and sphericity increase as rest time following stirring increases, for 

constant shear rate and stirring time. The coarsening exponent is 3.2 suggesting that the 

coarsening is controlled by volume diffusion of the grains. 

3. For a stirring time less than 600 sec., the grain size decreases and sphericity increases 

with the stirring time for a constant shear rate and rest time after stirring. This suggests that 

dendrite fragmentation is dominant. It is proposed that there is a critical stirring time, below 

which the grain size decreases with stirring time, while above which the grain size increases 

with stirring time. 

2.4.4.4 Electromagnetic Stirring Equipment 

Two electromagnetic stirring techniques are suggested to provide the MHD stirring effect. 

AC or pulsed DC magnetic fields are used to produce indirect stirring of the solidifying 

melt. While the indirect nature ofthe ofthe electromagnetic stirring is an improvement over 

the mechanical process, there are still limitations imposed by the nature of the stirring 

technique. [19, 20,21] 

With AC inductive stirring, the maximum electromagnetic forces and associated shear are 

limited to the penetration depth ofthe induced currents. Accordingly, the section size that 

can be effectively stirred is limited due to the decay ofthe induced forces from the periphery 

to the interior ofthe melt. This is particularly aggravated when a solidifying shell is present. 
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The inductive electromagnetic process also requires high power consumption and the 

resistance heating, due to induced currents in the melt, in turn increases the required amount 

of heat extraction for solidificationY9,20, 21] 

The pulsed DC magnetic field technique is also effective, however, it is not as effective as 

desired because the force field rapidly diverges as the distance from the DC electrode 

increases. Accordingly, a complex geometry is required to produce the required shear rates 

and fluid flow patterns to insure production of slurry with a proper microstructure. Large 

magnetic fields are required for this process therefore the equipment is very costly and 

bulkyY9, 20, 21] 

In order to overcome the disadvantages of inductive electromagnetic stirring, it has been 

found that electromagnetic stirring can be made more effective if a magnetic field is rotating 

transversely of the mould or casting axis. One or more multi poled, AC stators are arranged 

about the mould in order to stir the molten metal to provide a sufficiently high shear rate. 

In this application, a rotating magnetic field generated by a two pole, AC multi phase motor 

stator is used to achieve the required high shear rates. [19,20,21] 

The electromagnetic stirring inductors 

Electromagnetic stirring induces fluid flow in the liquid metal without any physical contact 

with a stirrer. The inductor coils carry an alternating current within close proximity of the 

molten metal thereby inducing eddy currents into the melt. This creates the stirring motion 

required to produce the desired shear rate. 

Depending on the pattern of the inductor coils, two fundamental motions may be produced, 

namely axial stirring and tangential stirring (figure 2.19 a. an b. respectively). Axial stirring 

forces the melt into diametrically opposite circulations parallel to the longitudinal axis of 

a cylinder (i.e. up the longitudinal axis and down the mould wall or vice versa). The inductor 

coil pattern is shaped like a spiral or coil spring around the mould and produces a magnetic 

field travelling parallel to the longitudinal axis, over the spiral coil. The depth of penetration 

of the field into the melt is dependant on the current and frequency of the electrical power 
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applied to the coil. Current and frequency capacities to the order of 103 (A, Hz) are typical 

for this application. 

Electromagnetic stirring 
----~------------I 

vertical flow pattern horizontal flow pattern 
(parallel to casting axis) (around casting axis) 

a. h. 

Figure 2.19 a. Axial stirring pattern. 

b. Tangential stirring pattern. [14] 

Single phase, AC power supplies are usually used to generate a changing magnetic field that 

induces eddy currents into the molten metal. However, the eddy currents tend to vibrate 

rather than stir the metal since the field changes from one direction to the opposite at one 

spot. To overcome this problem, a three phase power supply is used to produce a travelling 

magnetic field to generate eddy currents that travel within the molten metal and thus stir it. 

Tangential stirring forces the melt to rotate about the longitudinal axis of a cylinder (e.g. 

stirring tea in a teacup). The inductor coil pattern is a series of longitudinal bars equally 

spaced around the circumference. This pattern is typically found in induction motor stator 

cases. The magnetic field produced with this layout cuts normal to the longitudinal axis and 

the depth of penetration not only depends on the current and frequency but also the number 

of poles of the stator since this affects the field pattern. The field forms aloop around a pole, 

normal to the longitudinal axis. Hence, if there were four poles, there would be four loops 
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of field, dividing the cross section into quarters (figure 2.20 a.). Similarly, for two poles, 

there would be two loops of field, dividing the cross section into halves (figure 2.20 b.). 

N 

s s 

N 

a. h. 

Figure 2.20 a. The four pole field pattern. 

b. The two pole field pattern. [20] 

The two pole layout indicates that it would be more suitable for semi solid production 

because the field lines travel right through the centre of the billet generating a non zero field 

across the entire cross section of the mould [19,20,21,22]. This overcomes the problem of the 

limited depth of penetration of the previous coil layout, thereby requiring much less 

electrical power to operate. Typical current ratings are in the order of 101 A and frequency 

ratings in the order from 101 to 102 Hz. 

Three phase power supplies are also used in this regard to generate a rotating magnetic field 

that causes the induced eddy currents to rotate about the longitudinal axis, thus stirring the 

molten metal. In fact, this system is a direct representation of a three phase induction motor. 

Due to the alternating nature of the fields, an oscillating magnetic field B and an electrical 

current density field j are induced in the liquid metal[23]. An electromagnetic force[24] or 

Lorentz force field F = j X B[23, 24, 25] appears (figure 2.21) which, due to its non-zero time 

average, has a rotational component which is responsible for fluid motion[23]. 
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Figure 2.21 Instantaneous fields and forces 

which cause the molten metal to rotate. 19, 

20, 21] 

In both of these systems (i.e. the axial and tangential stirrers) the shear rate depends on the 

velocity ofthe travelling field . The adjustment of the velocity of the travelling field, hence 

the adjustment of the shear rate, can be achieved by: 

a. changing the number of poles of the inductor. 

b. changing the line frequency of the electrical power supply. 

Method a. requires the modification of the coil windings and offers a very limited control 

over the adjustment of the velocity. Method b. requires the use of a variable frequency 

power source and offers infinite control over the adjustment range of the velocity. 

Horizontal stirring turns out to be more efficient than vertical stirring for the following 

reasons: 

In vertical stirring, the rotational component of the Lorentz force is small compared 

to its gradient component, which has no effect on fluid motion (it only contributes 

to static pressure). This effect leads to fluid velocities of about 5 times smaller than 

the case of horizontal stirring for a same value of the electrical power applied to the 
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inducting elements. In horizontal stirring (figure 2.22), the Lorentz force is almost 

purely rotational [231. 

In vertical stirring, fluid motion does not follow isotherms and velocities are 

extremely small near the mushy zone at the ingot centre (figure 2.23). This gives a 

heterogenous grain structure[231. 
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Figure 2.22 Liquid metal velocity field in Figure 2.23 Liquid metal velocity field in the 

the case of horizontal stirring. [23] case of vertical stirring. [23] 

2.4.4.5 MHD Stirred Feedstock Production Processes 

The semi solid feedstock which is produced with the MHD method can be done using one 

of two processes. It may be produced as a single slug (figure 2.24 a.), or it may be 

continuously extracted through the magnetic field and then chilled to form a continuous 

strand, (figure 2.24 b.). 

The Single Slug Process (SSP) 

This method is an alternative to the established MHD continuous casting technology that 

allows the production of near net shape billets. The SSP method provides the flexibility to 

change alloys rapidly and the capability to process alloys that are usually difficult to cast, 

both of which are technological advantages. Of economical significance is the reduction in 

energy consumption due to the fact that the hot billet can be used immediately after 

pro ducti on(l 31. 

42 



electromag netic 

l ® ~ cp ®-@ 
coils 

\ , 

-11 I 
A melting pot 0 

p 

" = \ ° 0 
0 () 

= B heating element 0 0 

2§3 = . () 0 " • = o ()ooo 0 / . = • • = 0 ' . 0 = - - = C compre .. ion device 0° 0 0 ° 0
0 = · -- - =- - • = 0 : ; 0 

E3 • - - - • ~ O · 0° 0 " 0 00 
,· 0 = • U· = 0 $ealin 9 plate 0,: ' 0 = = 0'; ,,0 0 0 () i:> ° ~ O F= • - - - - ~ . = 

~. 00.° 0 " 0 a ~ chill l - - - c,t. = E field coli = • = ~~ 0" ,",,0 = • • •• = = I ..... * ~ ~ = ~O()O'lfo water = • .,:".'_: .. t e = F melt 0°0 0 0 '6l'Q = = ~o 0 0 G= • ~ ... ,. ..... = \ og 00 0 0 0'r12 / = G rl\eottrueture = • • = = = o () 0 
= = 06), 0° 00 ~"'DoJ~ 

H coo IIn9 plata \ / = = 0 0 oQog>" 
~a; 

CB) 
?~ .~f$6" ~(f;,o ~{~ / = = \ ~,o ~~KOj9A 

~ 

a. D SSM extrusion 

h. 
Figure 2.24 a. The MHD Single Slug Process (SSP) apparatus. [13] 

b. The MHD continuous casting process. [2] 

The SSP-process is a possible alternative to other known technologies, especially to the 

MHD technique. It exhibits the following technological and economical advantages[131: 

* 
* 

* 

* 

High flexibility for rapidly changing between alloys. 

Handling of difficult to cast alloys and alloys with hot crack susceptibility 

(wrought alloys or high tensile alloys) . 

Billets have 'near-net shape" quality (lower production costs due to fewer 

production steps). 

Energy savings because the billet that is still warm after the production 

process can be directly processed in the heating device. 

Concept and construction of the SSP device 

The spheroidal structure is generated in the same way as in the MHD method. A magnetic 

field causes a stirring of the molten mass. The growing dendrite structure is destroyed by the 

shear forces generated by the flow. With the S SP process, billets can be produced in near-net 

shape quality. That means the billet can be processed directly in the heating device without 

any modifications. An economical production of billets with regard to an industrial series 
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production can be achieved with the use of several, parallel producing SSP devices, a high 

energy utilisation and a fast feeding of the reheating device. 

A schematic illustration of the SSP pilot plant is shown in figure 2.24 a. The melting pot 

consists of two cylindrical high grade steel tubes. The inner tube has four resistance coil 

heaters at the outside which are used to preheat the mould. Each heating coil is controlled 

separately Therefore, it is possible to adjust them in a way that generates a temperature 

gradient leading to directional solidification of the billet. A graphite mould was put inside 

the steel tube and a graphite disc was put at the bottom of the mould. Graphite is an 

appropriate material for this task because it is resistant to molten aluminium and it has a 

good resistance against thermal shocks. The outer steel tube serves the dual purpose of 

preventing heat loss and providing a fixture for mounting of the copper chill plate. The 

combination of parts yields a complete unit consisting of a heated graphite mould with a 

water cooled copper plate. The cooling water flows inside the copper plate and is controlled 

by a flow regulator. To prevent macro-shrinkage at the top of the billet, which originates 

from the solidification contraction of the metal, a special compression device is used. A 

graphite disc that is preheated to 400 - 500 QC is used to seal the mould and the molten 

material. A continuous contact between molten material and graphite disc is achieved by 

continuous cycling of the pressurization of the compression device[131. 

The MHD Continuous Casting Process 

The continuous casting production process consists of a chilled mould and a moving end 

plug at one end of the mould while the other end is open to a tundish of molten metal. 

Electromagnetic inductor coils are placed over the solidification zone of the mould which 

stirs the molten metal as it solidifies (figure 2.25). Initially, the end plug is inserted into the 

mould exit and the molten metal solidifies onto it thereby locking the end of the continuous 

strand thereon. The end plug is then slowly extracted, pulling the strand as it solidifies while 

exiting the mould. The electromagnetic stirrers are operating continuously during the 

extraction. Once the end plug has reached the end of its run, the molten metal supply is 

stopped, the stirrer coils switched off and the strand removed to be cut into segments. 
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Figure 2.25 The continuous casting 

production apparatus. [20] 

The mould for this process is specifically designed to control the solidification rate (i.e. the 

cooling rate) of the molten metal as it passes from entrance to exit of the mould. The molten 

metal must be in the semi solid region as it passes through the stirring magnetic field. This 

is achieved by controlling the heat transfer along the length of the mould by placing ceramic 

liners to retard the heat flow and extra cooling fins on the outer mould wall to promote heat 

flow. Direct chill methods are used to solidify the exiting strand. 

2.4.5 Summary of the Process of Producing SSM Feedstock 

The apparatus (figure 2.25) will continuously or semi-continuously cast thixotropic semi 

solid metal from a cylindrical mould. The mould may be formed of any desired non

magnetic material such as austenitic stainless steel, copper, copper alloy, aluminium or 

aluminium alloy. The apparatus and process are particularly adapted for making cylindrical 

ingots utilizing a conventional two pole polyphase induction motor stator for stirring. The 

magnetic field moves around the mould in a direction normal to the longitudinal axis of the 

casting[ 19l . 
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The bottom block, a standard direct chill casting type block, of the mould is arranged for the 

movement from within the confines of the mould cavity to a position away from the mould 

as the casting forms a solidifying shell. Lead screws or hydraulic means are used to raise 

or lower the bottom block at a desired casting rate. 

A cooling manifold is arranged around the mould wall. A coolant jacket, formed from a non 

magnetic material, is attached to the mould and a discharge slot is defined by the gap 

between the coolant jacket and the outer surface of the mould. The coolant serves to carry 

heat away from the molten metal via the mould wall and discharges directly against the 

solidifying ingot. A suitable valving arrangement is provided to control the flow rate ofthe 

coolant discharged in order to control the solidification rate ofthe melt. The molten metal 

which is poured into the mould is cooled under controlled conditions by means of the water 

sprayed upon the outer surface of the mould. By controlling the rate of water flow against 

the mould surface, the rate of heat extraction from the molten metal within the mould is 

partly controlled. 

A two po led, multi phase induction motor stator is arranged surrounding the mould to 

provide a means for stirring the molten metal within the mould. Although any suitable 

means for providing power and current at different frequencies and magnitudes may be used, 

the power and current are preferably supplied to the stator by a variable frequency generator. 

A two poled three phase induction motor stator is used because there is a non zero field 

across the entire cross section of the mould. It is therefore possible to solidify a strand 

having the desired semi solid structure over its full cross section[191. 

As the thixotropic slurry rotates within the mould, centrifugal forces in the cavity cause the 

metal to try advance up the mould wall. A partially enclosing cover is used to prevent the 

spill out of the molten metal due to the stirring action induced by the magnetic field of the 

motor stator. The cover comprises a metal plate, lined with a suitable insulating lining, 

arranged above the manifold and includes a funnel opening through which molten metal 

flows into the mould cavity. The funnel portion ofthe cover also serves as a reservoir of 

molten metal to keep the the mould filled in order to avoid the formation of a V-shaped 

cavity in the end of the casting due to centrifugal forces[191 . 
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A further advantage of the rotary magnetic field stirring approach is associated with the 

Flemings right hand rule (figure 2.22). The force vector F is tangential to the to the heat 

extraction direction and is therefore normal to the direction of dendrite growth. By 

obtaining a desired average shear rate over the solidification range, i.e. from the centre to 

the inside of the mould wall, improved fragmenting of the dendrites as they grow may be 

obtained. This improves the quality of the slurry cast structure. The stirring force field 

generated by the stator must extend over the full solidification zone of molten metal and 

thixotropic slurry, otherwise the structure of the casting will comprise regions within the 

field of the stator having a semi solid structure and regions outside the stator field tending 

to have a non semi solid structure[191. 

Under normal solidification conditions, the periphery of the ingot will exhibit a columnar 

dendritic grain structure. In order to eliminate this outer dendritic layer the thermal 

conductivity of the upper region of the mould is reduced by means of a partial mould liner 

formed from an insulator such as ceramic. The ceramic mould liner extends from the 

insulating liner of the mould cover down into the mould cavity for a distance sufficient for 

the magnetic stirring force field, of the two pole motor stator, to be intercepted in part by the 

ceramic mould liner. The liner postpones solidification, due to the low heat extraction rate, 

until the molten metal is in the region of the strong magnetic stirring force and thereby helps 

the resultant slurry to have a degenerate dendritic structure throughout its cross section. 

Below the region of controlled thermal conductivity, the normal type of water cooled metal 

casting mould is present. The high heat transfer rates associated with this portion of the 

mould promotes ingot shell formation. Even the peripheral shell of the casting may consist 

of degenerate dendrites because of the zone of low heat extraction rate. 

In order to form the semi solid microstructure at the surface of the casting, any initial 

solidified growth must be fragmented from the mould liner. This can be accomplished by 

ensuring that the field associated with the motor stator extends over at least that portion at 

which solidification is first initiated(J91. 
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The dendrites which initially form normal to the periphery ofthe casting mould are readily 

fragmented due to the metal flow resulting from the rotating magnetic field of the induction 

motor stator. The dendrites which are fragmented continue to be stirred to form degenerate 

dendrites until they are trapped by the solidifying interface. Degenerate dendrites can also 

form directly within the slurry because the rotating stirring action of the melt does not 

permit preferential growth of dendrites. To ensure this, the stator length should preferably 

extend over the full length of the solidification zone. In particular, the stirring force field 

associated with the stator should extend over the full length and cross section of the 

solidification zone with a sufficient magnitude to generate the desired shear rates[191. 

To form a semi solid microstructure casting using the apparatus, molten metal is poured into 

the cavity while the motor stator is energised by a suitable three phase AC current of a 

desired magnitude and frequency. After the molten metal is poured into the mould cavity, 

it is stirred continuously by the rotating magnetic field produced by the motor stator. 

Solidification begins from the mould wall, where the highest shear rates are generated, and 

at the advancing solidification front. By properly controlling the solidification rate the 

desired thixotropic slurry is formed in the mould cavity. As a solidifying shell is formed on 

the casting, the bottom block is withdrawn at a desired casting rate[191. 

The two competing processes, shearing and solidification, are the controlled variables in the 

system. The magnetic induction field rotation frequency and the physical properties of the 

molten metal combine to determine these resulting motions. The contribution of the above 

properties of both the process and the melt can be summarized by the formation of two 

dimensional groups, namely p (equation 2.12) and N (equation 2.13). 

fJ = I j21l!O"uoR
2 

-V ••• (2.12) 

170 ... (2.13) 
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where: 

j= r-T 
f = line frequency 

a= melt electrical conductivity 

f-Jo = magnetic permeability 

R = melt radius 

<Br> = radial magnetic induction at wall 

7]0 = melt viscosity 

The first group ,p , is a measure of the field geometry effects while the second group, N, 

appears as a coupling coefficient between the magneto motive body forces and the associated 

velocity field. The computed velocity and shearing fields for a single value of p as a function 

of the parameter N can be determined[191. 

From these parameters it has been found that the shear rate is a maximum toward the outside 

of the mould. This maximum shear rate increases with increasing N. It has been recognized 

that the shearing is produced in the melt because the mould wall is rigid. Therefore, when 

a solidifying shell is present, shear stresses in the melt should be maximised at the liquid

solid interface. Furthermore, because there are always shear stresses at the advancing 

interface, it is possible to make a full section ingot with the appropriate degenerate dendritic 

semi solid microstructure. 

It has also been found that operating within a defined range ofline frequencies can produce 

a desired shear rate for attaining a desired cast structure at reduced levels of power 

consumption and current and that efficiency is improved due to reduced heating losses in 

the stator[191. 

The ability to define a range of operating line frequencies enables the quality of the 

structures being produced to be markedly improved in that the degenerate dendrites become 

more spheroidal in shape as a result of the increased stirring effect at reduced levels of 

power consumption and current. It is an important guide in the selection of a frequency to 
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minimize stator heating while generating a desired average shear rate for any specific casting 

size. Stator heating is the result of the magnetising current. By using a variable frequency 

generator to control the line frequency in accordance with the above equations, the improved 

efficiency, reduced power consumption and minimization of wasteful stator heat can be 

achieved[191. 

Figure 2.26 shows examples of desired frequencies for producing reduced power 

consumption vs. the effective cross section diameter of an aluminium alloy slurry being cast 

in a W' thick aluminium mould, copper mould, and austenitic stainless steel mould. 
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Figure 2.26 Desired frequencies vs effective cross 

section diameter of a mould. [19] 

Suitable shear rates for carrying out the process comprise from at least 400 S·l to 1500 S·l. 

For aluminium and its alloys a shear rate from about 700 S·l to about 1100 S·l has been found 

desirable[191. 

The average cooling rates through the solidification temperature range of the molten metal 

in the mould should be from about 0.1 °C per minute to about 1000 °C per minute. For 
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aluminium and its alloys, an average cooling rate from about 40 °C per minute to about 500 

°C per minute has been found to be suitable. The efficiency of the magneto hydrodynamic 

stirring allows the use of higher cooling rates than with other stirring processes. Higher 

cooling rates yield highly desirable finer grain structures in the resulting casting[19]. 

The parameter p2 (equation 2.12), should range from about 1 to 10 and preferably from 

about 3 to 7[19]. 

The parameter N (equation 2.13), should range from 1 to 1000 and preferably from about 

5 to 200[19]. 

The line frequency ffor casting of an aluminium alloy having a radius from about 1 to about 

10 inches should be from 3 to 3000 Hz and preferably from about 9 to 200 HZ[19]. 

The magnetic field strength which is a function of the line frequency and the melt radius 

should comprise for aluminium alloy casting from about 50 to 1500 gauss and preferably 

from about 100 to 600 gauss[19]. 

2.4.6 Comparisons of Microstructures Produced by SSP and MHD Continuous 

Casting 

Although no exact statement about the ideal feedstock structure can be made, conclusions 

from the investigated SSP-structure can be made regarding the peculiarities and the 

advantages of this material. A representative cutting of the SSP and MHD microstructures 

is shown in figure 2.27. The ex phase in the MHD-structure exists in the form of dendrite 

fragments that are often combined into small "groups". This phenomenon leads to a 

formation of agglomerates of the ex particles. The SSP material has a completely different 

microstructure. The rounded and isolated particles of the ex phase are uniformly distributed 

in the eutectic phase. Consequently, the SSP material requires a shorter reheating time since 

it already has the necessary globular structure. Because of this special microstructure some 

advantages in the reheating and the forming process can be expected[13]. 
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2.4.7 Characterisation of the Reheated SSP and MHD Continuous Cast Materials 

In the reheated state the MHD-materials also have a globular et phase (figure 2.28 b.). It can 

be seen that the particles of the et phase have many inclusions of eutectic phase. A possible 

reason for the formation of the eutectic "islands" might be the structure of the MHD 

feedstock (figure 2.17 b.). As cast, the MHD microstructure appears like a network of et 

particles. Because of the coarsening process that take place during the reheating cycle, the 

fragments of the et phase can grow together. The consequence is that the eutectic lying 

between the particles is included in them. Therefore, a part ofthe liquid phase is not available 

for the forming process. This leads to a decreasing flowability of the MHD material. This 

phenomenon did not occur in the SSP material (figure 2.28 a.) because the et particles are 

already isolated as cast and therefore the inclusion of eutectic is prevented. 

a. b. 

Figure 2.27 a. The spheroidal et 

structure of the SSP process prior to 

reheating. 

b. The fragmented et structure of the 

MHD process prior to reheating. [13] 

52 



Figure 2.28 a. The reheated SSP material 

is nearly free of eutectic inclusions. 

b. A large number of eutectic islands are 

present in the primary particles of the 

reheated MHD material. [13] 

With an interactive image analysis system, it was possible to determine the fineness of the 

SSP structure that has an important influence on the flowability of the material in the casting 

process. The particle diameter of the primary phase in the reheated state was the measured 

variable. Comparison of the primary phase grain diameter (figure 2.29 b.) and shape factor 

(figure 2.29 a.) Showed that the SSP material had comparable grain diameters and an 

improved shape factor. The shape factor of the SSP material is about 3% better when 

compared with the MHO material (figure 2.29 a.). 
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Figure 2.29 A comparison of (b.) the particle diameter of the primary phase and (a.) the 

shape factor of the primary phase between the SSP and MHO materials.[13] 
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The investigation during reheating shows that the SSP material has a good form stability, 

i.e. it holds its shape well when in the semi solid state. This is important for a safe handling 

of the billet. The "cutting" technique, where the billet is cut by hand using a knife, is a 

helpful but not a consistent method to test the softness of the billet.. The required force and 

the appearance of the cut off surface are important for evaluation the consistency of the 

material. The cutting force was relatively low and the cut off surface showed a "creamy" 

structure. This leads to the conclusion that the flowability in the casting process would be 

good. The MHD-material showed similar results after an ideal heating process[l31. 
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2.5 Multiple Variable Analysis Techniques 

The technique of defining and investigating all possible conditions in an experiment 

involving multiple factors is known as the design of experiments, also referred to as 

factorial design. In the case of design of experiments, a number of factors (or variables) at 

two or more different levels (e.g. high and low) are selected that will affect the result or 

outcome of the experiment. These factors would be tabulated according to factorial design 

rules to produce treatments for running an experiment[261. 

For a full factorial design the number of possible designs is N (equation 2.14). 

where: 

N = Lm 
••• (2.14) 

L = number of levels of each factor. 

m = number of factors. 

Thus, if the qualities of a product depends on three factors A, Band C and each factor is 

to be tested at two levels then, using equation 2.14, 23 (8) possible design configurations 

are required. This three factor, two level experiment is represented by figure 2.30. 

At A2 

B, B2 B, B2 AVERAGE 

C, I 
C2 Cell 

Average I 
Figure 2.30 Test matrix with three factors at two levels. [26] 

The size of the test matrix is still easily managed and every combination can be 

investigated. Each box in the table is called a cell. In order to improve accuracy, several 

observations are made per cell and the significance of the results are determined by a form 

of statistical analysis called Analysis of Variance (ANOV A)l261• 
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Now consider the case where the experiment under consideration has 15 factors, at two 

levels each. In this case, 215 (32 786) possible varieties of experiments need to be 

investigated before the most desirable treatment can be established. A research program 

of this magnitude would be exorbitant in cost and time. Techniques such as fractional 

factorial experiments are used to simplify the experiment. Fractional factorial experiments 

investigate a fraction of all the possible combinations and this saves considerable time and 

money. However, a rigorous mathematical treatment is required, both in the design ofthe 

experiment and in the analysis ofthe results. Furthermore, each experimenter may design 

a different set of fractional factorial experiments, making comparisons between like 

experiments unreliable[261. 

Dr Genichi Taguchi simplified and standardised the fractional factorial designs in such a 

manner that two experimenters will always use similar designs and tend to obtain similar 

results. Factorial and fractional factorial designs of experiments are widely and effectively 

used however they suffer the following limitations[261: 

1. The experiments become expensive in terms of cost and time when the 

number of variables is large. 

2. Two designs for the same experiment may yield different results. 

3. The designs normally do not permit determination of the contribution of 

each factor. 

4. The interpretation of experiments with a large number of factors may be 

quite difficult. 

Taguchi overcame the limitations of factorial and fractional factorial experiments by 

contributing discipline and structure to the design of experiments. The result is a 

standardised design methodology that can be easily applied by different experimenters. 

Different designs for the same type of experiments by different experimenters will yield 

similar data and lead to similar conclusions[261. 
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2.5.1 Taguchi Experiment Design Strategy 

Taguchi constructed a special set of orthogonal arrays (OAs) to layout his experiments. 

He combined orthogonal Latin squares in a unique manner and prepared a new set of 

standard OAs to be used for a number of experimental situations[26l. 

A common OA for 2 level factors is shown in figure 2.31. This array, designated by the 

symbol L8, is used to design experiments involving up to seven 2 level factors. The array 

has 8 rows and 7 columns. Each row represents a trial condition with factor levels indicated 

by the numbers in the row. The vertical columns correspond to the factors specified in the 

study. 

FACTORS 

TRIAL 

NUMBER A 8 C D E F G 

I I I I I I I I 

2 1 I I 2 2 2 2 

3 I 2 2 I 1 2 2 
4 I 2 2 2 2 I 1 

5 2 1 2 I 2 I 2 

6 2 I 2 2 I 2 1 

7 2 2 I I 2 2 I 

8 2 2 I 2 I 1 2 

Figure 2.31 Orthoganal array L8 (27
). [26] 

Each column contains four level 1 and four level 2 conditions for the factor assigned to the 

column. Two 2 level factors combine in four possible ways, such as (1,1), (1,2), (2,1), and 

(2,2). When two columns of an array form these combinations the same number of time, 

the columns are said to be balanced or orthogonal. Note that any two columns of an L8 (27) 

have the same number of combinations of (1,1),(1,2),(2,1), and (2,2). Thus, all seven 

columns of an L are orthogonal to each other[26l. 

The OA facilitates the experiment design process. To design an experiment is to select the 

most suitable orthogonal array, assign the factors to the appropriate columns, and finally, 
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describe the combinations ofthe individual experiments called the trial conditions. Assume 

that there are at most seven 2 level factors in the study. Call these factors A, B, C, D, F, F 

and G, and assign them to columns 1, 2, 3, 4.5, 6, and 7 respectively of L8. The table 

identifies the eight trials needed to complete the experiment and the level of each factor for 

each trial run. The experiment descriptions are determined by reading numerals 1 and 2 ap

pearing in the rows of the trial runs. A factorial experiment would require 27 or 128 runs, 

but would not provide appreciably more information[26] . 

The array forces all experimenters to design almost identical experiments. Experimenters 

may select different designations for the columns but the eight trial runs will include all 

combinations independent of column definition. Thus the OA assures consistency of design 

by different experimenters[26]. 

2.5.2 Analysis of Results 

In the Taguchi method the results of the experiments are analyzed to achieve one or more 

of the following three objectives: 

1. To establish the best or the optimum condition for a product or a process 

2. To estimate the contribution of individual factors 

3. To estimate the response under the optimum conditions 

The optimum condition is identified by studying the main effects of each of the factors. The 

process involves minor arithmetic manipulation of the numerical results and usually can be 

done with the help of a simple calculator. The main effects indicate the general trend ofthe 

influence of the factors. The levels of the factors which produce the best results can be 

predicted from the main effects. [26] 

The knowledge of the contribution of individual factors is a key to deciding the nature of 

the control to be established on a production process. The analysis of variance CANOV A) 

is the statistical treatment most commonly applied to the results of the experiment to 
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determine the percent contribution of each factor. Study of the ANOV A table for a given 

analysis helps to determine which of the factors need control and which do not[261. 

Once the optimum condition is determined, it is usually a good practice to run a 

confirmation experiment. It is, however, possible to estimate performance at the optimum 

condition from the results of experiments conducted at a non-optimum condition. It should 

be noted that the optimum condition may not necessarily be among the many experiments 

already carried out, as the OA represents only a small fraction of all the possibilities[261. 

2.5.3 Limitations of the Taguchi Method 

The most severe limitation of the method is the need for timing with respect to 

product/process development. The technique can only be effective when applied early in 

the design of the product/process system. After the design variables are determined and 

their nominal values are specified, experimental design may not be cost effective. Also, 

there are situations in which classic techniques are better suited; in simulation studies 

involving factors that vary in a continuous manner, such as the torsional strength of a shaft 

as a function of its diameter, the Taguchi method may not be a proper choice[261. 
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CHAPTER 3 

3 Experimental Procedure 

There were two possible options for producing semi solid feedstock using the MHD 

method. These options included the SSP process and the continuous casting method, both 

horizontal and vertical. The continuous casting approach was considered however it 

required a lot of floor space and supporting items such as a holding furnace, withdrawal 

mechanism and a flying saw. Furthermore, casting practice of this scale and nature should 

be performed in proper, established cast houses as it posed a serious safety hazard. There 

was a large amount of molten metal used at one time to produce a single batch of billets. 

The premises available for the equipment was in a multistoried building, where it was not 

advisable to operate a casting apparatus of this nature. 

The SSP process required only a small mount of molten metal at one time, being only 

enough to produce a single billet. This lent itself for to the testing of different types of 

materials since only a small quantity of metal was needed at a time. 

Furthermore, the experimental system had to achieve the following objectives: 

1. Produce a feedstock material which displayed thixotropic properties, when heated 

to the semi solid state, and allowed the fastest heating times possible, from solid 

state to semi solid state, for the feedstock material. The primary phase had to 

display a fine grained and discrete microstructure surrounded by a eutectic phase 

which displayed a fine, speckled texture. 

2. Produce a slug or billet of the proportions 50 mm in diameter and approximately 

100 mm in length to suit the high pressure die casting machine used by the Semi 

Solid Metal Research and Technology Group (SSMRTG) atthe University of Natal. 

3. To be of compact proportions to allow its use in limited space in the laboratory. 

4. To have as much flexibility as possible over the control variables (shear rate and 

cooling rate). 

5. To have the ability to use different types of metals for later investigations. 
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The SSP process was decided as the base for the experiment apparatus design since it 

satisfied all the above requirements. 

The design of the experimental apparatus emulated the fundamental process of producing 

semi solid feedstock. This required the introduction of a liquid metal into a mould and to 

be placed in the path of a rotating magnetic field. As the melt was vigorously stirred by the 

rotating magnetic fields, it was cooled to complete solidification. 

The MHD Single Billet Caster (SBC) experimental system was designed and built to 

evaluate the process factors, which influenced the shear rate and the cooling rate in the 

melt, during the production of the semi solid feedstock. 

There were six areas ofthe SBC production under investigation to satisfy the aims of this 

research. These were: 

1. A356.2 material characterisation. 

2. Primary phase formation. 

3. Fine eutectic phase formation. 

4. Single Billet Caster billet quality. 

5. Mould cooling curve measurements. 

6. Feedstock reheating trials. 

3.1 Material Characterisation of A356.2 

The aim of this investigation was to established the fundamental metallurgical properties 

of the alloy A356.2. The information determined from this experiment included the 

chemical composition, the liquidus and solidus temperature and microstructural analysis 

of the raw material as supplied by AlusafBayside Smelter, Richards Bay. 
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The chemical composition was determined by spectral analysis from Alusaf, PDC (Pty 

Ltd), Pietermaritzburg and chemical anlysis by Scrooby's Laboratory Service (SLS), 

Johannesburg. The results were compared with the nominal specifications of A356.0(6). 

A sample from the as cast bar of A356.2 alloy was mounted, polished and etched with a 5% 

HP solution. The microstructure was obtained by using a 35mm film camera, attached to 

a Nikon Epiphot inverted light microscope, to capture the image of a prepared sample of 

raw material. 

The liquidus and solidus temperatures were determined using the Differential Thermal 

Analysis (DT A) technique [27. 28. 29) applied to the heating and cooling profiles of the 

aluminium alloy. 

3.1.1 The Temperature Profile Experiment Apparatus Description 

The DTA technique obtained the temperature profile ofthe A356.2 alloy undergoing phase 

changes in controlled temperature conditions. This profile was compared to a temperature 

profile of a control sample which remained a single phase under the same controlled 

temperature conditions. The temperature gradient of the A356.2 alloy would deviate from 

the temperature ofthe control block when a change of state ofthe alloy occurred due to the 

latent heat of formation transfer at the time. The DT A profile showed the difference in the 

temperature gradient of the A356.2 sample and the control block. This profile showed 

peaks and troughs which indicated the positions of the solidus and liquidus temperatures 

on the corresponding temperature profiles. 

The A356.2 sample was a cube, with approximate dimensions 1 cm x 1 cm x lcm (mass 

= 2.6 g), with a 1.6 mm diameter hole drilled from one side to the centre of the cube to 

62 



house a thermocouple tip. A K-type, 1.5 mm diameter thermocouple was inserted into the 

cube. 

The control block was made of copper since it did not melt under the temperature 

conditions present when profiling the aluminium. An identical thermocouple to the one 

used for the aluminium sample was inserted into the block. Furthermore, the copper block 

was dimensioned in a manner to minimise the difference of effects the furnace temperature 

conditions would have had, on the sample and control block, due to the different types of 

materials used. The copper block was sized with respect to the mass of the aluminium 

sample according to the equation: mass (copper) x CP(copper) = mass (aluminium) x Cp (aluminium/
281

• The 

size of the copper block was determined to be 0.9 cm x 0.9 cm x 0.9 cm (mass = 6.2g). 

When the profile for the A356.2 alloy was determined, the control block temperature was 

used as both the comparator to for the aluminium sample temperature as well as the 

temperature feedback source for the furnace control. 

The equipment consisted of two small (5 cm3
) ceramic crucibles one each for the 

aluminium sample and copper control block placed inside the muffle furnace (figure 3.1). 

The muffle furnace was controlled with a REX P90 furnace controller (figure 3.2) which 

controlled the furnace temperature via the control block thermocouple. Each thermocouple 

was connected to a FEMA electr6nica s.a., ESASGARD CCT - 23 series, thermocouple 

transmitter module (figure 3.3 b.). This unit converted the thermocouple temperature range 

into a 0 -10 V DC signal, for use as an analogue input signal to a PC input/output (VO) 

card .. 

The temperature profiles were recorded with the use of a PC running a LABVIEW 

sampling program and an EAGLE PC 30 GA data (VO) card which read the thermocouples 

via the thermocouple transmitter modules (figure 3.3 a.). 
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Figure 3.1 

-

(, Aluminium sample I 

a. 
b. 

a. The ceramic crucibles containing the aluminium sample 

and the copper control block. 

b. The positioning of the samples inside the muffle 

furnace. The samples were located at mid-length of the 

muffle tube during the experiment. 

~EX P90 furnace controller 

Figure 3.2 The REX P90 furnace controller and 

muffle furnace used for the heating and cooling 

profile experiment. 
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Figure 3.3 a. Equipment setup of the temperature profile measurement 

experiment. 

b. Thermocouples were connected to the transmitter modules 

which relayed a 0 -10 V DC signal to the PC I/O card, 

proportional to the temperature measured by the thermocouples. 

3.1.2 Parameters Selected for the Temperature Profile Measurements 

The furnace was set to follow the profile shown in figure 3.4. The profile followed the 

following steps: 

1. From room temperature, ramp up to and soak at 525 QC for 90 minutes to stabilize 

the temperature conditions prior to the heating profile measurements. 

2. Ramp up at approximately 5 QC/minute to 670 QC and then soak for 60 minutes to 

stabilize the furnace temperature conditions prior to the cooling profile 

measurements. 

3. Ramp down at approximately 5 QC/minute to and then soak for 60 minutes to 

stabilize furnace temperature conditions after the temperature profile measurements 

were complete. 

4. Cool to room temperature. 
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Figure 3.4 The temperature profile programmed into the furnace 

controller which set the heating and cooling conditions for the DT A 

experiment. 

The temperature profile measurements were started approximately 1 minute before the 

ramp up to 670 DC. The measurements were ended when the temperature difference 

between the aluminium sample and control block had stabilized while soaking at 525 DC 

after the ramp down from 670 DC. During the profile measurement period, the temperatures 

were sampled at 1 second intervals by the temperature logging system on the Pc. 

3.2 Experimental Procedure to Establish a Fine Grained, Equiaxed Primary Phase 

Formation 

This experiment was concerned with the investigation of the process factors influencing the 

shear rate and cooling rate of the melt. These parameters were not easily monitored directly 

with instruments during the actual production process. Instead, the indirect process factors 

were monitored and controlled to establish the optimum condition for the formation of the 

fine grained, equiaxed primary phase. 
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3.2.1 Experimental Apparatus Description 

3.2.1.1 The Single Billet Caster System 

The SBC system (figure 3.5) was suitable for the experimental lab application since it was 

compact, of simple design and allowed for a degree of flexibility in the adjustment of process 

factors. A single billet was produced which allowed its properties to be checked and the 

process factors adjusted, if necessary, after a minimal amount of molten aluminium was 

used. The two fundamental parameters, shear rate and so lidification rate, were set by the 

combination of the frequency controller (a three phase induction motor speed controller) 

and the coo ling water spray. 

The SBC process (figure 3.5) produced a single billet by placing volume of molten metal, 

contained in a mould, within a moving magnetic field. It electromagnetically stirred the melt 

to remelt and fragment the dendrite arms which began to grow at the start of solidification. 

Solidification was initiated by the cooling water spray inside the rotating magnetic field zone 

of the motor stator. 

Figure 3.5 

a. 

electromagnetic coils 

f 
fo 

water 
on/off 

Hz V I 

a. The Single Billet Caster apparatus. 

b. Schematic of the SBC apparatus. 
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The working temperature range in which to form the discrete primary grains by means of 

stirring was from 615 °c to approximately 605 °cJ1
) Within this range, a fast cooling rate 

was applied in order to keep the grain size as small as possible. This also induced a 

supercooled condition in the melt and formed a large number of nucleation sites. 

The factors used in SBC unit (figure 3.5 b.), involved in the formation of the fine grained, 

equiaxed primary phase, were the line frequency (f), the base frequency (fo) , and the 

temperature at which the cooling rate was applied, which was called the initiation 

temperature (T). 

The line frequency controlled the angular velocity at which the rotating magnetic fields 

travelled, hence, the stirring speed of the melt. The base frequency indirectly controlled the 

voltage and current flowing through the inductors of the stator (i.e. the strength of the 

rotating magnetic field), hence, the stirring strength induced into the melt. 

The stirring action of the melt induced the shear rate which was required to remelt and 

fragment the dendrite arms. Thus, the combination of line frequency, (f), and the base 

frequency, (fo), indirectly represented the magnitude of the shear rate. 

3.2.1.2 The Electrical Inductor Coils 

Of the two systems (i.e. the axial and tangential stirrer), the tangential stirrer was more 

suitable in terms of lower power consumption, lower frequency requirements, and the 

already assembled inductor coils in the form of a three phase induction motor stator. 

No power ratings required of the stirring coils were revealed through the literature survey. 

However, current ratings were given and also the physical size of the units could be 

determined by the sizes of the mould. Combining these two parameters and comparing 

them with a specifications table (Appendix AI) of available 3 phase, 2 pole induction 

motors, a suitable unit was selected. 
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A WEG three phase induction motor stator with a 15 kW, 30 Amp rating (figure 3.6) was 

selected. Two poles were required due to the magnetic field patterns which increased 

stirring effectiveness. Stirring had to be symmetric over the stirring region to prevent large 

discrepancies of microstructure in the form of coalesced primary grains and dead zones 

where the mushy metal had become strongly viscous in low shear regions. [1 , 30] 

a. b. 

Figure 3.6 a. The 15 kW induction motor used in the SBC apparatus in exploded form. 

b. The stator showing the windings. 

3.2.1.3 The Power Source 

A variable speed AC motor drive from AC Technology Corporation, MC 1000 series 

(figure 3.7), was used to power the induction stirrer. This unit controlled the shear rate by 

adjusting the line frequency and the line voltage. The control unit had the same power rating 

as the induction motor, i.e.15 kW and 30 Amps, with a line frequency output range from 0 

to 120 Hz. The line frequency set the rotational speed ofthe electromagnetic field. 

Since the rotational speed of induction motors was controlled by the line frequency, it was 

the only process factor that could be adjusted by the operator via the touchpad (figure 3.7). 

The voltage and current supplied to the induction stator were automatically controlled to 

suit the line frequency set by the operator. This prevented the chance of saturating the field 

coils and overloading them. In the event of an overloaded condition, the unit automatically 
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tripped off and cut the electrical supply to the field coils, so there was no possibility of 

destroying the stator in the event of an overloaded condition. 

Figure 3.7 The variable 

speed AC motor drive. 

Description of the AC motor drive unit operation 

The stator was a set of three electrical windings held stationary in the motor stator housing. 

The arrangement of the stator coils and the presence ofthree phase AC voltage gave rise 

to a rotating magnetic field. The speed at which the magnetic field rotated was known as the 

synchronous speed of the stator. Synchronous speed was a function of the frequency at 

which the voltage was alternating and the number of poles in the stator windings. 

Equation 3.1 gives the relation between synchronous speed, frequency, and the number of 

poles[311: 

where: 

S = 120.L s 

Ss = Synchronous speed (rpm) 

f= frequency (Hz) 

p = number of poles 

p ... (3.1) 
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The strength of the magnetic field in the stator was proportional to the amplitude of the 

voltage at a given frequency. When operated below base (rated) speed, the stator operated 

in the range of "constant torque" (figure 3.8). Constant torque output was obtained by 

maintaining a constant ratio between voltage amplitude (Volts) and frequency (Hertz). For 

50 Hz motors rated at 380 Vac, the value for this V /Hz ratio was 7.6. Operating with this 

V /Hz ratio generally yielded optimum torque capability. Operating at a lower ratio value 

resulted in lower torque and power capability. Operating at higher ratio values would 

cause the stator to overheat. Most standard stators are capable of providing full torque 

output from 3 to 60 HzylJ 

If the frequency applied to the stator was increased while the voltage remained constant, 

torque capability would decrease as speed increased. This would cause the horsepower 

capability of the stator to remain approximately constant. Stators run in this mode when 

operated above base speed, where drive output voltage was limited by the input line 

voltage. This operating range was known as the "constant horsepower" range (figure 3.4). 

The typical maximum range for constant horsepower was from 60 to 140 Hz. Figure 3.4 

depicts the operating characteristics of a typical AC induction stator with a 60 Hz base 

speedY!J 

CONSTANT TORQUE CONSTANT HP 

I~'---------------~~--------------~ 

)0 

10 

10 20 3D 40. ~O 60 70 80 90 100 110 120 

FREQUENCY (HERlZ) 

Figure 3.8 Output characteristics with respect to frequency 

of the AC motor drive unit. [31] 
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The AC motor drive settings such as the base frequency and overload protection parameters 

were manually programmed via a touchpad on the unit. The line frequency could be 

manually controlled via the same keypad, remotely controlled by an externally wired 

rheostat or computer controlled by control software via a PC interfaceY1
] 

Setup of the AC motor drive unit for experimental purposes 

Since the AC motor drive applied power to a 3 phase induction motor stator without the 

rotor, the coils became saturated and the controller tripped off during the stirring operation 

to prevent overheating. The base frequency was thus raised to reduce the V 1Hz ratio, 

therefore the power rating applied to the stator was reduced. This allowed the motor drive 

unit to operate continuously throughout the line frequency range from 0 to 120 Hz during 

the stirring process. (The higher the line frequency, the higher the power rating applied to 

the statoL) 

The minimum base frequency, which allowed continuous operation of the controller up to 

120 Hz line frequency, was 140 Hz. The maximum base frequency setting allowed by the 

control unit was 360 Hz. Therefore the power rating of the control unit could be set from 

full rating corresponding to 140 Hz base frequency, down to the lower rating corresponding 

to the 360 Hz base frequency. 

3.2.1.4 The Mould 

The mould was used to contain the molten metal for the SBC process and had to posses 

certain properties. 

a) It had to be non-magnetic (i.e. have low magnetic permeability) so as not to shield the 

magnetic field from the molten metal to be stirred. 

b) It had to have low electrical conductivity to reduce losses, due to eddy currents induced 

in the mould walls, by the induction stirrer. 

c) It had to have sufficient thermal conductivity to allow adequate heat transfer for cooling 

of the melt. 

d) It had to be resistant to molten metal wetting its surface, thus preventing the metal 

adhering to or corroding it. 
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Suitable materials which displayed these above properties were copper, stainless steels, 

graphite and ceramics. None of these materials displayed the best of all the above properties 

so a compromise had to be reached. 

Copper had excellent electrical and thermal conductivities which meant high losses would 

be incurred due to eddy currents. However the heat transfer efficiency would have been 

high. It was non-magnetic so there was little shielding ofthe magnetic field. Its non-wetting 

properties were also good provided the mould was kept chilled at all times whilst the melt 

was in contact, otherwise the copper was dissolved into the aluminium if the mould was 

allowed to reach a high temperature. 

Stainless steel had fair electrical and thermal conductivities so eddy current losses were 

reduced however the heat transfer had a reduced efficiency. Non-wetting properties were 

fair and non-magnetic properties, good (if austenitic stainless steel was used). 

Graphite had good electrical and fair thermal conductivities so eddy current losses were 

high and heat transfer efficiency was fair. Non-wetting and non-magnetic properties were 

excellent. 

Ceramics had poor electrical and thermal conductivities so eddy current losses were low 

and heat transfer efficiency, low. Non-magnetic properties were excellent and non-wetting 

properties, fair. 

There were a few other factors to consider over and above the properties discussed above: 

* Copper and graphite were both very expensive to purchase. 

* 

* 

* 

In terms of heat transfer efficiency, the metal and graphite moulds were 

satisfactory . 

The ceramic material had poor thermal shock resistance and was prone to 

cracking. 

Metal and graphite were machinable therefore the moulds could be easily 

manufactured as desired. 
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The stainless steel material offered the best compromise for use as the mould material when 

the physical properties and logistical factors above were considered. 

The design of the mould used in this experiment was carefully considered. The aim of the 

experiment was to test the effect of the three process factors , line frequency , base frequency 

and initiation temperature on the formation of a discrete, fine grained microstructure. The 

casting quality of the billet (i.e. shrinkage pores) were of no consequence to the formation 

of the discrete, fine grained microstructure. Shrinkage pores were the result of the phase 

change of the liquid metal to solid. The experiment focussed on the formation of the 

primary phase grains and the shrinkage occurred independent of whether the primary phase 

was modified or not. It was immaterial to consider shrinkage as a factor in the fonnation 

of the discrete, fine grained primary phase microstructure. 

Therefore there was no need to focus on controlling the shrinkage porosity with the use of 

complicated moulds incorporating compression devices or risers. Instead, a simple tube 

type mould with end caps was used merely as a vessel in which to introduce the molten 

metal to a rotating magnetic field . Also, using a separate mould to test these factors saved 

on the wear and tear of the split moulds, used to produce the SBC billets (Chapter 3.3), 

which consumed considerable cost and time to produce. 

The test mould (figure 3.9) was simply a short length of stainless steel tube of 50mm 

diameter and 100 mm in length. It was capped at both ends with a pouring spout at the top 

cap and a threaded hole in the bottom cap. It was then attached onto the SBC unit's 

pneumatic ram which positioned the mould inside the stirring space of the stator. Molten 

aluminium was poured from a crucible into the mould spout via a sheet metal funnel, 

previously inserted into the spout. 
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Figure 3.9 
b. 

a. The exploded VIew of the test mould 

showing the end caps and tube. 

b. The assembled test mould. 

3.2.1.5 The Preheat and Melting Furnace 

The purpose of the furnace (figure 3.10) was to preheat the mould and stabilise its 

temperature to that of the melt temperature before being transferred to the SBC apparatus 

for casting of the billet. 

An external furnace was used to preheat the mould to a casting start temperature since an 

internal furnace, situated within the stirring inductors, hindered the cooling rate. High 

cooling rates were needed to produce the desired fine grained micro structure and fine 

eutectic. 

The furnace was also used to melt the primary aluminium in A5 size, SiC ceramic crucibles. 

The melt temperature selected was 675 QC. 

The furnace was a oven type, resistive furnace constructed by KILN CONTRACTS (Cape 

Town), model HTF 035. It had a 3.5 kW rating and was controlled by a standard P.I.D 

setpoint controller manufactured by the Canadian Instrumentation Company. 
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Figure 3.10 Resistive furnace 

used to preheat mould prior to 

casting. 

3.2.2 Design of the Experiment to Achieve a Fine Grained, Equiaxed Primary Phase 

The Taguchi method was used to design the experiment since it offered a good experimental 

efficiency and determined a percentage contribution of the each of the selected factors to 

the end result. An optimum condition could also be determined as well as the expected result 

at the optimum condition. 

3.2.2.1 Parameters Selected for the Taguchi Experiment Design 

The factors chosen dealt with the control of the fundamental process parameters of the 

MHD process. The line frequency (t) and base frequency (~) influenced the shear rate and 

the initiation temperature (T) influenced the cooling rate. The chemistry of the alloy was 

kept constant to restrict the variables that could influence the production of a fine grained, 

equiaxed primary phase to those that were controllable process factors. Therefore, the 

influence ofthe process factors would be specific to A356.2. 
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The experiment had three factors and each were chosen to be tested at three levels each (i.e. 

the endpoints of their range and a midpoint) as shown in table 3.1, to improve the 

experimental resolution. The line frequency (f) levels ranged from the minimum frequency 

that maintained vigorous liquid stirring to the maximum frequency setting allowed by the 

AC motor drive unit. The minimum level of line frequency was determined by visual 

experiment. The base frequency (fa) levels range was outlined in Chapter 3.2.1.3. The 

initiation temperature levels ranged from a temperature just below the liquidus (Chapter 

4.1) to the minimum working temperature that allowed fluid motion (Chapter 3.2.1.1). The 

minimum working temperature was also determined by visual experiment. 

3.2.2.2 The Taguchi Experiment Design 

The Taguchi method used an L9 orthogonal array to perform an experiment with three 

factors at three levels each. The orthogonal array (OA) associated with this layout showed 

that there would be 9 trial runs for the experiment. A traditional experimental design using 

a full factorial method would have needed 33 (or 27) trial runs. Clearly, there was a 

considerable saving in time and effort in running the experiment with the Taguchi method 

of orthogonal arrays. 

Table 3.1 The list of factors used in the primary phase formation 

experiment and the three levels at which each were tested. 

A base frequency (Hz) 

B 

C slow/fast 

The descriptive table was constructed according to the Taguchi experimental design 

methodology for L9 OAS[261. This table described the experimental conditions for each trial 

run of the experiment and is shown in table 3.2. 
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Table 3.2 The L9 descriptive table detailing the experimental trials for the 

primary phase formation experiment. 

DESCRIPTIVE TABLE A B C Result 

trial # base freq line freq Tj 

1 360 20 615 

2 360 70 608 

3 360 120 605 

4 220 20 608 

5 220 70 605 

6 220 120 615 

7 140 20 605 

8 140 70 615 

9 140 120 608 

The L9 experiment was run according to the settings of each factor at each trial run as 

shown in the descriptive table (table 3.2). After each trial run, the result was recorded in the 

appropriate column. (e.g. trial 1 was run with the base frequency set at 360Hz, line 

frequency at 20 Hz and the initiation temperature at 615 QC.) 

3.2.3 Analytical Techniques Used to Quantify Primary Phase Morphology 

The quality of the billets could be assessed in terms of microstructure (in as cast and 

reheated condition), rheology and mechanical properties.[1] The most practical way to test 

the quality of the primary phase morphology was to examine the microstructure and 

perform selected measurements of the primary phase grains. 

Microstructural examination was performed on images of the as cast specimens using an 

image analysis software package capable of calculating the grain size and shape factor of 

the grains. The shape factor tested for the circular shape of the primary phase grain. The 

shape factor was 1 for a perfect circle and less than 1 for a non circular shape. 
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The procedure for analysing the images of the microstructures started with a digital image 

from an image capturing system attached to an inverted microscope. The captured image 

was then analysed on an image analysis software system, the Kontron Elektronik Imaging 

System KS300. The image was processed in a particular manner to clearly define the 

primary phase grain boundaries for the software to determine the attributes of shape factor 

and grain size thereof. 

Solving an image analysis problem proceeded according to the following general steps. (A 

detailed macro for the Kontron KS300 is shown in the Appendix A2). 

Image acquisition: The images were loaded from a storage media or acquired with a video 

camera. 

Grey image processing: Images were enhanced with a range of image processing functions 

such as contrast enhancement, smoothing, edge improvements, grey morphology and image 

arithmetic. (figure 3.11) 

Figure 3.11 Captured image which has had 

contrast enhancement performed to define the 

difference between the phases more clearly. 
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Segmentation: Regions or phases could be detected and separated from their environment 

on the basis of their grey values. This process created a binary image from the grey scale 

or true colour image as shown in figure 3.12. 

Figure 3.12 A binary image of figure 3.11, 

after a threshold operation, distinctly showing 

the primary phase grains. 

Binary image processing: Binary image processing can improve segmentation results. This 

included arithmetic operations, filling holes or filtering on the basis of size as shown in 

figures 3.13, 3,14, 3.15 and 3.16. 

Figure 3.13 The binary image after scrapping 

the very small white areas, too small to be 

considered as primary phase grains. 
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Figure 3.14 An ultimate erosion operation 

reduced primary grains, separating thin 

borders between them, without erasing the 

grains completely. 

Figure 3.15 An ultimate dilation operation 

reformed the grains without allowing the 

close grains to merge; a separating line of 

background pixels remained between the 

grams. 
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Figure 3.16 Figure 3.12 and figure 3.15 

combined with a binary AND boolean 

operation. 

Measurement: There were two kinds of measurements: field specific measurements which 

used the entire image and region specific measurements applied to the individual regions 

of an image. In this case, a region represented a primary phase grain, therefore 

measurements were region specific. This group also included point measurements such as 

length, angle, and count. 

Region measurements used were DCIRCLE[32] and FCIRCLE[32] where: 

/4, AREAF 
DCIRCLE = ~ 1{ ••• (3.2) 

1. DCIRCLE was the diameter of a circle with an equivalent area of the measured grain as 

calculated by formula 3.2 . Figure 3.17 shows graphically how the DCIRCLE was 

determined. 

2. FCIRCLE was the form factor of the measured grain calculated by the formula 3.3 . 

Figure 3.18 shows that FCIRCLE is the quotient of the diameter of a circle derived from 

the area of the grain and the diameter of a circle derived from the perimeter of the grain. 
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where: 

4·lr· AREAF 
FCIRCLE = PERlMCROFT2 ••• (3.3) 

AREAF[32] is the area of the filled grain. 

PERIMCROFT[32] is the Crofton perimeter of the grain. 

primary phase grain 

equivalent 
areas 

Figure 3.17 Graphical representation of 

the derivation of DCIRCLE as the grain 

sIze. 

equivale!lt 
areas 

p~~o 

~ 
equivalent 
perimeters 

Shape factor = Da ~ 1 
Dp 

A o 
Figure 3.18 Graphical representation of 

the derivation of FCIRCLE as the shape 

factor. 

The results obtained from the measurement were stored in a temporary database for 

evaluation. 

Evaluation: The measurement results could be listed, represented in various graphics and 

evaluated statistically. In this case, the measurement results were imported into a Quattro 

Pro spreadsheet as shown in the Appendix A3. 

The Taguchi method, as discussed in the primary phase formation experiment, required a 

vector of results (i.e. 1 x n array; n being the no. of trial runs) to be inserted into the 

descriptive table for analysis (table 3.2). However, to test the appearance of the fine 

grained, equiaxed primary phase grains, both the grain size and shape factor had to be 
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considered. This resulted in a 2 x n array of results which could not be incorporated into the 

Taguchi method of analysis. 

Therefore a vector result needed to be created from the vector results of shape factor, 

FCIRCLE, and grain size, DCIRCLE. Shape factor was a dimensionless number, ranging 

from 0 to 1 where 1 represents a perfect circle. Grain size was represented as the diameter 

of a circle with the corresponding area of the grain measured and had the linear unit 

micrometres. Since the object of the experiment was to create a fine grain microstructure, 

the smaller grained results were desired. However, the shape of the grain had an influence 

on the grain size result since it is the area of the grain that was used for the purpose of 

determining grain size. 

If two grains were compared (figure 3.19), where both had the same area but one grain had 

a circular shape and the other had a rosette shape, the results would show that the two 

grains were the same size but the shape factor would be different. The circular grain would 

have a shape factor tending towards 1 while the rosette grain would have a shape factor, for 

example, in the region of 0.5. If the grain size was divided by the shape factor, a new grain 

size would be produced showing that the circular grain remained the same size and the 

rosette grain doubled in size. Since the experiment was looking for the finest, equiaxed 

grains (i.e. the smallest and most round grains), the rosette grain would be rejected and the 

circular grain accepted on the basis of the smallest, new grain size. 
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Figure 3.19 Illustrating the differences in DNEW of different shape facto red primary phase 

grains which have equivalent areas and therefore equivalent grain sizes. 

3.2.4 ANOV A Analysis 

The ANOVA (Analysis of Variance) analysis was a statistical investigation into the 

characteristics of the results obtained from the experiment. It determined the influence of 

each process factor towards the outcome of the result by giving a quantified indication to 

the process factors involved in the experiment. In so doing, the most important process 

factor was highlighted. This method was used as a tool to indicate which process factor 

required the most control to achieve repeatable results. 

The DNEW results, determined from the image analysis data evaluation, were entered into 

their respective positions in the results column of the descriptive table (table 3.2). The 

ANOV A analysis (Appendix A4) was applied to the results column to obtain percentage 

contribution of the process factors towards the outcome ofDNEw• A percentage contribution 

of error was also determined and this represented the amount of experimental error. 
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3.2.5 Optimum Condition Verification 

The optimum condition was the settings of all the process factors which yielded an 

optimum result, i.e. DNEW' This condition could be determined following the ANOV A 

analysis and used to predict the optimum value ofDNEw • 

Two experimental trial runs were performed using the optimum condition. If the results 

were consistent then the experiment could be considered to be repeatable. If the results 

compared to the predicted value, within error limits, then the integrity of the experiment 

could be verified. If not, a form of pooling had to be performed to incorporate the influence 

of insignificant process factors into the error term. [26] 

The process of pooling adjusted the values of the percentage contribution of the remaining 

process factors and also the value of the predicted optimum result. Pooling also had the 

effect of inflating the error, thereby bringing closer the comparison of the actual optimum 

result to the predicted optimum result. Pooling was repeated until the actual optimum 

results compared to the predicted optimum result, within error limits. 

3.3 Establishment of Cooling Conditions for A Fine Eutectic Phase Formation 

The aim of this experiment was to determine the cooling conditions required to form the 

fine eutectic phase. 

The procedure involved heating approximately 1 cm3 blocks of the 356.2 aluminium alloy 

to 620 DC, above the liquidus temperature of the alloy. The samples were contained in small 

ceramic crucibles with a thermocouple immersed into the molten liquid. The crucible of 

molten liquid was then taken out of the furnace and allowed to aircool to 600 - 590 DC. The 

whole crucible was then immersed into the different quenching/cooling media. The cooling 

media included air at room temperature and furnace temperature, oil at room temperature 

and at approximately 180 DC, and water at room temperature and 100 DC. 
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3.3.1 Experimental Apparatus Description 

The furnace that was used as the mould preheat furnace (figure 3.10) was used to preheat 

the samples to 620 QC. 

Small 5 cm3 ceramic crucibles were used to contain the samples of liquid metal for 

quenching. 

Glass beakers of 250 cm3 capacity were used to hold the different types of quenching 

media. 

A Fluke 52 KlJ digital thermometer and a K-type stainless steel sheath (1.5mrn dia.) was 

used to monitor the temperature of the sample prior to quenching. 

3.3.2 Evaluation of Results 

The quenched samples were then mounted, polished and etched with a 5% HF solution. A 

Nikon Epiphot inverted light microscope was used to subjectively examine the texture of 

the eutectic phase. 

3.4 Confirmation of Optimum Parameters for Casting SBC Billets 

The aim ofthis experiment was to combine the results ofthe primary phase formation and 

eutectic phase formation and use them to cast semi solid feedstock with the split mould 

incorporating a riser. 

3.4.1 Experimental Apparatus Description 

3.4.1.1 The SBC System 

The SBC system that was used for this experiment was the same that was used for the 

primary phase formation experiment (Chapter 3.2.1.1). The difference was the type of 

mould used. 
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3.4.1.2 The Split Mould and Riser 

The mould design was determined after an evolution of many ideas and experiments which 

included the use ceramic tube moulds, stainless steel tube moulds, parallel and taper bore 

tube moulds, moving end plugs and chill plugs. 

The split mould (figure 3.20) and riser system was designed to produce billets with no 

shrinkage pores and to ease the extraction of billets from the mould. It was a tube that was 

split along the length into two equal halves with a split riser top and a whole bottom cup 

(figure 3.16 b.). Once the melt had solidified, the two tube halves could be prised apart to 

release the billet. The riser was incorporated onto the mould to feed liquid metal to the 

casting during solidification as the material shrunk due to the phase change from 

solidification. 

a. b. 

Figure 3.20 a. Assembled SBC split mould. 

b. Exploded form of the split mould and split riser system. 
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3.4.2 Parameters Selected for SBC Billet Casting 

The optimum condition was used for casting the SBC billets. These process factor levels 

were used to investigate whether the optimum process factors could be transferred to a 

different type of mould to that used in the primary phase formation experiment. 

A further test was performed using the line frequency of 50 Hz as the stirring frequency and 

adjusting the base frequency to compensate for the change in stirring power. This was done 

to investigate if the national grid frequency was sufficient to use as the stirring frequency 

thereby saving on the cost of a frequency source should further research or development be 

required in this field. 

The parameters used for the casting ofSBC billets are shown in table 3.3 . Trial SBC 1 used 

the optimum parameters determined from the Taguchi experiment. Trials SBC 2 to SBC 

4 had constant line frequencies set at 50 Hz and the base frequency settings were altered. 

The initiation temperature of 615 DC was constant throughout. The load and voltage (V) 

values were recorded from the AC motor drive unit during the actual experiment. 

Trial 

SBCl 

SBC2 

SBC3 

SBC4 

Table 3.3 The process factor levels for base frequency, line frequency and 

initiation temperature used in the SBC billet casting trials. 

fo f T j load V 

220 70 615 

220 50 615 

200 50 615 

180 50 615 

3.4.3 Evaluation of Results 

Samples were cut out of the centre of each billet cast and then mounted, polished and 

etched with a 5% HF solution. A Nikon Epiphot inverted light microscope was used to 
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subjectively examine the microstructure morphology and texture. The samples were also 

subjectively compared to the Taguchi experiment optimum results. 

3.5 Cooling Rate Measurements in the Moulds 

This experiment was performed to determine the actual temperature conditions of the melt 

during the Taguchi primary phase formation and the SBC billet casting experiments. A 

good primary phase morphology and eutectic phase texture were achieved during these 

experiments so the cooling rates experienced needed to be quantified for future reference. 

Cooling rates before and after the T j in the Taguchi experiments were measured, i.e. the 

slow and fast cooling rates. Temperature profiles of the whole casting cycle of the optimum 

Taguchi and SBC experiments were also performed. 

3.5.1 Experimental Apparatus Description 

The apparatus used was the same as those used for the primary phase formation and the 

SBC billet casting experiments. A temperature measurement and data logging system was 

used in addition to the SBC apparatus. 

3.5.1.1 The Temperature Measurement and Logging System 

Two K-type, stainless steel sheathed (1.5 mm dia.) thermocouples were used to measure 

the temperature of the moulds at two different heights, equidistant about the centre height 

of the billet. 

For the Taguchi experiment, the thermocouples were inserted into the test mould through 

the pouring spout (figure 3.21 a). The thermocouple tips were placed approximately 50 mm 

apart within the mould cavity (figure 3.21 b). 
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a. b. 
Figure 3.21 a. Thermocouple entry into the Taguchi 

experiment test mould. 

b. Approximate positions of the 

thermocouple tips are shown by the arrows. 

a. b. 

Figure 3.22 a. Thermocouple entry into the SBC mould used 

during the SBC cooling rate measurement. 

b. Approximate positions ofthe thermocouple tips 

are shown by the arrows. 
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For the SBC billet casting trial, the thermocouples were inserted through the air vents of 

the split mould riser top into the mould cavity (figure 3.22 a). The thermocouple tips were 

spaced approximately 100 mm apart within the mould cavity (figure 3.22 b). 

Each thermocouple was measured using the PC temperature logging system (figure 3.3) 

used for the material characterisation experiments (Chapter 3.1). 

3.5.2 Analysis of Results 

The logged temperature data was retrieved from the LAB VIEW sampling program and 

imported into a Quattro Pro spreadsheet. Graphs were produced in Quattro Pro using the 

data for each cooling experiment. 

3.6 Evaluation of Cast SBC Billets 

One means of evaluating the quality of the SBC billet material was to compare the 

microstructure to that of commercially available feedstock. Commercial feedstock is 

acceptable in terms of quality since it is used in semi solid forming. If the SBC material 

showed a similar morphology to the commercial feedstock after reheating, then the SBC 

material could be considered suitable for Semi Solid Metal (SSM) forming. 

Commercial feed stock was obtained from Pechiney, France and SAG, Austria. When the 

as cast microstructures ofthe SBC billet, Pechiney strand and SAG strand were compared 

(figure 3.23), the SBC billet showed a larger, rounder discrete primary phase grain than the 

commercial alloys which showed a finer, more rosette shaped primary phase grain. 

The aim of this experiment was to determine the reheated microstructure of the SBC, 

Pechiney and SAG material to compare the SBC to the commercial feedstock reheated 

microstructures. If the SBC material showed similar microstructural characteristics to the 

reheated commercial alloys, then the SBC material could be considered suitable for SSM 

forming. 
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SBC billet Pechiny strand SAG strand 

Figure 3.23 Comparisons ofthe as cast microstructures ofthe research 

material from the SBC billet and the commercially available material from 

Pechineyand SAG. 

3.6.1 Experimental Apparatus Description 

The samples were a block material of approximately 1 cm x 1 cm x 1 cm dimensions and were 

contained in small 5 cm3 ceramic crucibles. 

They were heated in the resistive furnace (figure 3.10) used for the primary phase formation 

experiment (Chapter 3.2.1.5). The furnace controller was connected to a K- type Stainless 

steel sheath (3mm dia.) thermocouple which was situated along the floor of the furnace 

(figure 3.25 and 3.26 a.) to ensure tight control of the temperature in the same area where 

the samples were heated. 

3.6.1.1 Reheating Temperature Profile Measurement 

A trial run was performed to determine the heating conditions for the reheating experiment 

and to visualise the temperature profile of the samples as they were being reheated. One 

sample was used with a thermocouple inserted (figure 3.24 b.) which was positioned in the 

furnace in the vicinity of the controller thermocouple (figure 3.25). The sample's 

thermocouple was measured by the Fluke 52 KlJ thermometer (figure 3.24 a) using a K

type stainless steel sheath (1.5mm dia.) thermocouple. 
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3.6.1.2 Reheating Experiment Layout 

Five samples each of the SBC, Pechiny and SAG material were placed in rows spaced evenly 

on the furnace floor (figure 3.26). The furnace controller thermocouple was placed centrally 

on the furnace floor. 

3.6.2 Parameters Selected for Reheating Trials 

3.6.2.1 Reheating Temperature Profile Measurement 

A furnace temperature of 590 °C was established to heat the sample beyond the eutectic 

transformation to 580 °c within 20 minutes. A temperature profile was recorded by 

manually noting the temperature every 30 seconds from the Fluke thermometer. 

a. b. 
Figure 3.24 a. The digital handheld thermometer used to 

measure the temperature of a trial reheat sample. 

b. View of the thermocouple inserted into the 

trial reheat sample. 
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3.6.2.2 Reheating Experiment 

The experiment was performed by simultaneously inserting 5 samples of each material, from 

room temperature, into the furnace which was preheated to 590 QC. One sample of each 

material was removed for quenching in water every 5 minutes. 

Figure 3.25 Layout of the trial reheat 

temperature measurement experiment. 

3.6.3 Evaluation of Results 

The reheating temperature profile was plotted on a graph using Quattro Pro. 

All the reheat samples were mounted, polished and etched with a 5% HF solution and 

examined with the Nikon Epiphot inverted light microscope. 
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a. b. 

Figure 3.26 a. Layout of the reheat sample crucibles in 

the furnace with the indicated position of the 

furnace controller thermocouple. 

b. The furnace used for the reheat experiment. 
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CHAPTER 4 

4 Results and Discussion 

4.1 Material Characterisation 

4.1.1 Chemical composition 

Table 4.1 Results of the chemical analyses with the average of the three 

analyses. The nominal composition is given for comparison. 

Element % % 

(Alusaf) (PDq 

Cu 0.0000 0.0020 

Zn 0.0040 0.0060 

Mo 0.0050 0.0000 

Na 0.0002 0.0006 

Ca 0.0007 0.0010 

P 0.0004 

Pb 0.0000 

Cr 0.0010 

Sn 0.0020 

Ni 0.0030 

% 

(SLS) (Average) 

<0.0100 <0.0100 

<0.0100 <0.0100 

<0.0100 <0.0100 

0.0004 

0.0009 

0.0004 

<0.0100 <0.0100 

<0.0100 <0.0100 

<0.0100 <0.0100 

<0.0100 <0.0100 
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Nominal 

Specificationsl6J 

(A356.0) 

Balance 

6.5 to 7.5 

0.25 to 0.45 

0.2000 max 

0.1000 max 

0.1000 max 

0.2000 max 

0.2000 max 

< 0.05 max 

< 0.05 max 

<0.05 max 

< 0.05 max 

< 0.05 max 

< 0.05 max 

< 0.05 max 

<0.05 max 



4.1.2 Microstructure 

Figure 4.1 shows the microstructure of a sample 

from the as received material supplied by Alusaf. 

The microstructure showed a fine dendritic primary 

phase with a very fine textured eutectic. These 

characteristics could be attributed to the high 

cooling rate ofthe DC process as well as the use of 

titanium and strontium as a grain refiner and eutectic 

modifier respectively, as indicated by chemical 

composition results (table 4.1). 

4.1.3 Temperature Profiles 

Figure 4.1 Microstructure of the as 

received material. 

Figures 4.2 and 4.3 show the heating and cooling profiles, respectively, obtained from the 

temperature profile experiment. The solidus, eutectic transformation and liquidus 

temperatures (table 4.2) were obtained from their respective temperature profiles using the 

DTA curve (figures 4.2, 4.3). For the cooling rate used during the cooling profile 

measurement the undercooling was about 4 QC for the liquidus temperature and 2 QC for 

both the eutectic transformation and solidus temperatures. For the experiments involving 

the modification of the primary phase to the SSM microstructure, the temperature range in 

which the primary phase may be modified during cooling is therefore from 617 QC t0578 Qc. 

Table 4.2 Solidus and liquidus temperature determined from the temperature profile 

experiments. The nominal values are provided for comparison. 

Heating profile (QC) Cooling profile (QC) Nominal[6] (A356.0) 

(QC) 

Solidus temperature 572 570 555 

Eutectic transformation 580 578 

Liquidus temperature 621 617 615 
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Figure 4.2 Heating profile for A356.2 with DTA analysis. 
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4.2 Primary Phase Formation 

Figure 4.4 shows the microstructures obtained as a result of the L9 experiment as defined 

by the descriptive table shown in table 4.3. The values shown in the results column are 

those of DNEW' determined from the results of the image processing (Appendix AI). 

DCIRCLE and FCIRCLE were measured. DNEW was the corrected DCIRCLE taking the 

shape of the grain into account. 

The results in table 4.3 showed that the DNEW value ranges from 55.33 to 133.74 ~m. When 

the levels of the factors were grouped according to results showing similar characteristic 

trends (i.e. there were groups of three large grains, medium grains and small grains), it was 

evident that a pattern was developed. Gathering the three largest results, (133.74, 124.42 

& 98.39 ~m), it was evident that the temperature, at which the high cooling rate was 

initiated (T), 605 DC was common to the group. Similarly, for the three medium size grains 

(78 .03, 74.61, 89.00), T j was 608 DC; and for the three small size grains (59.25, 55.33, 

65.54), T j was 615 DC. This indicated that the T j factor has the greatest effect on the 

outcome since it showed a definite relationship whereby the higher values of T j yielded 

smaller grain sizes. It was difficult to classify the other two factors, base frequency and line 

frequency, into groups whereby the characteristic trends of the result corresponded to 

similar trends amongst the factor levels. 

4.2.1 Results of the ANOV A Analysis 

The results of the Taguchi ANOV A analysis (table 4.4) showed the degrees offreedom (f), 

the sum of squares (S),the variance (V), the F-value of the statistical F-distribution (F) and 

the Percentage contribution (P) of each factor as well as the error involved in the 

experiment (refer to the Appendix A2). The f, S, and V values were used in the calculation 

of the percentage contributions (P). The F value was used as an aid to determine the 

optimum condition of the experiment, which will be covered in a later section. 

The contributions of base frequency, line frequency and initiation temperature were 8.0%, 

3.5% and 86.5% respectively towards the end result. The influence of the initiation 
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temperature's (T) contribution was confirmed by the ANOVA analysis. The contributions 

of the base frequency and the line frequency were relatively low when compared to the 

contribution of that ofthe initiation temperature. This was the reason that no characteristic 

trends in the results could be found when compared to similar trends in the factor levels. 

Considering that the working range of the transition temperature was from 615°C to 605 

DC, and that its contribution, as determined by the Taguchi analysis, was 86.5 %, the control 

of this factor was of extreme importance in the process of producing semi solid feedstock. 

The working range of the stirring factors did not show a great effect towards the process of 

semi solid feedstock production, although they were necessary for the degeneration of the 

dendritic branches (see Chapter 4.2.2.2). Since the line frequency was only tested over the 

range of 0 - 120 Hz, the effect of this variable mayor may not differ if higher frequencies 

were used. 

The chemistry of the alloy was kept constant for all experimental trials. Therefore the 

results would reflect the influence of the process factors specific to the A356.2 alloy. The 

influence of the alloy chemistry, towards the production of a fine grained, equiaxed primary 

phase, was not included (Chapter 3.2.2.1) and was beyond the scope of this investigation. 
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1 2 3 

5 6 

7 8 9 

Figure 4.4 Microstructures obtained from the billets cast for the Taguchi L9 experiment. 

The numbers below the figures denote the experiment trial number performed on the billet. 
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Table 4.3 The descriptive table (top) with the DNEW results determined from 

the image analysis results. 

DESCRIPTIVE TABLE A 

base freq 

B 

line freq 

c 
Tinitiation 

Table 4.4 The results of the ANOV A analysis with the percentage 

contribution (P) towards the outcome of the primary phase grain 

appearance. Symbols f, S, V and F represent degrees of freedom, sum of 

squares, variance and the statistical F value respectively. Refer to Appendix 

A3. 

Factors f S V F P 

A (base frequency) 2 494.305 247.152 3.952 8.0% 
B (stir frequency) 2 218.200 109.100 1.744 3.5% 
C (T initiation) 2 5346.489 2673.244 42.754 86.5% 

error 2 125.049 62 .524 1 2.0% 

Total 8 6184.045 100.0% 
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4.2.2 Optimum Condition Verification 

Once the effect of the various factors had been determined and the most critical factors 

deduced, the optimum condition of the settings of the various factors could be determined. 

F or this, a plot of the average effects helped to visualise the effects of the factors on the 

outcome. 

Figure 4.5 shows the plot of the average effects with the factors marked A, B, C for base 

frequency, line frequency and initiation temperature respectively. The average effect was 

the average of the results wherever a particular factor's level appeared during the 

experiment. The plot of the average effects, for a particular factor, joined the average 

effects of each level. 

The range over which each plot covered was a measure of each factors' contribution 

towards the end result. The transition temperature plot covered the largest range with the 

base frequency and line frequency plots covering very much smaller ranges; the line 

frequency had the smallest range of all the plots. This observation corresponded to the 

percentage contributions of each factor as shown in the ANOVA analysis in table 4.4. 

The average effects plot also helped to determine the optimum condition of the experiment. 

The optimum condition required in this experiment was a minima since the requirement of 

the result was to have as small and round a grain as possible. This was portrayed by an "as 

small as possible" value ofDNEw. For each factor in the average effects plot, the smallest 

average effect was chosen to give the optimum condition. In this case, the A2, B2 and Cl 

average effects were selected. Therefore the best possible combination of the factors were 

a base frequency of220 Hz, a line frequency of70 Hz and an initiation temperature of615 

QC. 
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Figure 4.5 Plot of the average effects for 

each of the factors involved in the L9 

experiment. 

To test the integrity of the experiment, a confirmation run was performed using the above 

optimum values, the results of which were compared to an estimated optimum result. The 

estimated optimum result was calculated using eqution 4.1. [26] 

where: 

Opt.Cond.= T + (A2 - T) + (B2 - T) + (Cl- T) ... (4.1) 

T = Grand average of all the results 

A2 = average effect of level 2 of base frequency 

B2 = average effect of level 2 of line frequency 

Cl = average effect of level 1 of transition temperature 

The estimated result for this condition was 43.84 Ilm. 

Two confirmation experimental runs were performed to confirm if the results were 

repeatable. The two results from these two runs were 55.31 Ilm and 54.73 Ilm. This 

confirmed the repeatability of the experiment but these results were somewhat larger than 
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the estimated result,43.84 ~m, by some 11 /lm. The percentage error between predicted 

result and actual result was: 

43.84 
prediction. error = 1- 55.31 + 54.73 = 1- 0.797 == 20% 

2 •.. (4.2) 

All the results discussed thus far are summarised in table 4.5. 

Table 4.5 Summary of results determined for the optimum 

condition verification. 

Average Effects A1 90.34 

A2 7S.11 

A3 92.99 

B1 8S.09 

B2 80.S5 

B3 92.S9 

C1 SO.04 

C2 80.55 

C3 118.85 

Smallest value A2 7S.11 

B2 80.S5 

C1 SO.04 

Grand average 8S.48 

Optimum min 43.84 

Opt. confirmation 55.31 

2 54.73 

However, if one observes an experimental run which yielded a similar result to that of the 

confirmation run, (i.e. experiment 6 in the descriptive table yielded a DNEW of55.33 ~m), 

there was one factor that differed from the optimum condition determined from the average 

effects graph. Base frequency and initiation temperature were the same between experiment 

6 and the optimum condition and the line frequency differed by 50 Hz; 120 Hz for 

experiment 6 and 70 Hz for the optimum condition. Considering the fact that the line 

frequency contributes only 3.5 % towards the end result, this factor was insignificant and 

106 



experiment 6 could be considered a close gauge for the optimum condition. This was the 

experiment which yielded the smallest result ofDNEw • Viewed in this respect, the optimum 

confirmation runs confinned the integrity of the experiment since the results thereof were 

equivalent to the experiment 6 result. Figure 4.6 shows the microstructures obtained from 

the optimum confinnation runs. When these are compared to experiment 6 (figure 4.4), they 

show a similarity in morphology with a fine equiaxed, discrete primary phase microstucture. 

This visual comparison further supported the argument that experiment 6 was close to the 

optimum condition since there was no discernable difference between that and the optimum 

confinnation microstructures. 

4.2.2.1 

Optimum result 1 Optimum result 2 

Figure 4.6 Microstructures obtained from the billets cast with the 

optimum condition settings. 

Pooling of Insignificant Factors 

When the contribution of a factor was small, the sum of squares, S, for that factor was 

combined with the error sum of squares. This process of disregarding the contribution of 

a selected factor and subsequently adjusting the contributions of the other factors, was 

known as pooling. Pooling was usually accomplished by starting with the smallest sum of 

squares and continuing with the ones having successively larger effects. [26] 

Pooling was recommended when a factor was determined to be insignificant by performing 

a test of significance against the error term at a desired confidence interval. A general 
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guideline for when to pool was obtained by comparing the error degree of freedom (t) with 

the total of the factors' degrees of freedom. Taguchi recommended pooling factors until the 

error degree of freedom was approximately half the total degree of freedom of the 

experiment.[24] A more technical approach would be to test the significance of a factor's 

influence (i.e. percentage contribution) and pool all factor influences below the 90 % 

confidence interval [26]. 

Taguchi's guideline for pooling reqUIres a start with the smallest main effect and 

successively includes larger effects, until the total pooled degrees of freedom (DOF) equals 

approximately half of the total DOF. 

The larger DOF for the error term, as a result of pooling, increases the confidence interval 

of the significant factors [241. By pooling, the error term was increased and in comparison, 

the other factors appeared less influential. The greater the number of factors pooled, the 

worse the unpooled factors' effects look. 

When the DOF of the error term was sufficiently large, the error variance represented the 

degree of inter-experiment error. When the error DOF was small or zero, small factor 

effects were successively pooled to form a large error term (pooling up strategy). The 

factors and interactions, that were then significant in comparison with the larger magnitude 

of the error term, were now influential. This strategy tended to highlight the helpful (or 

significant) factors. A large error DOF naturally resulted when trial conditions were 

repeated and standard analysis was performed. When the error DOF was large, pooling may 

not have been necessary. Therefore, one could repeat the experiment and avoid pooling but, 

to repeat all the trial conditions just for the error term may not have been practical [26]. 

The next step in Taguchi' s guideline for pooling was to perform a test of significance (1-

confidence interval). Generally, a confidence interval between 90% and 99% was 

recommended. However, if the confidence level was below 90 %, then it was common 

practice to pool the factor [26]. 
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The percentage contribution of the error variance, as shown in table 4.2, was 2% . The DOF 

of the error variance was 2 whereas the total DOF of the experiment was 8. The prediction 

error (equation 4.2), which gave an indication of the experimental error, is 20 %. The fact 

that the error DOF was not approximately half of the total DOF, and also, the error variance 

did not corelate to the experimental error, suggested that the error DOF was not large 

enough and that pooling was necessary. The error variance would then represent the degree 

of inter experimental error and the significant factors would be highlighted when compared 

with the larger magnitude of the error term. 

Pooling Up Strategy 

The results (table 4.4) showed that the error DOF was 2 and the total DOF was 8. Pooling 

the factor with the lowest significance, B, revised the following: 

le = 8 - (2 + 2) = 4 

Se = 6184.0459- (494.3059+ 5346.4893) = 343.2507 

343.2507 
~ = = 85.8127 

4 

247.1530 
FA = = 2.8801 

85.8127 

2673.2447 
Fc = 858 = 31.1521 

. 127 

S~ = 494.3059 - (85.8127 X 2) = 322.6805 

S~ = 5346.4893- (85.8127x 2) = 5174.8639 

, 322.6805 
PA = 6184.0459 = 0.052 == 5.2% 

, 5174.8639 
Pc = 6184.0459 = 0.837 == 83.7% 
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~' = 100 - (5.2 + 83.7) = 11.1 % 

The error DOF became half that of the total DOF, therefore the pooling up strategy was 

complete. The percentage contribution of the error became 11.1 %, whereas previously 

without pooling, it was 2 %. 

Since factor B was considered insignificant, the optimum equation (4.3) was revised 

according to Taguchi principles. [26] 

Opt.Cond.= T+ (A2 - T) + (C1 - T) ... {4.3) 

Opt. Cond. = 86.48 + (76.11 - 86.48) + (60.04 - 86.48) = 49.67 pm 

49.67 
prediction. error = 1- 55.31 + 54.73 = 1- 0.903 == 9.7% 

2 

The prediction error of 9.7% after the pooling up strategy fell within the error variance of 

11.1 % so the error variance represented the degree of inter-experiment error. The predicted 

grain size fell within the error margin, when compared to the actual grain size achieved at 

optimum settings. This verified the integrity of the experiment and showed that the effects 

factors C and A contributed 83.7% and 5.2% respectively. The effect of factor B was small 

enough to be absorbed into the inter-experimental error and thus did not significantly 

contribute towards the result outcome. The transition temperature was the most effective 

factor in delivering the discrete, fine grained primary phase to which the effect 

electromagnetic stirring strength gave a small contribution. The electromagnetic stirring 

speed (i.e. line frequency) was insignificant in delivering the final result and could be 

considered as part of experimental error. 

Test of Significance Pooling 

The next factor to consider for pooling was factor A since its effect contributed 5.2% 

towards the end result. It was the next least contributing effect towards the end result. 
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Variance ratio (FA value) = 2.8801 

DOF of factor A = 2 

DOF of error term = 4 

confidence level % = 90 

F-table value = 4.3246 

Since the FA value was smaller than the F-table value, factor A should be pooled.[26] The 

following were revised: 

le = 8 - (2) = 6 

Se = 6184.0459 - (5346.4893) = 837.5566 

837.5566 
~ = 6 = 139.5927 

2673.2447 
F = = 19.1503 

c 139.5927 

S~ = 5174.8639 - (139.5927 X 6) = 4337.3077 

I 4337.3077 
Pc = 6184.0459 = 0.701 == 70.1 % 

~' = 100- 70.1 = 29.9% 

Similarly, the optimum condition equation (4.4) was revised. 

Opt.Cond.= T + (Cl- T) ... (4.4) 

Opt.Cond.= 86.48 + (60.04 - 86.48) = 60.04jLm 

60.04 
prediction. error = 55.31 + 54.73 - 1 = 1.091- 1 == 9.1 % 

2 
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The prediction error remained approximately the same and the optimum condition (i.e. the 

grain size) increased to 60.05 ~m. Performing this extra step in pooling by testing the 

significance did not yield any more useful information that could not be determined from 

the previously performed pooling up strategy. 

4.2.2.2 Pooling strategy confirmation 

The Taguchi method of pooling insignificant factors had shown that factor B, line 

frequency (t), was an insignificant factor from the pooling up strategy. It had also shown 

that factor A, base frequency (fo), was an insignificant factor from the test of significance 

pooling. In the latter case, factor B was already pooled into the error term. According to the 

test of significance pooling method, both A and B were considered insignificant for 

producing a fine grained, equiaxed primary phase. The prediction error for both pooling 

methods were approximately the same so the correct pooling strategy could not be 

determined by comparing the error of the pooling strategy with the actual error calculated 

from the ANOV A analysis. 

Therefore, it was unclear if the factors influencing the stirring were at all necessary to 

produce a fine grained, equiaxed primary phase. A confirmation experiment was conducted 

to determine if the stirring factors were at all needed to produce the desired outcome ofthe 

microstructure. The SBC system was used to cast billets at the optimum conditions, one 

without stirring applied and another with stirring applied. 

Results showed that the unstirred billet had a fine dendritic grained microstructure and the 

stirred billet had a fine grained, equiaxed microstructure (figure 4.7). It was evident that 

stirring had an influence towards the desired microstructure. Therefore, the pooling up 

strategy was the correct pooling technique to use for determining the prediction error. 
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a. b. 
Figure 4.7 Microstructures obtained from billets cast using the SBC system with T j = 620 °c 
and a. with no stirring and b. with stirring at f = 70 Hz and fo = 220 Hz. 
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4.3 Eutectic Phase Formation 

This experiment determined the cooling conditions necessary to create a fine textured 

eutectic phase. Since the eutectic phase was the last to solidify when the solidus 

temperature was reached, the texture was dependant on the cooling rate of the melt as it 

crossed the solidus temperature. Basically, the higher the cooling rate across this 

temperature, the finer the texture. 

Figure 4.8 shows the results from quenching the samples in the different media, as 

described by the caption of each figure. 

An interesting characteristic common to all the microstructures (figure 4.8) was that the 

dendrite arm spacings were approximately equal. This was due to the samples all being 

cooled at the same rate in air to 600 QC, where nucleation had already started at 615 QC. 

Therefore the grain growth conditions were the same for each sample until 600 QC. This 

was deliberately done to confirm that eutectic phase formation was independent of 

nucleation and growth of the primary phase. 

Starting with the air cooled samples, the eutectic phase showed very coarse silicon particles 

with the furnace cooled sample having a coarser texture of the two. This was due to a lower 

heat transfer coefficient in the hot air. The water cooled samples had a fine texture, 

however only the cold water quenched sample had an acceptable texture for the eutectic 

phase. The hot water quench sample had evidence of coarse silicon particles due to the 

lower heat transfer coefficient of the hot water. The oil cooled samples did not have an 

acceptable texture although both had an equivalent level of silicon particle coarseness 

which suggested an equivalent heat transfer coefficient between hot and cold oil. Of all the 

quenching media above, only the cold water showed a high enough heat transfer rate to 

form a fme textured eutectic phase. 
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Cold oil quenched Hot oil quenched 

Figure 4.8 Eutectic texture formations as a result of the 

cooling/quenching media noted below each figure. 
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4.4 Single Billet Caster Billets 

The Single Billet Caster (SBC) billets were all cast using 

the split mould/ riser system which produced a billet of 50 

mm diameter by 200 mm length with no macro shrinkage 

pores (figure 4.9). The process parameters were 

transferred from the optimum condition derived from the 

Taguchi experiment for the primary phase formation 

(Chapter 4.2.2). Table 4.6 summarizes the factor settings 

used for the SBC casting trials and figure 4.10 shows the 

microstructures which resulted from those settings. 

In figure 4.10, SBC 1 shows the microstructure obtained 

from the SBC billet cast with the optimum parameters of 

fo = 220 Hz, f = 70 Hz, and T; = 615°C. The primary 

Figure 4.9 A sectioned 

SBC billet showing the 

absence of shrinkage 

pores. 

phase grain structure showed a fine grained, equiaxed morphology. However, there 

appeared to be quite a variance in the grain size. This was anticipated to be as a result of 

the weakened electromagnetic field strength supplied to the melt due to the thicker mould 

wall of the SBC mould. The Taguchi test mould had a mould wall thickness of 1.6mm 

whereas the SBC mould had a wall thickness of 6mm. This extra thickness of the SBC 

mould would have reduced the effectiveness of the electromagnetic field. 

To increase the effective strength of the electromagnetic field, the base frequency had to be 

reduced to increase the V 1Hz ratio of the frequency controller. Thus for the same line 

frequency setting, the voltage supplied to the controller would increase thereby increasing 

the power supplied to the electromagnetic coils. The voltages recorded from the SBC 2 to 

SBC 4 trials (table 4.6) confirmed this reasoning. 

Since the line frequency only contributed 3.5% towards the outcome ofthe fine grained, 

equiaxed primary phase, it was decided to reduce this setting from 70 Hz to 50 Hz, which 

is standard line frequency of the national grid. This was done for the sake of further 

research into this field to show that the line frequency need not be altered from the national 

grid supply and thus save on the cost of a variable frequency power source. 
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Trial 

SBC 

SBC2 

SBC 3 SBC4 

Figure 4.10 Microstructures of the SBC casting trials performed using the 

parameters listed in table 4.6. 

Table 4.6 Summary of the line frequency and base frequency settings used 

for the SBC casting trials with the resulting load and voltage values 

measured by the AC motor drive unit. 

fo f T I load V 

1 220 70 615 46% 134 

SBC 2 220 50 615 44% 102 

SBC 3 200 50 615 51% 110 

SBC 4 180 50 615 60% 120 
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Reducing the line frequency to 50 Hz (for SBC 2 to 4, figure4.10) seemed to have 

improved the primary phase morphology, when compared to the optimum condition (SBC 

1, figure 4.10). Successively reducing the base frequency, from 220 Hz to 180 Hz (SBC 

2 to 4), to increase the stirring strength did not have a visual effect on improving on the 

primary phase morphology. The successive increase in the stator load from 44 % in SBC 

2 to 51 % in SBC 3 and finally to 60 % in SBC 4 reflected this increase in stirring strength. 

In fact, the appearance in SBC 3 (figure 4.10) showed quite a variance in grain size while 

SBC 2 and 4 (figure 4.10) showed a more uniform primary phase appearance. The primary 

phase morphology was varying independent of the successive changes in the stirring 

strength, although on the whole, it remained a fine grained, equiaxed morphology. 

An explanation for the variance in the above results could be derived from the findings of 

the primary phase formation and the eutectic phase formation experiments. The primary 

phase formation experiments had shown that the temperature conditions had the largest 

influence towards the outcome of the primary phase morphology. The slightest variation 

in these conditions would likely cause a noticeable change in the results. The eutectic phase 

formation experiments have shown that different cooling rates through the eutectic phase 

result in different eutectic phase textures. The higher the cooling rate, the finer the eutectic 

phase texture. 

Referring to SBC 1 to 4 (figure 4.10), the eutectic phases did not show a consistent texture. 

SBC 1 and 3 show a coarser eutectic phase texture and also show a variance in the primary 

phase grain size. The coarser eutectic indicates that the cooling rate was slightly slower 

compared to that in SBC 2 and 4. In all likelihood, the temperature conditions were 

different for SBC 1 and 3. Since the temperature conditions had a significant influence 

toward the outcome of the primary phase morphology, it was likely that this was the cause 

of the variations in the grains size in SBC 1 and 3. 
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4.5 Cooling Rate Measurements 

Since the effective temperature range for forming the equiaxed, discrete primary phase was 

between 615 DC and 605 DC, the cooling rate graphs (figure 4.11, 4.13, 4.15) for three 

different experimental conditions are shown with the temperature ranging from 620 DC to 

600 Dc. 

Figure 4.12 and 4.14 show the temperature profile of the complete casting process starting 

with the preheated mould temperature and ending with a completely chilled mould for the 

two different casting processes used in this research, the Taguchi experiment casting and 

the Single Billet Caster (SBC) casting. In both these graphs, the profiles displayed similar 

characteristics. 

The flat portion between 400 and 500 DC was the mould preheat temperature followed by 

a sharp rise to approximately 675 DC when the molten aluminium was poured into the 

mould. The drop in temperature that followed the peak was the molten aluminium cooling 

down while the mould absorbed the heat energy thereof. The sudden levelling of the profile 

thereafter occurred when the stirring unit was switched on. The arrest of the temperature 

drop at this point was due to the electromagnetic energy input into the mould from the 

inductor coils which arrested the heat flow out of the mould thus maintaining the 

temperature. Also, the latent heat of formation was given off as the solid began to form 

in the melt thus creating more heat energy which needed to be dissipated over and above 

that of the energy input from the inductor coils. Shortly after the electromagnetic coils had 

been activated, the cooling water was switched on and the temperature profile then dropped 

down through the solidification range of the melt. 

For the following graphs (figure 4.11, 4.13, 4.15), the cooling rate (eR) was measured by 

measuring the gradient between the endpoints where the profile intercepted the 

temperatures 615 DC and 605 DC. Also, if the cooling rate increased between these 

endpoints, the gradient of the asymptote which passed through the inflexion point of the 

profile was calculated. If there was a difference between the temperature profiles of Ttop 
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and Tbottom, (i.e. temperature of the top thermocouple and temperature of the bottom 

thermocouple respectively), their respective gradients as discussed above were calculated. 

This comprehensive analysis gave a better feel for the range of cooling rates experienced 

by the whole billet and a suitable average cooling rate could be determined. 

The factor Ti was the temperature at which the cooling water was switched on thereby 

increasing the cooling rate of the melt from a slow cooling rate to a fast cooling rate. The 

slow cooling rate before Ti is shown in figure 4.11 . 

Taguchi Slow Cool experiment 
fo = 220 Hz, f = 70 Hz, Ti = none 

615 

0 
Cl 
Ql 

~ 610 

cl. 
E 
2 

605 

~~LhWh 

600 --t-H-+++t++-H+!-+++++l->+++-+-I++-+-t-<>-l++-+++t++-H+!-++++++-+-+' " -H--+-l-+J:IDJ-H-+-+-I'!'l4+/1l" fl+-ll 

o 5 10 15 20 25 30 35 40 45 50 55 
time (sec.) 

- Ttop T bottom 

Figure 4.11 Cooling rate profile of the slow cooling rate during the 
Taguchi experiment. 

The difference between Ttop and Tbottom in the slow cooling profile of figure 4.11 was 

negligible and the gradient was constant between the endpoints so the cooling rate was 

uniform throughout the billet. The cooling rate for this situation was: 
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Figure 4.12 shows the cooling profile of the casting made during the Taguchi experiment 

with the optimum conditions of the factors applied. The difference between Ttop and Tbottom 

during solidification was negligible between 620 °C and 605 QC, however the cooling 

profile did not maintain a constant gradient between the endpoints as shown in figure 4.13. 

Thus two gradients were calculated showing the cooling rate between the endpoints 

(CRendpts) and the cooling rate of the steepest gradient within the range of the endpoints 

_ 615-605 _ 0c/ _ Qc / 
CRendpls - 29.5 _ 34.75 - -1.905 7 sec = -114 7min 

_615 - 605_ Qc / _ 0c/ 
CRmax - 3 - -4.667 7 sec = -280 7min 

2- 35 

Figures 4.14 and 4.15 showed the temperature profiles of the SBC castings made with the 

same optimum values determined from the Taguchi experiment. The temperature profile 

between the endpoints showed both a difference in Ttop and T bottom and a changing gradient 

in the cooling rate. Below are the CRendplS and C~ax values for both Ttop and Tbottom' 
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Figure 4.12 Temperature profile of the Taguchi experiment performed 
with the optimum settings. The whole casting cycle from metal pouring 
to complete solidification is shown. 
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Figure 4.13 The cooling rate profile portion of figure 4.8 from the 
liquidus temperature to the temperature at which the slurry stops turning 
at 604 QC. 
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SBC casting 
fo = 220 Hz, f = 70 Hz, Tt = 615 C 
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Figure 4.14 Temperature profile of the SBC casting performed at the 
optimum setting determined from the Taguchi experiment. The whole 
casting cycle from metal pouring to solidification is shown. 
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Figure 4.15 The cooling rate profile portion of figure 4.10 from the 
liquidus temperature to the temperature at which the slurry stops turning 
at approximately 605 QC. 
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CR = 615-605 =-2.778 °c / ==-167 °c / 
endpts 33.2 _ 36.8 Isec Imm 

CR = 618-601 = -4.25 °c / == -255 °c / 
max 33 _ 37 Isec Imm 

_ 615 - 605 _ _ 0c / = _ 0c / 
CRendpts - - 4.545 Isec - 273 Imin 

30.6-32.8 

CR = 61 7 - 604 = -6.5 °c / == -390°c / 
max 31- 33 Isec Imm 

The difference in the Ttop and Tbotlom temperatures (figure 4.15) may be explained by the fact 

that the thermocouples were spaced further apart than was the case in the Taguchi 

experiment. Also, the SBC mould was twice as long as the mould used for the Taguchi 

experiment and the effect of directional solidification was more pronounced. This also 

explained why the Tbottom cooling rates in figure 4.15 were higher than those of Ttop. The 

directional solidification mechanism started from the bottom of the billet and moved 

upwards. The cooling water used to chill the mould also flowed down the sides of the 

mould so the bottom of the mould was in contact with water for a longer period of time 

than the top of the mould. Hence the faster cooling rate at the bottom of the mould. 

Referring to the temperature profiles in figures 4.13 and 4.15, two characteristics differ 

between the Taguchi experiment and the Single Billet Caster. 
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Firstly, the mould preheat temperatures differed, where the Taguchi experiment mould 

started at approximately 400 QC and the SBC mould started at approximately 525 QC. Both 

were preheated in the same furnace set at 675 QC and then transferred to the stirring 

apparatus. Heat energy in the moulds were dissipated during the transfer of the moulds 

from furnace to apparatus. However, the mass of the Taguchi experiment mould was far 

less than that of the Single Billet Caster mould, having a wall thickness of approximately 

1.6mm and a length of 100mm. The Single Billet Caster mould had a wall thickness of 

6mm and was 200mm in length. The Single Billet Caster mould therefore contained more 

heat energy within and dropped in temperature slower than the Taguchi experiment mould 

over the same time period taken during the transfer. 

Secondly, the time period from when the melt was poured into the mould until the billet 

cooled down to 500 QC was longer for the SBC process. This time period was 

approximately 25 seconds for the Taguchi experiment process and approximately 42 

seconds for the SBC process. Again this can be explained by the bigger mass of the SBC 

mould and also the larger mass of the billet therein. This larger mass contained more heat 

energy, which under the heat flow conditions within the stirring unit, took a longer period 

of time to dissipate than the Taguchi experiment process under the same conditions. 
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4.6 Reheating Characteristics 

Figure 4.16 shows the reheating profile ofanA356.2 sample of similar proportions to those 

samples actually reheated and analysed this experiment. The furnace was set to 590 QC and 

the size of the sample was a cube with approximately 1cm sides. 

Figure 4.16 shows three distinct gradients. The first gradient was very steep and ended in 

the region of 5 minutes from the time the sample was inserted into the furnace from room 

temperature. This first gradient represented the heating rate of the sample while it was 

totally solid. 
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Figure 4.16 The reheating profile of A356.2 up to a 
temperature of 590 Qc. 

The second gradient showed a much reduced heating rate from that of the first gradient. 

This shallower gradient represented the phase change of the eutectic phase in the metal 

over the temperature range of 572 QC to 579 QC. The heating rate was reduced during this 

phase because extra heat energy was absorbed by the material to transform into the higher 

energy state of a liquid phase. 

The third gradient increased dramatically again since the eutectic phase had been fully 

transformed to the liquid phase. The remainder of the solid phase, the primary phase, 
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would have remelted during this gradient until all was fully transformed into liquid at 615 

QC. However, the furnace was set to 590 QC thus the gradient tapered off strongly near this 

temperature due to the low temperature difference between sample and furnace. 

Figure 4.17 shows the microstructural evolution of samples from a SBC cast billet. The 

samples were exposed to the same furnace conditions as the reheated sample used in 

measuring the reheating profile above. In figure 4.17, fO represents a sample in the as cast 

condition prior to reheating. The reheated samples (fl, £1, f3, f4, f5) were quenched at 5 

minute intervals; starting with sample fl (figure 4.17). 

After 5 minutes of reheating, the temperature of sample fl (figure 4.17) had reached 

approximately 564 QC (refer to reheating curve, figure 4.16). The eutectic phase showed 

signs of coarsening. The primary phase remained unchanged. After 10 minutes, the 

temperature of sample £1 (figure 4.17) had reached approximately 576 QC (refer to 

reheating curve, figure 4.l6). The silicon particles in the eutectic phase had coalesced to 

form globules between the primary phase grains. The primary phase grains had also begun 

to coalesce and the primary grains had become larger. 

After 15 minutes the temperature of sample f3 (figure 4.17) had reached approximately 578 

QC (refer to reheating curve, figure 4.16). The sample showed that the eutectic phase had 

fully transformed and the primary phase grains had spheroidised completely to a grain size 

of approximately 100 flm. The samples f4 and f5 (figure 4.17), which had been reheated 

for 20 minutes and 25 minutes respectively, had reached a temperature of approximately 

580 QC and 589 QC respectively (refer to reheating curve, figure 4.l6). There was no 

noticeable change in the eutectic and primary phases compared to f3. There were, however, 

signs of fine dendritic primary phase present in the eutectic regions. This was due to the 

primary phase beginning to remelt and dissolve into the liquid phase and upon quenching, 

the dissolved primary phase precipitated as a fine dendritic grain. Sample f5 showed signs 

of more fine dendritic grains than that of sample f4. This was due to the higher temperature 

reached by sample f5. Hence, there would be more dissolved primary phase in sample f5 

prior to quenching. 
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Figure 4.17 Microstructures of reheated samples of SBC material. Samples 
were quenched after the reheating times indicated below each figure. 
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Figure 4.18 shows the microstructural evolution of the commercially available semi solid 

feedstock supplied by Pechiney. The reheating conditions for samples pI, p2, p3, p4 and 

p5 (figure 4.18) were identical to those of samples fl to f5 (figure 4.17). So the 

temperatures at which the samples were quenched were 564, 576, 578, 580 and 589 QC 

respectively. The characteristic features of each ofthe samples pO to p5 were similar to the 

features already described for samples fD to f5 . The microstructural evolution was thus the 

same as for the SBC material. The only exception was that the primary phase grain size 

was a lot smaller in the as cast condition, prior to reheating than that of the SBC material. 

The final grain size of the Pechiney material after full eutectic transformation looked 

similar to the final grain size of the SBC material. 

Figure 4.19 shows the microstructural evolution of the commercially available semi solid 

feedstock supplied by SAG. Again, the reheating conditions were identical to that of the 

SBC material reheating tests. Thus, the temperatures from which sI, s2, s3 , s4 and s5 

(figure 4.19) were quenched were the same as mentioned for samples fl to f5 (figure 4.17). 

Observing the microstructures of fJ, p3 and s3 samples, one notices that the grain sizes 

were all similar at approximately 100 to 120 !lm. This was despite the fact that the as cast 

grain sizes (fD, pO, sO) were quite different between the SBC and commercial alloys. 

There was a distinct change of morphology in both the primary and eutectic phase at the 

10 minute interval of£1, p2 and s2. The primary phase grains coalesced and suddenly grew 

in size. The silicon in the eutectic phase had also coalesced into small globules. It seemed 

that the a phase present in the eutectic phase had diffused to the primary phase grains and 

contributed to their sudden growth. 

A distinct feature of the reheated commercial alloys was the trapped eutectic in the primary 

phase grains. This was a result of the rosette shaped grains closing up small regions of 

eutectic as the primary grain arms coalesced to form the larger, final primary grains after 

reheating. The SBC material was largely free of trapped eutectic in the primary phase 

grains due to the primary grains being larger and nearly globular prior to reheating. This 

meant that there was less movement of primary phase material and less coalescence of 

primary phase grains to trap the eutectic phase during transformation. 
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pi - 5 min. 

P 2 - 10 min. p 3 -15 min. 

P 4 - 20 min. pS - 25 min. 

Figure 4.18 Microstructures of reheated samples ofPechiney material. Samples 
were quenched after the reheating times indicated below each figure. 
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sO - 0 min. si - 5 min. 

s 2 - 10 min. s 3 - 15 min. 

s 4 - 20 min. s 5 - 25 min. 

Figure 4.19 Microstructures ofthe reheated samples of SAG material. Samples 
were quenched after the reheating times indicated below each figure. 
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Figure 4.20 shows the appearance of the ground and polished surfaces of the reheated 

samples of the SBC, Pechiney and SAG feedstock. The SBC feedstock (figure 4.20) had 

small pores all over the surface which had the appearance of gas pores due to their smooth 

inside surfaces and spherical shape. This gas could have resulted from hydrogen absorption 

during melting and/or turbulence during mould filling. Upon reheating, the pores would be 

exaggerated due to the trapped gas expanding with heat. 

The commercial feedstock, Pechiney and SAG (figure 4.20), showed surfaces free of pores. 

This was due to the fact that these materials were continuously cast strand. Material 

produced by the continuous casting method had less porosity than chill cast material since 

the directional freezing mechanism forced gas to the interface, (33) between the liquid and 

solid metal, during casting. 

SBC material Pechiney material SAG material 

Figure 4.20 Appearance of the polished surfaces of the reheated samples of each of the 
materials indicated. 

132 



4.7 Summary of Results 

A billet with a fine grained, equiaxed primary phase and a fine textured eutectic phase was 

produced using the SBC system with the MHD stirrer. The process parameters, shear rate 

and solidification rate 'were controlled and monitored indirectly by experimenting with the 

base frequency, and line frequency of the motor stator and the temperature of the melt at 

which the cooling water spray was initiated. 

The Taguchi method was used to achieve the aim of determining the influence of the SBC 

process factors on the formation of the SSM microstructure. The Taguchi method was also 

used to show the optimum settings of the levels of process factors used in the experiment 

as well as the estimated value ofDNEW at this condition. The optimum estimated value was 

verified by performing further trial runs at the optimum settings. This produced results that 

were repeatable and within error limits of the estimated optimum value, thus confirming 

the integrity of the experiment. Further deductions have been summarized from the 

following sections. 

4.7.1 Material characterisation 

1. Chemical analysis showed that the raw material was within the nominal 

specification of A356.0. 

2. The microstructure confirmed the use of grain refiner and modifiers due to evidence 

of a fine grain primary phase and a fine textured eutectic. 

3. The DT A analysis on the cooling profile showed a liquidus temperature of 617 QC, 

a solidus temperature of 570 QC and the start of eutectic transformation at 578 QC. 

4.7.2 Primary Phase Formation 

1. T j had the greatest influence over the formation of the appropriate primary phase 

where the factors governing the shear rate had very little influence. This implied 

that inhibiting excessive grain growth by high solidification rates of the melt had 

a far greater influence in achieving the fine grained, equiaxed primary phase than 
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attempting to increase the remelting and fragmentation rate of the dendrites through 

a high shear rate. 

2. The calculation of the DNEW was effective in combining two characteristics, grain 

size and shape factor of the primary phase, into one result for use in optimizing the 

process factors. 

3. Confirmation runs at the optimum setting derived from the Taguchi analysis 

showed a repeatable result. There was an indiscernible difference in the 

microstructure of the optimum condition when compared to an experimental trial 

run with similar process settings. The only process setting different was that of the 

line frequency. This factor contri buted a very small percentage towards the outcome 

of the result and this visual comparison confirmed this. 

4. The result of the optimum condition showed an error of20 % between the predicted 

optimum result and the actual optimum result. The least significant factor, f (line 

frequency), was offsetting the value ofthe estimated optimum result and had to be 

pooled into the error term. 

5. The process factors governing the shear rate were insignificant when compared to 

the process factor governing the cooling rate. However, they were necessary to 

remelt and degenerate the dendrites as they formed during solidification. 

6. The chemistry of the alloy was kept constant throughout the investigation to restrict 

the variables to controllable process factors. The influence of the chemistry of the 

alloy A356.2 was beyond the scope of this investigation. 

4.7.3 Eutectic Phase Formation 

Water quenching was the only media from the selection of air, water and oil that 

provided sufficient heat transfer to create a fine textured eutectic phase. 

4.7.4 Single Billet Caster Billets 

1. The SBC billets showed similar microstructures when cast with the same process 

factor settings as the optimum condition castings from the Taguchi experiment. 

2. The variance in the primary phase grain size and shape in the SBC billets were 
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evidence of the effects of slightly different temperature conditions in casting the 

billets. 

4.7.5 Cooling Rate 'Measurements 

1. During the Taguchi experiment, the cooling rate of the melt changed from 20.7 

°C/min to approximately 200 °C/min at the initiation of cooling water (T) 

2. The SBC casting temperature profiles showed slower cooling times through the 

semi solid forming temperature region when compared to the Taguchi experiment 

cooling times. This was due to the larger mass ofliquid aluminium containing more 

superheat and also the thicker mould walls of the SBC mould restricting heat flow 

outwards to the cooling water. 

4.7.6 Reheating Characteristics 

1. The SBC microstructure in the as cast condition differed from those of the 

commercial alloys in the as cast condition. The SBC microstructure had a larger, 

rounder primary phase morphology while the commercial alloys had a finer, rosette 

shaped primary phase morphology. This was due to the higher cooling rates 

experienced in the continuous casting of the commercial alloys. 

2. There was little discernable difference between the primary phase morphology of 

SBC material microstructure and the commercial alloy microstructure in the 

reheated state, except that the commercial alloy had a noticeable amount of trapped 

eutectic in the primary phase grains. The trapped eutectic in the commercial alloys 

was the result of the rosette grains, from the as cast condition, trapping pockets of 

eutectic as the primary phase grain arms coalesced into larger, rounder grains. 
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CHAPTERS 

S Conclusions 

1. The temperature of the melt at which the fast cooling rate was initiated had the most 

significant influence in the formation of a fine grained, equiaxed primary phase. 

The fast cooling rate had to be initiated at a melt temperature of 615 °C, which was 

specific to A356.2. 

2. The process factors influencing the shear rate, base frequency and line frequency, 

had very little influence on the primary phase morphology although they were 

necessary to remelt and fragment the dendrites during the semi solid forming 

regIOn. 

3. This investigation was specific to A356.2. The influence of the process factors as 

well the optimum condition towards the formation of a fine grained, equiaxed 

primary phase was specific to the production method and alloy used. The influence 

of the latter variables was beyond the scope of this investigation. 

4. The morphology of the reheated microstructures of the compared feedstock did not 

depend on the morphology of the as cast microstructure. As long as the as cast 

micostructure showed fine grained, equiaxed primary phase grains, they evolved to 

an equilibrium condition which showed similar characteristics when the commercial 

and research alloys were compared. However, the quality of the reheated 

microstructure, in terms of the exclusion of trapped eutectic, was dependant on the 

on the as cast microstructure. 
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A2 Kontron KS300 Image Analysis Macro 

Macro C:\KS300\Conf\Macros\fred50.mcr 

imgdelete 1 

Gclear ° 
! imgload "a:\19 _ la _50.tif. ", 1 

MSsetgeom 

MSmarker 1,100.00,0.00,570,479,14,1,2 

Gmerge 1,255 

iimgdisplay 1 

MSsetframe 

! Dislev 1,2,173,255,1 

imgdisplay 2 

binscrap 2,3,0,100,0 

imgdisplay 3 

binuerode 3,4,7,3 

imgdisplay 4 

binudilate 4,5,7,4 

imgdisplay 5 

{sets the scale} 

{ merges scale onto the image} 

{prompts to set threshold} 

{ cleans image - scraps small areas} 

{ultimate erode operation} 

{ultimate dilate operation - leaves single 

pixel line between touching particles} 

! imgsave 5,"d:\ks300\conf\images\fredla.bmp" 

! imgload "d: \ks3 OO\conf\images\fredla. bmp" ,5 

binand 3,5,6 

imgdisplay 6 

dislev 6,7,120,0, ° 
MSsetfeat "REGlONFEAT" 

! MSmeasmask 7,1,"fredla",0,1,10 

! datalist "fred1a",0,0 

{combines thresholded & dilated image to 

create grains with non touching sides} 

{sets threshold for analysis} 

{ defines region features to measure

FCIRCLE, DCIRCLE, etc} 

{ automatic measurement of regions} 

{creates list of results defined in 

REGIONFEAT} 
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A3 Determination and Statistical Analysis of DNEW 

After the Taguchi experiment was performed using all the nine experimental conditions 

described in the experimental procedure, samples from each experiment were cut from the 

billet and polished. Photographs were taken of the microstructures, one photograph for each 

experimental trial run. Two digital images were scanned from separate regions of each 

photograph to obtain an average result for each photograph. The digital images, a and b for 

each experimental trial run, were then used in the Kontron KS300 image analysis software 

to determine the grain size and shape factor of each of the primary phase grains in the 

images. The grain size was measured and labelled DCIRCLE[32] and the shape factor was 

labelled FCIRCLE[32] . 

The measured data was imported from the Kontron KS 300 image analysis software into 

the Quattro Pro spreadsheet. The data imported was a n x 2 array (n being the number of 

grains measured), with the first column showing the DCIRCLE values for grain size and 

the second column showing the FCIRCLE values for shape factor. 

Page 130 shows the spreadsheet calculations and results derived from the two columns of 

information imported from sample 1 a (i.e. the results from the first of two images grabbed 

from the photograph of the Taguchi experiment 1 microstructure) . These two columns are 

shown in the first two columns of the spreadsheet and the third column shows the 

calculated values ofDNEW (NOTE: not all the imported and calculated data is shown in 

the printed pages). DNEW is the division of DCIRCLE by FCIRCLE. The following three 

columns show DCIRCLE, FCIRCLE and DNEW sorted into ascending order respectively. 

The Quattro Pro numerical analysis tool, Descriptive Statistics, was applied on the latter 

three columns. The results of these statistical analyses are shown under the bold headings 

of DCIRCLE, FCIRCLE and DNEW. 

Below the Descriptive Statistical analyses are the tables and graphs of the frequency 

distributions ofDCIRCLE, FCIRCLE and DNEW. The frequency distribution tables were 

generated by applying the @FREQDIST command ofQuattro Pro over the sorted columns 

of DCIRCLE, FCIRCLE and DNEW. The graphs were generated using the data of the 
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@FREQDIST results. 

The last column on the extreme right shows the macro code that was used to perform all 

the operations described above. All the operations were applied to all the other Taguchi 

experiment results and those results are shown in the pages following 1 a up to opt2. 

The average values from the Descriptive Statistical analysis of DNEW were chosen to 

represent the results for the Taguchi Analysis of Variance (ANOVA)l261. The statistical 

analysis of DCIRCLE and FCIRCLE were done for interest. 
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(8llK:l8Iodc3l:M 
{s.tjlfOJllllyNllrMrk:_f..,.... ;"fbcId,.;8ouInAlrb1 
{8lllclBIDdIJ2Il . .I4OI 
(SIIpropII1y NumIftr:_FOITMI;"OInInrI;.;&arlh Alrb1 
(8ModBlodlL20. .L4OJ 
(SIIprtIpIrty NumlrlcJcrmeI.-o.n..t.1,8o\Ah Alrb1 
(SIIIdSlodr.N20.N40) 
(SII~yNurMric:.f<:m*.~4.8ooAhAlrb1 
(SMdBlod<3I:J) 
ISIIpIIIPIItt~_W'dh;"AulcYMh;;11 
(lWId1lloc:trlr..L) 
(!lII~yCcaonvl_WIcIh;·.-....oWkllh;. '1 
(SI'Kt1llod<3Io:N) 
CSllll"Of*1y CoIUI'M_'Mdth:"Aulo WldlII; :11 
(s.IIdBlodtOl) 



Sample 3b. 
OCI"ClE FCIRa..E ONEW OCIAClE FCIRClE ONEW .-oR'" (SeledBlackCI) 

"''' O.II114.Dl44 10.n 0 ,21 '1.$1 (P'IIIc.IIZOONEW) 

~7. 74 o.n H,&II101 \3.1<1 0." 21.24 "- 811.62363 Mean 0.851132 ..... IJI.nS2 (s.d8lodcC2) 

'50' 0.1142.32787 18.011 O.V 28.52 St""rdEnar 446926481W1d11rdEm;x O.Ol1)65S1anclanjEmII" 15.19113 (PVIC.lZ".A2 .. OU2I82. .89T) 
27.115 O.nJ4UJ1M IU9 0' "" "- 56.86 M.-" 0.7 MecIiM 110.328" (s.led8lodr.A2.11e2) 

,." 11.11 312112J lO." 0.l2 21U8 ..... 32.(21.o1ood. o.nMo$ ... (EdMCopy) 
25.08 0,11130,93827 ,." 0.35 3D." &""""rd()eyilllian 42.1I3407S1_rd [)lvlellclI o.la!.eSStIll'dardOeolialI:w1 \4491.\ (SeIeodB/DdlE2J ... , 0.85131.5345 "-,, 0 .3S 3121 """- 18t7.15M V"-"':' o.027"V~ 21000.1 (EditP .. ,., 

,08,37 075,.1,e.2S7 23,72 0.35 '''' K1.If1o.~ Oll9oll1::l5KLlflotill O.101158IKyt1 ... a786207 (SMdBlodlC2) 
"eS\ O.SI22!.6UI n .G! 0." ' ''' "- 1.'.555~ ~.883588k_ :tS~51 ~C2:02) 

'''' O.U 118.32$11 " .. 0.' ",. "- 1&4.95 Range 071 Rtngoe 16$.430$ (s.a8lod<CJ..C82) 
205,72 ." &6U7S " .DO ,. "50 ......... 10.n ............. 021~ , . ..." ~ .. -130.65 .. , '" 25.&2 0.42 " ... -- 2O!i.72 MllIdI'IIum 0.112 MaxImum '" (s.led8loo;kG3) 

67.2 0.' " ,." 0." 41.10 "" 1244.1SSUrn SUl9S1.1ff\ l1W1501 (E6\PliJIe) 
111.32 0.85171.281' V ." 0 .. 4Ul eo.. 91Counj "Cot1n1 g1 (SMcIeIockE2. .E82J 

81.l1li 0.7978.07!195 V .. 0." 42.10 Conf..w.c:.L.ewI«l.g6.7~7~lw-'(O.80.(04034~~.8"T7.a1! (Sart.8IDd<"E2. .ES21 .... 0.8211541\341 V ." 0." .,,, (Soo1. fYJlllfOf'lobollomJ 
118.52 0.55215.4908 32.42 0.' .217 (SorI.HMdirIgO) ..... 0.87&U65117 "-" ." .,." FReOUE elN FfV:':OUE: BIN FREQO..ENCV (SorU<~_'"ET) 

32.42 o.n U1Q3t " ... 0." ... '" " 0 0.05 " 0 (!bt.Kto)'..;., 
134.42 0.' ,.. .. ,." 0." 45.11 ,. · 0.' lO , (Sr;lIt~_l" 

" ... 0.1187451179 " ... 0." 47 .32 " " 0.15 " (!bt.1<lI'f_4" 
27.28 0." .. " .V 0." 50." DO " 0.' .. ($001 Kto)'_S, 

HII. lI 0.3$ 45<1 .' "."' 0.55 50." " " '" 50 " (Soo1.8IMkCelloFnI OJ 
117.55 0.4II~1l958 "''' 0." 50.81 ., 

" 0.' .. " {ScIIlOalaNo.mbwaFnl) 
51.15 0.1185.2IIe51 3US 0." 50 .. 70 , 0.35 · " · (Sor1.PrwIouaSotl •• l) 

48.52 0.7882.20513 "., 0." 53.47 ., · 0.' , .. · (!bt.00) 

"" 0.7870.f79oI1 ".02 o.tl '''' .. · 0.4" , 
" 

, (SMd8IoekF2. .F82) 

73.7 1 0.4fl 160.2381 " ... 0.81 "" "" 0 " 
, '''' , (Salt.8IDd<"F2. .FVr) .. " 0.''''1.5IIIiI23 43.12 0." " ... "0 , 0" · "0 · (Sorl.Typ.Toplobollom) 

" .. 0.839<1.50e02 .. " 01' "." ,,. 7 0.' , ,,0 , (Sr:IIl~O) ,,,. O • .. '" .... 0" 5111 '3D 0.'" · "0 (Sott.t<.ot_l"'fT) 
\1>4.43 0.21 '" 4e. I 0.85 " .50 .. 0 0.7 " , .. (8ort.t<.ot_2/ 

" ... 081130.&518 " .M 0." 50" '50 ." " '50 (8cII\.Kto)'_3., ... , 0.7el1&'o"2'1 411.87 ... IUI '''' 0.' " .. 0 , (Soo1 .~_4" , ..... 0.48321.0411 .. 0." M .21 '" 0" " ". , {SoIt.KIiV_S' 

'" 0.54 1(M.0741 48.1e 0.16 .... '''' 0.' , .. 0 , {Sort.~F1rtIO) .... O • 212375 .. " 0 .. 65.27 '''' 0." , '''' 0 (Sort.OlIIa""""'-l'hl) 
11151 0.74151).e892 50.18 01' 65.41 lOO , 0 lOO , (ScIrt.PrwIooASorW,') 
13.14 0.31 36.' '''' 0.111 11.72 0 .. ........ , ... , 0711"".2208 " ... 01' "' ... (SMclBbcl! 132. (82) 

51.58 0.791".2tI5l12 ... " 0." 11.11 (Sor\.8Iack"02. .082") 
10l:W ". 220.413 .... 0." 70." 

DCIRCLE 
(SotI.Typ. Top 10 bollom) 

1113.7 1 0.' 4&4275 5513 0" 70.11 (Soo1.HeadinoO) 

23." 0!034"."121 'I.> 0." 74 .• (Soo1~_'"'G21 
12.42 0.1543.12661 ... " ., 7!1.De 

::~IIIII 
(SOIi.t<.ot....2, 

C ." 0.79110.3.2011 ..... '7 .", 

Ill ...... I 
(9or11(~_3" 

1010.03 O.Zl 608.8261 51. \5 ., 8'.36 (Soo1.KItY_4' 

50" 0.' 10.4125 5774 '" .. " (SO"U<~_"" 

"-" 0.1829.TI832 $U3 0 .12 15.30 (Sort.Bt ...... c.a.FnIO) 

".02 0.757. U143 .... 0.14 1II.3S (Sort.o.t.,........FnI) 

"." ... 41.6 " ... 0 .14 .. " (Soo1. ~SorI. ·,) 

23. 72 0.8.2211. '2683 " ... '" i'l.51 (Soo1.00J ... ,. 0.88 5O. l2r.i~ ... " 0.1~ ".'" (s.tproperlyNorneric_Fonner."Alrad,2;SOuIhAltiu1 
46.65 0.&4S$. !03S71 .H 0.75 100.13 {SMd8loc;kALC1) 
~. 111 0.74f1'\()81 ." '" 101.l1 (EdiI~) 

n ." 0.5(141 .l29II "" 0 .75 103.00II ($aIaoI8Iod<El) 
3&.11 0.7550."333 11.47 '" 1(D.38 (EdilPMla) 

" ... 0.' ... 10.11 0.71 l1M.Or {s.Iar;l8loc:k11) ,,.,, 0. .. 110.6232 73.71 0.71 108.22 (OESCA "'1:1 .. EIIT;II ;C;"I";"I",V;'O"","'95%1 
43.12 o.t5~I43m "." ". 110.8.2 10 30 50 70 110 110 130 150 170 1110 (SIIIar:l8lodc1(1) 

VI' 0.&840.87147 " .. 0.77 114.110 (OESCR "FI .. F82";I(I .C:"I";"'".V,V.'9S%1 
07.2, 0.41207.181' 77." 0.77 1\6.OS (8Md8lDd<1oI1) 

118.88 0." 111.1103 78.44 ." 111.15 

FCIRCLE 
(OESCR "'01 .. 08T;MI.C:I";'I";V;V."$S%1 

m. 0.42D"225 lua 0." l1!1.l.l (8eIed8lodo.II") ..... 063101.3651 "." 0.77 121.11 (PIotc.ll2"B1N"J .. 0.58 111 .35583 " ... '77 130.15 

1 
~1!P* .Jl") 

112. 0.3$ 4113.4 ... , o.n 131.s.. 

~~,iliIL 1 

p>utCe12 "FREOUEtcY1 .. " on 18.7.2:1 .. , 077 135.111 (SMr:t8lod<11I .. JI" 

" .. O. ~ 53 8l33l .... 0.78 141.& (E~) ..... 0.75&Ul131 "" 0.111 14113 (8e1K18Ioct:(I(1t .. lI9.MII .. N"~MI') .... 0.6\ 103.037 ... , 0.71 150.88 (EdilPMI.) 
87. 2 0.6"'00. 31148 101.38 0.71 HIO.2oI (s.IacI8Iodr12O) 

115.58 0.63135.6571 1OS.88 0.71 111.28 {PI.IIc.I2"la') 
28.26 0.7134. 1m7 loe..37 0.' 118.80 (SeIood8loc:kIZI) 

IS" 0.$11 117.74!.1 11132 0.' '''''' (PvICel2"701 
~ ... 0.68&UI7971 111.51 0.' lOon ~8Iock12O .. /38) .... . 11 .. , 111.44 0.111 20771 <-" .. 0.72 ~.47222 tl8.SI 0.81 215.,*" (EdiI~) 

77 .. o.nlOO.8312 118. 0.111 "' .. {8aIIocI8Ioc:kM2O) 

"" 0.111 II1II.711105 I17U 0.81 22&15 0.15 (EdllfWI") ,. .. 0.15 41.32 116.52 0.81 ,..., ---",." 0.$11 :M.88111 130.'5 0.12 ,.. .. (PuIC.U'"O.0$1 ... 0.9221.52114 133.08 0.8.2 32<'.11 (s.llclBiockK2I) 
38.35 0.7850.481053 134.42 0.13 321.IM 

DNEW 
{Pulc.u"'O.11 

31.27 0.1542-11058 '"'' 0 .. 454.80 (8aIad8loc;k1(2(UOe) 
133.08 OV482.8258 liWI.III 0 .. ... " <-.5.38 0.14811.35135 15911 0.85 482.83 lO (8aIer;:t8loct:J2O) ... , 0.n".81013 , .. ., 0.15 .... " {Pu1c.112 "QFRfOOI87{E2. .E82.120 .. 1l911 

"." 0.111 128.1"11 172.88 0.115 ... " (SMadB/lockL2O) 
113," 0 .35324.1143 11Il.11 0." ..... 

" 
(PuICaG "gFREQOIST{F2. .FI2.K20. I<39M 

48.17 0 .1456.7117112 """ ." 783.00 (SMdB/lockN2O) 
(PuICaG "QFAEOOlST(02. .082,M20..t.Il9n 

" 

.. 0 

146 



Sample 4a. 
OCIRCLe FCIRCLE DNEW [)CIRCLE FClRQ.E ot-:EW 

12.oe 0.117257'4 ,., 0 ,19 H' ... 0" . ' .13 0.19 '52 
21$2 0.' 21.0:25 .. " '22 '" ... O. 5~ U21213 ". ' .00 

"" 0 .5931187797 '" 8.15 
12,91 04429.34091 ... 0." ... 
" .. 0." 31 .• 3112 ." '" ." 2717 0,853196(11 ... ". 10.85 , ... 0.&633.325511 .... " . 12.51 
2813 0.$4 31.1'2143 ... 0." 1474 

"" 0.12 N .8J.JJ3 .M 0," "" 3148 0.8151.606511 1021 ". 17,13 
0.411125.4898 10.81 ". "" " .. 0,4221.2:).81 11, ..... 0.' Has 

1081 0,7.' • . 74:12. .. " O' 1e . .o ,. .. 063S5.D<l1fi2 .... 0.4' "" "" 0,(1142.57411 \2.~ 0.42 "" '''' O.75&4.7oe157 12.81 0,42 " .33 
~, Q.57i1i1.47368 13.25 0.42 "" '''' 0.733.111428 0 .. "." 211.11 o.e530.711fiS 0." "" 28.82 O.823U6829 ,." 0" ,,,. 

11.37 0.6430. 26563 '414 0.45 n" 
34.8' 0.85 W.70769 15.04 0 .. (5 n .. 
2S.71 0.(10(71.35106 15.11.2 0." n .. 
6127 ... ,,, .. lHI 0." n .. 

"" 0.9 1 34. 593(1 \6.73 0.41 n" .. " o.5lIM.3i8S5 16.82 ". '''' "'" 0.11$2.7$109 17.011 ". ",. 
,U 0,51140.340'&3 11.51 O. 23.112 

'''' o.S3~!iQ5.l8 ",. O. "" .. " O.S431, 14815 IIU4 0.' ' ''' 61,55 0."2185. 5852 ",. 0.' ,,,. 
"" 0.8586953115 lU 0.' 2UO 
JUT O.&6311.22Oil.l " .5 .. "" .... 0.52 1211. lIOn '" ." "" ." O.3IiIIO.&4615 "" 0.51 " ... 
I1U3 0.827.M33J 18.se 0." "." 1281. 0.35 380 .• "" 0.52 .. " 0.7824. UUI 18.82 0." 2~. 1' 

21.82 0.18lf1 ...... 737 1'.06 ." "" '" 0.7327.28027 1'.21 0." 25.83 
11.:1-4 0.812:2.6<llaII "" 0." aS9 

"" 0.8845.82l2ti 11.37 0." 25.72 
32.42 0.7443.810111 " .. ... 2H2 
3115 0.8 lII.1I375 "" OM 2S.74 

"" 0.882744318 11.$02 0.55 " .. , ... 0.8441. 17857 '" 0.57 25.118 

"" 0.78 ~.30263 "" 0.57 "" "''' 0.5 60.36 llUS 0.57 "" , ... 0.8212.3i(J2.t 19.82 0.57 " .33 

"'" 0.842D.33ll3 ". 0." "." "" 0.1411.77027 "" 0." " .. 37.12 0 ....... 18112 "" 0." "" 135" 0.41330.30115 ' ''' 0." 28.71 ,. .. 0.87 27 .4Ol3 "" 0." "'" ... 0.&2\10.322511 " .. 0." 272. 
.2.18 0.78 So\.O!!iI28 "" ... "." . ." 0." 214.587 "" '" "" 2701 0.118311.72051\1 "" 0.' 2737 

" .. 0.78n36&l2 2127 0.' "" , ... 074.84288 "" 0.' "'. .... O.!221.IIZlO8 ",. . " " .. 
"" 0.832S.82S51 2141 0.82 " .. ,>0> 0.7742.&&831 "" 0" " .. "., 0.8436.83086 214_ 0." "" 1021 0.5 20 .• 2 2162 0.82 " .. 
23.28 0.85 V .3M2. 2162 0." ",. " .. 0.771032468 '''' '" 21.45 

"" 0.e5Z). I;)84e " .. 0.152 21.51 
73.17 o.s 147.04 2182 0.152 28.58 

"" 0.836.125 21B2 0" '",0 "' ... 0.8735.CXW48 ,,,. 0." 2875 
57.58 014n.78318 "-" 0." '''' lUll 071524.73077 "-" ." 211.07 
H. 0.724.791667 "., ." 211. 18 

.785 0.7881.34615 "-" ... ",. 
"" 0.82311. 11512 "-" O.M "" ", .. ,,,. 0.115 , ... , 
"" 0.1933. 1\19117 "-" 0.65 " ... ,. .. 0.88 27.375 "-" ". XI.1S 
11187 0.19 112.2405 " .. 0 .. 30.27 .. " 0.73\16. 12328 n" 0.85 30.31 

"." 0.15558. 123011 23 .21 0 .. ",,. 

" .. 0.' 34 .• 75 "" 0.115 30.72 

"" O.lIIIlS. l3D53 "" 0.85 30.7. 
11.81 0.l1li22.87208 ". 0." ,,,. 
"., O.INI 28.75 23.47 0," 31.15 

"" 0.81184.33624 "" .... '''' 21.35 0.8732.5e821 "" 0.87 " .. ..... 0.78~. 5111187 "" 0.157 3U7 

" .. 0.800138. ,,,, "" 0.87 " .. .. ,. 0.8122.041118 " ... .. , "" '''' 0.8143.230151 " .. ." "" 4\.II 0.7258. 20833 " .. 0." .... 
5115 0.7271.0.1.7 "" ... ,." 

" .. 0.7233. 11111 " ... 0." .. .. 
"" 0.77 ~. O!!i11lS 24.15 0." .... 
"n 0.75 110.38 "." 0." " .. 21.&2 0.7230.30M8 24.28 0." .. " .. " 0.71M. II2S8 24.:1-4 0." .. " 34.07 0.7843.e7114' " .. 0." 33. 11 
.1107 0.72A.1U78 2 • . &4 0." 33.1' 
43.85 0.1184'. 26\168 ,. ... 0." 33.21 
51 ." 0.71 72.4507 24.78 0." 33.33 .... 0.7758.2517. ,. .. 0." 33." "., 0.7374.2~5& "" 0 .. 33.57 
18.06 0.11522.42353 ,., 0.' 33.151 

170.37 0.22n4.4<»1 25 .• 7 0.' 33.n 

"" 0.&2lf1. I18S\2 25.71 " 33.78 
la.5 0.722S.894+4 25.82 " "" " ... 0.5935.57827 25.&8 0.71 34.12 

68.45 0.7581. 2fiM7 25.804 ." 34.35 

'" 0.82211.83871 215.11 0.71 ,. ... 
75.25 0.51\1127.5424 215.22 0.71 " ... 

\15.118 0.34)41.0S88 21522 '" "." "." 0.7837.8ZlOe "." '" 35.03 
0.8731. 1)433 ".,. 0.72 35.27 

".75 0.5721O.OIIn " .30 '" 35.31 

"." 0.85311.723011 :le.51 0" "" .... 0."""'4i2S4 "." '" "" 21.118 o.M:M.fS4" 21.82 on 35.88 ,." 0.73 • . • 7(145 "." on 3U7 

"." 0.1III3\ .4fJ512 "." '" 30." 
11.5 0 .' ,.", 27.01 '" lO.lO 

,." 0.8540.3J804e 27.06 on , .. , 
"''' 0.1533..78333 21.17 '" 30." 
"" 0.8735.1M5552 "" '" 31.87 

" .. 0.8721 .3$&32 27.82 '" 3113 
1377$ 0.34405. 1785 ". .. 0." "" 1751.811 0.HltI4e.78i5 "'. ." 37.12. 

"." 0.9228.(13478 "" 0" .. " 27.82 0.8\)4.34$68 211.1. ." 38.22 

"." 0.1IISO.1131171 2825 ." .. ., 
n. 0.872S.0G207 21.35 0.74 "." 32.1. 0 .7.5.1114211 " .. 0" lO." 

"" 0711 28.Il!>II23 2a.e6 0.7. 38.78 ... " 0.855.275 2872 ." "." 28.1. O.88U.72O&J 28.82 0.7. "" \751 0.8211. 18333 28.92 0.7S 38 .• 8 
24 .• O.IM2S.957.S 211.38 0.75 311.72 

"" 081!5.9\3S11 " .. 0.75 38.72 " ... 0.81<10.07407 "." 0.75 311.1. 
110.2. 0.677(.118501 N." 0.7S <10.07 

"" 0.835.3125 N." 0.75 ".,. 
"" 0.' " .. N" 0.75 ",. ,." 0.57 .. 30.18 0" "." ,." 0.8722.43678 "''' 0.78 "." ",. 0.8724.52117. 3033 0." "eo .. " 0." 72.8\211 "''' 0.715 "" 11882 .. "'." "' ... 0.715 .,17 

"" 055150.0&3&4 "''' .n 41\8 ,,.,, 0.284111 .5351 3002 o.n .'.21 

"" 0..8' 28. 50S411 3115 o.n 4137 

",. 0715 33. 7111l23 31.211 o.n 4178 ... ." 17.0525 31.211 . .n .,,, 
.2.12 o.8450. I(2IWI 31." o.n 42.57 

"" o.7212.MOSe 3U8 o.n ., .. 
30" 0.75 .. " 31.~ ,n 42.72 

Mean 3712701 ~ O,70UI09 MaIn 68.11124 
SI_nEfmf 18S131($-..dEfmf 0.00911 Sl_E"'lO" 8899S11 
MIdian 21.98~... Or.lModilon 37923Ot1 
I.IOCIe S.46 Mod. 0.72 Mode 22114111f1 
8l-.rdO" .. 1on 2990M9S1_MlDevlal.ion 0. 1~7Ih,I(\W'dOw,-* ion 111(8711 
v.n.nc;e 8945418V.n.nce 00246011V_nce 12425.09 
Kutloe. I!I.MJ23&Kur\oelo 0.349387K""oelo 39.4'15&5 
Sk_" 2.,8702 $<__ -tI.lI&UI1 8k __ " 5.734601 

:um '~::~ :... ~: ~~ ::m ~i~~~ 
~lXlmum 16992 MaxI......... 0.114 Mp ...... m _ . 57118 
SoJm Ilen8S S"'" 1&3.12 S... 17778.8 - -- -- -Confi<*ncel ..... (O.83.62e509Ccn1~l ..... (090.01903ICon/ld..-.c.L ..... (0.8\3U31. 

'" FREOUE BIN FREOUE 81N FReQUENCV 

" " .. " 0 " 
, 

" .. " " " '" .. 0. \5 '" " " .. " .. " " " 0.25 " " ., 
" 03 " " " " re · ., · " " " 
, ... " · ''" 
, 

" " '00 · '" · 0.55 " '" '" · ... " 
,,. 

'''' , ... " " 0 
"0 " " , .. 
'" 0" " '''' '''' 0.' " ,eo ". 0.65 '" ,re 

"" " " ,eo , 
"0 0" " "0 , 
200 , 0 200 · 0 " 

DCIRCLE 

·~Wh,,,. 
• 

I~OIlll'30 .. 10 JO so 10 90 ,50 110190 

FCIRCLE .. 
30 

" 
" 

.111 -. 0 m m9ln. 
.0 0." ., 0.3 ." .5S .• . 7 . . .~-

DNEW 

~9I1m ... ~ .. ,;, 10 30 50 10 90 "A 130 ,50 HO 
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(Se1«18IodcCIJ 
.... C002"CN<Vr) 
(SMd8loellC2) 
(P\.llCoI2"·A2. .A2e2l82. 82621 
(s.ctBladA2..8262) 
(EdilCovf) 
(Seled8lodo.E2) 
jEdHPull) 

C2) 
",0" 
Cl .C262) 

03) 
(Ed~PuII) 

(S.t.c:tBlocl<E2 .. E262) 
(SorI.SIo<:k"f2. .E2II2j 
(SorI.TyptoT091oboUom) 
(Son.HHdIr\gO) 
($o.l.I<aoy_'"fT) 
($o.tKaoyJ, 
(SorI.K.,_3' 
{SorI.K.y_4' 
($orl.K.y_5j 
(Sor1 IlIanIdAkFirll 0) 
(Sor'I.DIIIINurnt>«.FirlI) 
($orl.PNYIouaSor1I") 
(80'1.00) 
(s.Ied8lodcF2. .F2G2) 
(SorI.8Iock"'F2. .F26T) 
{$o,\.Typto Top 10 boil"",) 
(SDrI.HMdWIgOl 
(Sor\.Kaoy_l "F2") 
(SorI.Kaoy_2' 
{SDrI.Kaoy_3j 
{Sor'I.Kaoy_(j 
(So'1.Key_5j 
(SDrI.s-m.c.n.FhI 0) 
(SorI.o.I.,..,..........Finl) 
(So1.~Sort..I) 

(SM.Go) 
(SMdBlodr02. .02&2) 
(SorI .8Iock"02.G:!6:r) 
(Sor\ . T~T091obollom) 

(SotI .HndIng 0) 
(SorI .)(aoy_l"02j 
(SorI .Kaoy_2j 
{SorI.Kaoy_3j 
(Sor1 .Kaoy_4j 
(So,1.)(aoy_5j 
(SorI .Bl.nkCelaFinlOl 
(Sor"1 .o.tlNo..o-.Finl) 
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Slandard o.w.tlon 89 nil« SleMM! o..oiell:ln 0.172411 8I....twd o.v.11on 330.85 

4161U131 VlMor'a 0.029752 V"'ru 109461.1 
Kurla.iII 30.43314 KunOlIl .(). 052~\ 1<ur101i11 49.3706& 
Sk--.. 4 .1521I111Sk_ .().4S7I1iSl<___ 6.762183 

~ "~!!:.:.,.. ~:~~ 2~~! 
UuInun 554.7............ I Malmum Zm,5 
Sum 431821 SUm 113.4' s.... 10191,19 
CounI l1li Count IlllCounI 99 
eonr.w-l ... eI(O.9 1374$22 Con/lcIenoel-<O,1 0.0331177 Conllclenc:.l .... eI(O.9 65.172011 

fREOUf 81N FREOVE BIN fREOUENCY 

" " 00. 0 " " " " " 0 '" · oo " 0. 15 0 oo " ,. . 02 2 .. · oo . 075 SO " .. , o. .. , 
70 '" " · .. 0.' ., , .. 0,45 .. · 0.' '00 , 
'" 0.S5 '" '" " . '''' 'oo 0 .. " 'oo ,,. 0.7 02 "0 
'OO 075 .. "0 
'"0 0.' " 

,., 
HO O.&S " "0 ,., 0.' , lOO , .. OOS 2 "" 700 , , .. 

0 

DCIRCLE 
25 

20 

" 
" 
5 In 
0 

Inlh " ~ 
" 

,. so 70 '" '" 
,,. ,so 170 190 

FCIRCLE .. 
02 

" • · 11 · Ill! Ii ... , 
11 11 .. 1111 III UIII 

0 
. 0 .... ' .2 • . , .. .. .• ., .. ... 

DNEW 

:111111111 •. 11 lOB .. " 10 30 50 70 90 110 130 150 170 '" 

149 

Is.IoIdSlDc:kCI) 

""""'"ONEWl (SeIeo;1B1oo;kC2) 
(PutCel2".A2. .AI0C>'82.8100') 
(SeIeo;1B1ockA2. .Bl00) 
(Ed~Copy) 
(SeIeo;1B1ockEZ) 
(EdHPuI" 
(8e1eo;191ockC2) 
{8IocWaIuMC2.G2) 
(SeledBlockC3. Cl00J 
(EdllCopy) 
(SeledBlocltG3) """" .. , 
(SeIIc:tBlackEZ . . El00) 
(ScwI.8Iodc"E2. .EI001 
(ScwI.TypeToploOOltonlI 
(SorI.HHdingO) 
(SorI.KI'f_' "E21 
{&:Ift.KI'f..2! 
I&:wI.KI'f_3! 
{SoII.KI'f_.! 
{SoIlKly_5! 
(SoIl~FnID) 

(SooI .o.t,NumbenoFnI) 
(SoI1.~&rni.I) 

(SoII.Go) 
($eIeo;IBb;:kF2. .FIOO) 
{SoII.BIock"f"2. .fIOO1 
(ScwI.TyPl7oplobal(IIfIIl 
(ScwI.HHdingO) 
{ScwI .KeO"F2'l 
{SoII.I(ey..2! 
(SOII.K'Y_3 " 
{SoII .K'Y_4 " 
{SorI.K .. U., 
(SorI.BIIllkCelllFnIO) 
(SorI.o.l,~Fn() 

(SorI.P ........ SoIIa · I) 
(SOII .Go) 
(3e1M:19Ioo;kG2.0100) 
(SorI8Ioc:I<"02..GlOO1 
(9cM1 .Type7oplobalI0ll'l1 
(SOI1 ·HMdinvO) 
(SOoI..KI'f_IV21 
(SaIt.KIv'.)' 
(8011.1<1)'_3, 
(SoII.I(ey_4" 
{8oII.KI'f_S" 
(SoII.~l'InotO) 

(8on.o.t'~FhI) 
(SotI.Prwlou.Solt. - I) 
(SoII.Go) 
(SIIptOptIty~J"IIm\UI;"Fbcect2.SouI/IAfrb1 
{8eIId8loc:l<AI CII 
(Ed_Copy) 
($eIec161ockEll 
(EdMPMI.) 
(SeIeo:I8IocIcIl) 
(OE8CR "E1..EIOO":tI;C,"' -;"I-;'O";V."95%1 
(SlleelBIodcKl) 
(OESCR "Fl .. FlOO-;Kl.C;"1-;"I";'O".'O";"95%1 
(SeledBlockMI) 
(DESCA "'01 .. 0100":1.11 ;C;"I","I";"O";"O";"95%1 
(SMd8locklll) 
(PvICeI2-aIN") 
(Ulct8toellJUI) 
~2"f'REQUEfI.CY") 
/SIIIC1B1ockIl9. Jll) ."""". (SeIId8lclCk(K'8 .. lt"U" .. NI9~1.I11) 
!EIMPMt.) 
(s.dBlc:dlI2O) 
(NCeG"ICT) 
(SMKIBIc:dII2I) 

{Nc.a"" 
(SeIedBloCkI2O •• 1l8J --. ."""'" --""" (£$"'C,) 
(SlleclBIodIK2OI 
(PvICeI2"O.G51 
(SMdBlockK21) 
(PvICII2"D. I") 
(Seled8lockK20K38) --. 
(Seled8loc~ J20) 
(PvICe12 "OFREQOIST(E2..E 1 00,120, .139n 
(SlledBlodll2O) 
(PvICeI2"OFREQOIST(F2. .FIOO.K2D. K39n 
(IIIIIctBlockN2D) 
(P\llCeI2"OFREQ0I8T(G2. .GI00,M2Q. U3lI n 
(SelldEllodlJ20. .J.tOl 
_Oool", 
(8eIIM.OeI ... """" 1:'J20 .. J40~ 11 _00, 
~e~H42.a40,220;NMI.I8O.240.CMrt26) 
~SIt.H4Z104O;22O;NI2;I8O.24O) 

~OeI~JCIomlabllSetiM; I2O . ..o) 
(8eIIaOltl,JterogeI;J20. .J4Ctl) 
~.Oo) 
(Onoph&II1I ..... T".."'9w;BII"l 
(Otwln8II11ngot.lllM OCIRa.E;-;-;-;"1 ."""'" (SeledEllodlI64) 
(EIMPMt. ) 
(8IIIclEllDdlIlS) 
(EcfIIPM!.) 
(8eIIdRoet""ertt0d27) 
(Se!iM.Dlla.ftal>OlAAdillblls.rIM;K20. K4DJ 
ISeriM.DII.~I:l2O .. l4O;11 
(SetIw.Oo) 
{Grept>Set1"""'. n", fCIRCU;-;-;- ;., 
{SeiedRoetI .... ertt0d211 
($eIIeI.o.la..RangeXAxilLlbIIs.rtM:U20 .. I.MO) 
\s.-.Dtle..Renoel;N20 .. N40:11 
(SeriM.Oo) 
~tlnge. Tlt,.. ONEW;"";"";"";., 
(SeildBtock!e:J) 
(SII~.........ncJ'<lnnlt"Fbo:.cI;4;Sout"Afnr:a1 
(SeledBlo:d\!e:Ll 
{S14J1"1P111w ~_FonneI;"Fb<ect4:8autIIAfrb1 
(Slllc:t8lod<5II;NJ 
~~_FonneI;,"",,1d;4:8autIINrb1 
(8IkQ8Iod<J20. .J40) 
{&IIjpllll*l)'~1""""':-o.n-t.4;8ouIhNrb1 
(8aIto::tBlockl2O..l40) 
(SII1Jn;IpItt)'~_FonI'IIl;"GIIwaI;4:8ouI"Aftlca1 
{SNIdBlockN20..r-MOl 
ISI4~WIVnlftc1 __ ;~4;8ouI"Nrb1 
(SllltlBIodI5e:J) 
(8I!povperty~_WIdIh;"..a...oWldlIl;: 11 

(Se1ec18Iock5e:l) 
{SItJl"lPlllw CoUnn_WkftIl;"Auto 'MdI1I;;11 
(Selad8loell5e:fof) 
{SeIpIOpIIIW ColurM_WllllII;"AuloWldlh;;11 
(8IIIdBlad<OI) 



Sample 5b. 
OCIRCLE FCIRO..£ DrEW OCIRCt.E FCIRa.E CHEW (SeIK1Skx:kCl) 

U. , H. 3,45 0. 17 , ... (putCelU"ONEW) 

10.411 0.7214569'4 '" ". , .. - 31.8M11 Mnn O.62ml ....... ... "'" (SeMdBloeltC2) .. " 0.1211!L23811 '" ". '" stlndanlEfTgI $.18&4S39tandwdEtra" o.01512e su.ndlroEIT'OI" 23110321 (PuIc.Q-'A2..AIZ2192. .BI2T) , ... 0.811433333 ". D.ze '" 22.SSI Medi8~ 1),$oIMedlan J6.lMlla jSItlKlBlod<A2 .. 8122} ... 0.72 1l. 12S 3.45 .. " '" .... ." ..... o.72u..s. " .207311 \EdilCopy) 
H. 0.1124.207317 '" .. " •. ,., Slandwd~1on !l8.8S2Se SI~OM.I ... 0.113003 Slandardo.-.ioII 262-9353 (SMeo;:t8loc*E2) .... 048'~1&4 H' ." '" v ..... 3Z32.21I1V1oti8r1ce O(l28l93Van.nc. mll;)4M \Edilhlltj .... Q,3ot42.HOSi , ... .. ,. ' .70 "'..,"'. 22.1011&' Ku,IClelo .(I,[)13M Kuo1oo11 47.6648 /SMcI8Iot;kC2) 

"50 0.8&25.49438 , ... . ,. .. ., ,,-, 42e11112~ -G,31739Sk_. 1.121475 (BIoo;k""'-ct(2) 

"n 0.283846428 , ... .,. 50' - ""- '''- 2110.474 (SMct9lodl C3..C212) 

'" 0.18 5.5657811 , ... ,,. 52' ........ 3,45M!t*num O.I7MHrn<1n'1 UJ1S7i (EdlCopy) 

111 .... Q,II430.&1Ql '" [).35 '" "_m 41301'1Maldmu1n I Maximum 2174,105 (S.~Blcw;k03) 

111.12 CUill:l4.172041 .... ." '" 
..., .574.5Surn 75.31 Sum 10131.12 \EdilPv,.j ... nu 1441.11081 ." .n ." """" 121Coun1 121Cauf'i1 '" (SMd1lodl;E2.EI22j 

47.4' 075 Cl.21J33 ." ,." .. " ~L..-.I(OlO.12IIII$~l-.l(OO.030825eonrDWoc.lL..-.I(046.&lM3 (80.t8lodc'£2. .EI221 ... , . 5.21175 .... '" .." (So'tTy~Toplobollom) .... 0.4812.4511033 . ... '.' .. , ISGI.~O) 

3.45 0.11 5.073521 ." 0.42 ." fRfotJE BIN FREOUf SIN FREQUENCY {Sorl·IWr_1"U"} ... 0,726333333 . .. 0.0 ". " " '" · " " (Sor1·IWr~j 

28.5\ o.n :W .428~7 '5O .... '" .. " " .. , (Sc:wl.lwL3j 

'" ... IUS .... .. , '" ", " 0 .15 ", " {Sc:wl .Key_4' .... 0.Ua..081"" . .. .... .. · " .. ,. (SoI1..1Wr_5, .... 0 .saS,4137$3 ... 0.46 ." 50 " . ... 50 " (8orUIIII,kC.n.F'n10) 

21rfl 0.6&247212.7 ." 0,.' 6,41 " · .. , 00 . (Sc:wl ,DeI.~FInI) 

12.8 0.33311.787118 .... " .. " '" · ." '" . (SoIlPr..-lowScN · l1 

50" 0 .7567148&7 , ... " ." .. · .. · .. , (SoIl.Do) ... 0,176.1492$01 . ... . , ... ., , 0,45 , ., ISeleclBIoc:kF2. ,FI22) 

." , .... $,72 0,51 " .. "" " 
, 

"" ISorI8Iock"f2.FI22"l ... OMI0.fl785? 5,72 0.51 "" ". .>5 " ". {SM.lypeToplobollomj 

"'''' 0472243HII , ... ." 11&5 ". " " '" (Sm.~0) 

n." .... '11303 ... '" 12..& '" o.es " 
,,,, (Sort.Key_I'F2") 

55.&3 0.$882.102801 ~~ '" 1313 '" " H , .. (S<wI. K..,.~, .. " 051138.23728 , ... 1457 '50 '" " '50 18orI.1Wr_3j ... o.n 6.33Jl33 .." ... 15.95 , .. " · ". {SorI.K.-,'_.j 

'" 072.7111667 II,U .... ..... H' 0.115 H. {Sor1.KI'Y_Sj .. , '35 " 11,45 .... 2473 ". " '" {SorI.~FnlOI 

." 0S2,e822Sll1 10.41il .55 25.12 '"' ... '"' (SarI.DeI' NInbwI !'nIl 
3112 01llil3S&4GIl5 10.n .... 25.411 "" "" (SarI.,.,..."..9oo1, . I) 

31 .06 0,7e40.1l6&42 'U' ". " ... (80'1.00) 

'" 0.'53.63157' " .. . .. " .. Is.IIc191ockG2.0122) .... O.U6.Z20S&8 , ... .... "'" 
(SorI.8Iodt"02.0122"l 

3 .• 5 0.824207317 , .. ". " .. [So'I.T~laplobollom) ." 0.eae.4'I7f15 13.03 ... "" DCIRCLE [SorIHMdino O) .... 0,3&311.26318 "" , .. " ... (SorI.I<e\'_' "Or) .. " 0.$372.047«2 " .. '5O ", ... 

~~illJI_ 
(SorI.IWrJ' 

13.71 .. , 10$.3 " .. , ... ", ... 

.1 

(9orI1(I'j_3j 

" .M 0.82"283871 '''.\104 ". ",,, {So.I.!<-y_"-' 
m, 0,511 $01.11* 15..1. ... ", ... (SorI .K.-,'_5' 

M." 0.$01123.2<107 15.14 " 3U8 (8cw1.8IwII<CeIIoFnlO) .. " 0.587.55.1571 .... " 3137 (SorI .o.e.~FIm) 

' .M 0.934.1IOl22II le.sa ... 33.61 iSorl.PrwIouISorI. · I) 

74 .• 5 0$3118.1748 18.1 • ... ,." """Go, .... 0.8112.33333 '"" , .. ,.., (SeIPfOI*\y Nume(tc.fottro"."f"IIId;2;8ouIII Nnao1 . ., 0.84100.-48N IU2 O.fll :M.7 • {SeIId8loc;kA1..CIl .,.,. 0.e51311.1IIil23 '" o.n :W.81 (EdII~) 

14 . .... 0.43:M.14.418 2178 .... ,.." (s.lM:lBIodIEI) 

""" 0171~058 " .. .. " .... lEdIIPM1.) 

413011 0.112174.105 "" .. " 35.54 

" 
(SeM::lBlodlll) 

148. 71 0.4<13334318 .. " .. " ,,'" {fo l"i '" 00, (OESCR '"El .. E127'. I',C. " I""'·, "O";V;~%1 

15.1' 04 3l.es .... . .. "" 
10 30 50 10 90 .. , (s...ctBlodlKI) .. " 0.3815.94172 .. 50 .... .... (OE8CI'I "f1..FI27'.K' ;C;·'";"I ";V,"O",~%1 

3$,15 07150.91$4' "" ... 3785 {SMd8lockMIJ 

'2" 0.3ot3!52941 23,15 '05 " ... FCIRCLE 
(OeSCR "01 . GIU";Ml ;C,"I";I".V,V; '85%1 ... 0.511.5M621 D." .05 ,." (SNdBlod<I19) 

43.81 0.162.&l2M n ." .65 " ... {pu-c.l2"81N1 

47.88 9.!l1l70'I1118 .... . .. " .70 20 
(s-.ct8toekJI9) 

5,18 Ofl8633333 2512 0.67 ,,,. (PulClol2"FREOUE~ 

" .0> O.S4S19666S7 "" ." " ... {SelKlfIIodtI18 .. JISIl 

" .. 0.S44I.amM "" .. " 40.87 (EdllCI;Ipy) .... , .. .. , " .. o,eT 41 .1)1 .. (Se1ec18Ioc:k (1(111 ,l11il;Mlt N181.MI8) 

61.78 0.1f18128",7 28.87 ... 4155 lEd"~Paol.) 

25.12 , ... " . .,., " .. ... 42.41 (SeIecI8Iock12O) ..... 0..aa..1iIII551 " " ... . ... 
" 

~2"lo-) 

2T.0II 0.11930.404<18 v .• ... 4312 cs-cealodtI21) 

651.27 o.s5 1 06.~ 2S72 .M .,." IN""""" 
"''' 0.51S6.313n "" .... ., ... (SMd1llodt12O. .13t) ",,, 0.1341.$01785 ",,, ... .. " -"' .. 0,15 31.31333 ,,,. . ... • 7.63 ~ .. -
'"'' 0.3ot3e.32353 3112 " 50" (Se1ec18Ioc:kr.t20) 

41.n 0.lIIIf1O..7826 31.81 ., .. " lEdilPM1.) ..... 0.1III27.~ "" 
., ..... --""" .... 11.72'8,S421M1 30S .. , $4,7e {PvIc..cZ"O.051 

." 0.724.191881 3$." D.l1 ... ", (SeIKI8Iock1U1) 

n. .. 0.8 1 11&.1541 37.72 .n sa.31 

DNEW 
~'O.11 ..... 0~108.1M .." "" ., ... (SMcIBIodtIUO. t<3SI) , ... 0.511.SM5V 41.73 0.72 ..... I-... ... 11.375 ., .. 0.72 63.1' 

~IIIIIIII'_IL.'. 
(s-d6loo::kJ20) 

V ., 0.7$)01.61013 .. " "" 63.21 

I! 

If"\ACIoIl "OfREQOISl{E2. EI22.I2O .. l3SIn 

21 .82 .. "' .. .. , '" fl5.2'l 

__ 1.20} 

'48,17 , .. .... ,. 46.1il7 0.72 fl7.1S (PulCeI2 "QFJ!.EOOI81(F2. .F122,1UO" lQin 

15.14 0. 4238047$.2 .. " 10.41 --.... "' .. 0.8206.983) ., .. ." 71 10 (PYtCeI2 "OfREQOI8T(02. Ol22. ... 20. .loOIIn 
15.03 OS6133.De.2\ .. " 0.7. , ... ,,,. ... 25.12 48,n 0.75 ,." 
"' .. OTelO.lI805J 50" 0.75 n .l0 , ... D.7"31.2I!IJ18 50" ". TUS 
31.1il1 0.8 JIil.8815 S),82 ". n, .. 
3ot.55 O.SIilSl).07246 .... 0.78 .". "" 0.Ul3.81J114 .. " .. ,. "''' .... 0.9 4.7 .. .. " . ..... .... o.84n.OI583 110.02 ..,. .... ". " .n "' 71 .1 8178 0.76 98.87 10 30 so 10 90 110 130 150 '"' '" 0.2'123.83333 ..... ' .n 100.47 

21.2 0.2813.10345 .. , '70 , ... ", , ... 0.:H38.94118 615.55 ... 106.17 
14.23 0.3343.\2121 /18.27 ... lOUT ... D.175.7fl1194 ,. .. 0,81 11130 
31.72 0.f7!1l1.298S1 " .. ... 118.11 
40,12 0 ,7e53.$7&$5 13.46 082 11875 
70,5.1 0 .51138.2\1041 13.71 .... 12324 
18.96 0 .&428.85&2.5 7445 .... ,,, .. ... , 0 .13 t3.1S068 "" .... 1311.21 
21!I.11 0.843.51867 .... .... 1311.118 
50.42 0 .1715.2s:m .,,, .... 146.81 

"" 0511 47.825 105.43 .... "' .. 
27.12 O.sa 40.75M2 12),5e .... .,.." ... 0.35 le.S42&6 148.71 . .. "',. 
"" 0 .7530.25333 148.11 .... "'., 
18.52 0 .5.1315.830111 " .. ,M 801.51 
". .. 0 .31 801.5678 """ 

, 1718.08 

'20' .... 35.1748 413.06 , 2174.11 

150 



Sample 6a. 
OCIRctE FCIRClE [)NEW DCIRCt.E FCIRCLE ONEW "'.'" (SMcIBIockCl) 

13.03 .. ".'" ) .45 0.24 U' """,,1JNEW) ... 0.6013.MI7$ , ... 027 5.1$ - lS.OIIJi8 MHn (1.734511....., ~. 11n {SotI«IBIod<C2) 

" .. 0,873520898 U6 '" '" SI....o.raEII'Or 1157451 SlandlrdEmlf Q,00Be73S1anc111rt1Error ", .... {PuIOll2".A2.A32VB2.832T} 

H' O,nu.e!i114 , .. 0" '" ...... 3O.2'3u.di1on 0.71 ...... " (5MdBkUA2..B322'l 

"" o.aa34.7~5 '" 0.33 .. , ..... , ....... D.81MDdt 21&6&13 (EclMCopv) 
23." 07830.05385 .... " . .. '" Slandardo.vlollklll 2O.737<4SBtMClardo..l4llklll O. 15~2St~rdo.v"kIn 51.75317 ls.c:&6ladcE2') 
21.71 0&731.85051 ... 0." .. " v ..... 430.0417 Vora O,~147 Vw.- 3335.428 {EclIPMt_j 

15.t' 0.0 33"" .... 0" on ""'~. l . 57030SKurlOIII 0171517 KurlOllIl 23.14802 cs-et8loclcC2} 

"" O.812<1.7SJ011 ... 03' .... ,,- 1$4458:3~ '()DI1211Sk--.. .ulnas (BIockVIlMiC2;G2) 
2&.91 0.' 38.21~ ... ... ... :::::., 12i.,4R8ngto O.76~ "' ..... ~8IodtC3 .. C322) 

" ... aeeM.lMlle .... 0.' .. , 3.45 MInImum O.24Mio1mum '" (EdilCopy) 

"" 0.8236.13415 .... 0.' 10.13 .......... 132.S8Ma><1rN,om , .... - "'-.'" (SeIedBlodtGl) 
11'1.37 0.4138.82&83 ... 0.' "" .... 11576.54 Sum "' .... 11ID1362 (E'-PMI_, ..... oea~.352IM .. " lUll ""'" 321Covol 321Coun1 '" (SMelBlocIt E2 E322) 

19. '4 0.75 "." e .. 0 ,4\ I • . n CIInI"~ l .... OII(O 9 2.2M!i&3 Confldenc. lM'~(O 11 O.OI6Q811 Canlldeta l"""'<tl.1l &.31783 {Son.8Iock "E2..E32n ,,,. o.·u U"463 '" '" ",. {SoIt.TYJI'ITOJI lobol1oml 

".38 0.el27.86&\3 .. " 0.42 17. ~ (SoI1 .HHdlngO) 
1&.26 0.&,22..54;)21 \3.03 0.43 11.ee FREaue BIH FREauE BIN FREOUENCV {SoI\.tt.y_'''E2"} .... 0 .'& n' .9181 'U 0." , . ., " " 00' . " " (Sort.K.y....21 

28." 0.e231.32809 .. " 0.45 'U& " " " " 
, {Son.K"f_3i 

"" 0.1&4&.10258 .. " 0 .45 "" 30 '" 0.15 30 " {Soft.Kat_·j ..... 0 .11337.24731 .... 0 .47 " .33 " " 0.' .. " (Sort .~_5i 

"." 0.7151.'9296 1504 0.47 21.14 .. " 0.25 .. .. (Son .8/&nkc.rtoFnlO) 

61 .1 .. " 115.263 15.-43 0.47 ,,,0 .. " 03 " " (SoI\.OIo'aNurftbenlFnl) .... 0." 38 ..... 15062 0 .41 2,., " " 0.35 , 
" " (Son .P.-IoIaSonI.I) 

" .2$ 0.8158.33333 15.81 0 .47 2Ul " " .. , 
" .. (&tt.GaI 

51.2<01 o.erS5.&e855 11.09 ... '''' 
., . 0 .. , ., 

" (SallKlBIodIF2..FU2) ... " 0.5818.4OIJ71 UI19 0.41 "" 
, 

" .. '''' , {Son.BIock'1'2 .. F32T} 

'" 0.5535.$4$45 US.31 0.41 "" '" 0 0.55 " "0 !SM. Tt~ TOIl \0 boItom) ..... 0.41 111.'161 11.08 . .. "" '" " " ". (SorI.HMdIngO) 

"" 0.$571'9091 17.15 " .. '" 0.65 " "0 (Son.K"f_'"FT) 
11.1 0.122101317 11.158 0.49 "" '" " " , .. {SorI ·Kat....21 .. " o.5e16.1131oo " .. ... "" "0 0.15 33 "0 (SoIt.twt_3j 

." 0.431448512 17.111 " " .. "0 " ., ,., {Son.K"f_4i 

27.17 0.'3f13.1I1605 11.78 .. "" ". 0 .. .. '" (So,ttt.t_Sj 

" .. 019!i13()ol35 11.01 0.51 n ... '" .. " '" (SoI'I .I\'-nlIOIIIFnIO) ... 0.521.789231 '" ." " .. ,"0 0." 23 ,"0 (Sor1 .Oata~flnIl) 
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111.01 0,71523.118737 19.112 0." 25.52 (Soot.Oo) 
13.11 0.7315JK)lll 1991 0." "" (SaIprgpe!lt~Jonr.I,'fiI<.Ml:Z. SouIhAlr'oclo' 

23.il 0.584052M2 19.97 0." 25.57 (~BIcd<AI .. CI) 
44.111 0.7I!1S.a&47.( "" 0." ,,,a (EdilCoprl ,.,. 0.75.9.0133:1 " ... 0." "''' (Se11c18Iod!EI) 
17.1" D.l1270.3&ll9 '" ." 2e.l7 (EdII~t.) 

se.07 0.M114SSM "" '" " .. (Sallc:lBIoc*I1) 
m, 0.115 '\.1923' "." 0." "." (OE~ "El .. El22",II ,C;"l";"'";V.V,"»$'I!o, 
1US 0881005607 " .. .... "" 

10 30 50 70 90 ,'0 >30 "0 "0 '" (s.Ieo;I8IockKl) 

"" 011830.221»3 "" ... 28.70 (DE~ '1" •• fJ22";Kl,e;"1";"I";V:V;"95%1 

"" 0.154.&4211e '" 0." ,,,a (Sallc:lBIcd<MI) 
27.113 0.i5253.711S4 21 .2 ... " ... (DESCR "01 .. 0322'",MI.C."I";"1";"O":"O":"'95'Mo1 .. " 01l13'-321S36 '" ... "." FCIRCLE (Salllelllb:klli) 
14.&4 0111 22.4&04115 2,., 0.' " ... (Pu1c.t2"B'N1 ... " O.US2.2Z3!iJ ,,,a " " .. 10 

~B!!:I!<!IJ Ii) .... .. . .. 21.411 " " .. {NCeI2 "FRE.OUEtOj 
71 .62 0&\ 111.<WIM 2155 0 ,151 "" (SMdBloekI19 .. JI8) , ... 0.755.14M67 2182 0,6' "" (EdilCOpy) 

" .. 0.1353.27397 21.715 0"' 2135 50 (Sa1K:18Ioc:k(K19 .. LI9;l.U' .. N19~Mle) 

" .17 08232.20868 21.115 0,15' 27.<0 (EcIII .... '.) 
27. 12 0.e73 ' . 172<t1 21715 0." 27.40 (~BIockI2Ol .... 083 33.14337 tt, '" "" (PuIc.u"IO") 
35.31 0.71411.!I2II32 ,U 0." 27.111 30 (Salac:lSIoo;kt21) 

21 .2 0.n27~7 tt38 003 27151 ""Co<>.,.., 
37.13 0.111 ~5.1JlI5 1 "" 0." 27" '" (SMcIBIockt20 . IJ9) 

'20 07217.22222 22.') ... 27" ,-
24.152 0.&429_11iI04I "" 0" 27.911 (EdllCopy) 
3332 0.11 " .13511 " .. ... "" (SMdBlodo;J,l2O) 
3a,12 0.11144 .'5455 " ... 0,155 " .. .• .3 

(EclllPaI'a) 
71.111 0.",,.11.2449 " ... D.lSS 21.56 ---... " 0.5193.~ " .53 ... "' .. (PuICaI2:"O.05' .. " 0. I\0Il1111,8111 " ... 0,65 215.57 (SaladBlockK21) 

7.32 0.719.11:.'11579 " .. '.08 ,." (PIACeI2"O.I1 
,tt .. 0.27'53.41115 "" 0." "" DNEW (Se1ac:18IockK.20 .. K3lII 

U5 " H' " .. ." "." _., 
"" 0.1935.7*9 23." .. " 29. " 
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.......-"'" ,." 0.n26.91101 "" 0 .17 "" 

.1 

(Nc.12 "OfREOOIST(E2. .EJ22,t20 I38n 

" ... 0.7.32.211122 Z:Ul 0.117 ""' (WKIBIodIL20) 
' .23 0.1&11.2205118 ... " 0." "" (PuICa12 "OFRfOOlST(F1.F32:2.K20 .. lOUn m, 0.8331.03l" " .03 0." XI.07 (SMdBlodoN2O) 

111.08 0.&125.14083 " .03 0 .. "." (P\AC112 "QFR£COIST(01.03Z2.M20 .. ..cl9n ... 0.529.3114115 24.15 0." 30." ~8IockJ20 .. .MO) ..... 0."28. 51104.( 24.15 .... 30." 
75.611 0."leoI7117 " .. 0." 30.57 " ... 0 .833. 1 ..... " ... 0." .... 
"" 0.117 21.4023 24.52 .... 30.65 

tt" 0.'253.404715 "." 0." "." .... 0 .' 27. 1m5 "" . ... 30" 
1 • . I\0Il 0.8223.'51111 "" 0." 31.04 
115. 111 0.11119.97102 2'.12 0." n09 1';,- -1':) ... ... 9.:M37$ "." 0." Jl.13 10 30 50 10 80 110130 " . 
3125 0.834.72222 " .. .... 31.17 

le.9 0.78 24.230n 25.18 .... 31.20 
IU2 0.74211713711 20., ., "33 
" .58 0.5t8S.Je9153 " .38 .. , "33 " .. 0.153 V 110723 "" 0.' "" 115.74 0.8322.571131 25.42 ., 

"" " ... 01l1528. S2273 "." '" 44."1 0.1353.«12-41 " .. '" 31.15 ... " ." ". 20." 0" ,.,0 ..... 0,)12211,'211 25,78 0.72 ... " ,,,. 0.78.u.02$.32 25.111 ." ... " .... 01l2'2.6~S4 25.711 .n ... " 
'2.41 0.74 67.3 8189 a .. 0.72 ... " .. " 0.11413&.17442 " ... ." ... " ... 0.' .. " .. ." ... n 

"" 0.6225.151554 25.9Il 0.72 33." 
23.87 0 .7131. 129IS7 " ... 0" 33.00 
21 .41 0.&425.51143 " .00 ." ..... 

1:M.7l 0." 254. 551 2e.11 0" 33,,. 

"" 0 .12 4&.IIISSM 211.11 ." 33.." 
33,37 O.J;3)S.lSIIln 28.215 0." 33.31 
02.33 0.7212.8lI05II 2e.'S 0.13 33.." 
47.75 0 .17 71 .288111 2e.'S ." 33." .... ..• SQ.OT5 ".82 .. " 33." ... " 0.1521.1S11235 27" ." ,>0, 
V . I2 0."211.54737 21.12 0." .. " .5.75 0.811 ae.J0435 71.\2 .. " 33.." 
1&.e7 0 .113 21.47312 '''' .n .... 
!il.15 0.02 ." '''' ." ... " 
M . I15 0.711111.1794& 21.23 0,74 ..... 
21 .41 0 .12 23..)4783 27.44 0.7' ... n 
"." 0 .74 33,1)51 . 2711 0.14 .. " 411,18 0 .l1li 51.11278 27.81 0.7' .. ., 
25.18 o.n )S.M444 .'" ... ., ... " ~" 111.1S 27" 0.74 3S,21 ... 0.1115,0433333 ,m 0.75 3U2 
3'.53 0 . 71 ~ 1 . o4III64 27.n 0.75 35.7. 
III.'S 0 .• 71'5.15363 27&7 07. " ... 
'5.(2 o. n !iII.98701 27.93 0.75 "." "" o.~ V .4D428 21.83 0.16 "" 52.117 O. N ae.1I7Oet 28." ". " ... 
54.18 0." .. " 28.08 0.711 311.13 

"" 0. &541 .2<t106 2e. " 0.71 311.21 ... 0.411 1.11170:2 28.25 0,711 311.21 

"." 0. 63 2S.WUI 285' ". .. .. 
31.72 0.1I731.4&rm "" .,. 311.47 
27." 0.91X1.1Ii231 21.12 0.78 lII.7& ... " 0.' ,'-' "." o.n 31.03 

"" o.nll.511333 211.91 o.n 37.04 .... 0.' "' ... 28.11 o.n 37.2S .... 0.82. 53.41!S11\ "" o.n 37.37 
'7.118 0.11110.0842<1 ".33 o.n "" 21.08 0,111 34.81eDI "." 0." lII.17 

"" 0. 73311.411515 " .03 .. " "" , ... 0.11127.II1II13 "" o.n 1l.55 
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151 



Sample 6b. 
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,." 0.8un551 3.45 ." ,." 
2U4 O.78ZB.07SiS 3 .• 5 .. " '" '8.12 o.n2<l.44,58 3,45 .... '" .... .... 10,lI0II7 ,." 0.27 .33 
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"" 0.121.13333 .... " . , .. "." .. " 2U.508 .... ." M' 
25.12 ." :M.72lo4 5.1' ". .. " 
30." na, 3UOW .... 0 ,31 'OIl 
23.81 0,122511&813 .... ". "" ... " 87,5 .... ." "" ".~ IU235.32927 10.011 .. " ,eo. 
" .. 0.8227.67073 '" .. 14.71 
11. 17 '.' 42..825 "" ... " .. 
"" O.1337.107SJ 13.!Ii 0,4$ 18.0) ,>0, 0.8236.31522 15.1. ... 11.82 

27.28 0.738.111143 ,5.N .... UI.DI 
17.(11 O.71Z4,O!I8).t 15.1' 0 .47 ,8.Z4 
81.05 0_ 54113~~ " .n 19.27 
82.71 0.61 ,'"-"'" 0.47 II.se 

"" 0 .• 5 154.1111 ... 11.7' 

"" 0.1333.03.22& 11.12 0 .. ".'" ..... n nnse.II2687 '7.08 ... "." "" O.1532.1»f12 11.11 ., "" 45.71 0.1213.725111 11.34 " " ... 
"" 0.8248.07311 17." ." "." 

". 0.'11.433333 ". 0.51 "." ". 07274'"" " .. 03' "" "'" 0.1IJ25.1I0323 11.111 ' .33 23." 
70.12 o.471!!O.468\ 11.15 o~ 23.'" 

"" O.8f32-89IIM "" .~ "" "" 0." 131.80431 "" .. ~ ,eo. 
"" 0.11138.1135' 18.34 053 "" "" O.78:H.4'02S la.se .. " "" "" 0.78 55.5&41 " .. ." "., OI!M2.t6'2&6 ,." .... R6' 

'" 0.1III3I5.1U7"e 11121 ." 2474 
~7 . 33 Q.SoI1011.1667 1937 ." "." 53" o..71.84OM 11187 ' .57 ,..'" 
"-" 0.tl140.8Il136 111.&2 .. " 251. 

"" O.!ilI21.Ma13 ,." ." 15. \$ 
:M.t2 0.,.. .... 48101 111117 •.. "" ,,, . ... "., "." ... 2'41 
2701 0.~3177$047 20. 12 .. "" 2U7 0.!i18 28.2e2Q 20.27 ." 2HiI 
33 .• ' 0.117 "."" "" '" ~ .. m. 0.115:)2.1117$5 "" ." '''' 31.117 o.1!l'I47.!IM85 20.41 0.81 '''' 13.58 o.7JllU'Ill\<W , .. , .. " " .. ,.., 0.1IS45.11511a2 " .. .. , " .. 18.12 o.1MIIII.5S1l14 "" '" "" " .. o.M36.rnlO7 '" . .. '''' IS.:M 0.7"320 .• '871 21.2 .... " ... 
'" 0.748.081081 21.27 ... "'" ... , 0..51108.1. "" 0.115 ".'" '56 0.,728.333333 "" ... "" 32.37 0.6&37831153 21.34 0.85 "." " .. o.n46.571~ "" G.IIS " .. " ... .. " .. MS " ... 

2!1.12 ... "''''' 21.4011 ... ,,,. 
" G.1III41. '73Ol 21.82 ... "''' " .. 0.832f1.7~ 21.78 ." 211.72 

33.11 0.7346.3 1507 ,., ... .." " ... G.7548.90M7 22.11 ." "''' , .. 0.7jl41tll11 "''' 0" , .. , 
"." 0..122'71011711 "" ... ,. .. 
"" 0 .1733.3S632 "" ... 27.00 

"" 0.75 S5.4U33 "." .... '''' ,.,. G.eI\37.71M11 "" . .. " " :14.11 o.esW.720i3 ,>0' .... 27.07 
30.11 0..11835.08302 "" .... "'" "" 0.t735.1I11lS4 ".07 .. "' " .. 
21.27 0.71128.112405 "" .... 27.10 
ItU5 0.118,0.2 .... ,11 "07 .... 27.11 
2I.3S ' .72 38.375 "07 .. " 27.l4 
37.&1 0.7550.45333 "." 0" "" " ... o.lII!I.tQ.17"2 "" ' .07 "'. "." Q.8I2II.79545 " .. '.' "" eo ... 0.83 411.32S3 "" .., 27.311 ,.,. 0.1I1:W.7.o74 '''' .. , 27.n 

"." 0.311)45,73&8 "." .. , 27711 

" ... G.&238.5fIODfI "" " 27.17 

"." 0.7"e31.037t7 n. .. , '''' 24.85 0.85 " " .53 0,71 27.119 

" 0 .143.33333 "" 0.71 ,.'" 
111.12 0.7421.711371 "" 0,71 "'" ... " . D.1I51 • . I&IfI2 " ... 0.71 

"''' 0.1Il224731113 D .ll1 '" ,,,. 
" ... D.a2JO.414C1 D .n ." "." " .. •.. '" D .71 0.72 ,." ,." 0.813.\ 10227 " .. ." "" 21.34 0.81 23.45065 "" 0,72 21.n 

" .. 0.n3l.76388 "" ." " ... 
37.1 0.1IMi4l.72Oil(J "" 0.72 ,." " .. 0.8827.1l55OII " .03 0,72 28.03 "., 0.1$.27531 " ... ." 211.13 

"" o.s53S.03~ " ... 0." 28." 

"" 0.111730.13780 ". ' .73 28.30 
15.14 0' ... ,B02381 "." .73 28." 
35.11 0,7547.701\17 " .02 ." 29.35 
21.5 0,$114'.10114 " .. ." "." " .72 G.1I2'3S.020l3II "" ' .73 "." 3 ,4$ 0,4-47.&4090II 24.7' .. " "." 111.73 O.M ltOl1:11 " .. ' .73 28." .... 0.7U211571 " ... ." 30.'" 

" . 12 0,'7 60.712$4 " .. 0,74 30.'" 
25.11 0.6$28.28213 " ... ." 1O. IO 

eo." 0.1 1 48.1&42 " ... 0.74 30" 
30." 0.14 4 5..211571 " .. 0.74 1O.41 ,. .. o.e 27.11+444 " 0" 30." 
45,111 013111,&$301 25015 0.74 30" 

"" 0.1112'8136311 15. 12 0.7. 30.117 "., 0'533.658&2 25. 12 0.1S )tOt 
21 .:W 0.' 28.'75 25.11 0,75 " .21 ". 0.aI\ 4U2727 25.2<1 ". "" "" 0.82".211048 25.3 0.75 3132 

"." 0.825.113333 25.3 0.75 31.73 

"" 0""'111105 "" '"~ 31.74 
42.31 0.81 n)OMl 25.53 '"~ 31 ,78 

"OS 0.1230457311 " ... '"~ "-.. 
110.11 ' .27 '" "" .. " "-'" 2711 0.8233,792t18 2S.12 0.78 32. 10 " ... 0.8543)4 111 " ... ". "-" "-" 0.1$4733824 28.17 •. n "-33 

"" 0.11 31 73333 "" .n "-" ... , .... ,." .n "-" 
21.301 0 .• 32.33333 " .22 •. n "-53 

"" 0.1 25.&6&e7 "." on "-.. 
21.111 0.1131.3.2222 .... .n "-" 
53" 0 .... 153.40478 ... " on 12.110 

"" 0.8127.35a02 27.01 on "-" 
" .72 O.I1W.«l805 v .'" ' ,n 33." 
51.12 .. 1Q3.24 27.211 .n 33, 10 

" .. 0.8857.132:35 27.5 ". 33.38 
14101 0.383710718 27.55 0.78 33" ... ,. 012$3.&5366 27.55 0.7' 33." 

SoI.78 0.&7"'0S2'11 27.11 .n "" "" 0.111 " .4811 27.l1li 0.78 " ... ".<3 0" 27.02'4 1 ,. .. 0.7' "" 31.8 0.75"'-'3333 ,. .. 0.11 "." , .. , 0.8t~. 178n 28.14 0.7' ,, 53 .. " 0.!!41oo.2117"e ,." .. " " ... "' .. 0.1132.52074 ,." ." "" "-" 0.11 42. 20513 "., .. " :W.57 
30." 0 .... 3&.1se&1 "" 0." 34.14 
33." 0.&1 40.011111 "" .. " 35.02 ,,,. 0.74 2'a845iS 28.35 .." .... 

105 .• 0.34 310.7847 ,.. ." 3!." 

"." 0,372211.1351 "50 .. " 35,13 
33." 0.86 3&27273 211.111 ... "33 " ... 0.851 V .US3t 211.72 .. 3545 , ... , 0.1112'&,054115 21.97 ..• 35,47 
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(PutCel2"O.11 
(SMdBloclct<.20.K3SI) -($NdBlodlJ2O) 
(PulCel2"OFRE00I8T(E2 .. E34g,I20. I3$n --"" (PuIc.II2"'OFREQOI8T(F2..Fl4I1.K20 .. K38n 
{SelKlSIockN20) 
(PutCeII2·OFRE:QOI8T(02..00.t.M20. MJIIn 



Sample 7a. 
DCIRClE FClRQ.£ DNfW OCIACLffClf«l.E ONEW 

lHS 0.7233.81222 11.l1li 02' l2.S3 
51~ O,198S.2ClSa2 20.05 021 22.~ 
2.03 0II1II 3S. J362~ 2051 0)4 24CD 
.'.01 D .• 112825 217e 0.304 2>480 
22-83 0Jl2:M.~83 22.83 o.lt 2120 
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A4 Analysis of Variance (AN OVA) 

A4.1 Statistical Calculation 

ANOVA[26j establishe's the relative significance of the individual factors . The steps are as 

follows : 

Step 1: Total of all the results: 

Step 2: 

Step 3: 

Step 4: 

9 

T= LYi 
i= ! •• • (6.1) 

= 59.25 + 78.03 + 133.74 + 74.61 + 98.39 + 55.33 + 124.42 + 65.54 + 89.00 

= 778.313 

Correction Factor: 

T2 
C.F.=-

n ... (6.2) 

7778.313 2 

= 9 = 67307.93 

Note: n = total number of experiments. 

Total Sum of Squares: 

9 

ST= LYi2 
- C.F. 

i=l •• • (6.3) 

= 59.252 + 78.03 2 + 133.742 + 74.612 + 98.392 + 55.332 + 124.422 + 65.542 

+ 89.002 

= 6184.05 

Factor Sum Of Squares: 
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where: 

where: 

A2 A2 A2 
SA = _1_+_2_+_3 __ C.F. 

NAI NA2 N A3 ... (6.4) 

271.022 228.332 278.962 

3 + 3 + 3 - 67307.93 

= 494.31 

NAI = Total number of experiments in which factor Al is present; similarly for NA2 

and NA3 • 

Al = Sum of results where factor Al is present in experiment; similarly for A2 and 

A3• 

B2 B2 B2 
SB = _1_+_2_+_3 __ C.F. 

N BI N B2 N B3 .. . (6.5) 

258.282 241.952 278.07 2 

3 + 3 + 3 -67307.93 

= 218.20 

NBI = Total number of experiments in which factor B] is present; similarly for NB2 

and NB3 . 

BI = Sum of results where factor BI is present in experiment; similarly for B2 and 

B3• 

C2 C2 C2 

Sc= _1_+_2_+_3 __ C.F. 
NCI NC2 NC3 ... (6.6) 

258.282 241.952 278.072 

= 3 + 3 + 3 - 67307.93 

= 5346.49 
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where: 

where: 

Step 5: 

Step 6: 

Nel = Total number of experiments in which factor Cl is present; similarly for NC2 

and NC3 . 

Cl = Sum of results where factor Cl is present in experiment; similarly for C2 and 

C3· 

Se = S T - (SA + S B + Se ) ... (6.7) 

= 6184.05 - (494.31 + 218.20 + 5346.49) 

= 125.05 

Se = Error Sum of Squares. 

Total and Factor Degrees of Freedom (DOF): 

DOF total = Number of test runs - 1 

fT = n - 1 = 9 - 1 = 8 

DOF factor = Number of levels - 1 

fA = (Number of levels of factor A) - 1 = 3 - 1 = 2 

fa = (Number of levels of factor B) - 1 = 3 - 1 = 2 

fc = (Number of levels of factor C) - 1 = 3 - 1 = 2 

DOF error = fe = fT - (fA + fa +fd 

= 8 - (2 + 2 + 2) = 2 

Mean Square (Variance): 

s 
V =_1 where i=A, B, C 

1 fi ... (6.8) 
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therefore: 

SA 494.31 
V A = lA = 2 = 247.15 

S B 218.20 
V = - = = 109.10 

S IB 2 

5346.49 
= 2673.25 

2 

Step 7: Percentage Contribution: 

s 
p = -' where i=A, B, C , S 

T ... (6.9) 

therefore: 

SA 494.31 
P = - = = 0.080 == 8.0 % 

A S 6184.05 
T 

S B 218.20 
Ps = - = = 0.035 == 3.5 % 

ST 6184.05 

S 5346.49 
Pc = ~ = = 0.865 == 86.5 % 

Sr 6184.05 

Se 125.05 
Pe = - = = 0.020 == 2.0 % 

Sr 6184.05 
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A4.2 Average Effects 

The average performance of a factor level is the average of the results for experimental 

trials including that factor's level. (i.e. the average performance of factor A at level 1 is the 

mean of the results whose trial runs include factor AJ 

Computation of average performance[261: 

Al 
= (YI + Y2 + Y3) = 59.25 + 78.03 + 133.74 

3 3 = 90.34 

74.61 + 98.39 + 55.33 = 76.11 
3 

124.42 + 6~.54 + 89.00 = 92.99 

- (Yl+Y4+Y7) 59.25+74.61+124.42 
B = = = 86.09 

1 3 3 

- (Y2 + Ys + Ys) 78.03 + 98.39 + 65.54 
B = = = 80.65 

2 3 3 

133.74 + 55.33 + 89.00 = 92.69 
3 

59.25 + 55.33 + 65.54 
------ = 60.04 

3 

c = (Y2 + Y4 + Y9) = 78.03 + 74.61 + 89.00 = 80.55 
2 3 3 

- (Y3 + Ys + Y7 ) 133.74 + 98.39 + 124.42 
C = = = 118.85 

3 3 3 
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The average effects are the differences between the average perfonnances of a factor at the 

various levels. A plot of the average effects, as shown in figure 1, gives a visual 

confinnation of the influence of each factor as well as the optimum condition of all the 

factors ' settings. The influence of the factors is represented by the range of the average 

effects plots. The optimum condition is determined by selecting the extrema of each 

average effects plot depending of the quality characteristic required. 

Average effects 

120 ~------------------------X~--~ 

11o+-----------------------~----~ 

--~oo+-------------------~--------~ A 
c e 
U _e . 
I9o+---__ ~----------+_--~~----~ B 

e .. ~ z ~ 
080+---------~~·~· .~~--------~ c 

70+---------~------------------~ 

60~--~~------~----------+_--~ 

factor level 

Figure A4.1 Plot of the average effects for each of the factors involved 

in the L9 experiment. 

The quality characteristics, required of the results, can be described as: 

• the bigger the better 

• the smaller the better 

• the nominal the best 

Thus, if "the bigger the better" quality characteristic of the result is required, all the 

maximum average perfonnances are selected. Likewise for the "smaller the better" 

characteristic, all the minima values are selected; and for "the nominal is best" 

characteristic, the values nearest the nominal value is selected. The factor level of each of 
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the average performances selected represents the optimum level of each factor to deliver 

the optimum result. E.g. for the research project, a "smaller the better" quality characteristic 

of DNEW was required therefore A2, B2 and C I factor levels were selected as the optimum 

condition. 
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