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Abstract

This thesis sets out to evaluate the effects ofingilon the microstructural changes to
gamma-Alumina, a well-used catalyst support. liees¢ the literature as it relates to the
characterisation that has been done so far onnthigrial, different milling methods and
effects of milling.

The review section considers the strengths and nessles of previous work in the areas of
structural characterisation of gamma-Alumina ad aglreports on the effects of milling of

the material with particular interest in size retitut and phase transformation.

Working from the base of current knowledge, experita that can fill in the gap identified
from the review are designed. The material undeestigation is characterised as received
for particle size and morphology and this givesasaebfor further experimental investigations.

Various experiments are designed centred aroundsexe of gamma-Alumina to different
milling conditions. These include the use of diéfiet mills, variation of milling conditions
and isolation of stress modes. Furthermore, resfriisn Discrete Element Method
simulations of one selected mill, provided by Pssfe Junya Kano of Tohoku University in
Japan are analysed for energy quantification. [Pataessing of the results of the operation
of a second mill, simulated by Discrete Element et at the University of Leeds by Dr
Colin Hare and Dr Ali Hassanpour is also used tangify energies associated with the

milling process.

It is concluded that microstructural changes to g@f\lumina are very much energy driven
processes. The jet mill has proven a worthy caneider size reduction in small scale
processes. The size reduction analysis shows #matg-Alumina requires the presence of a
dispersive agent such as water or compressed airefficient size reduction. The
characterisation work combined with the simulatteaults show that the amount of energy
dissipated into the microstructure of gamma-Alundoaing a collision governs the extent of

microstructural effects.

Results also show that with the supply of differenérgies to milling processes, mechanical
energy can achieve a phase transformation from gafdomina to alpha-Alumina similar to
that achieved by calcination where delta-alumna #meta-Alumina are observed as
intermediate phases. Simulation also provides hftmoprediction and selection of milling

processes appropriate for the required end product.



Table of Contents

ACKNOWIEAGEMENTS ... e e e e e e e e e e e e aaaaaeeaeeeeeeeeeerennnne iii
[D7=To [Tor=1 i o o [T TTOOPPPP ii
Y 013 = Lo PP PPPPPPPPPPPPPRP v
IS A0 = o] L= PSRRI X
LIST OF FIQUIES ...t e e e et ettt e e ettt st e e s e e e e e e e e aaeeees Xili
ADDIEVIALIONS ... . et e e e e e e e XXIi
I\ 7= U1 o] o [P RRRPPP XXii
R [ 01 oo [¥ o 1o o PP 1
1.1  Background of RESEAICN ......cccoooiiiiiiie s 1
1.2 SCOPE OF WOTK...utitiiiiiiiiiiiiiiiie e e e et e ettt e e e e e e e e e e e eee st bbb e e e e e e eees 3
1.3 Project Management........coooiiiiiiiiiiit mmmmmmn ettt ettt e e e e e e e e e e e e e s s s s nnnnneeeaeaeeeeas 5
1.4 Structure of the TRESIS.....ccuiiiiiiiii e 6

2 Literature Review on Gamma-Alumina as a Catalyst Spport, Milling Methods

and EffeCts Of MIllING......ccoooeiiiiiiieeeeee et e e e e e e e e 9
2% S 111 {0 T (3 Tox 1o o [PPSR 9
2.2 Gamma-Alumina as a Catalyst SUPPOIT ... eeeieeieeiiiiiiiii e e 11

2.2.1  Production of Transition Aluminas from Bauxite Ore...........cccccvvvviiinnnnnnnn. 11
2.2.2  Properties of Boehmite-Derived AlUMINGS......cccccocevviiiiiiiiiiiiiicceeeee 12

2.2.3  Morphology and Properties of Gamma-Alumina ..e.coeevvevviineeeeiiiiinnnn. 13

120 T \Y 11111 o 0 \Y =11 0T To £ PP PP PSR RUPRRRRR 16
23,1 Ball MIlliNG ..o 19
2.3.2  Vibratory MilliNg ......ooovviiiiiiiiii oot 23
2.3.3  Fluid Energy Milling......coooiiiiiiiii et 24

2.4 Milling Effects on Gamma-AlUMING............c.cmmmmeeiiiiiiiiiiiiiiieeeeee e e e e ennns 26

241 SiZe REUAUCTION ..o e 26



Vi

242 Deformation in CryStalS.........cooooiiiiiisicmmmme ettt 28
2.4.3 Phase Transformation of Gamma-Alumina during Mglin........................... 30
244  Effects of Wet-Milling .......coouiiiiiiiiii e 38
B T U | 101 0 1 = Y PP 42
Materials and MethOAS ..........uuuiiiiiiiiiii e 45
3.1 INETOAUCTION .ttt e e e e e e e e e e e e e e e e e as 45
3.2 MilliNG MEENOAS ..ot e et eenneeeeeeenanan 47
3.2.1  Planetary Ball Milling.........uuuuiii e 47
322 Vibration MilliNg .....eeeeueeeiii e 48
3.2.3  Fluid Energy MilliNg......eueeioieiieeeee s 49
3.3  Characterisation MetNOUS. .............uviiiccmmmm et 51
3.3.1 Laser Diffraction TECNNIQUE ..........coueitmmmre e eee e 51
3.3.2  Scanning EIeCtron MICTOSCOPY .....coeviiiiiiiemmeeieeeee e 52
333 X-RaAy DIffraCtion ......ccooeeiiiiiii ettt e 54
3.3.4  Transmission Electron MICrOSCOPY .......oooiveeemeeiiiiieeeeeeeee e 6.5
33.5  BET TREOIY oottt 58
3.3.6  SOld-State NMR .....cooiiiiiiiiiiii e rrree e 61
3.4 TeSt Material f-Al203) ....eeee ittt 63
3.5  Properties Of-Al203....cccoi it 63
3.5.1  Particle Size Of-Al203 ....cceiiiiiiiiiiee e 64
3.5.2  Specific Surface Area QFAI203 .......c..uviiiiiiiii e 66
3.5.3  Crystal Morphology Of-Al203.....ccciiiiiiiiieie e e 68
3.6 DISCUSSION ...ttt mmmmm ettt ettt e e e e e e e e e e e s e e e e e e e e eeeas 72
3.7 CONCIUSIONS ...ttt ettt re e e e e e s 73
Comparison of Different Milling Methods ............cccovvvvvviiiiciciiiieeeeeeeeeeeveeeen {6
o N 1 1 (oo (U Tt 1o o [PPSR P PPRRPR 76

4.2  Experimental Devices and ProCedures........cccccoeeeeeeiiiiiiiiiiciiiiiiiiiiiieeeeeeeennn [ 8



vii

42.1  Spiral Jet MilliNg.......uuueieiiiiiiiiiiii e 78
422  Single Ball MilliNg.......coooiiiiiiiiii et 79
423  Planetary Ball Mill..........cooiiiiiiii e 81
4.3 Preliminary Milling EXPeriments............ccemmeeeeeiieiieeeeeee e 83
4.3.1 Spiral Jet Mill Preliminary TeSIS ........cooiiiiiiiiiiiiiiiiiiieae e eeeeeeeeeiviiees 83
4.3.2  Single Ball Mill Preliminary TESES .........uuuemmriiieieieeeieeeeeeeeeeiiiiiie e 84
4.4 Particle Size Analysis of Three Milling MethodsngiLaser Diffraction............... 89
44.1 y-Al0O3 Particles Before and After Milling in the Jet Mill..............ccc...... 89
442  y-Al203 particles before and after dry milling in the SBM...............oooeeee. 91
443 y-Al203 particles before and after dry milling in the PBM...............oooooee. 92
444 Comparison of Particle Size Reduction by Differhilts ...............ccccccvveennn. 94

4.5 Characterisation of Particle Morphology of Threellidg Methods by SEM

N T L Y2 LU 97
4.6  Characterisation of Surface Area using BET ...........ooooiiiiiiiiiiiiiiiiiiicccceen 98
4.7  Phase Identification by XRD a@nalySiS........cceeeeiuuiiiiiiiiiiiiiiiiiiieee e 99
4.8 Characterisation of Particle Morphology by TEM Aygs.............coooeiiiiiiiiiiininnns 102
4.9  Characterisation of Chemical Environment by NMR BB ..............cccovvvvinnnnns 103
4.10 DISCUSSION ...ttt e e e e e e et e e e e e e eeeaennnre b e ne e 104
4.11 CONCIUSIONS ...ttt e e e e 107
Phase Transformation in the Planetary Ball Mill.............ccccooeiiiiiiis 109
5.1 INETOAUCTION .ottt e e e e e e e e e e e e e e eas 109
5.2  Experimental Devices and ProCedUres..........ococeviiiiiiiiiiiiiiiiiiieeeieee e 111
5.3 Ball-to-Powder Ratio Study in the Planetary BalllMi...........ccccccccoeiiiiiiiniinnnnns 113
5.3.1 Particle Size and Shape Analysis for BPR StUdY .ccee..ccooovvviiiiiiiiiiiinineee. 114
5.3.2 Phase Identification by XRD ANAIYSIS ........cueeeriiiiiiiiiiiiiiiiiieeeeeeeeeeens 117
5.4  Material Study in the Planetary Ball Mill ... oo 118

5.4.1 Particle Size and Shape Analysis of Milling Mate8gudy........................... 118



viii

5.4.2 Phase Identification of Milling Material Study we.......cccccoviiiiiiiiiiiiiiiiinnnnn. 124
5.5 Milling Media Size Study in the Planetary Ball Mill..............ccccviiiiiiinnnn. 129
5.5.1 Particle Size and Shape Analysis of Milling MediaeSStudy ...................... 129
5.5.2 Phase Identification by XRD ANAIYSIS ........cueeeiiiiiiiiiiiiiiiiiieeieeeeeeeens 134
5.6 MilliNG AIdS STUAY ..o 136
5.6.1  Addition of water (Wet MilliNg) ..........coooimmmeiiiiiiiiiii e 136
5.6.2  Addition of lubricants (ZinC Stearate) .......ccccceeeeeeeieeeeeeeeiieeeeeeiiiiinn 139
5.7 DISCUSSION ...ttt ettt mmmmm ettt ettt e e e e e e e e e e e e e s s ammmr e e e e e e e e eeeas 140
5.8 CONCIUSION.. ..ottt ettt ettt e e e e e e e e e e e e e s smmr e e e e e e e eeeas 143
6 Seeding Experiments and Compression TESNG ..o oooeeeeeeieiiiiiiiiiiiiiiiieaae e 614
0.1 INEFOTUCTION ...ttt e e e e e e e 146
6.2  SeedinNg EXPEriMENTS.......cooiiiiiiiiiii i ceeeeee et 148
6.2.1 Experimental Devices and ProCedures..........oeeeeiiiiiiiiiiiiiiiiiiiieeeeeeeeeeens 148
6.2.2  Seeding EXperiments RESUILS.............. o iviiiiiiiiiiiieeeee e 149
6.2.3  Wet Milling Seeding EXPErIMENTS.............ummmerrrrrmmiireieiiieeieeeeaeeeeeaaaaannnns 116
6.2.4  Seeding EXperiments DiSCUSSION ..........oiimmmmiiieiiiiiieieeeee e 621
6.3  COMPreSSION TESHING .. .uuuuuriiiiiiiiiiies sttt eeteeeae e e e e e e e s s s s s brrreeeeeeee s 162
6.3.1 Experimental Devices and ProCedures.........cccoeeveieiiiiiiiiiieeeeiiiee e 162
6.3.2 Compression Testing RESUILS...........uuuiiieeeeii e 163
0.4 DISCUSSION ....uiiiiiiiiiiiii ittt mmmmm ettt ettt e e e e e e e e e e e e e s s e e e e e e e eeeas 167
0.5 CONCIUSION.....ciiiiiiiiitiit e ettt ettt e e e e e e e e e e e e e s snmmmr e e e e e e e eeeeas 168
7 DEM Simulation of the Single Ball Mill and Planetary Ball Mill ........................... 170
2% S 10T VTt 1 o] o PP PO TP PSP PPPPPPPPP 170
7.2 Planetary Ball Mill SIMUIAtIONS .............omeeviie e 172
7.2.1  SIMUIAtiON PArAMETETS ....cceeiieiiiiieie i et e e e e e e e e eeeas 173
7.2.2  ReSUlts and DISCUSSION ......cciiiiiiiiriiieeeeaee et ee e e e e ennns 174

7.3 Single ball mill SIMUIALIONS...........coiiiimme e 181



7.3.1  SIMUIAtion PAraMELErS .......ceeiiiiiiiiie s e e e e e e eneas 183
732 RESUILS ..ottt 185
7.4  Comparison of planetary ball mill and single baill@nergies...............cccccooonn. 185
7.5 CONCIUSIONS ...ttt e e e e mn e e e s eeees 186
8 Relationship between Milling Methods and Simulation...............ccccceeeeiiieiiiiiiinnnnes 189
8.1 INTrOAUCTION ...ttt e e e e e e e e e e e e 189
8.2  Relationship between Microstructural Changes anerdgn..............ocovvvvvinnnnnnnn. 191
9 Recommendations and FUture WOrK ... 197
9.1 INETOAUCTION .ottt e e e e e e e e e e e e e e e eas 197
9.2  RECOMMENUALIONS .....uuiiiiiiiiiiiiii e eee e e e et reeee e 197
0.3 FULUIE WOTK ...eeeieeeeteeee et emmmma ettt e e e e mn e e e s es 200
10 REFEIBINCES ...ooiiieiiit et mmree ettt e e e e e e e e e 201
Y o] o= o T [ G S 207
A.1 Stress Energy Comparison between SBM and PBM...............ccoooeiivvieveiviivinnnns 720
ALLL LAtICE STIAIN ...oeeiiiieiiiiiee e e e 207
A.1.2 Average Relative Intensity

A.1.3 Crystallite Size



List of Tables

Table 2.1: Typical data for materials commonly edlby fluid energy milling.................... 25
Table 2.2: Phase transformations observed aftér éngrgy ball milling of Gamma-Alumina
(WaNget Al, 2005) ....coiiiieeiiiiiieeeeee it e e e e e e e e e e e et et e bbb e e e e e e 34
Table 3.1: Physical Properties of Sasol SCFaytA%0O3 (SasolTechData. 2012) ............... 63
Table 3.2: Particle Sizes afAl.Oz Given by Manufacturer anBetermined by Laser
D 7= Tox 1 0] o OSSO PPPPPPPPPP 65
Table 3.3: SEM Number-based Quantitative Particte Bnalysis fory-Al20s.................... 66
Table 3.4: Specific Surface Area, Pore Size an@ Rotume ofy-Al203.........cccccevviiinnnnnee. 68
Table 3.5: BET Particle Size @fAI203.........uuuiiiiiiiiiiiiiiiiiiee et 68
Table 3.6: Peak Positions, D-spacing, Crystalliiee$ and hkl for ally-AlOs Peaks
Matching to ICDD Reference File 00-010-0425 FoAl 203...........cevvvieeiiiiiiiieeeeeeiiieeenn 69.
Table 3.7: Average particle size, Coefficient ofridon and Aspect Ratio from TEM
IMAGES Off=Al 203 ...ceiiiiiiiiiiee et e e e e et e e e e e e eneeerrbenreees 71
Table 3.8: Primary Particle Sizes as Observed ubklg and Estimated from XRD and BET
........................................................................................................................................ 72
Table 4.1: Input Pressures for Jet Mill Prelimin@Bsts ... eeeeeeaees 83
Table 4.2: Preliminary Experiments with the Singal Mill .................cccoiiiiireeeeiee 85
Table 4.3: Characteristic sizesdddkso and do) of the A-R sample and samples milled by the
jet mill for 5, 10, 15 QNd 20 PASSES .....uuammmmmmuiiiiieeieeeeeaiieeeeeiiitrin s seeeeaaa s e e e e e e aaaaeeeees 89
Table 4.4: Characteristic sizesdddkso and do) of the A-R sample and samples milled by the
single ball mill for 60, 600 and 1200 MUN ...ucemmmreiiiee e err e e e e e e e e e eees 91
Table 4.5: Characteristic sizesdddkso and do) of the A-R sample and samples milled by the
planetary ball mill for 10, 15, 30 @nd 300 MiNMaeeaetiiiiiiiiiieeeiieeeeeeeeiii s 92
Table 4.6: Characteristic sizesdddkso and do) of the A-R sample and samples milled by the
SBM, PBM @NA JM ...oiiiiiiiiiiiiiiiie e sttt e e e e ettt e e e e s snnnne e e s nnnnteeeeeeeaannnes 95
Table 4.7: SEM number-based quantitative particie analysis for PBM 300 min, SBM
1200 min, JM 20 passes and A-R SAMPIES ... .o eeeeiiieiiiiiiiiiiiiiane e e eeeeeeeeaa e 98

Table 4.8: BET surface area measurements for ABM,RIM and SBM samples showing
SPECITIC SUIMACE BIBA ......vvvviiieiis e ettt s e e e e e e e e e e e e et e e e e e e enneeeeeessssssann e e e eeeens 98
Table 4.9: Crystallite sizes estimated from XRDiguaus for as-received and after milling in
PBM (300 min), SBM (1200 min) and JM (20 PASSES).....uuuurrirrieeeeaeeeeiieeeeeieriinnnnnnnnns 100



Xi

Table 4.10: Percentage p#Al .03 anda-Al .03 phases in PBM milled samples at 60, 180 and

300 min based on area under matched peaks by theofuXpert Highscore software

(Panalytical B.V. Highscore with Plus Option, 2014)...........uuuuiiiiiiiinieeeeeeeeeeeeeeeeeee 102
Table 4.11: Average particle sizes, Coefficientsvafiation and Aspect Ratios from TEM
images of JM, PBM, SBM and A-R SamMPIES ......ceeeiriiiiiiiiiciieee e eeeeee e 102
Table 4.12: Primary particle sizes as observedguSEM and estimated from XRD and BET
...................................................................................................................................... 105
Table 5.1:Equipment Used for Fritsch P5 Planetal Rill Study.................ccoeeeeennens 112
Table 5.2: Variables for BPR Study in P5 Planeadt Mill ... 113
Table 5.3: Milling Conditions for Material Study Fritsch P5 Planetary Ball Mill............ 118
Table 5.4: Characteristic sizesdddkso and do) of the A-R sample and samples milled by the
Fritsch P5 mill in Zirconia, Agate, Stainless Staetl Alumina...........ccccooeveeiiiiiiiiiiiiieees 119

Table 5.5: Percentage ofAl20s and a-Al20s phases for samples milled in Zirconia,
Alumina, Stainless Steel and Agate vessels basedemunder matched peaks by the use of
Xpert HIGhSCOre SOMWAIE .......cooiiiiiiieeee e 125
Table 5.6: Variables for milling media size studythe planetary ball mill.................... 129
Table 5.7: Percentage pfAl.O3 anda-Al 203 phases in media size study samples milled with
1.5-2.5 mm, 5 mm, 10 mm and 20 mm based on arearundtiched peaks by the use of
Xpert HIGhSCOre SOftWAIE .......coooiiiiiieieeeee e 135
Table 5.8: Vicker’'s hardness values for the Stasteel and Zirconia milling media used in
planetary ball milling as derived from the manufaet and the load-displacement curves in
T 11 1= T2 A 141
Table 5.9: Variables that affect phase transforomati................cccvveeiiiiiiiiiiiiisi e, 143
Table 6.1: Seeding experiments carried out witrs&etMM200 single ball mill and Retsch
PM100 planetary ball Mill ..........ooeriiiieeee e e e e e e e e e e e 149
Table 6.2: Percentage @fAl>Os anda-Al203 phases in PBM milled samples with 2@846
Al>0s Seed A at 0, 30, 45 and 60 min based on area unmatehed peaks by the use of Xpert
HIGNSCOIE SOtWAIE .....eveeiiiiiieee et ee e e s 150
Table 6.3: Percentage ¢fAl>Os anda-Al203 phases in SBM milled samples with 1@846
Al>0Os3 seed at 0, 30, 60, 180 and 300 min based on ak matched peaks by the use of
Xpert HIGNSCOre SOtWAIE .......cooeiiiiiieeeeee e 152
Table 6.4: Percentage ¢fAl2Os anda-Al20s phases in SBM milled samples with 2086
Al>0Os3 seed at 0, 30, 60, 180 and 300 min based on ak matched peaks by the use of
Xpert HIGNSCOre SOMWAIE ......ccooe e e e e e e e e e e e e 153



Xii

Table 6.5: Surface area, pore volume and poredsizeAl Oz anda-Al>0O3 A-R samples as

characterised using the BET MethOd ... eeiieeieeeeeeeeeeeeee e 154

Table 6.6: D-spacings for two TEM images shown iguFe 6.17 of single ball mill seeded
samples after 300 min milling with 2086Al>03 Seed B derived from XRD and line profile
=T =Y PP 160
Table 6.7: Compression testing experiments cardet] using the Compression Testing
1Y T ] 1P 163
Table 7.1: Experimental variables for tests carnat with Fritsch P5 and P7 planetary ball

mills used as input iNt0 DEM SIMUIALIONS ... oo e e 173
Table 7.2: Specific impact energy in the PBM f@i®ulated experiments ..........ccccceeenn... 176
Table 7.3: Input data for DEM simulations of the$®d MM200 single ball mill.............. 184
Table 7.4: Properties of milling jar and millinglbased in DEM simulations..................... 184
Table 7.5: Impact energies iN the SBM ..o 185
Table 7.6: Impact energies for the PBM and SBM ERPENLS ..........ccovvvvvvvvvvinnnniinnennnn. 186

Table 9.1: Considerations for reducing highly eeéggcollisions in the PBM.................... 199



Xiii

List of Figures

Figure 1.1: Schematic of the use of gamma-Alumma aatalyst support showing (a) the use
of a catalytic converter in fuel combustion with iasert showing the substrate with catalyst
support and catalyst (Umicore Precious Metals R&fin2015), (b) the substrates with walls
coated with catalyst support and catalysts (LI&@l1) and (c) a layer of gamma-Alumina

catalyst support with a platinum catalyst embeddedthe surface (Argonne National

= Lo o] = 1o /8021 001 ) USSP 2
Figure 1.2: Project map showing how objectivesnaegin the thesis.............ccoovvvvviiiiees 4
Figure 1.3: Structure of thesis with interlinkingosving relationships of chapters ........... 6....
Figure 2.1: Different types of supported catalykteyd, 2011)...........cccvvvvvvvvriiiniisiennnns 10
Figure 2.2: Properties of different Alumina hydsa{€ardarelli, 2008) ...............ceeeeeerrem 11
Figure 2.3: The family of transition Aluminas (Zhetial, 1991) ..........ccccceeiiiiiiiieniiiinnnne. 2.1
Figure 2.4: HRTEM image of vacancies located on(@ifel) and (011) planes of Alumina,
forming a characteristic zigzag configuration (Wa&t@l, 1998) ...........coovvvvriviviiciiinnnnnnn. 3.1
Figure 2.5: Topotactic Transformation of Boehm@eGamma-Alumina after Calcination at
Temperatures of 480 10 700C ...t e e eeees 13
Figure 2.6: Cubic spinel structure of Gamma-Alumifieueba and Trasatti, 2005).............. 15
Figure 2.7: Size reduction equipment available ddferent combinations feed size and
product particle size (Neikoet al, 2009)..........uuuuiiiiiiiiieieeceee e e e eaes 18
Figure 2.8: Milling parameters that affect outcoofi@roduct (Sopicka-Lizer, 2010)........... 20
Figure 2.9: Milling chamber in a fluid energy mill...............ccoi e, 25

Figure 2.10: Models of morphologies of crystals hwifa) showing expected spherical

structure after gamma-Alumina size reduction angd stowing observed cubeoctahedral

shapes after size reduction (Jefferson, 2000). ccc...uuueiiiiiiiieeeiiiiieeeeeee 27
Figure 2.11: lllustration of the fourteen Bravastices (Wadhwa and Dhaliwal, 2008)....... 28
Figure 2.12: Slip plane and slip direction in FQ§stal structures (Callister, 2007) ............ 29
Figure 2.13: Occurrence of twinning in metals (G#dlr, 2007) ...........covvvvvievvnennnn s e 30

Figure 2.14: Isothermal transformation kineticsboehmite-derived Alumina from-FeO3
seeded samples (McArdle and MeSSIiNg. 1993) o cceeeieriiiiiiiiieeee e 35
Figure 2.15: Reduction in surface area with fororanf a-Al.O3 observed by McArdle and
MESSING (1993) ..iieeeeeiitiiiiie s e et e e e e ettt e e e et e e ettt ettt e e e e e e e eaaaaaaaaaaeaaaeeteeeanaaarrann—_ 35
Figure 2.16: Different interactions of water withrficles during milling (Balaet al.,2013)



Xiv

Figure 3.1: Hypothesis formulation f@hapter 3...............uviiiiiiiiiii e, 46
Figure 3.2: Schematic diagram showing pot motiotha planetary ball mill (Neikoet al.,
2009) ettt ——————— 1114444444 o 11ttt 111ttt ettt eaaaaaaannnnnnnnntnt ittt rttaataeaaaaeens 47
Figure 3.3: Schematic diagram showing ball and mawdotion in the single ball mill (Kwan
L2 A= 12 001 ) OO RRPROPPPPRRR 49
Figure 3.4: Ball motion in the SPEX mill (Neik@t al, 2009) ..........ccceeeeeviiiiiieeeiiiiii e 49
Figure 3.5: Schematic diagram showing movemenbowfder through the milling chamber in
the spiral jet mill (Mioet @l,, 2001) ......uuuuuuiiiiiiee oot e e e e e e e e e e e e eeeeaeneene 50

Figure 3.6: Internal setup of the Mastersizer 2@G@r diffraction equipment showing the
ligt source and detectors when a sample goes thrihweggequipment(Malvern. 2012).......... 51

Figure 3.7: Particle Size Distribution of Fine Gam®umina Sample from Mastersizer

2000, ..ttt ————— 11444444 oo 11ttt 111ttt ettt eaaaeaaannnnnnnnnt ittt rtrenartaaaaeeeeas 52
Figure 3.8: lllustration of a Scanning Electron kdigcope (Purdue University. 2010) ......... 53
Figure 3.9: Schematic representing Bragg's Law @dmandraret al, 2001)...................... 54
Figure 3.10: Schematic of X-ray Diffractometer (Ranmandran et al., 2001) ...................... 55
Figure 3.11: lllustration of interactions of beamis electrons and x-rays with specimen
material (Aguilera et al, 1999) ............ummmmmeeerrririuiirare e e eeeeereerrreeeeer e 57
Figure 3.12: Comparison between TEM and Light Mscapy (Aguilera et al, 1999).......... 57
Figure 3.13: IUPAC classification of sorption isetims (Lowell et al., 2004) ................... 1.6
Figure 3.14: Generation of a resonance signallid-state NMR spectroscopy................... 62

Figure 3.15: Particle Size Distribution and CumivkatParticle Size Distribution of-Al>Os

DY Laser DIfffaCtioN ...........ouuuiiieiiiiicmmmm st s e eeeee e s s e e e e e e e e e e eaaeeeesennnnes 64
Figure 3.16: Scanning Electron Micrographyeil 20z Particles..............cooooiiiiiiiiiiivs o 66
Figure 3.17 Graph showing Relative Pressure ofolyén against Amount of Nitrogen:
Adsorbed onto the-Al203 SUIMACE ........c..uuiiiiiiiiiiiiiii e 67
Figure 3.18: XRD Diffractograms showing tix\l 203 sample and ICDD Reference File 00-
010-0425 fOR-Al 203 ...ccc ettt eerae e e e e e e e a e e e s s e a e 69
Figure 3.19: TEM Micrograph afFAI2Oz.......ccceeiiiiiiiiiccciieee e 70
Figure 3.20: NMR results Of A-BRAIZO3. . ....uuiiiiiiiiiiiiee et 71
FIgure 3.21: ProjeCt Plan........cooo oo eeeeeeei e eree e e e e e e e e e e e e e eaaaanaees 74
Figure 4.1: Hypothesis formulation f@hapter 4...............uuuiiiiiiiiiieeeeeeeeeeeeeeeeeiiees 77
Figure 4.2: lllustration of the Setup of the Spiat Mill ... 78
Figure 4.3: Photograph of the Alpine A50S Jet Mill.............ovvviiiiiiiiiieeeeee e 79

Figure 4.4: Retsch MM200 Single Ball Mill ... ceeeeiiiiieiieiiiiiee e eeeeee e, 79



XV

Figure 4.5: Photographs showing (a) Vibration MdjiDevice and (b) Milling Vessel with

YT o TN AT L SO 80
Figure 4.6: Experimental Setup Representations=¢ur Different Milling Conditions used
on the Single Ball Mill (SBIM) ......cooiiiiiiiiee et e e e e e ee e e e e eeeeeeeennnnne 81
Figure 4.7: Photograph of Fritsch P7 Planetary BEl...................ccoooiiiiiiiiiii e, 82

Figure 4.8: Particle Size Distributions fp#Al 203 Milled at Different Injection and Grinding
PIESSUIES ...ttt ettt e ettt e et e et et e e e e e e e e eet e e ean e e eta e e e ennaaenes 84
Figure 4.9: PSD of as-receivedil Oz and after milling in conditions in Table 4.1 ........ 85
Figure 4.10: Cumulative PSD for A4RAI203 and for milling combinations in Table 4.26.
Figure 4.11: Graphs showing the milling rates-&l.0s according to milling conditions in
TADIE 4.2 et e e e e e et 86
Figure 4.12: SEM micrograph @fAl.Os particles before milling ...........cccccoeviiiiiiiiinininns 87
Figure 4.13: SEM images of sample before millingsért in (a)) and SBM samples after
1200 min of milling with (a) Stainless Steel vesartl media, (b) Stainless Steel vessel and

Zirconia ball, (c) Aluminium vessel and Stainlegséb ball and (d) Aluminium vessel and

WA | (oo ] 0 F= N o= | PRSPPI 88
Figure 4.14: PSD of jet millegtAl O3 samples showing (a) the PSD distribution andl{b) t
cumulative PSD after 5, 10, 15 and 20 passes thrthejet mill ..............coooeiiiiiiiiiiiieenn 90
Figure 4.15: PSD of single ball milledAl.Oz samples showing (a) the PSD distribution and
(b) the cumulative PSD after 60, 600 and 1200 mimiding............cccoeeeeeeviiiiiineeeeeeenaenn, 92
Figure 4.16: PSD of planetary ball millgdAl20s samples showing (a) the PSD distribution
and (b) the cumulative PSD after 10, 15, 30 andrBD of milling .........ccccceeeveeeeeennnn.. 93

Figure 4.17: Size analysis results feAl.Os particles showing (a) PSD and (b) cumulative
PSD of as-received (A-R) samples and after milimghe single ball mill (SBM) for 1200
min, planetary ball mill (PBM) for 300 min and j&ill (JM) for 20 passes.........ccccceuu.e. 94.
Figure 4.18: SEM imaging of-Al>Os particles showing (a) A-R sample, (b) SBM sample
after 1200 min of milling, (c) PBM sample after@Bthin of milling and (d) JM sample after
20 passes through the jet Mill...... ... e 97
Figure 4.19: BET surface area measurements for B&Mples after 0, 60, 180 and 300 min
of milling showing SPecific SUMaCe area .....ccccccoovvieeiiiiiiieie e 99
Figure 4.20: XRD patterns of ADs showinga-Al>0O3 ICDD reference pattern 00-005-0712,
v-Al203 ICDD reference pattern 00-010-0425, as-receivéd0Oz andy-Al>03 after milling

in PBM (300 min), SBM (1200 min) and JM (20 PASSES).....uuuuuriieeieeeeeeeerereeeereesnrnnnns 100



XVi

Figure 4.21: XRD patterns of ADs showinga-Al203 ICDD reference pattern 00-005-0712,
v-Al203 ICDD reference pattern 00-010-0425, as-receiwéd.Oz andy-Al.Oz after milling

in PBM for 30, 60, 180 and 300 MIN ......cooiiiiiiiiiiiiieee e 101
Figure 4.22: TEM micrographs illustrating the masfagy of they-Al203 particles by bright
field TEM showing (a) A-R, (b) JM after 20 pass@y, SBM after 1200 min milling, (d)(i)
PBM after 300 min milling and (d)(ii) inset of silegcrystal after 300 min milling in PBM

...................................................................................................................................... 103
Figure 4.23: NMR results for samples (a)A-R and@asymilled in the (b) JM, (c) SBM and
(0 ) T = PR 104
Figure 4.24 : Difference between the (a) Retsch(ap&PEX vibratory mill ..................... 107
Figure 5.1: Hypothesis formulation f@hapter 5..............uuiiiiiiiiieeeieeeeeeeieees 110
Figure 5.2: Fritsch Pulverisette 5 Planetary Ball M...............oiiiiiiiiieeeeee 111

Figure 5.3: Milling vessels and milling media faallbto-powder ratio, milling material and
milling media size studies showing (a) all millingssels and (b) Zirconia 250 ml milling
vessels with 4 Zirconia milling Media SIZES ..........eciiiiiiiiiiii 112
Figure 5.4: Photographs showing (a) Retsch PM1@hgtary ball mill and (b) various
milling vessels and milling media with the Zircommlling vessels and milling media used in
experiments shown by a red asteriSK ... ee e 113

Figure 5.5: Particle size distribution f@rAl.Os samples milled in Agate with BPRs of 5:1

AN 10:1 FOr 180 MIN ...iiiiiiieiiiiiiiee e tmmmmm e e e e e ettt s e e e s eeeaaaseeeeeeeeeaeeeeeeennrens 114
Figure 5.6: Cumulative particle size distributiar #-Al20s samples milled in Agate with
BPRs of 5:1 and 10:1 for 180 MM ....cooiiiiicee et e e 114
Figure 5.7: SEM images of BPR study samples showowders milled at a BPR of (a) 5:1
=T 0 (o) I 0151 USSR 115
Figure 5.8: Number based particle size distribubdbBPR study showing samples milled in
Agate with a BPR of () 5:1 and (D) 10:1 ...cceeeeeee e e e e e e e 116
Figure 5.9: XRD Diffractograms for BPR Study shogvinAl 203 reference file 00-010-0425,
A-R sample ang-Al>0z milled at a ratio of 5:1 and 10:1 .........oceeeeeieiiiiiiiiieee e 117

Figure 5.10: Particle size distribution fgrAl.Oz samples milled in different milling
R gFo L CT A= | PP PPPPPRPPPPPPR 119
Figure 5.11: Cumulative particle size distributifor y-Al.Oz samples milled in different
MIING MALETIAIS ... et e e e e e e e e e eeeas 119
Figure 5.12: SEM imaging gfAl.Oz particles showing (a) Agate sample, (b) Stainfisel
sample, (c) Alumina sample and (d) Zirconia sanafier 300 mins of milling .................. 120



XVii

Figure 5.13: Number based particle size distrimgiof material study showing samples
milled in (a) Zirconia, (b) Agate, (c) Alumina afd)) Stainless Steel.............cc.oevvvvvrimn 123
Figure 5.14: XRD patterns of ADs showinga-Al>0O3 ICDD reference pattern 00-005-0712,
v-Al203 ICDD reference pattern 00-010-0425, as-receivédOz andy-Al.O3 after milling
in Agate, Zirconia, Alumina and Stainless Steel...........cceeiiiiiiiiii e 124

Figure 5.15: TEM-EDX analysis of material study gdes showing samples milled in (a)

Zirconia, (b) Agate, (c) Alumina and (d) Stainl€dsel..............uuuviiiiiiiiniiee e 127
Figure 5.16: NMR results for material study showsagple (a) A-R and samples milled in
(b) Zirconia, (c) Stainless Steel, (d) Alumina dBHAQALE ..........evvvvveeiiiieiieee e 128

Figure 5.17: Particle size distribution fpiAl2Oz samples milled in Zirconia with different
MIlING MEAIA SIZES ....ceeiiieiiiiiiiei sttt e e e e e e e e e e e e e e e e e e e aaeeeeeeeaeennnnes 130
Figure 5.18: Cumulative particle size distributfony-Al.Os; samples milled in Zirconia with
different milling MEdIA SIZES.....ccooii i i e e e e e e e e e 130

Figure 5.19: SEM imaging ofAl.Oz particles showing (a) A-R sample, and sampleseahill

with (b) 1.5 to 2.5 mm, (c) 5 mm (d) 10 mm andZ@)mm milling media..............c........... 131
Figure 5.20: Number based patrticle size distributdy-Al.Os samples milled with (a) 1.5-
2.5 mm, (b) 5 mm, (c) 10 mm and (d) 20 mm diametifing media.................cceevvvvvnnnns 133

Figure 5.21: XRD patterns of ADs showinga-Al203 ICDD reference pattern 00-005-0712,
v-Al203 ICDD reference pattern 00-010-0425, as-receivédOz andy-Al.03 after milling
with 5 mm, 10 mm and 20 mm milling Media........cc.ooooooiiiiiiiiiii e, 134
Figure 5.22: NMR results for media size study simgwfa) A-R sample and samples milled
using (b) 1.5 -2.5 mm, (c) 5 mm, (d) 10 mm and2@)mm milling media ......................... 136
Figure 5.23: Laser diffraction results showingR&D and (b) cumulative PSD of wet milled
samples in the Fritsch P5 planetary ball mill ceccc.....ooiio 137
Figure 5.24: Effect of wet milling with Zirconia dnStainless Steel milling tools in the
Fritsch P5 planetary ball mill for 60 mMin............iiiiiii e 138
Figure 5.25: Comparison between dry and wet milimghe Fritsch PS5 mill with Zirconia
MIING TOOIS ... e e e e e e et e e e e e e e e e e e e eeeeebabn e e as 138
Figure 5.26: Effect of adding zinc stearate duing milling in the Retsch PM100 planetary



Xviii

Figure 6.2: Photographs showing (a) Retsch PM1@hgbtary ball mill and (b) various

milling vessels and milling media with the StaimleSteel and Zirconia milling vessels and

milling media used in experiments shown by a réeresk..............cccoeevveiiiiiiiiiiiiiiiieeeen. 148
Figure 6.3: Photographs of (a) Retsch MM200 siroglkk mill and (b) Stainless Steel 12 ml
milling vessel with a 10 mm Stainless Steel millmagl .................ccooerivriiccciieeee, 149

Figure 6.4: XRD diffractograms showing A-R sampiel aseeded samples from the Retsch

PM100 planetary ball mill using 20% of Seed A..........oooimiiiiiiiii e, 150
Figure 6.5: XRD diffractograms showing A-R sampbe ¥-Al>O3 and a-Al>0O3 and seeded
samples from the Retsch MM200 single ball mill gsii®% of Seed B ..............ovvvveeeeennnn. 151
Figure 6.6: XRD diffractograms showing A-R sampbe §-Al>Os and a-Al20s and seeded
samples from the Retsch MM200 single ball mill gs#®% of Seed B ..............ovvvveiinennn. 152
Figure 6.7: Rate of increase @Al 20z in single ball mill seeded samples.........cce...... 153

Figure 6.8: Comparison of transformation kinetibserved by McArdle and Messing (1993)

with those observed by SBM seeding eXPeriments..........ccceeeveeeeeeeeeeeeeeeeereneeeinnnnnnnens 154
Figure 6.9: Graph showing specific surface areanagamilling time for single ball mill
seeded experiments using Seed B at 10% and 20%0..........cccooeeeviiiiiiieeeieiiiiiee e eeeeeeees 155
Figure 6.10: Reduction in surface area with thengkeof percentage-Al20s................... 155
Figure 6.11: Pore Volumes of SBM Seeding EXperiment............ccceevvvveevvvivnnnnnness v 156
Figure 6.12: Pore Sizes of SBM Seeding EXpPeriments...........ccouuvuiviviiiiiinnieeeeeeeeeenn, 156
Figure 6.13: Adsorption and desorption isotherm2@%6 SBM seeded samples at 0 min and
300 MIN MITING TIME....iiiiieeeeeiiieeee e e e e e e e e e e e e e e e eaa e et e e s e e e eeeaaasaaeeaeeeeeeeesnnnnnnnes 157
Figure 6.14: IUPAC classifications of hysteresisds (Hubbard. 2002)......................... 581

Figure 6.15: TEM imaging of A-R samples showingd&l20s Seed B and (b)-Al203..158
Figure 6.16: TEM imaging of single ball mill seedsimples after 300 min milling with 20%
O-AI203 SEEA B ... aas 159
Figure 6.17: TEM images of single ball mill seedasnples after 300 min milling with 20%
a-Al203 Seed B showing (a) and (c), an area on the imagled that has been used for line
profile analysis shown in (b) and (d) respectively........ccccoeoiiiiiiiiieeeeeees 160
Figure 6.18: Seeded milling experiments showing éfiect of addinga-Al>Oz during
planetary ball milling With WAL ............cmmieeei e err e e e e 161
Figure 6.19: Photographs of compression testingemx@nts showing (a) the die 10 mm
filled with y-Al>Os3 powder, (b) the 10 mm die on the compression tgstiachine during

loading and (c) a full image of the compressiotingsmaching...............cccceeeevvvvvvvvsmnems 163



XiX

Figure 6.20: XRD Diffractograms for compressiontites samples from the 250 kN
Compression Testing Machine showing (a) full 2 Bhetale from 15to 78 and (b)
magnified scale from 25to 45 showing morphology changes on the (22231.0s peak
(o[ do [=To [N o N =T o USSR 164
Figure 6.21: XRD diffractograms showing comparidgmiween samples compressed using
250 kKN Compression Testing Machine and samplesdih Zirconia using the Fritsch P7
planetary ball Mill ...... ... e e 165
Figure 6.22: XRD diffractograms showing comparisdrthe 480 MPa sample compressed
using 250 kN Compression Testing Machine with th&® Aample, the sample milled in
Zirconia using the Fritsch P7 planetary ball mdl 80 min and the 300 min milled SBM

T2 1101 0] L= U 166
Figure 6.23: Load versus extension graph for tieNIPa compression test sample.......... 166
Figure 7.1: Hypothesis formulation f@hapter 7.............cccceeeeiiieiiiieeieieieeeeeeeeeeeeiiees 171
Figure 7.2: Voigt Model with (a) showing normal ¢erand (b) showing tangential force
(YL I =] A= P2 10 7 SRR 172
Figure 7.3: DEM simulation of Fritsch P7 planetaail mill showing three 15 mm Zirconia
MIING DAIIS ... e e e e e e e e e e e e e ee e e e e e e e e e rraaa e e e s 174

Figure 7.4: DEM simulation of Fritsch P5 planetagil mill showing (a) 2 mm, (b) 5 mm,
(c) 10 mm and (d) 20 mm Zirconia milling media iZieconia milling pot.............cc......... 175
Figure 7.5: DEM simulation of Fritsch P5 planetagtl mill showing (a) 10 mm and (b) 20
mm Stainless Steel milling media in a Stainles&IStalling pot..............ccooevivvviiiiiiviees 175
Figure 7.6: Total, normal and tangential impactrgies for all conditions simulated of the
Fritsch P5 and P7 planetary ball mills .....ccoo oo 176
Figure 7.7: Distribution of impact energies in fhetsch P7 planetary ball mill at 400 rpm
ANA 700 IPIM SPEEUS .....ceveeiereieeeeie s s s e s e e e e e e e e e aeeeeeaassssans s s seasaaaaaasaaaaaaeeeeeeesemsnnnnes 177
Figure 7.8: Distribution of impact energies in thetsch P5 planetary ball mill at 400 rpm
using 2, 5, 10 and 20 mm Zirconia milling media d@@imm and 20 mm Stainless Steel
0011 LT g Yo I g U= L= PSRRI 178
Figure 7.9: Relationship of impact energy with daHlpowder ratio for simulations of the
Fritsch P5 planetary ball mill with a variation2f5, 10 and 20 mm ZrOnilling media .. 179
Figure 7.10: Comparison of evolution of alpha-Alaaiwith simulated milling energies for
the Fritsch P5 and P7 planetary ball MillS .o, 180
Figure 7.11: lllustration of the single ball mii EDEM software.............ccccooevvvveevvsnn 183



XX

Figure 7.12: lllustration of DEM simulation of silegball mill during a period of varied

1YL= (o o | PR 185
Figure 7.13: Comparison of specific impact enerépeshe single ball mill and the planetary
o= 1L o PP PPPRPRPPPPRRRR 186

Figure 8.1: Graph showing evolution @Al .03 with increase in energy for the time study in
the Fritsch P7 planetary ball mill......... oo 191
Figure 8.2: Graph showing the energy and evolutbm-Al.Oz with increase in milling
media for experiments in the Fritsch P5 planetatymill ..................cccinnn, 192
Figure 8.3: Graph showing the energy relationshiih wvolution ofa-Al2Os for different
experiments using compression, single ball millngl planetary ball milling.................... 193
Figure 8.4: lllustration of the morphology of a gaaAlumina crystal with Al atoms
represented by purple and O atoms representeddby.re...........ccovvviiiiiiiiiiiii e cceeeeen, 194
Figure 8.5: lllustration of the close packed {1ldlhne of gamma-Alumina with Al atoms

represented by purple and O atoms representeddby.re...........cccceeeeiiiiiiieeeieeiiivieeeeen. 194



XXI

Abbreviations

DEM Discrete element method

HRTEM High resolution transmission electron miciasg
XRD X-ray diffraction

BET Brunauer, Emmett and Teller method
TEM Transmission electron microscopy
IR Infra-red

NMR Nuclear magnetic resonance

NVS Neutron vibrational spectroscopy and
PGAA Prompt gamma activation analysis
SAXS Small angle x-ray scattering

Al Aluminium

BPR Ball-to-powder ratio

PCA Process control agent

FCC Face centred cubic

BCC Body centred cubic

HCP Hexagonal close packed

DTA Differential thermal analysis

SAED Selected area electron diffraction
HR High resolution

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry
FTIR Fourier transformed infra-red

SEM Scanning electron microscopy
SSA Specific surface area

PSD Particle size distribution

ICDD International centre for diffraction data
FWHM Full width a half maximum intensity
ZB Zirconia ball

SBM Single ball mill

PBM Planetary ball mill

JM Jet mill

SSV Stainless Steel vessel

SLR Solids-liquid ratio

SSB Stainless Steel ball

AlvV Aluminium vessel

CCP Cubic close packed

MAS Magic Angle Spinning

Dn Nth particle

F Force

A gamma

A alpha

C) theta

A delta

Al20s3 Alumina

Hy Vickers hardness



Notation

Measurement

nm Nanometre

mm Millimetre

um micrometre

in Inches

mi Millilitres

L Litres

g Grams

min Minutes

m Metres

J Joules

°C Degrees Celsius

K Kelvin

kJ Kilojoules

kg/hr  kilograms per hour
Ib/hr  pounds per hour
m?/g  specific surface area
MPa  megapascal

pH degree of acidity
g/l grams per litre

kv Kilovolt

cm’g cubic centimetre per gram
D Diameter

p Density

kN kilo newtons

N Newtons

hr Hour

g/lcn® grams per cubic centimetre
S Seconds

GPa  gigapascals

MPa megapascals

Mill Parameters

Nb
Do

Pb
Wp

Wy
Dy
hy
rpm
Do
Dt
Di

number of balls

diameter of balls

density of milling balls
rotational speed of mill disc

vial rotational speed
diameter of vial

height of vial

revolutions per minute
particle size before milling
particles size at time t
limit of particle size

XXii

Mill Parameters

DSy omamt e 2n

r
N

—

t

f
L
u

milling rate constant
mass of sample
radius of milling balls
coefficient of frition
impact energy of milling balls
velocity of collisions
forces acting on collisions
number of collisions
specific impact energy
height of pot
diameter of pot
volume of pot
revolution radius
rotation to revolutiqreed ratio
revolution speed
cumulative time of impact energy
specified frequency
powder weight
relative displacement

Crystallographic

erstallite

k
FWHM
hkl
d-spacing
n
A
0

Adsorption
S

A
m

p

oP

diameter of crystallite
bragg constant
full width at half maximum
crystal planes
spacing between crystal planes
order of reflectiom-odys
wavelength of x-rays
bragg angle

total surface area of adsorbate
cross sectional area of adsorbate
adsorbate molecular weight
equilibrium pressure
saturation pressure at adsorbate
temperature
guantity of adsorbed gas
guantity of adsorbed gas in monolayer
bet constant
heat of adsorption of first layer
het of adsorption of second layer
slope of bet plot
intercept of bet plot



XXiii

Chapter 1

Introduction

1.1 Background of Research
1.2  Scope of work

1.3 Project Management

1.4 Structure of the Thesis

An introduction into the research project is giverhich includes background of the work,
the research question, objectives and methodolsgy.urhe Chapter also gives information

on how the project was managed as well as the tstreiof the thesis.



1 Introduction

1.1 Background of Research
When chemical reactions occur, new materials amadd from the precursors. The chemical
reaction may occur at a very slow rate or requeeain conditions such as very high
temperature and pressure, making it sometimeseasilile. Catalysts are materials that can
help to overcome these barriers and make the ogaetther feasible or more efficient and
eventually, can reduce costs. Catalysts come inyrfams and can exist as solid, liquid or
gas depending on the reaction they are to be usdthe amount of catalyst required for any

reaction is dependent on the kinetics of the reacti

There are many applications for catalysts includiregautomotive and the process industries.
Catalyst supports are materials that are usedrty aacatalyst before its usage. The catalyst
is usually embedded or adsorbed onto the catalygpast by a number of methods. The

catalyst support under investigation in this walgamma-Alumina and is used as a support
for various catalysts. A suitable catalyst supgbiiuld have desirable surface and crystalline
properties that can result in the catalyst attaghinits surface. These properties can include
good pore volume and pore size distributions a$ agefavourable arrangement of atoms in
the crystal structure that allows attachment dditalgst to its surface. The choice of a catalyst
support is dependent on the type of catalyst toyc&amma-Alumina is used as either a

catalyst itself or catalyst support.

In this work, the focus is on its use as a catatygiport. Gamma-Alumina has desirable
properties because in addition to its low cost higth mechanical strength, it also has high
surface area and good pore volume and pore simgbditon. This allows the embedding
catalyst to penetrate rapidly and uniformly inte ttatalytic sites. The typical individual grain
sizes of gamma-Alumina in the micro-aggregates usedommercial applications ranges
from 5 to 50 nanometres (Sinkletr al.,2006). Figure 1.1 below shows a schematic of & u

of gamma-Alumina as a catalyst support.
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Figure 1.1: Schematic of the use of gamma-Alumina as a catalystipport showing (a) the
use of a catalytic converter in fuel combustion wit an insert showing the substrate with
catalyst support and catalyst (Umicore Precious Meils Refining, 2015, (b) the
substrates with walls coated with catalyst supporand catalysts (Lloyd, 2011) and (c) a
layer of gamma-Alumina catalyst support with a platnum catalyst embedded on the
surface (Argonne National Laboratory, 2009)

Gamma-Alumina is prepared to the desirable parside by milling. However, in addition to
the particle size, the desired properties of thalfproduct are not always consistent and as
expected. These properties include the physicalnamgbhological properties that affect the
material’'s end use as a catalyst support. During seduction, the crystalline structure of
gamma-Alumina is affected and this in turn altdre tharacteristics of the material. The
microscopic changes that occur to the material tdune milling process are however not

well understood.

There is also a lack of information in the liter&gtuon the effect of milling on the
aforementioned properties and as a result, fintliegmost appropriate milling device and
the process conditions is highly empirical, timex@aming and expensive. If the effect of

milling on the material properties of the produstestablished, this would eliminate the



lengthy empirical approach in the selection of thiding conditions. The main motivation
for this research work is to find a correlationvbee¢n the milling process conditions and the
final milled product properties. This correlatiooupled with the creation of a predictive
model of the milling process using DEM can offettéecontrol of the process.

1.2 Scope of work

The lack of information on the actual interactimighe milled material with the mill during
process runs brings about a deductive reasoningpagp where the theory states that the
energy has an effect on the physical propertiegshef material but the actual energies
involved and the interactions are not well underdtoA hypothesis can be extracted that
assumes that if the energy supplied into the natduring milling is known and its effect is
observed, a relationship between energy and propkanges can be formulated. With this in
mind, it brings about a single question that unohesrghe entirety of this work;

‘What are the physical property effects of differert mills and milling variables on the
product and how can these effects be related to tlemergy supplied by milling?’

An attempt to fully answer the research questiatigplayed in this thesis by way of meeting

the following objectives;

I.  Characterising the particle size and particle shapailable surface area and crystal
structure before and after milling
ii.  Determining the range of impact energies that odawing milling
iii.  Formulating a mechanistic relationship between ihiing environment and the
physical properties of the milled product

The methodology chosen for fulfilling the reseamghestion and subsequent objectives
involves a four step process; milling of the maties characterisation of product physical
properties— modelling of milling parameters»> determination of relationship between
product properties and milling parameters. Thisraggh employs characterisation methods
such as XRD and laser diffraction to analyse nygllgifects on the physical properties of the
material after size reduction using different mifjitechniques such as planetary ball milling
and air jet milling. Simulation of some of the eaygd milling techniques by Discrete
Element Method will supply a range of impact enesguvithin the mill that can be related to
the milling effects observed by characterisatiohisTmethodology explores a new area of

research which relates milling process conditionth vproduct properties through direct



knowledge of the mechanical energies supplied.rEigu2 shows a project map of how the
objectives will be fulfilled.

Can we predict the effects of different mills and niling variables on the physical
properties of the product?

. 2

Literature Review on Milling Methods, Material

and Use of Simulation in Milling

. 2

Hypothesis: Knowledge of contact energies can

predict the resultant product physical properties

2

Experimental Work

Milling and Simulation
Characterisation

Work Outcomes

Product physical Collision energies for
properties different variables

Relationship between product
properties and energies from
different variables

R 2

Predictive tool for product

properties

Figure 1.2: Project map showing how objectives armet in the thesis



1.3 Project Management
The research is an Engineering and Physical SseResearch Council (EPSRC) funded
project with Johnson Matthey as an industrial span$he funding for the project from
Johnson Matthey was under the direction of Dr. Dah®mpsett. The majority of the
experimental work was carried out at the University_eeds. The main supervisor was Dr
Ali Hassanpour with Professor Kevin John Robertsl &rofessor Richard Drummond-
Brydson as co-supervisors and Professor Mojtabali@lzes a consultant.

The industrial mentors from Johnson Matthey in ghaof the project were Dr. Hugh Stitt
and Dr. Alison Wagland. Some milling experimentsavearried out at Johnson Matthey’'s
Chilton site in Billingham under the supervision Bf. Michele Marigo. Other milling

experiments were carried out at Johnson Mattheynd@ogy Centre in Reading under the
supervision of Dr. Jose Villoria and Dr. Jhonny Rgdez. Characterisation work was also
carried out at the same site under the supervisfoDr. Dogan Ozkaya. All modelling

simulations of the planetary ball mill were carriedt by Dr. Junya Kano at Tohoku

University in Japan.

Quarterly meetings were held in each year of tfeedf the project at different locations. A
presentation was prepared for every meeting. Warked out in the three months before the
meeting was presented and new objectives wer@sttd following three months.
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Figure 1.3: Structure of thesis with interlinking showing relationships of chapters

The contents of the thesis structure diagram imiféid..3 can be briefly described as follows;

Chapter 2consists of a literature review on all topics thi relevant to the work carried out.



The chapter is composed of three main areas foeweyproperties and characterisation of the

material under investigation, milling methods aaparted effects of milling the material.

Chapter 3 presents detailed characterisation on the prasertf the material under

investigation in this project. Characterisation noels selected for use are briefly described.
Preparation of gamma-Alumina samples for charazdgdn and the main findings on the
particle size, surface area and crystal morpholoigyhe material under investigation are

presented.

Chapter 4consists of a comparison of three selected millireghods; jet milling, single ball
milling and planetary ball milling. The effect digse mills on the properties of the material

under investigation such as particle size, surfaea and crystal morphology is examined.

Chapter 5builds on the observations @hapter 4of the planetary ball mill samples. It
provides a detailed analysis of the phase changereéd during initial milling investigations
in Chapter 4 Milling using the planetary ball mill is investéited further by a variation of
milling process conditions to derive the effecttioé¢ stress mode provided by the planetary
ball mill on the properties of the material undevastigation. The effect of milling aids is

also investigated in this chapter.

Chapter 6is made up of two main sections; seeding experisnand compression testing.
The effect of planetary ball milling in the presenaf corundum Alumina is investigated
along with the effect of compression by mimickingpact energy effects observed in
Chapter 5

Chapter 7provides the range of impact energies involvedndumilling in the single ball
mill and planetary ball mill. The experimental finds on how the different mills affect the
properties of the material under investigation @aated to the impact energies dissipated

during milling.

Chapter 8serves to amalgamate the results of the entirggirand provides a simplified
explanation of how to relate the changes to proggedbserved in gamma-Alumina with the
stress modes imposed by different mills and theachgnergies provided by the mills. The
chapter serves to unify all the results presemgarévious chapters ar@hapter 9serves to
provide recommendations for milling gamma-Alumirevaell as future work that can be
carried out as the aim of this research work grniderstand how milling affects the properties

of gamma-Alumina.



Chapter 2

Literature Review

2.1  Introduction

2.2 Gamma-Alumina as a Catalyst Support
2.3 Milling Methods

2.4 Milling Effects on Gamma-Alumina

2.5 Summary

A summary of the literature available on how ganmihamina is derived from its precursors,
the structure of the material and milling work thets been carried out on gamma-Alumina
is presented. Different millings methods are re@éwnd a critical analysis of milling effects
on gamma-Alumina is outlined. The effect of milkgs is also reviewed before a summary

is given.



2 Literature Review on Gamma-Alumina as a Catalyst Spport,
Milling Methods and Effects of Milling

2.1 Introduction

The most popular application of catalysts to thdewinon-scientific community is within the
car exhaust system. Although this is true and fgbkd one application of catalysts, it is
important to note that approximately up to 90 %loémical products are manufactured using
a catalytic process (Chorkendorff and Niemantswet,d2006). Examples of chemicals and
products common in our daily lives manufacturedthmsy use of catalysts include fertilizers,
detergents, plastics, automotive fuels and pharutmeds (Somasundaran, 2006). Many
other successful applications of catalysts inclpddution prevention and reduction. The
highly advantageous use of a catalyst is the falss energetically involving process route
that it provides as opposed to a catalyst-free gg®gChorkendorff and Niemantsverdriet,
2006).

The importance of catalysis to human beings doégme@ven further than our own physical
bodies. When food is ingested, required compouadshe function of the human body are
extracted from it through the occurrence of chetmieactions within cells. These reactions
are made possible by the existence of enzymes;hwdrie molecules that ensure faster rates
of reactions within the body (Bettelheiet al, 2009). Catalysts can exist as discrete atoms
and/or molecules, enzymes or on solid surfacesalyzas that exist on solid surfaces require
a favourable surface for their attachment knowma @&sitalyst support. Catalyst supports are

made up of three parts; a support, a catalytieative phase and a promoter.

The catalytically active phase is the region wtibeereaction occurs and includes the catalyst
itself. Common catalysts include metals, metal egidnd sulphides. The promoter is a
material added to the supported catalyst to aiehhibiting processes that limit the catalyst
life cycle as well as to improve properties of fupported catalyst. In order for a material to
be classed as a good catalyst support it has sepePproperties such as a high surface area,
good pore volume and pore size distribution, higgrde of purity, good thermal stability and
good chemical stability (Regalbuto, 2006). Thesepprties determine the success of their
use in reactions e.g. a highly porous support witharge surface area allows for easy
diffusivity of reactants during chemical reactiqg@®masundaran, 2006).
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The use of a catalysts support also makes econearise in the use of precious metal
catalysts such as platinum and palladium. Thesenmatt are embedded on inert catalyst
support surfaces as nanometre sized moleculesingdtite overall cost of the supported
catalyst. The high porosity of the catalyst supp®rtrucial in this case (Chorkendorff and
Niemantsverdriet, 2006). Supported catalysts comenany different shapes and forms;
spheres, pellets, aggregates or honeycomb sulsstnatesome of these examples are shown

in Figure 2.1 (Somasundaran, 2006).

Figure 2.1: Different types of supported catalyst$Lloyd, 2011)

The support; which we are particularly interestedin this project, can be made from
different materials such as Alumina, magnesiacaiis, Zirconia, titania and other metal
oxides. Where a catalyst is highly active, lowerfaze area supports may be required and
therefore catalyst support selection is governedhsy end use of the supported catalyst
(Somasundaran. 2006). This project is centred enude of gamma-Alumina as a catalyst
support.

Alumina is used as a coating for the substratebartid the coating and the substrate make up
the catalyst support. The substrate is usuallyreeyxmombed and thin walled structure which
is immersed into the Alumina slurry to apply theiiog, air dried to remove excess coating,
dried and calcined before end usage. The Alumimayshas to have high solids content, i.e.
large amount of solids per every part liquid. Visitpis also very important to aid adhesion
of the Alumina to the substrate as well as to aghi@gh Alumina slurry loadings (Blachou
et al, 1992). According to Dwyer and Pesansky (197)Ana slurry with good adherence
to substrate can be made by mixing 45 to 70 wegaghtent Alumina trihydrate with 4 to 18
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weight percent polysiloxane resin and 18 to 35 Wegrcent toluene. This was done for 12
hours and was used to coat a ceramic honeycomhgxtuse with 20 channels per square
inch (Blachotet al, 1992).

The project also covers particular interest on moiling as a manufacturing route, affects
the end properties of the support. It is therefoeeessary to understand the existence of
gamma-Alumina, its properties, how milling may afféghem and to determine the most
suitable manufacturing routes of the material. T¢hapter focuses on work that has been
carried out related to properties of gamma-AlumiaHiects of milling on the material,
different suitable milling methods as well as hovwbetter understanding of the gamma-

Alumina can contribute to selection of better mijiprocesses for the material.
2.2 Gamma-Alumina as a Catalyst Support

2.2.1 Production of Transition Aluminas from Bauxite Ore

Gamma-Alumina is part of a family of different Aluma phases called the transition
Aluminas. In order to fully understand the struetwf gamma-Alumina, it is important to
look into the synthesis of the material from iteqursor. Gamma-Alumina is derived from
boehmite, an Alumina hydrate. There are severagyu Alumina hydrates which include
gibbsite, bayerite, boehmite and diaspore. Theyrsers themselves are derived from
bauxite, which is the mineral ore mined from theuyrd. Bauxite exists as a soft red clay
composed of Alumina, ferric oxide, titania, siliead calcia. The Bayer process is used to
extract Alumina hydrates from bauxite. It can bersim Figure 2.2 that the different Alumina
hydrate phases exhibit different properties in teohtheir crystal structures and mechanical
properties such as hardness (Cardarelli, 2008).

Phase Chemical  Crystal Therm. Density ~ Mohs Tenacity Average

formula system stability (kg.m”)  hardness refractive
range index (n,)

Gibbsite o-Al(OH), Monoclinic <100 2420 2.5-3.5 Tenacious 1.57-1.59

(hydrargillite)

Bayerite B-Al(OH), Monoclinic <100 2530 n.d. Tenacious 1.58-

Nordstrandite y-Al(OH), Triclinic 2450 3 1.590

Boehmite v-AlIO(OH) Orthorhombic 100-350 3010 3.5-4 Highly 1.65-1.67

tenacious
Diaspore a-AlO(OH) Orthorhombic 100-350 3440 6.5-7 Brittle 1.70-1.75

Figure 2.2: Properties of different Alumina hydrates (Cardarelli, 2008)
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In order to derive the transition Aluminas, the Wina hydrates are calcined to temperatures
of up to 1100C to 1400C. Each type of hydrate yields alpha-Alumina & fihal stable
phase. As shown in Figure 2.3, between the hydsatk alpha-Alumina, many different
Alumina phases exist and the calcined hydrate ohéteis the phases existent between it and
the final alpha-Alumina phase (Cardarelli, 2008).

j

(:Sibbsitzel —.— [ | Chi;Alumi;wa | I_°'| Ka;;pa-AIu:minal Aléha
R
Boehmite(AIOOH)| —w- : | Gamma-Alumina| Defta [Theta| Aipha
: 1 : : : $ ' : $ :

Bayerite'—-é»L Eta-Alumina _l—> r Theta Alpha
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Figure 2.3: The family of transition Aluminas (Zhouet al., 1991)

2.2.2 Properties of Boehmite-Derived Aluminas

Boehmite-derived Alumina can exist in four stateBioh include three transition states;
gamma {), delta §) and theta() and the final thermodynamically stable alphpAlumina.
Wang et al. (1998) investigated production of transition Almas from dehydrating
boehmite for use as catalysts and catalyst suppidiesy observed the production of gamma-
Alumina in the ranges of 38@ 700 C as the first transitional phase when boehmite is
dehydrated, followed by delta-Alumina at temperesunf 800to 1000 C followed by theta-
Alumina at 1000to 1200 C and finally the thermodynamically stable struetof alpha-
Alumina at temperatures over 1200(Wanget al, 1998).

The structure of the transition Aluminas which ud#s gamma-Alumina have been
described to have cubic close packing of oxygeoranand their differences come about in
the arrangement of cations in the crystal structliteeta Alumina was described to be
monoclinic in structure and alpha-Alumina was désd as rhombohedral. In terms of
structure, the changes in structure during dehipgdratan be attributed to the rearrangement
of aluminium ions and the exchange of vacant oclaieand tetrahedral sites. This
rearrangement may be driven by configuration entnopnimisation(Wanget al, 1998) .
High Resolution Transmission Electron MicroscopyRHEM) was used in the work by
Wanget al, (1998) to show how the ordering of vacant oaiahlesites changes among the
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transition Aluminas. Figure 2.4 shows vacancieseol®sd and they concluded that vacant
aluminium sites were located only on the octahesitat and none on the tetrahedral sites.

Figure 2.4: HRTEM image of vacancies located on th@®11) and (011) planes of
Alumina, forming a characteristic zigzag configuraton (Wanget al., 1998)

2.2.3 Morphology and Properties of Gamma-Alumina

With the knowledge of how gamma-Alumina is derifeain its precursor, it is necessary to
analyse existent knowledge on the structure angepties of gamma-Alumina. Knowledge
of the structure of the material from other reskars’ perspective can provide a platform to
begin research activities on the material. Wheehbate is calcined, the transformation to
gamma-Alumina is topotactic, resulting in a simtabic close-packed structure as shown in
Figure 2.5. Further calcination at higher tempeaestof up to 110 results in hexagonal
close-packed alpha-Alumina.

450°C

Boehmite Gamma alumina Alpha alumina
(AIOOH) (v-ALOs) (¢-ALO3)

Figure 2.5: Topotactic Transformation of Boehmite ® Gamma-Alumina after
Calcination at Temperatures of 450C to 700°C
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The transformation from Boehmite to gamma-Alumimecurs by a series of steps of
structural transformation. Two major steps are @@ in this process which include; an
initial collapse of the Boehmite structure followey hydrogen transfer and water extraction.
The transformation is a diffusion controlled measanwhich involves counter-migration of

Al cations and protons with the crystallographieniation of voids in a cubic close-packed
structure. Gamma-Alumina is finally achieved irstprocess by gradual filling of tetrahedral
cation sites with Aluminium which also results ihetformation of vacancies and the

existence of Aluminium on both octahedral and tettaal sites (Rozitat al.,2013).

Various methods have been used to characterise gaumina including X-ray diffraction
(XRD), BET adsorption, Transmission Electron Miaogy (TEM), Infra-red spectroscopy,
Nuclear Magnetic Resonance spectroscopy (NMR),raeutibrational spectroscopy (NVS),
prompt gamma activation analysis (PGAA) and smadflé x-ray scattering (SAXS). Despite
considerable work that has been done on charaogegamma-Alumina, its structure is still
not yet well defined. Gamma-Alumina is often ddsed as a defect spinel and the defect is
in the ordering of the cations and the presenceaoéncies (Truebat al, 2005). A spinel
structure with the formula MgA®D: is a cubic close-packed structure containing ®fnat
(32 oxygen and 24 metal atoms) per unit cell. Gamtiaina in turn, contains only 53

atoms (32 oxygen, 21Al and 2 vacancies) per unit cell (Roziga al.,2013).

The structure is described to have only trivaleht#tions in the spinel type structure. This
means the structure of gamma-Alumina does not cetelgl satisfy the structure of an ideal
spinel. Its oxygen atoms are in a lattice thatugdtlby cubic close packed oxygen layers
stacked together, while Al atoms occupy the octedieahd tetrahedral sites. This order does
not however balance the stoichiometry so the siractlso contains vacancies to balance the
charge of gamma-Alumina. The ordering of these naies is however still not well defined
and is attributed to the complexity of the struetaf the material (Trueba and Trasatti, 2005).
There has been extensive work to determine thetsteiof gamma-Alumina. Previous work
on the material shows that the structure of gamnwmfa; cubic or tetragonal, is
determined by the precursor used.

Sinhaet al (1956) reports gamma-Alumina as a cubic spinel i@ same is reported by
Levin et al. (1997) and McPherson (1973). If amorphous boehmiused, a cubic structure
with a tetragonal distortion has been observed gl 1979), (Wilsoret al, 1980). A
tetragonal structure only was observed by Pagflial (2004a), Pagliet al (2004b) and
Tsuchidaet al (1980) and this is in agreement with recent waylRozitaet al. (2013). They
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observed that the material belongs to the tetrdgepace group, amd. The crystal
structure ofy-Al2Os is the main reason why the material is suitableuse as a catalysts
support as the vacancies within the material gidesired porous morphology. The presence
of these vacancies, as well as the cubic closegubskcucture of the material, are crystalline
properties worth considering when assessing tlextedf mechanical energy on the material.
The possibility of shear and diffusional nucleatewrents due to supplied energy needs to be
addressed. Jefferson (2000) studied the surfacwitycof ultrafine gamma-Alumina
particles. TEM revealed that the structure of garfthemina is metal terminated which is
unexpected for metal oxides. Rozéta al (2013) also observed this. This explains another
reason why the material is well suited as a cataypport as precious metal can easily
disperse on its surface. When the catalysts matalslispersed on the surface of gamma-
Alumina, they can dissolve in the metal outer laybich releases aluminium ions that move
to the interior of the particle and stabilise thspédrsed particle onto its surface (Jefferson
2000). Trueba and Trassati (2005) reviewed aspedie taken into account on improving
the properties of gamma-Alumina as a catalyst sdpg®amma-Alumina derived from
amorphous precursors is reported to be more thbrmstdble to temperatures of up to
1200°C. The structure of cubic Gamma-Alumina can benshm Figure 2.6 below (Trueba
and Trasatti, 2005).

(100) A
Octahedral (110)
cation site
Tetrahedral ‘/
cation site ¥
)
Tricoordinated -
oxygen \ |
0
l“'II
Mg~ .\
)
T 1.706 A (Al-0)

Figure 2.6: Cubic spinel structure of Gamma-Alumina(Trueba and Trasatti, 2005)
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Some researchers have reported that there is adiffedence between gamma-Alumina and
delta-Alumina that is not very distinct and thidfelience has been described to be in the
ordering of the Al atoms and vacancies as gammamAla is described to have vacancies in
octahedral and tetrahedral sites whilst delta-Ahanonly has vacancies in the octahedral
sites (Wilson et al., 1980). With the vast work dam characterising gamma-Alumina some
authors have described gamma-Alumina from XRD, N TEM to have vacancies in its
octahedral sites (Wangf al, 1998), some have disputed this and defined tteebe in the
tetrahedral sites (Wilson, 1979) whilst other hagacluded that they are distributed between
tetrahedral and octahedral sites (Wilstral, 1980). The gamma-Alumina structure has also
been reported to defeat the spinel type structyrealving sites usually vacant in spinel type
materials occupied in the gamma-Alumina materidioiZet al, 1991). It has also been
reported that the degree of Al content in the Aliandetermines the pore size distribution,
crystallinity and surface area of the material. Atemial with a high Al content is more likely

to have a high surface area and low crystallinityiéba and Trasatti, 2005).

Despite gamma-Alumina existing with a large surfacea, there are added advantages with
reducing the size of gamma-Alumina particles bet@mmlyst attachment such as an increase
in binding sites for the catalyst. In order to @&sia the desired particle size, it is important to
select a mill that is appropriate for the mateaspecially considering the vast selection of

mills available.

2.3 Milling Methods
Size reduction of gamma-Alumina is mainly achiewgdwet or dry milling. In the milling
process, the particle size is reduced by fractutunder an applied energy. Energy for the
process of milling is normally applied by mechahiceans. However, the applied energy
usually exceeds the energy that is actually reduioe particle breakage to the desired size
by far. This brings about a term called energyis#ilon which determines the efficiency of
milling processes, representing how much the saréaea of particles has increased per unit
of required energy for the breakage of partickesgnet al, 2005).

It is difficult to directly determine the proportioof applied energy in mills which is
consumed for particles breakage and one of th@nsds due to the complexity of strain and
stress fields and the impact incident energy thiatyesingle particle experience in the mill.

The impact energies among the particles are widkdyributed and hence difficult to
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determine. In the work carried out by Kwanal, (2005), it was found that the movement of
the ball in a single ball laboratory scale milldispendent on the milling frequency, ball size,
mill orientation and the amount of sample that hasn loaded into the mill with the ball
(Kwanet al, 2005).

The complexity of morphology of particle samplesaedl as distribution in particles size and
material properties affect the mill product everewlthe same amount of energy is applied to
particles. The energy which can be directly usegésticle breakage could be as low as 10%
of applied energy, due to dissipation of energg assult of friction, noise, heat and vibration
in the mill during operation as well as plastic atefation of the particles (Kwaat al,
2005).

During milling, the theory of comminution can beedsto describe the process that occurs.
Initial elastic deformation results in dislocatiermation in the material. Micro-cracks can
also be observed in this phase. Dislocation dertgttinues to increase until it reaches a
yield point. At this point, plastic deformation ars according to the material properties. At
the stage of plastic deformation, dislocation ntigracan be observed along with sliding of
structural units and change of orientation. Amosption can also occur at this stage. Size
reduction in materials is limited by the primaryripde size of the material. At this particle
size, continued grinding often results in only pasleformation. The equilibrium state of
milling can also be reached during this stage dfimgi where the rate of size reduction
equals the rate of aggregation or agglomerationméterials that expel water molecules
during grinding, stable oxygen bridges such as Adhave also been observed to form.

This is a sign of chemical reactions initiated bgamanical energy (Juhasz, 1998).

Milling is a widely used industrial operation commdor cases where size reduction of
particles is required (Rekt al, 2008). It can also be known as grinding and Iive®the size
reduction of particles smaller than 10 mm. Thera igsast range of mill types available
commercially and the choice of mill is based oradety of factors, such as properties of the
material to be milled, e.g. failure mode, and thguired product particle size (Angedbal,
2008). Figure 2.7 shows an array of size reduckguipment available for different

combinations of feed and product particle sizeskdieet al, 2009).
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Figure 2.7: Size reduction equipment available fodifferent combinations feed size and
product particle size (Neikovet al., 2009)

The diagram also gives insight into mill selectifum a certain degree of size reduction
required. It can be seen that the most appropmidts for size reduction of gamma-Alumina
are the ball and rod mills, stirred media millshraitory mills and fluid energy mills as the
material before catalysis is within the size range4d0' to 1 microns. The mills can be
further classified depending on whether a millingdimm such as water is required; wet or
dry milling. Rod and ball mills can be used for lb@tet and dry milling. Vibratory mills are
most commonly used for keeping powders dispersemhglary milling. Fluid energy mills
use a fluid as the grinding media and are usedlfpmilling. Stirred media mills are most

common for wet milling to very fine particle sizess than 1 micron.

High energy mills can give insight into how meclwahienergy affects the structure and
properties of gamma-Alumina powders. It is therefof great interest to select mills that
dissipate a high amount of energy per contacthig d¢ase, the ball mill and the fluid energy
mills are the mills which arouse the greatest ggeand in particular the planetary ball mill,
the vibratory mill and the fluid energy jet mill.aB mills, vibratory mills, rod mills and jet
mills can be used to achieve particles less thammlin diameter (Rosennqvist, 2004) but for
ultrafine dry milling, e.g. particles ¢¢l = <10 um), vibratory ball milling, planetary ball
milling (Mio et al, 2009) and fluid energy/ air jet milling (Midougt al, 1999) are
commonly used methods. In these mills particle Ezeduced by impact, shear, attrition or
compression or a combination of them (Badhal, 2013). The stresses may affect product
attributes in different and often ‘unexpected’ walggough mechanochemical activation, so
an understanding of the mill function on the prddcttaracteristics is highly desirable for

optimising product functionality.
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2.3.1 Ball Milling

Ball milling achieves size reduction by a combioatof shear stresses and impact stresses.
The proportions of the combination may vary acawgdo the way in which the mill works.
There are numerous types of ball mills which inelwthaker, attritor, tumbler, drum, canon,
planetary and stirred ball mills. Ball mill contans are often cylindrical. Size reduction by
shear is achieved when the balls roll along thdsaafl the milling container and impact is
often achieved when the milling balls drop onto gwevder beneath them by gravitational
force (Varinet al, 2009). The main variable that is often manipadato vary the extent of
size reduction is the speed of the mill. The aitispeed of the ball mill where no size

reduction is achieved can be expressed accordigguation 2.1.

Nc = 42.3/0/? Edicmn 2.1
Where N is the revolutions per minute (RPM) and D is trentketer of the milling container
in metres and the ball diameter is much smallen tha mill diameter. When a ball comes in
contact with the material being milled, there isdtic energy transfer from the ball to the
material. A relationship between the kinetic enefgymass of the milling balls, m and the

velocity of the milling ball, v is shown in Equati@.2.

E=(0"2)mv Equation 2.2
The equations also show that the main factors gavgrthe amount of kinetic energy
transferred to the material being milled are thessnat the balls and the velocity. The mass of
the balls can vary from material to material andemals with higher density can provide
more energy per impact. The velocity of the bait be varied by the speed of the mill and
mills which can achieve velocities higher than gitional force can provide more energy in

impacts that occur when milling

2.3.1.1 Ball Milling Process Variables
During selection of an appropriate mill, it is impant to consider all variables that may
affect the outcome of the product. When listed,riajfimm already discussed mill type

selection, the process variables worth considaturghg milling are;

* Mill material
* Milling speed
* Filling of milling jar

* Milling time
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* Milling media

» Ball-to-powder ratio

* Milling atmosphere

* Process control agents

« Temperature rises

Figure 2.8 shows the different milling parametesttv considering during the process of

mill selection.

Number Ny, Diameter D,
Diameter dy, T T Height H,
Milling
“— balls \
Density py \ ’
Milling Powder weight my,
parameters '

Disc (plate) rotational  Vial rotational speed Distance between
speed W, W, rotational axes Ry

Figure 2.8: Milling parameters that affect outcomeof product (Sopicka-Lizer, 2010)

Here the different variables to be considered dunmiling are briefly discussed.

2.3.1.1.1 Mill Material

The properties of the milling jar or chamber andling media material are important during
the design of a milling process. A mill made of atemial with a high hardness value and
high density can achieve smaller particle sizes thae made of a lower hardness material
due to the energy provided at every contact dumiiling. In ball mills, the impact and shear
of the milling medium with the wall of the millingr can, however, cause wear. This results
in contamination of the milled powder. It is themef important to consider the material of the
jar and its effects on the milled product. With thiele variation of mill materials available
such as tungsten carbide, Zirconia, Agate and Atand name a few, it is important to have
full knowledge of the properties of the materialld® milled as well as the size reduction
required ( Aliofkhazraei, 2015).
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2.3.1.1.2 Milling Speed and Mill Jar Filling

A chosen milling speed determines the amount ofggnemparted into the milling jar or
chamber. A higher milling speed results in a gream®ount of energy available for the
sample material. In fluid energy mills, the pressaf the fluid determines the intensity of the
milling and a high pressure results in more enémgyt to the sample material. In ball mills,
two limitations exist which determine the maximupeed that can be applied to the mill. The
first is a critical speed above which milling medi@es not move in the milling jar and hence
no energy is imparted into the sample material. Jenature rise due to high energy impacts
can also be a limitation. In high energy ball midjiprocesses, it is necessary to stop the mill
periodically to allow cooling. Other modern mill gsigns include a cooling system. The
temperature rise that occurs can be an advantagerdoesses that require diffusion or a
disadvantage where undesired decomposition or ph@aaesformation can occur
(Aliofkhazraei, 2015).

2.3.1.1.3 Mill Filling

In ball mills, for efficient transfer and distribah of energy from the mill to the powder, it is
important to have a reasonable amount of spackeinmilling jar or chamber after filling.
This provides space for contact between the mdl powder. The recommended filling is up
to 30% of the mill. This varies from mill to millhe size of the milling media also affects
the mill filling. Where larger diameter milling Balare required, a smaller number may be
used and the number of balls is often measured@iocpto their mass. In fluid energy mills
such as the air jet mill, the feed rate of the pewdetermines the amount of powder in the
milling chamber. A high feed rate can result inlrfahoking’ where the powder blocks the
inlet and causes flow back up the feed chute ofthig(Aliofkhazraei, 2015).

2.3.1.1.4 Milling Duration

Choice of milling duration if often selected aftigtermining other milling variables such as
the milling speed. The length of time selected@ffehe outcome of the product in terms of
the size reduction, morphology effects and levet@ftamination from milling tools. The
powder properties can also determine the millingetiFriable materials may not require long
mill times as compared to harder materials (Aliaktaei, 2015).

2.3.1.1.5 Milling Media
When choosing milling media for ball milling proses, three main variables are considered;

the size or diameter, the material they are madmdfthe amount of them or their mass. The
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larger the diameter of the milling media, the geedihe amount of energy dissipated at every
impact. In terms of material choice, harder materia materials with higher density values
can impart a larger amount of energy than softetenads. Common materials used are
Stainless Steel, hardened steel, Agate, Zircomiagsten carbide and Alumina. Although
smaller diameter media do not dissipate a largeuatnaf energy, their size results in smaller
particle sizes as they do not promote cold weldhgarticles as much as larger media.
Contamination also occurs from milling media mooeirs cases where the milled powder is
brittle. It is recommended to use monosized millbals although higher impact energies

have been observed where the milling ball diameters varied (Aliofkhazraei, 2015).

2.3.1.1.6 Ball-to-Powder Ratio

The ball-to-powder ratio (BPR) is important in batlilling and is the selected ratio of the ball
mass to the powder mass. It can be varied frontal2R0:1 and the mass of the balls is often
the higher value. This ratio also determines tlieiehcy of the milling process as it affects
the amount of energy that is transferred from thkskio the powder. Where a high BPR is
used, the impact energies to the powder are highedt this is often used for
mechanochemical reactions where higher energiesegrered. The ratio of 10:1 is the most
common although the desired product almost alwagterdhines the selection of the BPR
(Aliofkhazraei, 2015).

2.3.1.1.7 Milling Environment and Process Control Agents (PCA

The milling environment encompasses the use ofngithids and milling mediums. Milling
can be carried out in air or in other environmesush as in argon or cryogenic. Variation of
the environment is usually done in cases wheraicedttributes are required in the milled
powder such as specific surface properties. Bdlingican also be carried out wet or dry.
Wet milling achieves finer particles although isués in higher levels of contamination from
the mill to the powder. The wet medium can be wateother solvents such as alcohols.
Process controls agents (PCAs) are also commordyg where certain properties of the
powder being milled may need preserving. They ibeluubricants such as stearic acid,
magnesium stearate or zinc stearate to name aHeth. wet milling and PCAs can aid in
reducing friction to the powder and hence slow dgwocesses such as amorphisation and

phase transformation.
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2.3.1.1.8 Temperature Rises

It is important to consider temperature rises dummlling as this is often discussed in two
parts. There is the overall bulk temperature thatfien recorded in the milling jar and there
is the localized temperature rises that occur aryeimpact during milling. Different mill
types and mill sizes result in different rangesenérgies and higher energy mills result in
high bulk temperature increments. Most recordedotatures in the planetary ball mill do
not exceed 473 K. The localized temperature riseshwever, reported to be much higher
than the bulk temperatures. They have been reptotexceed 1273 K although no direct
measurement of them is yet possible. Due to thengsson of such high temperatures,
thermally driven reactions that occur mechanochallyi@are often reported to be linked to

these localized temperature rises.

From the ball milling process variables discussed,clear that for most of them, one cannot
be separated from the other and the selection efcan directly or indirectly influence the
other. As an example, the choice of BPR, millipgesd, milling material and filling all affect
the amount of energy that is transferred from thi tm the powder and hence all have a
direct impact on the product achieved. It is themefclear that prior knowledge of the
properties of the sample and desired product isortapt for selection of milling process
variables. Two mills that encompass all the milliragiables discussed are the planetary ball
mill and the vibration mill. These are high enelmall milling processes efficient for the size

reduction of semi-brittle and brittle materials.

2.3.2 Vibratory Milling

Vibratory milling is a variation of ball milling ahall milling principles reviewed in ball
milling apply. The added advantage of this meth®dhiat it includes the mechanism of
vibration to the milling vessel after the millingesia and material has been loaded. This can
give an added advantage over conventional balingilby increasing the mobility of both the
material and the milling media and hence encougagiore collisions and interactions.
Vibratory milling is faster and smaller particless can be achieved with this method. The
two motions that aid vibratory milling to perfornetiter than conventional ball milling is that
a cascading or mixing action is imposed on theamstof the mill and that shear and impact
of material between grinding media is promoted.l$vidan be lined with different materials
to reduce contamination. These mill types can disoused for cleaning metal parts
(Richerson and Lee, 2005).
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2.3.3 Fluid Energy Milling

Fluid energy milling is a dry process that is p@puh industry as it is efficient and scalable.
Particles are mainly reduced by particle-to-pagtiobllisions although some particles can be
reduced by particle-wall collisions. The jet mitlar classifying mill is a type of fluid energy
mill. In this mill, air enters a circular chambéraugh different inlets at high velocity due to
the compressed air that is used in the mill. Thepa to be milled rotates around the
chamber and exits through a classifier where tleret particle size is screened. The mill
uses centrifugal force by the design of the cincaoldling chamber and particles are forced to
travel to the centre of the chamber. Larger pasicre pushed back to the outer walls were

they experience greater size reduction until tiyeired size is achieved.

The mills can achieve very fine particles that camge between 1 micron and 30 microns.
These types of mills are very popular in pharmacalst as they are readily cleanable by
dismantling parts and have low levels of contaniomafrom the milling tools. An added
advantage is that there is little heat build-uptlese mills as opposed to ball milling
processes. Other applications of fluid energy milislude size reduction in cosmetic
products, precious metals, ceramics and pigments @008). The fluids can be used for
these mill types include nitrogen, compressedsaiperheated steam and any other gas that is
compatible with the materials of the mill. The wgt@s of the fluids are sonic or near sonic.
The design of the chamber also works to reduceacpaktall impacts and hence the reason

why less contamination is achieved.

Another measure that can be taken that is progessfis is a choice of material to line the
mill. Materials such as Zirconia, polyurethane,lbebor steel can be used depending on the
properties of the material to be milled as welltlzs desired end product properties. Issues
with this method mainly arise in the collectionroilled samples as they are often collected
in filter material bags that often clog up quicklypical milling data for materials commonly
milled in fluid energy mills is shown in Table ZRicherson and Lee, 2005). Size reduction
in fluid energy mills is mainly by two stress mog@spact and attrition. One design of a
fluid energy milling chamber can be shown in Figar® (Gad, 2008). Agglomeration and
aggregation can also occur but this is usuallytduge fine particles ‘coming together’ in the
collection bag after the milling chamber. Wettapilof the milled particles can also be an
issue but can be overcome by adding a hydrophdlicer in the samples (Augsburger and
Hoag, 2008). This is because fine particles produmne fluid energy milling often have a

high surface charge and can therefore agglomerate.
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Table 2.1: Typical data for materials commonly miled by fluid energy milling

Material Feed Average Particle
Mill Diameter Grinding Rate Size Obtained
Material cm in. Medium kg/hr Ib/hr pm in.
ALO, 20.3 8 Air 6.8 15 3 0.00012
Ti0, 76.2 30 Steam 1020 2250 <1 < ONHO04
Ti0, 1067 42 Steam 1820 A0 =] =< (L0004
MgO 20.3 8 Air 6.8 I5 5 0.0002
Coal 0.8 20 Air 450 10MH) 5-6 ~(LIN25
Cryolite 76.2 a0 Steam 450 10HX) 3 0.00012
DDT 505 6l.0 24 Adr 820 1 800 2-3 =~ (L0001
Dolomite 91.4 36 Steam 1090 2400 < <0018
Sulfur Gal.0o 24 Air 504) 1 300 i =000014
Fe,0, 76.2 30 Steam 450 LW 2-3 == (0001

Another method to counteract this is milling atveed humidity. This reduces the
amorphous content in the materials as well produarystalline samples. The humidity
levels used range between 30% and 70% (Coloshlah,2012).
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Figure 2.9: Milling chamber in a fluid energy mill
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2.4 Milling Effects on Gamma-Alumina

2.4.1 Size Reduction

The surface properties of a material change wresizie is reduced to the nanometre scale
because the percentage of atoms at the surfaceages. Catalysis increases the rate of a
chemical reaction by promoting the mixing of reaetchemicals or lowering the optimum
reaction temperature and activation energy. Foahugitalysts, the chemical reactions often
occur at its surface; therefore size reductiomigssential part in making the catalysts. This
is because once the catalyst size has been redtgexdttivity increases as it has different

surface properties including more exposed atonts atirface (Rozitat al, 2010).

An example would be gold; which is a poor catalgstignificantly large sizes but in sizes of
less than 10 nm in diameter, its activity signifittg increases and can be used for chemical
reactions such as the oxidation of carbon dioxtlee to the activity that occurs on catalysts
during chemical reactions, especially highly reactcatalysts, catalyst particles with no
catalyst support can agglomerate which is undesiheslefore a catalyst support can be used
with the catalyst. Gamma-Alumina is used as a gsttaupport because it a typical surface
area of 100 to 350 #gy and is thermally stable up to 1000 The crystal structure of a

catalyst support can also change when it is redirceide (Rozitaet al, 2010).

Gamma-Alumina is described as a defect spinelvameh it is reduced to nanoparticle size,
it is usually expected to maintain its sphericadm to minimize surface energy and attain
stability. However, it has been observed that wgamma-Alumina is reduced in size, it

tends to adopt cubeoctahedral or octahedral crgbigbes with distinct surface facets. The
two mentioned shapes of spherical and cubeoctadhadengements can be seen in Figure
2.10.
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Figure 2.10: Models of morphologies of crystals wiit (a) showing expected spherical
structure after gamma-Alumina size reduction and () showing observed
cubeoctahedral shapes after size reduction (Jeffeya, 2000).

When gamma-Alumina particles are reduced in sizeir tstoichiometry is altered as there
will be a significant number of atoms at the suefammpared to the total atoms in the
particle and the way the particle terminates,wlether it is on a metal or oxygen plane is
variant. Even though gamma-Alumina is a popularemalt used for a variety of purposes, its
structure and the changes that occur as a resuizefreduction still have not been fully
clarified. Changes to the surface characteristickgmoperties of gamma-Alumina due to size
reduction can affect the reactivity and in turnabgic activity of the metal adhered to its
surface.

Different analytical methods are available to deiee the properties of the product and feed
gamma-Alumina. The techniques available for use gas adsorption to determine the
surface area and porosity of gamma-Alumina usirgg BET method, differential thermal
analysis (DTA) to get more information on phasesiions between 50 and 14@and x-
ray diffraction (XRD) and selected area electroffrattion (SAED) methods to determine
the structural information of the metal particl&sansmission electron microscopy (TEM)
can be used to determine particle morphology, sind size distribution whilst high
resolution (HR) TEM can be used to analyse thetalysty of the particles (Rozitat al.,
2010).
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2.4.2 Deformation in Crystals

Atomic arrangements of crystalline materials cardescribed by the seven crystal systems.
These are further divided into fourteen Bravaisidas which are shown in Figure 2.11.
Although these lattices grouped crystal structimesfourteen systems, there are hundreds of
crystal structures that fully define crystals. Aistal structure is defined by lattice parameters
its unit cell. This can be defined as the smallest of a crystal structure although it is made
up of atoms. A unit cell is defined by the numbgatmms in it, the coordination humber and
the packing factor of the atoms in the unit cefic& centred cubic (FCC) and hexagonal close
packed (HCP) structures have the closest packiregarhs. Coordinates and Miller indices
are used to define the points, directions and glawéhin a crystal structure. X-ray
diffraction and Transmission Electron Microscopyg @ne best methods for analysing and
determining crystal structures (Askeland and Wrigt.3).

4 V

Simple End-centered Triclinic Hexagonal Rhombohedral
monoclinic monoclinic

Simple Body-centered End-centered Face-centered
orthorhombic  orthorhombic orthorhombic orthorhombic

[ ] . [ ]
L
L
Simple Body-centered  Face-centered Simple Body-centered
cubic cubic cubic tetragonal letragonal

Figure 2.11: Illustration of the fourteen Bravais httices (Wadhwa and Dhaliwal, 2008)

Defects exist within materials and these defecatsaféect the properties of the material. The
main defects that exist are point defects, dislonatand surface defects. Point defects are
localized disruptions to the atomic arrangemena iorystal structure. They come in many

forms such as vacancies, interstitial atoms, swibstnal atoms, Frenkel defects and Schottky



29

defects. As highlighted earlier in this review, gaaAlumina contains vacancies within its
crystal lattice and hence an understanding of teHects is necessary. The movement of
atoms when they gain energy or when impurities iateoduced often causes defects
(Askeland and Wright, 2013).

Vacancies can be described as the space that dulefto an atom missing from the normal
site in the crystal structure. Materials with vadas have high entropy and hence higher
thermodynamic stability. In metal alloys, vacanca&s commonly due to solidification at
high temperatures or radiation damage. An incr@asemperature with a crystalline sample
results in an increase in vacancies. Dislocatigrsiraperfections in a crystal that provide
points of weakness. When a sufficient shear siseapplied to a crystal structure, the plane

that contains the dislocation line and the Burgexdor is known as a slip plane.

Slip is the process by which a dislocation movesugh the body of a crystal structure. Full
motion of a dislocation through a crystal in thig gllane results in the formation of a step at
the edge in the slip direction. Dislocations caedl¢o plastic deformation in metals. Plastic
deformation is the irreversible change to the stmecof a material after the causal applied
load is removed. In order for slip to occur, thi¢éical resolved shear stress (CRSS) of the slip
plane must be reached and only then can plastmrmeation occur (Askeland and Wright,
2013).

In FCC materials, the main slip plane is the {1&&}this is the closest packed plane and the
slip direction n is <110>. This can be shown in tiegram in Figure 2.12. FCC materials
have 12 slip systems in total of which four arequei to the {111} plane. The more slip
systems a material has, the higher its ductilit¢FHmaterials are in turn brittle as they have

fewer slip systems (Callister, 2007).

Figure 2.12: Slip plane and slip direction in FCC rystal structures (Callister, 2007)
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Some metallic materials also deform by twinning.ifiving is induced by shear stress and
can result in atomic displacements where the atomsne side of a plane mirror the
positions on the other side of the twin boundarye Dccurrence of twinning is shown in
Figure 2.13 (Callister, 2007).
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Figure 2.13: Occurrence of twinning in metals (Calkter, 2007)

Twinning occurs in a specific direction on a spiegiiane which is determined by the crystal
structure of the material. The difference betweeinriing and deformation by slip is that in
twinning, the deformation is homogenous. The ciisjeaphic orientation above and below
the slip plane in slip remains the same wheredsvimning there is reorientation. Slip also
occurs over longer distances than twinning. Twigni® most common in BCC and HCP
metals (Callister, 2007). Deformation systems arpartant in milling processes that involve
shear as these types of stresses can result sfdraration of a material. They also allow
better understanding of the occurrence of transéition in a material including the planes of
the crystal as well as the direction. The influen€enilling on the phase transformation of

gamma-Alumina is reviewed in the next section.

2.4.3 Phase Transformation of Gamma-Alumina during Milling

According to Sopicka-Lizer (2010), mechanochemativation can cause microstructural

changes to materials and existent lattice impadastcan result in phase transformations or
amorphization. Mechanochemistry encompasses chene@etions that are initiated by the

absorption of mechanical energy (Sepetflal, 2007). High energy ball milling has been

reported to induce mechanochemical phase transfrimsaand reactions, the conditions of

high stresses during milling are envisaged to playajor role in such phase transformations
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(Sepeléket al, 2007). The stresses on powder during high enbedlymilling can reach
pressures of the order of 200 MPa. No record has Ineade of contact temperatures that

occur during milling but it is assumed that the penatures can reach hundreds of degrees.

Mechanochemistry can also induce different kindgrafisformations such as polymorphic
transformations and grain boundary disordering.cdin also cause defects such as
crystallographic shear plane defects. Shear sigds®wn to induce defects within materials.
A combination of shear stress, resultant defectslacalized temperature rise can result in
increased atomic mobility and phase change. A sefeof milling conditions determines the
type of defects in the material and the materiapprties of the milling tools also determine
the type of transformation achieved during theindliduration (Sepelégt al, 2007). A good
example is yttrium oxide (203) which when ground with Zirconia tools transforfnem a
bixbyite to a fluorite structure. When ground wétieel tools, a monoclinic phase is observed,
which becomes amorphous with prolonged milling.sTdifference in transformations based
on milling conditions could be related to the ramfjienergies supplied to the material by the
different milling tools (Sepelagt al, 2007).

Liu et al (2005) investigated on the phase transformatfomexhanically milled nanosized
gamma-Alumina and found that the milled samples ddéatge number of defects generated
by milling. The defects also lowered the tempeeduand activation energies of phase
transformation by promoting nucleation and diffusiorhe defect accumulation on the
samples also showed a logarithmic dependence dimgntime (Liu et al, 2005). The

transformation of aluminium oxide materials fallsder polymorphic transformations.

Zielinski et al (1993) reported on the phase transformation fgammma-Alumina to alpha-

Alumina by the use of the SPEX mill. Different rnmly tools were used which included
hardened steel, tungsten carbide and Zirconia. Tisgerved phase transformation in all
cases with faster transformation rates in the exygarts with denser milling tools. From this
they concluded that the density of the milling mialeprovides varied impact energies and
hence different rates of phase transformation. Tdley varied the milling atmosphere; air
and argon, and observed greater agglomeration iratdé® argon atmosphere reflecting that
oxygen aids in preventing agglomeration. This whidhlights a few variables to consider
during milling of gamma-Alumina; milling tools meahical properties and the milling

atmosphere. The main methods of analysis used &ynZki et al (1993) were XRD and
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BET. From XRD results they observed peaks matchippa-Alumina after milling. From
BET results they observed a reduction in surfaea as well as a change in the pore size and
pore structure of the material. They related thgeoled phase transformation to martensitic-
type transformations.

Kostic et al. (2000) also carried out work on the phase transition from gamma-Alumina
to alpha-Alumina by the use of a vibrating disclniilhe interesting outcome of this work
was the observed transformations which followedéhobserved by calcination of boehmite;
boehmite — gamma-Alumina— delta-Alumina» theta-Alumina— alpha-Alumina. In
Zielinski et al. (1993) there is no mention of intermediate pha3éss brings about the
interesting but missing link in the research caroet on gamma-Alumina transformations so
far; the energies supplied by different mills andling variables and how they affect the
outcome of the product. Additionally, evidence dfape transformation due to milling,
similar to that achieved by thermal dehydratiorboéhmite, has been reported in works by
Wanget al (2005) and Duvett al. (2011).

Interestingly, Wangget al. (2005) used a similar SPEX mill as that used bglizski et al
(1993) and did not observe phase transformatioit alpha-Alumina was added as seed to
the experiments. The difference in the way the arpnts were carried out is in the material
of the milling tools (Stainless Steel vs hardentxztly as well as the ball-to-powder (BPR)
ratios used. When Zielinslat al (1993) used hardened steel, transformation wasroeed
after 8 hours of milling but when Wargg al. (2005) used Stainless Steel, no transformation
was observed even after 20 hours of milling. Wenhal (2005) states the BPR ratio as 10: 1.

Zielinski et al (1993) does not give the BPRs used but with thengsample mass of ~4 g
and the densities of the three materials used;ehadl steel, tungsten carbide and Zirconia,
the calculated BPRs are 30:1, 65:1 and 12:1 raspéctThe ratio used for the steel was 3
times higher than that used by Waeigal. (2005). It is also important to note that phase
transformation was observed with Zirconia althoitdias a BPR close to that used by Wang
et al. (2005). Therefore these two works add the infleeoicBPR and milling tool materials
as variables that need consideration when selee@m@ppropriate milling procedure for

gamma-Alumina.

The work by Wangpt al. (2005) also highlights an interesting leap in dguest to understand
the mechanochemical phase transformation of gamimayAa; the influence of alpha-
Alumina seed. Although the quantity is not stat®dang et al. (2005) observed phase
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transformation when a small fraction of alpha-Alamiwas added before milling. Bodaghi
al. (2008) also carried out work on the milling ofngaa-Alumina and observed no phase
change after 30 hours of milling in the Fritsch\uisette 7 planetary ball mill. In this work,
hardened steel was the milling material used arBP& of 30:1 was used. With these
conditions being similar to those used by Zielinskal (1993) with the SPEX mill, the two
main factors that come to mind is the range of giesrprovided by the two different mills
which is influenced by the milling speed selectsdvall as the size and orientation of milling
jars/ vessels. The milling speeds were not statedbath works. Bodaghet al (2008)
however reported the occurrence of phase changamma-Alumina to alpha-Alumina only
after the addition of alpha-Alumina seeds intorthi# and concluded that the alpha-Alumina
seeds act by reducing the transition temperatudeaativation energy for alpha-Alumina to
nucleate. The experimental work carried out by Bpda&t al (2008) also shows that the
milling media used was not of the same size. Thagy well have had an effect on the

mechanochemical effects observed.

Notable work on gamma-Alumina phase transformalipmigh energy ball milling is that of
Duvel et al. (2011). Their focus was on the change in pentatoated Al (Ak) sites with
different milling conditions. It is important to teothat they used a planetary ball mill at
600rpm with 140 monosized balls and a BPR of 2¥hkse variables determine the range of

energies supplied to gamma-Alumina in their expenits.

Their observations were an increase ig Alumina with high energy ball milling by use of
solid state NMR. They also observed the influenteitling parameters on the outcome of
the milled product. They concluded that due torteed for a critical gamma-Alumina crystal
size for phase transformation, the properties & gmamma-Alumina pre-milling can
determine the phase of the milled product. Dwtedl. (2011) highlight that the initiation of
phase transformation may be from the existencehesda A$ sites which are basically
aluminium atoms on octahedral sites that have legposed on the surface due to particle
breakage in milling. These surfaces are highlylyilenergetic and hence would favour the

structure with the least energetic state; whicthis case would be hcp over ccp structure.

It is noteworthy in the work by Duvelt al (2011) that adding alpha-Alumina seed did not
result in full phase transformation as what waseoled by Wanget al. (2005) and Bodaghi
et al (2008). It can however, also raise the influeotcehe milling speed chosen. Because a
high milling speed of 600 rpm was used, the polsitaf cold-welding occurring is high and
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this can influence the availability of gamma-Alumisurfaces for phase transformation. If
gamma-Alumina phase transformations observed frdferent research work are listed,

Table 2.2 shows the observations of the final phaser milling.

Table 2.2: Phase transformations observed after higenergy ball milling of Gamma-
Alumina (Wang et al., 2005)

Starting phase Mill Milling condition Milling time (h) Final phase

v-AlLO; Fritsch Pulverisette 9 Tungsten carbide grinding set, 1000 rpm 2 3-Al,04
0-Al,O3 Fritsch Pulverisette 9 Tungsten carbide grinding set, 1000 rpm 10 0-Al,04
v-Al O3 surface area> SPEXS8000 Hardened steel/tungsten carbide vials 10 a-Al,O4
80.3 m7/g and balls, in air/argon
K-AlLO;3/¢-Al,O4 SPEXS8000 Hardened steel/tungsten carbide vials and balls <10 a-Al,O4
v-AlIOOH (Boehmite)  Fritsch Pulverisette 7 Tungsten carbide vial and balls, 10 balls 2.5 a-Al,O4
with a diameter of 10 mm, the powder
is 1 g, in air
Al(OH); (Gibbsite) Fritsch Pulverisette 7 Tungsten carbide vial and balls 10 balls with 7 a-Al,O4
a diameter of 10 mm, the powder is | g, in air
v-AlLO; SPEX8000 WC vial and balls, BPRS:1 10 a-AlLO;
v-ALO; SPEX8000 WC vial 24 v-AlLOs
v-AlLO3, <10 pm, Fritsch Pulverisette 5 Hardened steel vials, in air, BPR15:1, 200 rpm 56 a-Al,O4

poor crystallinity

McArdle and Messing (1993) have demonstrated thecebf seeding boehmite wité-
FeOs, a material isostrutural to alpha-Alumina. Theyiaee alpha-Alumina through this
process. As the boehmite to alpha-Alumina transébion is topotactic, the structure of
boehmite and alpha-Alumina are similar. Their ressaln therefore be compared in seeding
experiments to gain an understanding of changesrystallographic arrangements with
addition of energy. The results of their investigatare shown in Figure 2.14 and show that
the transformation follows a sigmoidal pattern. fEhes an initial stage in the phase
transformation were the rate is slow, followed lagtér transformation rates and a plateau
when full phase transformation has been achievbdir Experiments were carried out using
calcination which is different from milling used the experiments in this thesis. If however,
these results are comparable with milling resiiitsan be suggested that mechanical energy
from milling has a similar effect as thermal enefgym calcination can likewise overcome

the energy barrier for phase transformation.
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Figure 2.14: Isothermal transformation kinetics ofboehmite-derived Alumina from a-
Fe2O3 seeded samples (McArdle and Messing. 1993)

McArdle and Messing (1993) also observed a decrieasarface area with the formation of

a-Al20z in seeded boehmite as shown in Figure 2.15.
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Figure 2.15: Reduction in surface area with formatn of a-Al203 observed by McArdle
and Messing (1993)

Bagwellet al. (2001) assessed the possible factors that aoéved during the transformation
of theta-Alumina to alpha-Alumina. The structurésheta and gamma differ in the degree of
dehydroxylation. Both materials, however, still @xin the ccp structure. It is therefore
beneficial to consider the findings in this workhey considered two methods of nucleation
of alpha-Alumina from theta-Alumina; shear nucleatand diffusional nucleation. The shear
nucleation model considered brings to considerati@nwork of Kachiet al (1963). They
developed the synchro-shear model and based it hen orientation relationship of
(111)//(0001) , [110]y//[0110]o. They proposed shearing of the oxygen latticéay112)
direction with the shift of F& ions simultaneously results in a shift from ccfhép structure.
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It can be highlighted that the identification of amentation relationship alone is not enough
evidence to classify the nucleation method as shé@awvever, as a review it is important to
understand different observations of previous wadne. Bye and Simpkin (1974)
investigated the influence of chromium (Cr) andnir@~e) on the transformation from
gamma-Alumina to alpha-Alumina. They concluded tGatreduced the rate of conversion
from theta-Alumina to alpha-Alumina and Fe increhse They also observed that the
presence of Cf accelerated the rate of conversion from gamma-Adarto theta-Alumina.
Their observations favoured the synchro shear model

The synchro shear model requires the growth of gaAtamina crystals to a critical size
before phase transformation can occur. Bagetell (2001) disputes the theory for a need
for growth to a critical size at the end of theiegwpaper and supports diffusional nucleation.
Their argument is based on the requirement of at hadhne between the matrix and
nucleating phases which would result in shear oémtire crystal that has reached a critical
size. They rather support the argument of diffusionucleation due to this argument and due
to the observation that in TEM images of alpha-Alenpresumably formed by shear
nucleation, no stacking faults are present andotiig visible defects are pores entrapped
during growth.

The work of Duvelet al. (2011) and the work of Bodaght al (2008) on seeded gamma-
Alumina samples provide a platform for the argumandiffusional nucleation. As this is a
process that occurs from the surface of crystallithe observation made by Duwl al
(2011) on the increase of Abites supports diffusional nucleation by meangraividing
nucleation sites for the growth of alpha-Aluminaowding alpha-Alumina seeds, also
carried out by Duvett al (2011) and Bodaglat al. (2008), also provides nucleation sites for
alpha-Alumina to grow. Duveét al. (2011) also report that additives such as lanthman
oxide (La0s) inhibit the formation of alpha-Alumina. They obged that A also reduced in
the samples when additives were used during milliige assumption to this is that the
additives bind onto potential nucleation sites amubit the formation of alpha-Alumina.
Orientation relationships reported by Bye and Simp{l974) also exist in diffusional

nucleation and therefore cannot be used to sugpe#dr nucleation alone.

Mechanical energy from milling also includes th@uence of different stress modes on the
material being milled. The review on milling metisodas shown that in different mills,
different stress modes are imposed on the partiBlagwellet al (2001) highlights that the
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transformation from theta-Alumina to alpha-Alumimolves a decrease in volume of the
material of approximately 10%. Any processes thablve the application of pressure such
as compression would favour the transformation tmaae stable state. Koruderlieva and
Platchkova (1997) investigated the effect of comspien on the thermally driven phase
transformation of gamma-Alumina to alpha-Alumindey tested different pressures of 30,
60 and 140 MPa. They found that an increase inatheunt of pressure resulted in an
increase in the rate of phase transformation. Woik highlights the influence of mechanical
energy in phase transformation. The transformdtiems always been looked at as a thermally

driven process.

The influence of mechanical energy brings aboutatlgeiment of whether the heat energy is
the predominant factor or whether a critical enesggply to the process in either form (heat
or mechanical) can initiate the process of phaaastormation. It is also of interest to
understand whether the process of phase transfiormatcurs in a similar way whether heat
or mechanical energy is used. When heat is supg@uama-Alumina is dehydroxylated and
eventually results in the formation of alpha-Alumitwith mechanical energy, the exposure
of metal terminated surface by breakage along wftear and compression forces can be
assumed to encourage the formation of alpha-Aluraga less energetic state. Both energy

supplies have one thing in common; nucleation pii@Alumina from aluminium sites.

The factor that all experimental investigationsriear out on gamma-Alumina have is the
evidence of trial and error. It clearly shows ttiere are no working principles to start from
for the milling of gamma-Alumina. The apparent gaphe need to know the range of impact
energies supplied by different milling variablesedmot go unnoticed. If the energy can be
estimated by inputting milling parameters into siation software, the trouble of trial and
error can be eliminated. Threshold energies foriexoing milled products with certain
properties can be calculated and used as benchmarikg milling processes. It is therefore
still necessary to carry out an in depth investigatinto the effect of size reduction
mechanisms brought about by different stress medels as shear, impact, and compression
on the surface and morphology or structure of tla¢ennl. Having achieved this, simulation
of the experimented energies can provide the meduired energies which lack in the

research that has been carried for gamma-Alumina.
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2.4.4 Effects of Wet-Milling

Having reviewed the effects of dry milling on theoperties of gamma-Alumina, it is of
interest to review any work done on wet milling.eféis a gap in literature on wet milling of
gamma-Alumina and hence a review of related oxateb hydroxides has been carried out.
The addition of water as a milling medium greatifeets the milling environment including
the collision energies that are transferred fronllimgi balls to particles. Stengest al
(2005b) carried out nano-milling of alpha-Aluminaing a 1 L stirred media mill with a
torque sensor shaft to measure the number of reeptuand an ultrasonic spectrometer to
measure temperature, pH, conductivity and parsde distribution simultaneously. In this
experimental setup, the suspension material tadneng continuously circulates between the
grinding chamber, the stirred vessel, and the sdtmec spectrometer. A pH regulator vessel
was also attached to alter the pH of the susperfsioalectrostatic stabilization by adding
additional ions as required after it has passealtjir the ultrasonic spectrometer (Sterger
al., 2005b).

The main aim of their work was to achieve stablghatAlumina nanoparticles by wet

milling. Alpha-Alumina was wet milled in a systerhat was recording electrochemical
properties and pH of the system in-situ in orderathieve electrostatic stabilisation and
produce stable nanoparticles. They concluded thatadional milling conditions have to be

controlled as much as the suspension stabilitynpaiers to achieve nanoparticles by wet
milling. The results also showed that if suspensiohAlumina are stabilized during milling,

nanoparticle sizes of up to 10 nm can be achieved.

Decreasing the size of the grinding media alsadeloetter grinding results as that improved
particle-grinding media interactions for smalleple-Alumina particle sizes. A high solids
mass fraction also improved the milling results ttuan increased contact between particles
and grinding media, but this is however limited \ngcosity effects as the viscosity of the
suspension is much higher at high solids contedtcauld reduce the efficiency of particle
breakage (Stengeaat al, 2005b). This work raises a few factors to consigdben milling
Alumina; the suspension stability, solids masstfoacand viscosity of the suspension. It is
apparent that size reduction has an effect on thegers. As size reduction occurs, the
viscosity is expected to increase and with this, éhergetics of the particle-milling media
collisions would be expected to change.
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Stengeret al. (2005a) also investigated the mechanochemicalgdsof the Alumina during
the milling process as the stresses that occuremtill can lead to phase transformations and
amorphisation. The stresses in the mill were idiedtito cause changes from Alumina to
Alumina hydroxide. However, the Alumina hydroxideasvobserved to dissolve at pH less
than 5 (Stengeet al, 2005a). The main issues faced with milling tomsidoon range are
particle-particle interactions which in turn resmtincreased viscosity and agglomeration of
particles (Stengeet al, 2005a). These effects can lead to no particlakage despite
addition of energy input. Schonert (1988) carriad a study on the breakage of brittle
materials and estimated that the minimum partide ®r breakage of brittle materials is in
the range of 10 nm to 100 nm depending on the priepeof the material. The results of the
work by Stengeet al (2005a) however showed that nanometer rangeclemrtof Alumina
could be achieved and the control of particle-platinteractions was identified to affect the

milling greatly.

Dammet al (2011) investigated on the formation of free cath during the wet milling of
Alumina, as a desirable property as it would regulthe milled product having properties
that are required for the end use. One examplengm@s the direct initiation of
polymerisation reactions for the preparation of fied polymer nanoparticles. The material
used for their experiments was Alumina witfy df 300nm. A laboratory scale stirred mill
with different size of Zirconia beads as the mdlirmedia was used for the milling
experiments. The Alumina was wet milled with wadsrthe agueous phase. A solution of
2,2-diphenyl-1-picrylhydrazyl (DPPH) in water waddad to the mill (it bleaches when in
contact with a free radical and can hence be datdry UV spectroscopy) to show the extent

of free radical formation (Damet al, 2011).

To characterise the Alumina sample, other methoel®e wmployed including BET nitrogen
adsorption method for the specific surface aresasezer for particle size and SEM for
morphology of the particles. Dammt al. (2011) concluded that particle breakage and
mechanical activation of the particle surface bomhtribute to the generation of free radicals.
This gives the benefit that the free radicals poeduduring milling of Alumina can be used
to activate polymerization of acrylic acid and aaynide which in turn can be used in the
formation of hydrogels for use in medical enginegriOf relevance is the formation of free
radicals during the milling of Alumina which can hether investigated into whether these
have any effect on the end product and whether tizey lead to a variance of product

properties (Damnet al, 2011).
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Pourghahramanget al. (2008) also investigated the effect of grinding the structural
changes of hematite sample. Changes to the maséigture can be attributed to permanent
rearrangement of the crystal lattice as well asctiral alterations to the grains of the
material. The main characterisation techniques lse®ourghahramaret al. (2008) were
BET nitrogen adsorption (Brunauest al, 1938), X-ray diffraction (XRD), Thermal
Gravimetric Analysis (TGA), Differential Scanning al@rimetry (DSC) and Fourier
Transform Infra-red (FTIR). After the milling prog® the results showed that the size
reduction process resulted in higher specific @@farea, smaller crystallites, higher physical
broadening and increased x-ray amorphous matdre. results also showed greater size

reduction in wet milling than in dry milling (Pourghramangt al, 2008).

An investigation of the influence of operating pagders such as solids concentration, initial
size of particles and stirrer speed on the finae sdistribution and specific energy
consumption during wet milling of Alumina hydrateasvcarried out by Frances and Fadhel
(2001).The conclusions drawn from the work show tha operating parameters affect the
product during wet milling. They concluded thatlary of a higher density will require a
higher specific energy to obtain a fixed mediaresikzhey also concluded that if the feed
particles are large, more energy will be requi@deiach a desired degree of fineness of the
product. Also in conclusion, if the mill was runaahigh stirrer speed, the grinding rate would

also be high as well as the specific energy condufadhel and Frances, 2001).

Blachouet al. (1992) investigated the wet milling of Alumina migihydrochloric acid (HCI)
as the solvent. The work by Blachet al. (1992) was aimed to produce stable colloidal
dispersions after wet milling of Alumina. Kinetiasf reaction and the effect of acid
concentration in the milling were also investigatdthey also investigated the effects of
solids loading, pH and particle size distributiam the viscosity of the slurry formed. The
apparatus used in the wet milling experiment wd&ascal ceramic mill and granulometric
analysis was carried out after this. A Brookfieidcometer which is a device that employs
rotational viscometry was used to measure the sigcof the Alumina suspension. They
confirmed that change in the acid concentrationsdogt change the properties of the wet
milled product. The viscosity of the Alumina suspen was found to be dependent on the
pH of the materials during milling. They also higjted that the reason why Alumina is
favoured as a catalyst support is due to its higfase area and good porosity characteristics.
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The conclusions drawn from the experiments showdhenma-Alumina yields the smallest
particles as compared to the hydrated Alumina ueethe experiments (Blachoet al,
1992).

The results from the work done on wet milling ofuAlina do not report extensive
mechanochemical effects. Pourghahrametnal. (2008) reports x-ray broadening but does
not report any observations of a new material atehgeret al (2005a) reports on the
formation of a hydroxide. This shows that water haseffect on the surfaces of Alumina
during milling which can aid in reducing stresskattcan initiate phase change. Better
understanding of the interaction of water with shefaces of gamma-Alumina can shed more
light into this. The interaction of water with pateés during milling can be in different forms
as shown in Figure 2.16.

According to Stengeet al (2005a,b), the presence of water can have awteife particle-
particle interactions during milling.Various factors determine the effect of water on a
material during milling which include; mill variad$ such as time and speed, amount of
water added as well as the existence of the mhategfare milling such as its surface and
crystalline properties (Bala al., 2013).

Capillary water Free water

Physically adsorbed
water Chemical water (crystallisation,
constitutive)

Figure 2.16: Different interactions of water with particles during milling (Balaz et al.,
2013)

Water is a polar liquid, and its presence duringlimgi can promote fine milling due to a
breakdown of aggregates to primary particles (Juhb898). However, if the milled product
is desired in dry powder form, water added to thi @aring milling can be minimized to

reduce energy consumption through the drying psodeechanochemical reactions in wet
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milling are often observed when the solids to lijratio is very high, often 70% or higher. A

higher solids-loading results in higher frictionsttesses which initiate mechanochemical
reactions. Wet milling is seen as more favourablés efficiency at size reduction than dry

milling as less energy is consumed for smalleriglarsize distributions (Balaet al, 2013).

2.5 Summary

Milling is a necessary process in the productiorgamma-Alumina catalyst supports and
different milling methods have been analysed sucplanetary ball milling, vibration milling
and jet milling. This chapter has covered the priigpe and uses of catalysts and catalyst
supports. It has provided reasons as to why gamimaiAa is a good choice for a catalyst
support. The origins of the material have been aepol as well as the structure and
morphology of the material. It is clear from theview that during milling, a set of different
variables such as mill speed, milling material |-b@powder ratio and milling environment
need to be understood and well selected in ordeactoeve a product with the desired

properties.

Apart from the importance of mill variables, itatso important to understand how different
mills and their variables can affect the structofethe material. There is evidence from
different works that have been explored (Zielinskial, 1993, Duvekt al, 2011, Wanget

al., 2005) that high energy milling can result in im@eochemical effects such as phase
transformation from gamma-Alumina to alpha-Alumitiahas also been highlighted in the
works of Duvelet al (2011) and Balaet al. (2013) that the addition of PCAs in the mill
such as water or surface modifying agents can eethe effects mechanical energy has on
the material being milled. The method of trial amdor is very much evident in all the
milling work reviewed. The need for energy quangéfion during milling processes as well
as a relationship between the energy and mill bhegais an area that needs addressing to

better understand the effects of milling gamma-Ahan

The planetary ball mill, vibratory ball mill andtjenill have been selected for use in this
project after careful review of literature. Althduthe SPEX mill is well documented in work
pertaining to phase transformations, it would rati@ve the required particle size and is not
available and hence was not selected in the subeégtudies. The work of Zielinski al.
(1993) may also reflect as though significant guburas been covered in understanding
gamma-Alumina. The work, however only reports tee af XRD and BET and a shortfall in
other useful methods such as TEM as well as fudhatysis of XRD such as use of Rietveld
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refinements can expose more information provingeapér understanding of the subject.
Other studies have also covered the effects ofisgemith alpha-Alumina during milling.

There are gaps in this work such as a report ofBARs and milling speeds used. Such
information can build a better picture of the psxend this can only be achieved by

producing a better reported piece of work withtladl variables concerned.

Laser diffraction is also in use in conjunctionm@&EM to derive the size of gamma-Alumina
particles and SEM is in use for the shape of thiégbes before and after milling. Knowledge
of the particle size reduction after milling is iorpant in analysing the efficiency of the
milling process parameters used for size reductiothe particles. TEM and XRD methods
are also included in the characterisation work &tednine the crystallite sizes and
composition of the gamma-Alumina particles and XRI) also be used in future work to

determine lattice strain and vacancies within trages.

It is important to determine crystallite sizes efand after milling in this work to analyse if
there is any reduction in crystallite sizes duentbing or whether the milling results in only
breakage of agglomerates. Determining the compaositof the samples also gives clarity to
whether any new compounds are formed due to milhgh can in turn change properties
of gamma-Alumina after milling. BET is also in use find the specific surface area of
gamma-Alumina particles before and after millingagsess any increase in surface area of
the gamma-Alumina particles due to milling. Thisthuel is important in determining
whether the milling method is effective in increapisurface area of the gamma-Alumina

particles which is a desirable property for us¢éhefsample as a catalyst support.

A decent attempt to fill in this gap involves airtial understanding of the gamma-Alumina

material by characterisation. This can be followgdin analysis of the effects of high energy
milling in different mills to analyse different sgs modes. Once the effect of different stress
modes is analysed, the effect of isolated millimgiables can also be analysed as well as
isolated stress modes. At this stage, if the nglariables experimented are simulated, a
relationship can derived between the collision giesr and milling effects observed. Trial

and error can be eliminated by providing threshet@rgies for mechanochemical effects.

This attempt is shown in Chapters 3 to 8 of thesih
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Chapter 3

Characterisation of Gamma-Alumina

3.1 Introduction

3.2  Test Material ¢-Al203)
3.3 Properties ofy-Al203
3.4  Discussion

35 Conclusions

An introduction to selected milling methods for irsehe project is given. Characterisation
methods selected for use are briefly describedpd@hagion of gamma-Alumina samples for
characterisation and the main findings on the paetisize, surface area and crystal
morphology of gamma-Alumina are presented.
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3 Materials and Methods

3.1 Introduction
In order for a material to be selected for use asatalyst support, it needs to possess
properties that make it suitable i.e. high surfa, porous morphology as well as chemical
and thermal stability in chemical reactions. Gamdhamina is a common choice as it
possesses all of the mentioned properties. Itwgekier, necessary to reduce the agglomerate
size of gamma-Alumina particles in order to creat@e surface area for catalyst attachment.
This project aims to address the problems assaciaiid poor catalyst attachment due to a

change in the structure of the material.

An in-depth analysis of the material before anéraftilling will give a better understanding
of the effects of milling on the macrostructure,crostructure and crystal structure of
gamma-Alumina. It is therefore necessary to haveirgiial understanding of gamma-
Alumina before milling energy is applied. This wgtovide detail on the initial existence of
the material and hence provide a platform for camspa, should there be any changes in
gamma-Alumina after milling. To achieve an underdtag of gamma-Alumina, the
knowledge of both physical and surface propertesecessary and hence this chapter
consists of detailed descriptions of the test nteproperties and the methods used to
derive these properties. A discussion of the aedlysoperties is followed by a conclusion
on the morphology of gamma-Alumina.
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Materials and Methods

¥

Question

D

1.What are the actual properties of the matefi
under investigation?
2.How will the selected methods be used |td
achieve the objectives of the work?

. 2

Background

1.Characteristics of gamma-Alumina known in
literature have been reported but it is necessal
to characterise the sample used in this project
2.The best methods for use are identified |in
Chapter 2 but a description of how they are used
in this project is required

. 4

Hypothesis

y

1.Full characterisation of the material under
investigation gives information on the existence
of the material for comparison with milled
product

2.Description of the methods gives information or
the best operating conditions for the material

Conclusion Questions:

1. Can the selected characterisation methods vyield rdwuired results for
properties under investigation?
2. Is there any similarities between the sample cheariatics and samples analysed
in literature as discussed @hapter 2

Figure 3.1: Hypothesis formulation for Chapter 3
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3.2 Milling Methods
Following a review of milling methods in ChaptertBe three selected milling methods are

briefly described in this section.

3.2.1 Planetary Ball Milling

The planetary ball mill is one such mill that caigve higher forces than gravitational force
(50 times more) (Variret al, 2009). It is classified as a high energy balll mnd it is
commonly used for mechanical alloying (et al, 2013) and the production of metal and
composite powders (Angelket al, 2008). It is made up of a revolving base diséd ane or
more (up to 4) rotating milling pots. The revolvidgk rotates in a direction opposite to the
milling pot (which rotate about their own axis) lberthe name planetary. Popular laboratory

scale planetary ball mill manufacturers are Frit&chbH and Retsch.

1

Figure 3.2: Schematic diagram showing pot motion ithe planetary ball mill (Neikov et
al., 2009)

The large centrifugal force created during rotatdrihe mill disk and milling pots reduces
particle size of materials. The mill pots and mijimedia are available in different material
types e.g. tungsten carbide, Zirconia, hardeneel,sBainless Steel, Agate and corundum
Alumina. It is recommended to use the same matinahe milling pot and milling balls to
avoid cross contamination and more effective ngllimas been shown when monosized
milling balls are used. Figure 3.2 shows a schen@dt# milling pots on the rotating disk of a

planetary ball mill with direction of revolution tie rotating disk and pots.

The planetary ball mill is a high energy mill (Angest al, 2008), where shearing is more
prevalent than high velocity collisions. Shear angdact are the stress modes it is best known
to apply to powders during milling. Shear occursewlhe powder being ground and milling

balls roll against the inner wall of the millingtpaue to the centrifugal forces supplied by the
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motion of the mill. The impact forces arise frone titmotion of the milling balls as they are
thrown from one side of the milling pot to anotlwdren the milling pot rotates. Because of
this, an increase in the speed of the mill regualtan increase in impact and shear forces as
the milling balls move at a faster speed @étal, 2013).

It is important to note that when high milling sdeeare used in the planetary ball mill, the
milling pot and its contents can increase in terapge up to 12 within a short time of
between 30 and 60 minutes. It is therefore importamonitor closely the temperature rise
and allow adequate cooling of the milling pot befoesuming longer mill times (Let al,
2013). Materials that degrade with high temperatuneay also be unsuitable for size
reduction with this mill type. Manufacturers suchRetsch have created modified versions of
the planetary ball mill that include a cooling ®et as well as temperature and pressure

monitors.

Another factor apart from milling speed that aftettie intensity of milling is the size of the
milling balls. Various sizes are available from tnmp to 30 mm depending on the diameter
of the milling pot to be used. An increase in théling balls diameter can increase the
impact energies achieved. However, for the sanmeemilting balls, a change in material from

a softer material such as Agate to a harder mageréh as tungsten carbide can also increase

the impact energy in the milling process (iual, 2013).

3.2.2 Vibration Milling

The vibratory mill is another type of ball mill thean be classified as high energy and it was
created to cut down the milling duration where fpmavders are required. In terms of stresses
from the mill, both impact stresses and shear stgeare present. Size reduction is caused by
the motion of the milling balls and further enhashdg the vibration of milling jar. The mills
vary in size from laboratory scale of 12 ml to isttial scale from 50 litres up to 250 litres
(Angeloet al, 2008). Two common laboratory scale mills are$f=X 8000 and the Retsch
MM200 mills. Figure 3.3 shows the ball and milliegntainer movement of the Retsch
MM200 mill.
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S50 mm

Figure 3.3: Schematic diagram showing ball and powat motion in the single ball mill
(Kwan et al., 2003)

In vibratory ball milling using the Retsch MM20Mhast duration collisions dominate and the
energy generated by the mill is determined by tiesen milling frequency. Size reduction is
by impact, shear and attrition in the Retsch MM20il. The SPEX mill differs from the
Retsch mill in the motion of the balls as shownFigure 3.4. There is the presence of an
upward movement due to the curvature of the vedseing milling and hence three

perpendicular motions are achieved in this millikge et al, 2009).

Strong shearing | Strong shearing
Strong impact

Figure 3.4: Ball motion in the SPEX mill (Neikovet al., 2009)

The Retsch MM200 is a single ball mill whilst thBEX can use multiple milling balls. For
research purposes, an investigation of differemrgias supplied by different mills could
yield more varied results if the Retsch MM200 sinigall shaker mill is compared with either
the SPEX or the planetary ball mill and both theE®Pand the planetary ball mill can
produce more energy due to the possibility of usmgltiple milling balls. Due to

availability, the planetary ball mill is used inghwork.

3.2.3 Fluid Energy Milling

Another method of milling that can produce high rggeand is worth exploring is fluid
energy or jet milling. This involves the use of lligpressurised air or steam as fluid energy.
The principle of size reduction is mainly partiglarticle collisions and some particle-wall
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collisions which result in fracture of particleshé milling zones of these mill types include
nozzles which are the inlets for the pressuriseid fland an inlet for the material. The fluid
and the material enter the milling zone simultasépowand the material particles are
accelerated at sonic velocities resulting in calfis and size reduction (Angedt al, 2008).
The nozzles are often made from a wear resistatdgriabsuch as tungsten carbide (Neikov
et al, 2009).

In the design of jet mills, Equation 2.2 still gone the kinetic energy supplied during
milling. Most modern design jet mills include a s3dier that controls the maximum size of
the product. Any particles larger than this size adirected into the milling zone by
centrifugal forces for further size reduction. T®ieess modes that effect size reduction in the
jet mill are mainly impact, by way of particle-pateé and particle-wall collisions and attrition
(Angeloet al, 2008).. Figure 3.5 shows the movement of feetl @mpressed fluid in the
operation of a spiral jet mill.
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Figure 3.5: Schematic diagram showing movement ofgwvder through the milling
chamber in the spiral jet mill (Mio et al., 2001)

The jet mill can achieve fine particle sizes ldsmt5 microns although an initial particle size
of 150 microns is recommended. Hence the use gethaill may require pre-milling use of
other mills to reduce size if the particles are mlazger than 150 microns. Due to the nature
of reduction (fracture from particle-particle celbns), sphere-shape and cubic materials can
be reduced in size more efficiently than plate-ldteneedle-shaped particles (Angeipal.,
2008). Apart from initial particle size and shapther factors to consider when using the jet
mill include moisture content, friability, hardneaad flammability for safety purposes. Jet

milling is also classified as high energy millinddikov et al., 2009).
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3.3 Characterisation Methods
From previous work on gamma-Alumina reviewed in @ba 2, five characterisation
methods have been selected. A brief descriptiath@imethods as well as the theory behind

their working principles is given.

3.3.1 Laser Diffraction Technique

Laser diffraction is a particle sizing techniquetths in use extensively in this work to
determine particle size distributions of gamma-Alensamples before and after milling.
This technique involves the use of a laser beadetermine the size of particles in a sample.
As particle pass through the laser beam in thepegemt, they scatter light at an angle related
to their size. Small particles scatter light at evidngles with low intensity whilst larger
particles scatter light at narrow angles with higimensity (Malvern. 2012). The device to
be used in this work is a Mastersizer 2000 angtheiples behind its functioning are shown

in Figure 3.6.
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Figure 3.6: Internal setup of the Mastersizer 200(aser diffraction equipment showing
the ligt source and detectors when a sample goesdligh the equipment(Malvern. 2012)

The setup of a typical laser diffraction systemoines a laser of fixed wavelength, a sample
dispersed in a suitable dispersant and a seridstettors. The detectors can take a range of
measurements from 0.02 degrees to 135 degrees €Mal2012). Figure 3.7 shows the
results of the particle size distribution derivedni analysing a gamma-Alumina sample. In
this work, laser diffraction, using a Malvern Masieer 2000, has been carried out for
particle size analysis, using water as carrier omadiThe samples were dispersed using in-

built ultrasound and measured at an average olismui 12%.
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Figure 3.7: Patrticle Size Distribution of Fine Gamna-Alumina Sample from
Mastersizer 2000

3.3.2 Scanning Electron Microscopy

Scanning electron microscopy is in use in this wrlanalyse the size of gamma-Alumina
particles as well as the shape and surface apmeanthe particles. It is being used in
conjunction with laser diffraction particle sizing determine the sizes of gamma-Alumina
particles before and after milling. The advantageising both methods will come in the
ability to compare and validate results obtainednfthe different pieces of equipment which
use different principles to obtain sizes of paetcl

A scanning electron microscope (SEM) is a type @iroscope that scatters electrons onto a
target and produces an image of the target. The 8&8a high resolution which allows
imaging of closely packed particles. The SEM opmrdity producing a beam of electrons at
the top of the microscope by use of an electron Jume electron beam travels down the
microscope in a vertical path that is in a vaculiime beam also passes through lens and an
electromagnetic field which act to keep the beantsrvertical path until it hits the target.
Upon hitting the target, electrons and x-rays geeted from the sample and are all collected
by detectors which then convert them into a sighat is used to produce the image in a

similar mechanism as that of a television screemdi® University. 2010).

Samples to be analysed using SEM have to be prkpaeéore being put under the
microscope. Preparation of the samples dependhertype of material to be analysed.
Metals can be analysed by putting them throughritoeoscope without prior preparation as
they are conductive but non-metals have to be doaith a conductive material before
analysis. This coating is usually done using atspuoater and the coating metals used are
gold, platinum or palladium. The sputter coatersumgon gas to displace the metal ions from
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a foil which fall onto the sample and form a themolayer of the desired height. The sample

can then be analysed using SEM (Purdue Univer3@$0). Figure 3.8 shows an illustration

of a scanning electron microscope.
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Figure 3.8: lllustration of a Scanning Electron Miaoscope (Purdue University. 2010)

In this work, SEM analysis is carried out using alZeiss EVO MA15 scanning electron

microscope at 20 kV in secondary and backscatierading mode. Carbon tabs were coated
with powder samples and placed on SEM metal stbéiple stubs were sputter-coated with
a conductive layer of gold before analysis to pnewharging. SEM quantitative analysis was
carried out using Gatan Digital Micrograph Partiélealysis Software. Average particle sizes
were calculated from the derived size distributiaisa minimum of 500 particles. The

coefficient of variation was also derived by dividi the average particle size with the

standard deviation of the size distributions.
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3.3.3 X-Ray Diffraction

X-ray diffraction (XRD) involves the scattering ofcident x-ray photons to atoms in their
crystal lattice. As the x-rays are scattered theg gff a constructive interference from which
information on the structure of the crystals of thaterial can be derived. XRD can be used
to determine the composition, crystallite size#tjda strain and vacancies within a sample.
XRD is in use in this work on milled and non-millgggmma-Alumina samples to derive
crystallite sizes and detect any phase changesnwilie material by matching diffraction
results with reference files from the Powder Diftfran File. Any changes to the material
detected by x-ray diffraction will be quantified byatching the changes with other expected
materials within the sample such as impurities pretursors to fully characterise every
milled sample Bragg’s law can be used to derivick spacings within crystal lattices by
use of Equation 3.1 below;

ni = 2d sin® Equation 3.1

where n is the order of reflection, an intedeis the wavelength of the x-rays, dependant on
the x-ray source, d is the space between the tplst@es also known as the d-spacing énd

is the angle between the beam incident ray anaidh@al to the reflecting lattice plane. The
d-spacing of crystallographic planes can then el from the angle® at which the angle
leaves the crystal plane. With this method, unkn®ubstances can also be identified by
matching results derived from the diffraction wkhown patterns for different compounds
available in the International Centre for Difframti Data (ICDD) database. As well as d-
spacing results, other properties of a material alan be determined which include single
particle size and degree of crystallization. Braggw can also be displayed in the schematic
in Figure 3.9;

.
»
L
L

Figure 3.9: Schematic representing Bragg's Law (Raachandranet al., 2001)
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Crystal sizes can also be calculated from x-rajratifion data. This is mostly favourable
when a sample possesses long range order and Ipeodaces clear diffraction peaks
representing perfect crystals (Ramachandran e2@01). The crystal sizes can be calculated

using Scherrer’s equation as in Equation 3.2 below;

Crystallite size; Derystallite = Equation 3.2

Bcos0®

Where K is a constant often 029is the x-ray wavelength, B is the full peak widthhalf its

maximum intensity (FWHM) an® is the Bragg angle. The result obtained from this
equation is a reliable estimate that can be uséve an idea of crystallite sizes at different
peak intensities. Different x-ray setups are awélavhich use different radiation targets
including MO, Cu, Co and Fe targets. The main camepts in the setup of a modern
diffractometer include x-ray protected housing, @igmeter, x-ray tubes and filters, a
detector, an x-ray generator and a high-voltagestoamer for x-ray tubes (Ramachandran et

al., 2001). The setup can be shown in Figure 3.10.
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Figure 3.10: Schematic of X-ray Diffractometer (Ranachandran et al., 2001)

In this work, XRD using the Bruker D8 Advance withonochromatic Cul radiation

(A=0.154 nm) and atrange of 10to 9, was employed for crystal phase analysis. Further
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XRD analysis was carried out by estimating the taliite size using Scherrer's equation,
Xpert Highscore software was used for all XRD asalyincluding the deriving of

proportions of transitional Aluminas in the samplé®RkRD average crystallite sizes were
estimated by selecting 7 peaks corresponding todtminant Alumina phase and using

Scherrer’s equation.

3.3.4 Transmission Electron Microscopy

TEM is in use in this work to investigate the suggroperties of gamma-Alumina samples
before and after milling. The main properties und®restigation using TEM include
crystallite sizes, composition and surface striasuiThis method is in use in conjunction
with XRD to compare results of crystallite sizedaied and validate the results as the

methods use different working principles.

TEM is a branch of electron microscopy where a behralectrons as opposed to light is
used to produce images of specimen magnified tmfa tesolution. The use of an electron
beam provides the advantage that electrons havech higher resolving power as opposed
to light. TEM and SEM both use electron microscopyh the difference lying in the
electrons that are captured during the imagingSHEM secondary electrons are captured
providing information on shape of particles in séa&spvhereas in TEM transmitted electrons
are captured giving the internal structure of thetiples. The image below showing various
types of analyses that can be carried out usirgyg-and electrons, shows the differences in

interactions of beams with the specimen materiguiera et al, 1999).

The illustration in Figure 3.11 shows how TEM beatifter from all other analyses methods
as they are transmitted through the sample. TEMpegent can also be described as an
inverted light microscope with the illumination comg from the electron gun instead of a
lamp. At the top of the device, an electron gumests and emits a beam of high velocity
electrons. The voltage that is applied to heaetketron gun can be anything between 40 kV
and 100kV. The beam is deflected by a magnetic &kstransmits through the specimen.
The final image is focussed on a photographic maféuorescent screen. The device also has
a pump connected to it to maintain a high vacuurorder for the electrons to travel long
distances. Because of the mechanism of the TEMcdeonly samples that are strong enough
to resist beam damage can be examined. FiguresBd®s a comparison between a TEM

and a light microscope (Aguilera et al, 1999).
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Figure 3.11: lllustration of interactions of beamsof electrons and x-rays with specimen
material (Aguilera et al, 1999)

In this work, TEM using the FEI CM200 field emissitransmission electron microscope,
operated at 200 kV, was used to characterise tstatiite morphology of gamma-Alumina
samples. Further quantitative analysis of primastiple size and shape was also carried out
using Gatan Digital Micrograph. TEM average paetisizes were calculated quantitatively

by sizing 30 particles from TEM images.

high voltage

—7 __—Specimen

M
*i

|
Objective
Aperture

Inmmedlm

— -

Projectot

Electron

Prqutorl.uu |
Transmitted ; l \

signal image
qunugo.f_._A.

Figure 3.12: Comparison between TEM and Light Micrescopy (Aguilera et al, 1999)
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3.3.5 BET Theory

The BET method is in use in this work to determihe specific surface area of gamma-
Alumina particles before and after milling to assés any changes to the surface area due to
milling. The BET method is based on the physicaoaption of gas molecules on a solid
surface. This adsorption mechanism for calculatibavailable surface area on materials is
based on a calculation of the amount of adsorbaikeaules that are required to make a
single molecular layer on the surface of a specimaterial. BET acronym is derived from
Brunauer, Emmett and Teller (BET), who extendeddnamir’s theory (Langmuir, 1918) to
multilayer adsorption in 1938. When the amount a gdsorbate molecules exposed to the
surface of an adsorbent is known, an addition efatmount of adsorbate molecules adsorbed
onto a specimen will give the surface area of ffeesnen. When adsorbate molecules adsorb
onto a specimen, there is no distinct point in grecess were one monolayer of the
molecules is achieved on the surface of the matdriee BET method however allows the
derivation of this point where one monolayer ex@sighe surface of the specimen (Lowell et
al, 2004).

When physical adsorption is occurring, the morergetec sites on the surface of the
specimen are occupied by adsorbate moleculesdirkiw pressure and as the pressure is
increased, other sites on the specimen are thempmct by the molecules. BET theory
assumes that the adsorbate layer on the specintethanvapour of the adsorbate are in
dynamic equilibrium. This means that the first miayer on the specimen will be in
equilibrium with the vapour and if there are twgdes or more, the uppermost layer will be
in equilibrium with the vapour. This assumption mg#hat in every layer of adsorbate on the
surface of the specimen, there will be equal aggermolecules (Lowell et al, 2004). The

BET equation used in calculating surface areas/engas Equation 3.3;

1 1 c-1 (P :
W[P%—l] = Wc + woc (P—o) Equation 3.3

WhereP is the equilibrium pressure afi is the saturation pressure of adsorbates at the
adsorption temperaturéyV is adsorbed gas quantitym is the monolayer adsorbed gas
guantity andC is the BET constant which is shown as Equation 3.4

¢ ="k Equation 3.4
RT
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WherekE; is the heat of adsorption of the first layer te@th onto the specimen material and
EL is the heat of adsorption of the second and higlyers and equals the heat of liquefaction
(Lowell et al, 2004). The BET equation is usedkot an adsorption isotherm &fW [(Po
/P)-1] againstP/Po which produces a straight line which is usuallyhm the ranges of
0.05P/Py<0.35. The slope of the straight line is given asdipn 3.5;

§=— Equation 3.5

Where C is the BET constants is the slope of the BET plot andin is the monolayer
adsorbed gas quantity. The intercept of the BETiplalso given as Equation 3.6;

i=— Equation 3.6

Wherei is the interceptC is the BET constant an@/, is the monolayer adsorbed gas
guantity. From calculating andi as above, the adsorbed monolayer weiyt, can be
calculated as Equation 3.7;

W,=— Equation 3.7

From this, the total surface ar&gcan then be calculated as Equation 3.8;

S, = T Equation 3.8

Where A is the cross sectional adsorbate adais the adsorbate molecular weight,is

Avogadro’s number and/y, is the adsorbed monolayer weight (Lowell et a80

For a BET experiment to be run, the adsorbent sanspfirst added to a glass vessel and
degassed to remove any moisture and impuritiesmwitie sample. This can be done for up
to 16 hours to ensure that the surface of the ads®iis free from contaminants. A small
sample size of about 0.5 g is used and after degadhe sample is then attached to the
surface area measurement device. A dewar of ligitidgen is placed at the bottom of the
sample glass tube to cool the sample and maintdinvaemperature in order to promote

interaction between the solid adsorbent surfaceladas adsorbate (Barron, 2012).

The adsorbate gas, nitrogen in this case is injaate the glass vessel in calibrated amounts.
Before and after every measurement is taken, hedjasns used to quantify the dead volume

in the sample glass vessel as it does not interiictthe adsorbent. The amount of adsorbed
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gas depends on the available surface area, teaperaressure and interactions of the gas
with the solid surface area. Relative pressuretess than atmospheric pressure are also
maintained in the glass vessel by maintaining aigdavacuum in the vessel. Pressure
transducers exist on the BET equipment which meathigr changes in pressure caused by the
adsorption process. When the saturation pressueadhed, adsorption seizes and the sample
is then heated to release all the adsorbed nitrofj@m amount of this nitrogen is quantified
and used to plot one of the BET isotherms of redapiressure against quantity of nitrogen
adsorbed.

The desorption process is also recorded in the B&therms when the nitrogen is released
from the sample during heating. Nitrogen gas adsoresorption isotherms will be used to
derive surface areas for different gamma-Aluminangas (Barron, 2012). Adsorption
isotherms have been classified by the Internatiddrabn of Pure and Applied Chemistry
(IUPAC) to describe six different sorption behav®(@ owell et al., 2004). They range from
Type | to type VI. BET analysis involves use ofd@rof these isotherms namely type |, type

Il and type IV.

Type | isotherm describes microporous materiald wire diameters less than 2 nm such that
only one monolayer is likely to form on the adsatheype Il isotherm describes non-porous
or macroporous materials where monolayer and rayéi formation is expected and this is
the most common isotherm achieved in the BET teglenand type IV isotherm is achieved
in mesoporous materials with pore diameters of 2torbB0 nm and has a hysteresis loop
which is a result of pore condensation. The siptson isotherms can be shown in Figure
3.13 (Lowell et al., 2004). In this work, BET swéaarea measurements were carried out to
analyse any changes in specific surface area idiffezent mills. This was done using BET
nitrogen gas adsorption with the Micromeritics Tars2000. Samples were degassed at
400°C for a total of 4 hours prior to analysis. BETtjde sizes were estimated from specific

surface area (SSA) by use of Equation 3.9.
Dparticle (NM) = 6/([)*SSA) Equation 3.9

Dpariicle iS the particle size in nnp, is the density in gm and SSA in rfig? is the specific
surface area derived from BET.
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Figure 3.13: IUPAC classification of sorption isotlerms (Lowell et al., 2004)
3.3.6 Solid-state NMR

Nuclear Magnetic Resonance (NMR) spectroscopy eaddhined as the study of molecules
by recording the interaction between the nuclenofecules placed in a strong magnetic field
and radiofrequency electromagnetic radiations. Theso known as the ‘Zeeman effect’ as
it was first discovered by Zeeman. Radiofrequeraddiation, which is the type of radiation
used in NMR is at the lowest energy end of the tedetagnetic spectrum. It involves
energies of the order of 4®z. In electromagnetic radiation, each quantunmadfation is
called a photon and a photon possesses a discnedeind of energy that is directly

proportional to the frequency of the radiation.

Radiations below the visible region are incapalilereaking bonds and so radio-frequency
radiations fall in this region. In order for a pel& to absorb a photon of electromagnetic
radiation, the particle must possess a uniformogearimotion with a frequency that matches
the frequency of the absorbed radiation. Constraatterference of the oscillations of the
particle follows this process and the system carsdie to be in resonance. Absorption of
radio-frequency radiation occurs at this stage. N6&R then be described as the immersion
of nuclei in a magnetic field which is followed bwatching their frequency with the
frequency of electromagnetic radiation to ensuet #nergy absorption occurs (Rahnen
al., 2015). The main working principle of NMR is ihet magnetic properties of atomic

nuclei. The resonance signal is the spectral vz ts recorded from the radio-frequency
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receiver after the absorption of energy is detedted absorption of energy to occur, there
must be an interaction of the nuclear magnetic nmiwih an external magnetic field which
leads to a nuclear energy level diagram. This abse magnetic energy of the nucleus is
restricted to certain discrete values called eigkres which are associated with eigenstates
(only states an elementary particle can exist). @ilagram in Figure 3.14hows how a

resonance signal is generated from a sample.
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Figure 3.14: Generation of a resonance signal in kb-state NMR spectroscopy

A spectrum can be generated for any atoms whoskeirhemve a magnetic moment higher
than zero. When a resonance signal is generate@réa under the signal is proportional to
the number of protons that give rise to the sigmal this can be measured by integration.
Proton resonances can form singlet peaks but cansalmetimes form triplets and quartets
by splitting as a result of spin-spin coupling. 18ppin coupling is caused by a magnetic
interaction between different nuclei. Because prstoreside in different chemical

environments, different resonance signals can beddor protons. They are separated by
chemical shift. Correlations of spectral parametelnemical shift and spin-spin coupling can
give the structure of chemical compounds as welstascture determination of unknown

compounds.

Aluminium-Magic Angle Spinning-NMR (AI-MAS-NMR) hasbeen selected as a
characterisation method to identify aluminium casion different chemical environments in
both as-received and milled samples. This method loa used to identify different
coordinations of Alumina cations. Magic Angle Spimg (MAS) is the technique used in
solid-state NMR to improve identification and arsagyof spectrum by spinning the samples

at a set frequency at the magic angle. The magitegf) is the angle at which c6ém =
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1/3 with respect to the direction of the magneigtdf MAS narrows the broad lines in the
spectra obtained and hence improves the resol(@dnther, 2013). In this work, AI-MAS-
NMR measurements were carried out using a Bruk@mae IIl HD NMR spectrometer. The
external magnetic field used corresponded to alNKIR resonance frequency of 195.25
MHz. A commercial 4 mm MAS probe was used in comabon with 4 mm high speed
rotors. These had an inner diameter of 2.5 mm.spmning speed was set to 15 kHz. NMR
spectra were recorded with a single pulse sequerthean excitation pulse length of 16.

The recycle delay was 5 s.

3.4 Test Material (y-Al205)
Gamma-Alumina, which will be referred to &sAl>Os in this thesis, is a commercially
available material, manufactured by the dehydratibaynthetic boehmite, which is, in turn,
derived from sodium alkoxide. TheAl20s sample used is a high purity activated powder,
manufactured by Sasol under the code Puralox S@Bail is manufactured from a high

purity boehmite-Alumina. The sample is availabl@asdourless, white powder.

3.5 Properties ofy-Al203
Finding a relationship between changes-#i.0s material properties and milling energy is
of paramount importance. The generic physical ptaseofy-Al.O3 are shown in Table 3.1.
It is interesting to note that the melting temperatof y-Al20s is high (2000C) and this

provides thermal stability during reactions whe#l .Ozis used as a catalyst support.

Table 3.1: Physical Properties of Sasol SCFa-140Al-03(SasolTechData. 2012)

Property Value
Melting point C) 2000
Purity (%) 98
Impurities LaOs, NaO
Loss of Ignition, HO (%) 2
Packed Bulk Density (g/l) 800-1000

The main properties that are of relevance to ngliamd the use of-Al>Os as a catalysts
support include particle size, surface area andtarynorphology. These are investigated in
further detail by a full characterisation of ther&ax SCFal14@-Al.O3 sample.
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3.5.1 Particle Size ofy-Al203

During milling processes where size reduction esdim, the particle size of a material plays
a crucial role. The initial and desired post-mdliparticle size can determine the appropriate
mill to be used for size reduction as well as thergy required. Initial knowledge on the
particle size distribution is required. Laser dgifftion is a suitable method for analysis of
particle size. The Hydro unit of the MastersizeD@0s used for particle size analysis. A
small mass ofy-Al20s, typically less than 0.5 g, is added to the disiper tank. The
dispersant used is waterya#l20s is insoluble in water.

The sample is stirred at 650 rpm in the tank wiliBeSultrasound to aid in dispersipeAl 203
particles. The sample is delivered to the opticead at the machine pump speed of 1750 rpm.
As particles pass the laser in the optical unig thameter of particles is calculated and
reported as a particle size distribution. Analysaanples are disposed. The particle size
distribution ofy-Al>O3 observed by laser diffraction is shown in Figut@53 The patrticle
sizes are also reported according to particle sizémsv which 10% (gb), 50% (do) and 90%
(deo) of the total measured sample lies and this isvehia Table 3.2. i, dso and do particle

sizes given by the manufacturer of $hal 203 sample are also given in Table 3.2.
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Figure 3.15: Particle Size Distribution and Cumulaive Particle Size Distribution ofy-
Al203 by Laser Diffraction
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Table 3.2: Particle Sizes of-Al203 Given by Manufacturer and Determined by Laser

Diffraction
4-Al203 Sample Particle size (um)
D1o Dso Dao
Laser Diffraction 6.2 21.4 49.1
Manufacturer (Sasol) 5.9 19.5 45.3

As seen in Figure 3.15, the particle size distrdyushows that the greater percentage-of
Al>0Os particles lie below 10Qum. The manufacturer's particle sizes and partickess
determined by laser diffraction are relatively dani Laser diffraction is also used for
characterisation of particle size in the milled garot in subsequent chapters. The principle
behind the particle size measurements by this @iffeaction technique is based on the Mie
theory. It gives the equivalent sphere of the scai intensity of a single particle detected
during a measurement. Due to the assumption assdorath this technique, theAl2Os
particles were also analysed by SEM to observend@wemum projected area of particles and
particle shapes.

SEM analysis is carried out using a Carl Zeiss BM®15 scanning electron microscope at
20 kV in secondary and backscattered imaging mGaebon tabs are coated with powder
samples and placed on SEM metal stubs. Sample atabsputter-coated with a conductive
layer of gold before analysis to prevent chargi@gM quantitative analysis has also been
carried out using Gatan Digital Micrograph Partiddmalysis Software (Gatan Digital
Micrograph Offline, 2014). Average patrticle sizegres calculated from the derived size
distributions of a minimum of 500 patrticles. Theeffwient of variation was also derived by
dividing the average particle size with the stadddeviation of the size distributions.
Irregular and spherical particles with smooth stetaare observed in Figure 3.16. It can also
be seen that the particles have a wide particeedigtribution.

The coefficient of variation calculated from theugh quantitative analysis and shown in
Table 3.3 shows a large variation in the particdtes ofy-Al.O3 observed. It is appreciated
that SEM particle sizing is not conclusive due e hature of the method where the full
sample may not be represented by the powder amgéesSEM stub. However, it provides an
idea of observable sizes as well as insight int ¢mallest particles in the sample. The

smallest particle observed by laser diffraction &&M is 0.4um and 0.2um respectively. A
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full size distribution can be obtained from lasdfrdction, however, further information on
finer material within the sample is better analybg&EM.
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Figure 3.16: Scanning Electron Micrograph ofy-Al203 Particles
Table 3.3: SEM Number-based Quantitative Particle &e Analysis fory-Al203

Number-based Average Particle Size (um) 11.4
Coefficient of Variation 0.9
Smallest observed particle (um) 0.2

3.5.2 Specific Surface Area ofy-Al203

The specific surface area pfAlOz is derived from nitrogen adsorption using the Buser,
Emmet and Teller (BET) method. The BET method usdzhsed on the physical adsorption
of nitrogen gas molecules on thé\l>Os surface. The equipment used for this method is the
Micromeritics Tristar ASAP-2000. The adsorption fima&cism for calculation of available
surface area is based on a calculation of the atrafumitrogen adsorbate molecules that are
required to make a single molecular layer on thiéasa ofy-Al>0s. When a BET experiment

is run, they-Al203 sample, typically 0.5 g is first added to a glaessel and degassed at
400°C for 4 hours to remove any moisture and impuritihin the sample. Liquid nitrogen
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is used to cool the sample and maintain a low teatpe in order to promote interaction
between the solid adsorbepniAl O3 surface and the nitrogen gas adsorbate (Barrai®)20
Once attached to the BET equipment, nitrogen gagested into the samples in calibrated
amounts. Before and after every measurement isitdkaium gas is used to quantify the
dead volume in the sample glass vessel as it dutaateract with the adsorbent. The amount
of adsorbed nitrogen gas depends on the availabface area, temperature, pressure and
interactions of the gas with the solid surface aegAl-Os. Relative pressures of less than
atmospheric pressure are also maintained in thes giessel by maintaining a partial vacuum
in the vessel. Pressure transducers exist on tAeegHipment which measure the changes in
pressure caused by the adsorption process. Whersahgation pressure is reached,

adsorption seizes and the sample is then heatetktise all the adsorbed nitrogen.

The amount of this nitrogen is quantified and usedglot one of the BET isotherms of

relative pressure against quantity of nitrogen duokth The desorption process is also
recorded in the BET isotherms when the nitrogerlsased from the sample during heating.
Calculations of specific surface area are made ftbenamount of nitrogen adsorbed at
specific relative pressures. Pore sizes and pdwenas are also derived using this method.
Figure 3.17 shows the plot of nitrogen adsorbea grAl>Os surfaces at specific relative

pressures. The graph shows a large amount of eitr@gisorbed. The values of specific

surface area, pore size and pore volume derivedlsoeshown in Table 3.4.
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Table 3.4: Specific Surface Area, Pore Size and RoWolume ofy-Al203

Specific Surface Area (ffy) 145
Pore Size (nm) 13.85
Pore Volume (criig) 0.47

The BET method can be used to estimate primarycfmadizes from specific surface area
(SSA) by use of Equation 3.9.

Dparticie (NmM) = 6/(p*SSA) Equation 3.9

Where daricie is the particle size in nnp is the density in g/fmand SSA in fig is the
specific surface area derived from BET. It shoukdnimted that this estimated particle size
assumes spherical particles with surfaces that ¢goroentact over a minute area. It does not
give an accurate value but a range in which thégbasizes fall. The method also assumes
monosized particles. Table 3.5 shows a calculateticie size of 13.6 nm highlighting the
existence ofy-Al>Os as very small crystallites. If the pore size anidhpry particle size are
compared, it can be seen that their sizes areasimiB.85 nm and 13.6 nm respectively. This
reflects thaty-Al.Oz has relatively large pores. The pore volume ig alsservably large.

XRD and TEM can be used to verify the size of pryrnzarticles ofy-Al20a.

Table 3.5: BET Particle Size ofy-Al203

BET Primary Particle Size
Sample (nm)
A-R 13.6

3.5.3 Crystal Morphology of y-Al203

Particle size as measured by laser diffraction shibw agglomerate size g#Al 203 particles.

In order to gain an idea of the primary particleesishape and bulk crystal structure, X-ray
diffraction (XRD) and Transmission Electron Micropy (TEM) are used to characterise
Al20s. XRD is used for phase identification and to asalyhe bulk crystal structure and
crystallite size of the material, whilst TEM is ds® observe primary particle size and shape,
and crystallinity ofy-Al.O3. The principle of XRD is based on the scatterihgnoident x-ray
photons to atoms in their crystal lattice. As th@ays are scattered they give off a
constructive interference from which information tre structure of the crystals of the

material can be derived. XRD can be used to deterrthie composition, crystallite sizes,
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lattice strain and vacancies within a sample. A@anholder is filled with powder sample
creating a flat surface at the top. The sampledralsl placed in the XRD machine and run
with monochromatic Cul radiation {=0.154 nm) at a@range of 10to 9C. Figure 3.18
shows the XRD diffractogram foy-Al.Oz derived from the Bruker D8 Advance Powder
Diffraction equipment and when fitted using Xperighscore Software (Panalytical B.V.
Highscore with Plus Option, 2014) matches to ICRErence file 00-010-0425 forAl 20s.
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Figure 3.18: XRD Diffractograms showing they-Al203 sample and ICDD Reference File
00-010-0425 fory-Al203

Broad peaks are observed suggesting that the itgstaof y-Al203 are relatively small.
Equation 3.2 shows the Scherrer equation (Cullitg &tock, 2001) used to estimate the
crystallite sizes of-Al20s. As shown in Table 3.6, the calculated crystaBitees ofy-Al20s

range from 5-16 nm.

Table 3.6: Peak Positions, D-spacing, Crystallitei&s and hkl for ally-Al203 Peaks
Matching to ICDD Reference File 00-010-0425 foy-Al203

Peak| 2 Theta | d-spacing | Crystallite size | h k I
©) (hm) (nm)
1 19.7 0.45 11.3 1 1 1
2 31.1 0.29 11.5 2 2 0
3 32.8 0.27 15.4 1 1 2
4 36.9 0.24 5.8 3 1 1
5 39.6 0.23 11.8 2 2 2
6 45.5 0.20 8.7 4 0 0
7 60.2 0.15 11.4 5 1 1
8 67.3 0.14 6.7 4 4 0
9 84.9 0.11 12.0 4 4 4

The calculated XRD average crystallite size from pleaks observed and shown in Table 3.6
is 10.51 nm. TEM is used as a complimentary metbaghalyse crystallite sizes 9fAl20s.
The TEM used is the FEI CM200 field emission trarssion electron microscope, operated
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at 200 kV. TEM is a branch of electron microscopyeve a beam of electrons as opposed to
light is used to produce images of specimen maaphifo a high resolution. The use of an
electron beam provides the advantage that electrams a much higher resolving power as
opposed to light. In TEM, transmitted electrons @aptured giving the internal structure of
the particles.

The y-Al203 powder sample is dispersed in methanol and plated ultrasonic bath for 5
mins. A single drop of the dispersion in then pthoa a holey copper TEM grid. The TEM
grid is placed on the sample holder and insertedh#s microscope. From the TEM
micrograph ofy-Al20s in Figure 3.19, the-Al.0O3 sample appears to be made up of plated
primary particles. The particles can appear aslasatepending on their orientation on the
copper grid when TEM analysis is carried out. Thestallite sizes observed by TEM are
below 30 nm and hence support the crystallite estienates calculated from XRD.

Figure 3.19: TEM Micrograph of y-Al203
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A TEM average patrticle size can also be calculégdelecting 10 TEM micrographs and
carrying out a rough quantitative analysis of aifgé sizes using Gatan Digital Micrograph

(Gatan Digital Micrograph Offline, 2014). The obssal primary particle size shown in Table
3.7 is 16.9 nm.

Table 3.7: Average particle size, Coefficient of Maation and Aspect Ratio from TEM
images ofy-Al203

Average patrticle size (nm) 16.9
Coefficient of variation 0.5
Aspect ratio 2.5

Al-MAS-NMR is also used identify the different enenments the aluminium cations exist in
in the samples before and after milling. It is niainseful in this project for identifying
whether Al cations are in octahedral, pentahedraletrahedral sites. This is valuable in
identifying any changes that will have occurredtiie material during milling. The NMR
results shown in Figure 3.20 also show that thenadium atoms in the sample are shared
between tetrahedral and octahedral sites with @@r@ercentage in octahedral sites.

96973773
sample 20

—N _/’\-.__/'I \\

T T T T T T T T 1
400 300 200 100 0 =100 -200 =300 =400 ppm

Figure 3.20: NMR results of A-Ry-Al203
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3.6 Discussion
There is reasonable agreement between the ladeactidn particle size results and the
manufacturer’s particle sizes and hence laseradifiion has been adopted for use in particle
sizing in subsequent chapters. The particle size®roed by laser diffraction are in the
micron range. When compared with the primary plesiclerived by XRD and observed by
TEM in the nanometre range, it is clear that {h&l >O3 sample is composed of very large
agglomerates of much smaller primary particles.nWh appreciation of the difference in
technique principles of SEM and laser diffractidme SEM micrographs show that the sizes
observed by laser diffraction are reliable as thdigles observed were in the range of the

particle size distribution derived from the Mastees 2000.

SEM also proves to be a necessary complimentariiodefor particle size and shape as it
shows particles smaller than those observed by [iffeaction and a mixture of spherical
and irregular shapes. The BET method used to depeeific surface area shows a large
surface area foy-Al.O3 which compliments the material’s suitability foreuas a catalyst
support. The small crystallite sizes observed byf BEEM and XRD are the main reason as
to whyy-Al>Os has a large specific surface area. A comparisadheprimary particle sizes
observed by these three methods is shown in TaBle 3

In general, there is reasonable agreement, quadibgtbetween the sizes derived using the 3
techniques as the principles of measurement ofntieéhods are different. The primary
particles are single crystal in nature, as sugdesteTEM bright field images. Looking at
Table 3.8, it is important to note that thé\lOz crystallite sizes estimated from XRD using
the Scherrer’s equation are smaller than thoseroéddy TEM owing to presence of a core-
shell structure withiry-Al20s primary particles with a surface disordered sketrounding a

more ordered crystalline core as observed by (Retial.,2014).

Table 3.8: Primary Particle Sizes as Observed usinGEM and Estimated from XRD

and BET
_ _ XRD Crystallite . _
TEM Primary Particle . BET Primary Particle
. Size average of 7 '
Size average (nm) Size (hm)
peaks (nm)

10.5 9.7 13.6
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3.7 Conclusions
The characterisation gfAl>Os has been carried out with a focus on three maipeptes;
particle size, surface area and crystal morpholdigys important to achieve the desired
particle size reduction during milling whilst pregieg the crystal morphology of the material
as a change in morphology can result in a lossudase area. It is therefore necessary to
fully characterise a material before milling in erdto have a base from which milled
products can be compared. Successful charactendadis been displayed in this chapter and
has given a reasonably complete insight into thstemxce of they-Al.Oz sample before
milling. It is now of particular interest to furthéocus on the shift in particle sizes in laser
diffraction in order to quantify size reductionefimilling and complement this method with
particle shape and size analysis with SEM. Figu?& 3hows a plan of how the experimental

objectives will be achieved.

BET gives the specific surface area and it is @érest to observe how surface area is
affected by size reduction of agglomerates. If ahgnges occur to the crystallinity of the

material, these should be observed in XRD diffrgcms as well as crystallite observation
under TEM. BET can also shed light on crystal motphy changes as different materials

can exhibit different surface areas, and henceuldhphase change as that observed in
previous work detailed in Chapter 2 occur, thid aléo be marked by a difference in surface
area. Characterisation and analysis of milledl 2Oz by use of these methods will be carried

out in the following chapter.
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Chapter 4

Comparison of Different Milling Methods

4.1 Introduction

4.2 Experimental Devices and Procedures

4.3 Preliminary Milling Experiments

4.4 Particle Size Analysis of Three Milling Methods using Laser Diffiction

4.5 Characterisation of Particle Morphology of Three Milling Methods by
SEM Analysis

4.6 Characterisation of Surface Area using BET

4.7 Characterisation of Particle Morphology by XRD analysis
4.8 Characterisation of Particle Morphology by TEM Analysis
4.9  Discussion

4.10 Conclusions

A comparison of three selected milling methodsmiting, single ball milling and planetary
ball milling. The effect of these mills on the pdpes of gamma-Alumina such as particle
size, surface area and crystal morphology is ingastd. Further analysis of the results is

also carried out to relate the mechanism of milliaghe properties’ changes observed.
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4 Comparison of Different Milling Methods

4.1 Introduction
The effect of mill type on particle size, surfacgeaaand crystal morphology @fAl.Os is
presented. The reasoning behind choice of diffemahs is based on investigating the effect
of impact energies provided by different stress @sode. impact and shear stresses. The
desired agglomerate particle size required foraigeAl2Oz in catalysis is add of less than
10 um. Due to the hardness and semi-brittle failure enofly-Al 203, high energy milling is
required to achieve the desired fineness. Air jdiing and ball milling are widely used high
energy milling methods as discussed in Chaptelhg.thiree methods selected for millipg

Al>Os are spiral jet milling, single ball milling andgpietary ball milling.

The Hosokawa Alpine 50AS, a spiral air jet mill ttheduces particles by impact, was used.
The mill operates using compressed air and an figa®n into how air aids in reducing
particles can shed more light into the behaviouy-8d.0s during milling. For single ball
milling, the Retsch MM200 single ball mill was usé@the mill reduces particles by impact
and shear using a single ball as milling media. Bakaviour observed by milling with a
single ball can be expectedly different from mijinsing compressed air and hence the two
impact mills are a good choice for comparison. Fhigsch P7 was the planetary ball mill
selected for use and this mill reduces particlemiyndy shear and impact. The mill uses
balls as milling media and hence the effect of botleased milling media and shear stress

can also be investigated.

This chapter is organised as follows. Firstly, thilling devices used and the experimental
procedures are described. Preliminary tests fomwh milling conditions are presented with
results of the selected conditions. This is folldviay a particle size analysis of the conditions
selected for jet milling, single ball milling andapetary ball milling. The effects of milling
on specific surface area and crystal morphologyadse presented. A discussion of all the
results in the chapter is given and conclusionthereffects of the different mills opAl>O3

are presented. This chapter has been publishedh&ndorresponding authors have been
acknowledged in the introduction (Chaurwtal, (2015).
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Comparison of Different Mills

L 4

Question

How do different high energy stress modes frovL
different mills affect the morphology gfAl.Os
and which stress mode is the most effective for

size reduction of-Al,03?

<

Background

Different mills have been shown to affgef\l,Os
morphology in different ways but no work has
reported best method for the size reductiopof
Al;03 powders

€

Hypothesis

Different stress modes should produce different
extents of size reduction and different
morphological effects foy-Al,Os; powders

Conclusion Question: Which stress mode can be remed as the best for siz

reduction, which stress mode shows morphology tffacd why?

Figure 4.1: Hypothesis formulation for Chapter 4

e



78

4.2 Experimental Devices and Procedures

4.2.1 Spiral Jet Milling

The setup of the Hosokawa Alpine 50AS spiral jdt mishown in Figure 4.2 and includes a
small feed hopper at the top were the sample isirfethrough. The mid part of the mill

contains the grinding chamber which has two conga@sair inlets. One inlet allows

injection pressure through while the other allotes grinding pressure through. The injection
compressed air pressure valve is opened firstloawdior suction pressure. The grinding
pressure valve is then opened and set at a preasueast 2 bar less than the injection

pressure to allow suction of the sample into thié mi

Feed inle
"
L 4
Compressed air Grinding
inlets chamber

-
R
Figure 4.2: lllustration of the Setup of the SpiralJet Mill

As the sample is fed through the inlet, it is sucketo the grinding chamber where the
grinding air pressure results in particle-wall gratticle-particle interactions which lead to
breakage of the material. The material is therasad from the grinding chamber through the
outlet and is collected in the product bag at tb#dm. The mill can then be opened and
product recovered. Compressed air to the mill ippbed through the laboratory’s

compressed air pipeline at a maximum pressurel&r7This pressure means the maximum

achievable grinding pressure through this supp¥ Imr. The image of the mill is shown in

Figure 4.3.



Figure 4.3: Photograph of the Alpine A50S Jet Mill
4.2.2 Single Ball Milling
The Retsch MM200 single ball mill has two attachtadr ambient milling. Size reduction
of the particles occurs by vibration of the millijgr when the machine is running. The
milling jars compatible with the mill and used imetinvestigation were 11 ml in volume. A
schematic of the milling jar with dimensions is gmoin Figure 4.4.

50 mm milling vesst J

Clamg

10 mm /
milling
medic

Milling vessel S
< movemer

Figure 4.4: Retsch MM200 Single Ball Mill

Stainless Steel and aluminium milling jars areduddilling media is also varied to assess
the effect of different milling material on the sizeduction and morphology of the product
particles. The milling media used are single ball®, mm in diameter and made from
Stainless Steel and Zirconia. The milling frequentyhe mill can be varied between 3 and
30 Hz. For the experiments, 30 Hz is used. Sampleses are varied between 0.5 gand 2 g

depending on the ball-to-powder ratio to maintairatto of 10:1 respectively. The time for
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the experimental runs is varied from 1 to 1200 mirdiagram representing the setup of the

milling vessel and movement during operation ardntiilling device is shown in Figure 4.5.

Figure 4.5: Photographs showing (a) Vibration Millng Device and (b) Milling Vessel
with Milling Media

During milling experiments, a measured mass of sansptransferred into the milling jar of
size 11 ml. The milling media, a single 10 mm ditené&tainless Steel or Zirconia ball is
added into the jar. The jar is sealed with thébkdfore clamping the jar onto the Retsch single
ball mill and the jar is secured tightly using thamps and the safety cover is placed onto the
machine. The frequency of the vibrations is seB@oHz and the desired mill time is set.
Milling is commenced and after every experimental, the milled product is transferred into
a small glass vial ready for characterisation. €Rperiment is repeated for different time
intervals from 1 min up to 1200 minutes. Millingssels and media are varied according to

the conditions shown in Figure 4.6.

Stainless Steel has a higher density than Zircandaluminium. Zirconia, however, has a
higher hardness value than Stainless Steel argl therefore of interest to analyse which
material property of milling media takes precedeincthe single ball mill. Aluminium is also

used to observe whether a good size reduction eaachieved with minimal contamination

in the sample as this is a common problem in baliny.
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O

Stainless Steel vessel with Stainless Steel Aluminium vessel with Stainless Steel
milling media milling media
Stainless Steel vessel with Zirconia Aluminium vessel with Zirconia milling
milling media media

Figure 4.6: Experimental Setup Representations foFour Different Milling Conditions
used on the Single Ball Mill (SBM)

4.2.3 Planetary Ball Mill

The Fritsch P7 planetary ball mill, shown in Figdté&, is used for a milling time study. Two
45 ml Zirconia vessels, each with 3 Zirconia ballsmilling media, are used. The mill is run
at 700 rpm for milling times of 15 minutes to 30@hotes. The ball-to-powder ratio used is
10:1; 2 g of powder sample and 20 g of milling naedihe diameter of the milling media is
15 mm. During an experimental run, the milling \dssare filled with powder samples and
milling media for up to two thirds of the total wwhe of the vessel. The milling vessels are
sealed with Zirconia lids and tightly clamped oe thill. The safety hood is closed and the
time and speed of milling is set. The machine s for the required milling time. The
machine is regularly checked during milling to emrstine milling vessels are tightly clamped.
The temperature rise that occurs during millinglg closely monitored with a thermometer
to ensure the safety during the experiment. Afteesperimental run, the milling powders

are collected and characterised for particle siweraorphology.
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Figure 4.7: Photograph of Fritsch P7 Planetary BalMill



83

4.3 Preliminary Milling Experiments
In order to select the most suitable conditionsnfalting, preliminary tests were carried in
mills where optional materials and conditions wavailable for use. It is important to select
the most effective milling conditions as they cafiect the highest energy utilisation for size
reduction ofy-Al20s. This can determine whether the mills used canesehthe desired
particle size distribution with agglof 10 um and whether they cause any changes to the
structure ofy-Al>Os at the optimum conditions. For the Retsch MM208gka ball mill,
milling jars made of Stainless Steel and aluminiwere available with milling media made
of Stainless Steel and Zirconia. It was necessarngdt combinations of these materials to
find the most effective milling combination. Foetklosokawa Alpine 50AS, the compressed
air injection and grinding pressures can be varidte milling rate can also be varied. A
compressed air pressure study and feed rate stadycarried out to assess for the most
effective milling conditions. For the Fritsch P7apétary ball mill, the only materials
available were the Zirconia milling jar with 15 m#irconia milling balls. No preliminary
study was carried out for this mill. The ball-towper ratio (BPR) used was 10:1.

4.3.1 Spiral Jet Mill Preliminary Tests

Preliminary milling tests with the Hosokawa AlpiBB6AS included the variation of injection
and grinding pressures in order to define a millimgthod. The input pressures used for the
mill can be shown in Table 4.1. It is recommendedaintain a difference of at least 2 bar
between the injection and grinding pressures. Tikisnecessary in order to promote
continuous suction of the sample from the feedelfithe mill and avoid ‘choking’ the mill.

Table 4.1: Input Pressures for Jet Mill Preliminary Tests

Condition Injection Pressure/ bar Grinding Pressure/ bar
1 4 2
2 6 3

3 6 4
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Figure 4.8: Particle Size Distributions fory-Al203 Milled at Different Injection and
Grinding Pressures

The results in Figure 4.8 show a bimodal PSD. Therfocus on these results was to pick a
condition with the greatest percentage of fine metehence the smaller left peak on the
bimodal graphs was analysed. The combination jetiion and grinding pressure with the
greatest percentage of small particles was the r64bdar combination. This pressure
combination was used for further jet milling aachieved smaller particle sizes after milling
as compared to the other pressures. The prelimtestg shown in Figure 4.8 were carried
out by running the samples through the mill ontevds also identified from these tests that
jet milled samples would have to be re-fed into 1tiné repeatedly until the desired particle

size was achieved.

4.3.2 Single Ball Mill Preliminary Tests

A preliminary material study was carried out usihg single ball mill to assess the extent of
size reduction that could be achieved using differaaterials for the milling vessels and
milling media. This was done in order to selectrhiing equipment that would result in the
greatest extent of size reduction. Table 4.2 shivwssummary of preliminary experiments
carried out. In order to assess the extent of ig@daction, the Mastersizer 2000 (MS2000)
Hydro was used with water as a dispersant andsoltrad to obtain a particle size distribution
(PSD) before milling and after every milling tesirced out. The particle sizing was repeated
twice for accuracy by collecting 3 samples formizirom 3 different areas within a milled
sample and error bars representing this were iedud all PSDs. All preliminary tests were
carried out at a milling frequency of 30 Hz for ¢y durations between 1 min and 1200

min.
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Table 4.2: Preliminary Experiments with the SingleBall Mill

Experiment Number Milling Vessel Milling Media Abbr eviation
1 Stainless Steel Stainless Steel SSV SSBal
2 Stainless Steel Zirconia SSV ZBall
3 Aluminium Stainless Steel AlV SSBall
4 Aluminium Zirconia AlV ZBall

10 i
9 1 ANon-milled oo
= 1200 min SSV SSBall
8 - , ﬁt
%1200 min AlV ZBall A
7 1" 1200 min SSV ZBall ‘ """ ) R R A N
R 6 - %1200 min AlV SSBall i
£ 5
=]
S 4
3
2
1
0 ®

Particle size/ um

Figure 4.9: PSD of as-receiveg-Al203and after milling in conditions in Table 4.1

Figure 4.9 shows the PSD of as-received (A:R)I203 and after milling in Stainless Steel

and aluminium with Stainless Steel milling medial atirconia (ZrQ) milling media. The

PSD analysis can be shown more clearly in the catmel PSD graphs in Figure 4.10. The

cumulative PSD in Figure 4.10 show more clearly thare is an overlap in the AlV SSBall,

AlV ZBall and SSV ZBall samples. All three samplashieved similar particle size

reduction. The SSV SSBall sample however had thallest particles. This shows that the

smallest particles were achieved by milling in aildess Steel vessel with Stainless Steel

milling media. Further analysis was carried out dglculating a milling rate for all

conditions. A first order milling rate equation wased to compare the milling results by

expressing the ndn = 10, 50, 90) of the samples measured withe@sio time as shown in
Equation 4.1 (Kwan et. al., 2005).
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% = exp(—K,t) Equation 4.1

Dy is the dn of the milled sample; B the d at the milling limit where further milling results
in no size reduction, s the d of the sample before milling, t is the milling dticam and K

is the milling rate constant. In order to calculateilling rate, mill times, t of 10, 30, 60, 600
and 1200 min were used. Table 4.2 outlines theegalised for calculation of the(PDi /Do

- D)) parameter and Figure 4.11 shows the milling r@tg) for the different milling

conditions used.
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Figure 4.10: Cumulative PSD for A-Ry-Al203 and for milling combinations in Table
4.2
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Figure 4.11: Graphs showing the milling rates of-Al203 according to milling conditions
in Table 4.2
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The results in Figure 4.11 show the milling ratexoading to Equation 4.1. A good
agreement with the milling rate model by Kweinal (2000) is observed for all samples. This
shows that the size reductionyefAl.Oz follows a first order rate equation. The resultsoal
show that the SSB SSV condition has the highedingiitate and hence is the most efficient

of the four milling conditions used.

Samples ofy-Al20s from SBM preliminary tests were also analysed EjvSusing the Carl
Zeiss EVO MA15 scanning electron microscope. Thalysis was carried out in order to
assess the effect of milling on the particle simd ahape of-Al-Os particles. Figure 4.12
shows the SEM micrograph of-Al2Os particles before milling. The particles appear
spherical with smooth surfaces and there is véitg lbr no presence of fines (less than 1 pm)

in the sample.

e =
Width = 59.41 pm S da—

Figure 4.12: SEM micrograph ofy-Al203 particles before milling

The SEM images of the four milling conditions tes{@able 4.2) after 1200 min of milling
are shown in Figure 4.13. Figure 4.13 shows SEMyasdor samples with PSDs shown in
Figure 4.9, where the smallest PSD was observéder8SB SSV sample. This can also be
observed in Figure 4.13(a) which, when compareBigore 4.13(b), (c) and (d) shows the
smallest particles. The least amount of size rednat/as observed in the AIV SSB sample
by laser diffraction (Figure 4.9) and this can dtsoobserved in Figure 4.13(c). The SEM
results were in agreement with laser diffractiomtipe sizing and show a similar trend in
size reduction from smallest to largest of SSB SS\AIV ZB—SSV ZB— AlV SSB. The
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results confirm that milling with Stainless Steeillimg media in a Stainless Steel vessel
gives the smallest particles and hence this contibm#s used in further experiments.

Mag= BOKX  WO=100mm 000KV

(a

(C) Mag= B1BKH  WD=Omm  2000kV WPSE 63
7

Width = §7.28 um

Figure 4.13: SEM images of sample before millingrisert in (a)) and SBM samples after
1200 min of milling with (a) Stainless Steel vessehd media, (b) Stainless Steel vessel
and Zirconia ball, (c) Aluminium vessel and Stainles Steel ball and (d) Aluminium
vessel and Zirconia ball
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4.4 Particle Size Analysis of Three Milling Methods usig Laser Diffraction

4.4.1 vy-Al203 Particles Before and After Milling in the Jet Mill

Samples of-Al203 were fed through the JM for a total of 20 pasSesnples were collected
for particle size analysis after 5, 10 and 15 pas$egure 4.14 shows the particle size
distribution (PSD) and cumulative PSD of the p&tc As shown in Table 4.3, there was a
significant size reduction between the as-receif&dR) samples and the sample after 20
passes also shown by the measured characterizti af the particles where the A-R sample
had a @ of 49.10 um and the 20 pass sample hag af®.89 pum.

Table 4.3: Characteristic sizes (¢, dso and dho) of the A-R sample and samples milled
by the jet mill for 5, 10, 15 and 20 passes

Particle size (um)
Sample Dio Dso Doo
A-R 6.2 21.4 49.1
S pass 0.9 3.6 16.2
10 pass 0.9 4.7 12.3
15 pass 0.7 1.8 10.7
20 pass 0.6 1.2 2.9

The cumulative PSD in Figure 4.14b also showedrgnally fast rate of size reduction
between the A-R sample and the 5 pass sample whechreduced for subsequent passes; the
5 pass, 10 pass and 15 pass samples all showedea amatinuous reduction in larger
particles. Finally, the 20 pass sample showed &edareduction in larger particles within the
sample as the bimodal distribution in Figure 4.8hawed only a small peak for particles
larger than 6 pum.
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Figure 4.14: PSD of jet milledy-Al203 samples showing (a) the PSD distribution and (b)
the cumulative PSD after 5, 10, 15 and 20 passesdhgh the jet mill

Particles larger than 6 um in the 20 pass sampldight the importance of manipulating the
feed rate of the sample into the mill as this cahia reducing the number of non-milled
particles after running a sample. Further millingswnot carried out as the desired particle

size was achieved dgl= <10 pum) after 20 passes through the JM.
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4.4.2 y-Al20s3 particles before and after dry milling in the SBM

Figure 4.15 shows the PSD of samples milled udiegSBM with Stainless Steel milling

vessel and Stainless Steel milling media. The adbariatic sizes at different mill times are
shown in Table 4.4. The results show particle seiiction with increased milling time; the
decrease in large particles being evident by thgement of the tail of the PSD graphs to

smaller sizes with increased milling time.

Table 4.4: Characteristic sizes (¢, dso and dho) of the A-R sample and samples milled
by the single ball mill for 60, 600 and 1200 min

Particle size (um)
Sample D1o Dso Doo
A-R 6.2 21.4 49.1
60 min 1.6 10.7 52.5
600 min 14 54 20.0
1200 min 1.2 4.1 115

The cumulative PSD also shows a significant sigeicBon between 60 min and 600 min of
milling but a less significant difference betweedD6and 1200 min. Interestingly, the PSD
after 60 min milling showed larger particles tharthe A-R sample. This is presumably due
to adhesion of fine particles with high surfacerggeon the surfaces of larger agglomerates.
Further milling up to 600 and 1200 min ensureshiteakage of these larger particles without
any significant difference in the particle sizeuetion achieved.
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Figure 4.15: PSD of single ball milledr-Al203 samples showing (a) the PSD distribution
and (b) the cumulative PSD after 60, 600 and 1200imof milling

4.4.3 y-Al203 particles before and after dry milling in the PBM
Figure 4.16 shows the PSD of samples-#l-Os milled using the PBM at 700 rpm. The

characteristic sizes at different mill times arewh in Table 4.5. The results show an initial

significant decrease in particle size between tHe gample and the sample after 10 mins of

milling; further milling up to 300 min does not dsin a significant decrease in particle size.

A small increase in the volume of particles witkiie sample which is larger than the initial

feed size is noted as milling time is increaseds Thalso observed in the 60 min single ball

milled samples.

Table 4.5: Characteristic sizes (¢, dso and dho) of the A-R sample and samples milled
by the planetary ball mill for 10, 15, 30 and 300 tm

Particle size (um)
Sample Dio Dso Dao
A-R 6.2 21.4 49.1
10 min 1.0 11.5 457
15 min 1.0 115 42.8
30 min 0.8 10.0 32.4
300 min 0.7 8.7 30.2
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Figure 4.16: PSD of planetary ball milledy-Al203 samples showing (a) the PSD
distribution and (b) the cumulative PSD after 10, 5, 30 and 300 mins of milling
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4.4.4 Comparison of Particle Size Reduction by DifferenMills

Figure 4.17 shows a comparison of (a) the PSD éhdhe cumulative PSD of-Al>0Os
particles as-received (A-R) and after milling ire tABM for 300min, SBM for 1200 min and
JM for 20 passes.
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Figure 4.17: Size analysis results foy-Al203 particles showing (a) PSD and (b)
cumulative PSD of as-received (A-R) samples and aftmilling in the single ball mill
(SBM) for 1200 min, planetary ball mill (PBM) for 300 min and jet mill (JM) for 20

passes
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The PSDs in Figure 4.17a show that the greatestretuction of particles was achieved with
the JM, albeit this gave a bimodal distributionhnét majority of fine particles accompanied
by smaller distribution of larger particles. Foethall milled samples, the SBM samples had
smaller particle sizes than the PBM samples. HowtheePBM samples showed the greatest
amount of fines in all the milled samples, evidenthe cumulative curves shown in Figure
4.17b. The characteristic sizes can be shown ineTals. Considering theyglparticle sizes

of the PBM, SBM, JM and A-R samples, the JM metlapgears more suitable for dry
milling of y-Al0Oz particles.

Table 4.6: Characteristic sizes (¢, dso and dho) of the A-R sample and samples milled
by the SBM, PBM and JM

Particle size (um)

Sample Dio Dso Dao
A-R 6.2 21.4 49.1
PBM 0.7 8.7 30.2
SBM 1.9 4.1 11.5
JM 0.6 1.2 2.9

The particles from the JM samples show a steadjindetn average particle sizes with
further milling as observed in Figure 4.14 and simmwncrease in particle size after a certain
period of milling as that observed with the SBM aR8M in Figure 4.15 and. The
compressed air used for milling with the JM appearsid in keeping the particles fairly
dispersed as breakage occurs in the milling chanitber short residence time in the milling
chamber also reduces the possible number of cengasticles can have. This results in

consistent particle size reduction.

The PSD results for SBM samples (Figure 4.15) a@Bill Bamples (Figure 4.16) show only a
small reduction in size with increased milling tinkhis is between 600 and 1200 min for
SBM (Figure 4.16) and 15 and 300 min for PBM (Feyu4r.16). This is due to particles
reducing in size to a critical value where the Blguum state of milling is achieved. In this
state, whilst particles are reduced in size byntliléng energy supplied, at this critical size,
the fines produced and broken agglomerates begforto larger agglomerates joined by
weak van der Waals forces and eventually form agdes joined by stronger chemical
bonds (Balazt al, 2013). This results in a reduced effectivendsth® milling process in
terms of achieving size reduction. This can alsultén the assembly of agglomerates larger

than the initial maximum feed size as observedit SBM and PBM.
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According to the review done in Chapter 2, the naacdm of size reduction in the SBM and
PBM is different; the SBM is reported to reducetioégs mainly by impact whilst the PBM is
mainly by both shear and impact. The shearing @@RBM continuously produces fines for
all milling times, the agglomerates continue tovgias they are compacted onto the walls of
the mill by the shearing and impact effect and tompaction onto the walls of the mill,
results in strongly bonded agglomerates. This reatiuces the effectiveness of the mill.
The SBM, in turn, can initially produce fines whiarge agglomerates are broken at the
initiation of milling as observed after 60 mins.iJlcan result in larger agglomerates being
formed by weak bonds between fines and larger loroparticles, but prolonged size
reduction by impact, results in breakage of thesakly bonded agglomerates and better size
reduction than the PBM. This is also due to theeddatlvantage of the vibration effect in the
SBM. Further milling was not carried out after 28spes in the JM as the desired particle size
of a dholess than 10 um had been achieved. Conditions & Bier 300 min, SBM after
1200 min and JM after 20 passes were used foredurtbmparative analysis of the three

mills.
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4.5 Characterisation of Particle Morphology of Three Miling Methods by
SEM Analysis

Figure 4.18: SEM imaging ofy-Al203 particles showing (a) A-R sample, (b) SBM sample
after 1200 min of milling, (c) PBM sample after 30 min of milling and (d) JM sample
after 20 passes through the jet mill

Figure 4.18 shows SEM images for samples beforeadted milling in the SBM for 1200
min, PBM for 300 min and JM for a total of 20 passks laser diffraction measures patrticle
size at random orientation, SEM analysis was useahtlyse the maximum projected area
and shape of the particles. Figure 4.18a showsrisgphagglomerates with smooth surfaces
for A-R particles. After milling, the agglomeratbapes appeared less spherical and more
random in terms of their shapes. The agglomerafaces also appeared rougher as shown in
Figure 4.18b, ¢ and d. An accumulation of very fiparticles on the surfaces of the
agglomerates in the PBM samples is shown in Figut8c. This can reduce the efficiency of
milling as broken particle reassemble to form lgpgeticles and this is also observed in the
laser diffraction results in Figure 4.16 where auikbrium state of milling is observed.
Figure 4.18d for JM samples, when compared to Eigufi8a-c at similar magnification,
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shows much finer material. A rough number-basedadive analysis of SEM micrographs
was carried out for analysis of average partidesiand large particles and is shown in Table
4.7.

Table 4.7: SEM number-based quantitative particle ize analysis for PBM 300 min,
SBM 1200 min, JM 20 passes and A-R samples

Sample A-R | PBM | SBM | JM

Number-based Average Particle Size (um)| 11.4| 5.2 51 | 3.8
Coefficient of Variation 0.9 | 3.7 1.4 1.0
Largest particle (um) 70.7|161.6| 73.9 | 38.4

This was carried out for verification of fines alagiger particles observed in laser diffraction
results. With an appreciation of the differencéhiea principles of the two sizing techniques, a
similar trend to laser diffraction of size reductiof A-R—PBM—SBM—JM (from largest

to smallest particles) was observed. The smallagictes were observed in the JM samples
with majority of particles less than 3 pm as shawrkigure 4.18d. SEM micrographs of
PBM samples showed a wide variation in the parsctes and this is due to the large amount
of fines observed in the SEM images of the samp@leart from fines, the PBM sample also
had patrticles larger than those observed in the gaRple (106 um observed from laser
diffraction). This was also correlated with therf@tion of agglomerates larger than the A-R
sample during PBM milling observed in laser diftran results.

4.6 Characterisation of Surface Area using BET
BET surface area measurements were carried od{-Rr SBM after 1200 min, JM after 20
passes and PBM after 300 mins. According to Tale gamples from the JM and SBM
show a negligible difference in surface area whemmared with the A-R sample. However
there is a significant decrease in specific surtaea for the PBM sample from 136.6/gn

observed in the A-R sample to 82.&/g

Table 4.8: BET surface area measurements for A-R,BM, JM and SBM samples
showing specific surface area

Variable Sample
A-R | SBM | JM | PBM
BET surface area (fy) 136.6| 144.1 147.5 82.6

Further analysis on the PBM samples was carriebpBET surface area measurements for
the A-R sample and PBM samples milled for 60, 180 3800 min as shown in Figure 4.19.
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The results show a reduction in specific surfaga avith milling: from 136.6 &g in the A-
R sample to 119.8 ffy after 60 mins, 76 ffg after 180 min and finally 82.6%g in the 300
min milled PBM sample. The reduction in surfaceaarethe PBM reflects a change in the

structure of the sample during milling and will floether considered in the next section.
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Figure 4.19: BET surface area measurements for PBMamples after 0, 60, 180 and 300
min of milling showing specific surface area

4.7 Phase Identification by XRD analysis

Figure 4.20 shows the XRD patterns of the A-RI>Oz sample and samples milled in dry
state using SBM for 1200 min, PBM for 300 min arM fbr 20 passes together with
reference patterns fqrAl20O3 anda-Al203 obtained from ICDD Database. XRD analysis of
all samples shows similar diffractograms in the AJR1 and SBM samples. These samples
match well with ICDD reference file 00-010-0425 fBAl.O3 suggesting that the milling
processes do not affect the crystal structure eintlaterial. In contrast, the diffractogram of
the PBM samples however show the majority of pea&tching to ICDD reference pattern
00-005-0712 for-Al20O3 and some small peaks indicating a small amoumeminingy-

Al>Ozin the sample
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Figure 4.20: XRD patterns of AbO3 showinga-Al203 ICDD reference pattern 00-005-
0712, y-Al203 ICDD reference pattern 00-010-0425, as-receivedAl203 and y-Al 203
after milling in PBM (300 min), SBM (1200 min) andJM (20 passes)

This shows that dry planetary ball milling resutisa change in the crystal structure of the
material and induces a phase transformation fray-ho thea-Alumina phase correlating
with the reduction in the surface area observatderBET surface area measurements shown
in Figure 4.19. Additional peaks not correspondinoga- or y-Al2Os match to Zirconia

(ZrO2). This suggests contamination from the millinggad milling media.

Table 4.9: Crystallite sizes estimated from XRD paérns for as-received and after
milling in PBM (300 min), SBM (1200 min) and JM (20passes)

0 derystallite (n m) a dc(rlillstrsl)hte
hkl A-R JM |SBM | hkKl PBM
111 10.2 7.5 153 012 30.3
222 12.3 11.8] 134 024 19.8
400 9.7 8.8| 19.3 113 23.9

As presented in Table 4.9, the crystallite sizethefA-R and JM samples varied from 8 nm
to 12 nm whilst the SBM-Al 203 samples showed an approximate doubling in crystaize
showing growth ofy-Al2O3 during single ball milling. For PBM the estimatsize of the

transformedx-Al 203 crystallites ranged between 20 nm and 30 nm itidigan increase in
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the crystallite size due to phase transformatioth @rrelating with the results observed by
Kostic et al., (2000). Figure 4.21 shows the XRD diffractogramis damples dry milled in
the PBM for 30, 60, 180 and 300 min.

As milling time increased, the intensity of theAl.O3 peaks was observed to increase. This
shows that the transformation fromto o occurs progressively over time during milling
rather than being an instantaneous change. Theopiams of y-Al.O3 and a-Al20s in the
samples derived from XRD diffractograms are giver able 4.10. Interestingly, tleeand6

states of Alumina were never observed at any rgillime.
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Figure 4.21: XRD patterns of AbO3 showinga-Al203 ICDD reference pattern 00-005-
0712,y-Al203 ICDD reference pattern 00-010-0425, as-receivgdAl 203 and y-Al203
after milling in PBM for 30, 60, 180 and 300 min

As the samples in Figure 4.21 were milled withdna addition otr-Al 203 before milling, the
results differ from the observations of Bodaghi al. (2008), and show that with the
appropriate milling conditionsy-Al>O3 can be produced mechanochemically without any
seeding (Kostiet al., 2000). ZrQ contamination was also observed to increase dmmil

progressed as the intensity of the Zpg@ak increased with prolonged milling times.
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Table 4.10: Percentage of-Al203 and a-Al203 phases in PBM milled samples at 60, 180
and 300 min based on area under matched peaks byetluse of Xpert Highscore
software (Panalytical B.V. Highscore with Plus Optn, 2014)

Sample Phase Composition

% v-Al203 % a-Al203
60 min 59 41
180 min 46 54
300 min 6 94

4.8 Characterisation of Particle Morphology by TEM Analysis
Figure 4.22 shows TEM bright field images of: (2@ as-receive@-Al>Os and in (b), (c) and
(d) the samples after dry milling in the JM foraal of 20 passes, SBM for 300 mins and
PBM for 1200 min, respectively. In all cases itcisar that these secondary particles are
composed of agglomerates of nanometre-sized siogietal primary particles. A rough
guantitative analysis of the average particle s@eb shapes was carried out and is shown in
Table 4.11.

Table 4.11: Average particle sizes, Coefficients dariation and Aspect Ratios from
TEM images of JM, PBM, SBM and A-R samples

Sample A-R JM SBM PBM
Average patrticle size (nm) 16.9 16.6 19.7 22.0
Coefficient of variation 0.5 0.2 0.2 0.2
Aspect ratio 2.5 2.5 1.7 1.1

The crystallite morphologies observed in the A-Rngke appear plate-like with facetted
edges; note elongated needle shapes are also ethsdepending on the orientation of the
plate-like crystallites on the TEM support film. &M sample was similar in size and
morphology to the A-R sample as shown in Table 4Tife SBM sample (Figure 4.22c)
however shows a mixture of plate-like facetted @lises and less elongated, more rounded
crystallites. The sizes of the plate-like crystaliin the SBM sample have an average size of

17.2 nm whilst the more rounded crystallites hadveerage size of 22.2 nm.

The aspect ratio of the SBM samples (Table 4.1Bmaller than that observed in the A-R
and JM samples. This suggests fracturing of el@igptates during SBM, which results in
more equiaxed particles. Overall the primary cigsta the SBM samples appear slightly
larger than those in the A-R and JM samples, pmogiévidence for coarsening @fAl>O3

particles with milling. This can be observed in kg 4.22c. However, the PBM samples,
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which from XRD had transformed @-Al>0s, showed more octahedral-shaped crystallites
with an average size of 22.0 nm and a coefficidntasiation of 0.24 as shown in Figure
4.22d (ii) and Table 4.11.

Figure 4.22: TEM micrographs illustrating the morphology of they-Al203 particles by
bright field TEM showing (a) A-R, (b) JM after 20 passes, (c) SBM after 1200 min
milling, (d)(i) PBM after 300 min milling and (d)(ii) inset of single crystal after 300 min

milling in PBM

4.9 Characterisation of Chemical Environment by NMR Andysis
Solid-state NMR was used as a characterisationttobktter understand the structureyof
Al>03 samples after milling. Duveét al (2011) reported on a change in the sites of
aluminium cations during milling. The results an@wn in Figure 4.23. The arrows in Figure
4.23(a) show the peaks that represent aluminiumreain tetrahedral sites and octahedral
sites. It can be observed that for A-R, SBM andsHvhples, similar peaks are observed for

the aluminium cations. The PBM sample however shawsnaller peak for the aluminium
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cations in tetrahedral sites signifying a reductiorcations in these sites. This aligns well
with the phase transformation observed as an iserga-Al 203 means that more aluminium

atoms are in octahedral sitesAl Oz exists as a hexagonal structure and hence alliraium
cations are in octahedral sites.
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Figure 4.23: NMR results for samples (a)A-R and saples milled in the (b) JM, (c) SBM
and (d) PBM

4.10 Discussion

Further analysis was carried out by a comparisopagticle or crystallite sizes for A-R, JM
(20 passes), PBM (300 min) and SBM (1200 min),wéetifrom BET, TEM and XRD as
shown in Table 4.12. In general, for all samplesdhs reasonable agreement, qualitatively,
between the sizes derived using the three techsigsi¢he principles of measurement of the
methods are different. The primary particles anglsi crystal in nature, as suggested in TEM
bright field images. It is important to note thaety-Al2Oz crystallite sizes (Table 4.12)
estimated from XRD using the Scherrer’'s equati@nsanaller than those observed by TEM

owing to presence of a core-shell structure withitll.Os primary particles with a surface
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disordered shell surrounding a more ordered ciystatore as observed by Rozih al.
(2013).

Table 4.12: Primary particle sizes as observed uginTEM and estimated from XRD and

BET
TEM Primary XRD Crystallite BET

. : : Primary

Sample Particle Size | Size average of 7 Particle
average (nm) peaks (nm) Size (nm)

A-R 16.9 9.7 13.6

SBM (1200 min) 19.7 13.6 12.9
JM (20 passes) 16.6 11.3 12.6

PBM (300 min) 22.0 25.0 22.5

Similar crystallite sizes were observed in the ARd JM samples, whilst from XRD and
TEM, SBM samples showed larger crystallites. TheMPBamples showed the largest
crystallite sizes averaging ca. 25 nm and theselmgatimary crystal sizes for Boehmite-
deriveda-Al203 (Kim et al, 2007); here we also note that the TEM and XRB3tetlite size
data are closer in value, presumably due to theelransformation to the-Al>Os crystal

structure, which does not exhibit a disorderedcstime at the surface of the particles.

The formation of largewn-Al>Os crystallitesby a crystallographic rearrangement of the close
packed planes of-Al.Os from a cubic close packed to a hexagonal clos&guastructure
that is stoichiometrically balanced with less vagas results in a reduction in specific
surface area (Table 4.8). The dehydration of Bo#hrto form y-Al>Os is a topotactic
transformation resulting in a similar crystal agament. Further dehydration results in less
well-defined transition statess (and 6 phases), andi-Al2Oz is the final stable phase.
However, mechanochemistry processes during millipgear to result in a transformation
from y-Al20s to a-Al 203 without any observation of the intermediatand6 transition states
(Figure 4.21). This transformation with an abseottd and6 transitional A}Oz phases was

also observed by Tonegt al (1994) who observegandxk transitional states instead.

This suggests that a different mechanism to thadedfydration may be occurring during
milling under the conditions used. It is observedl tsize reduction in the SBM and JM does
not initiate phase change. However, the effecthefsing that is present in the PBM may be
the main initiator of phase change by a possibleasinduced nucleation approach

documented by Bagwelkkt al (2001). In a shear mechanism, atoms in the regibn
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transformation shift a short distance into a neystal arrangement (Bagwaedt al, 2001). In
this case,y-Al20O3 exists as a cubic close-packed defective oxygeneltructure with
aluminium cations in interstitial positions in ethoctahedral or tetrahedral sites (or both)

and vacancies.

The defective structure gfAl>Os coupled with tri-axial stresses from the PBM casuit in
the movement of atoms by slip on close packed pldren the cubic close packed to the
hexagonal close packed structure (Bagwetl, 2001). Similar results to Duvet al (2011)
of a reduction in aluminium cations in tetrahediés is observed in the NMR results. This
confirms a change in the structural arrangemerthefmaterial asi-Al>Os evolves during
milling. Penta-coordinated aluminium cations argveeer not observed and a more in depth
study with variation of milling variables is reqged as it can reveal whether this occurs

during the process.

It can therefore be suggested that the mode of amécdl energy supplied; impact, shear,
attrition, possibly determines whether mechanockegnivill occur. This can only be made
conclusive by the study of isolated stress modesnsimulating impact energies during
milling. Here, impact energy alone in the JM (ahhignpact energy mill) does not affect the
structure ofy-Al2Os. A presence of limited shear stresses in the SBildrgtion milling)
results in a small increase in crystallite sizehaitt transformation. This may arise via a
possible growth of crystals to a critical size efoshear-induced nucleation and
transformation occurs, as stated by Bagwetllal. (2001) and observed by Dynys and
Halloran (1979). This suggests that impact energyea will not cause transformation.
Growth of crystals in SBM samples shows that theaslstress supplied by the mill affects
crystal morphology but is not sufficient to iniggbhase transformation #eAl 20s.

This work does not only highlight the stress modediso the amount of energy supplied by
each stress mode in each mill. Zielinskial (1993) observed phase transformation using a
vibratory mill. The difference between the SPEXIraged by Zielinsket al (1993) and the
Retsch MM200 is that the SPEX milling jar is atamgle during milling while the Retsch
MM200 milling jar remains horizontal as shown imgéiie 4.24. The powder in the horizontal
jar experiences less shear stress compared tmttet SPEX. It is also important to note that
in the Retsch MM200 mill, only one single ball isedl whereas the SPEX milling jar is large
enough for more milling media, 10 mm or bigger iandeter. This also increases the amount
of energy transferred into the powder. The diffeeems shown in Figure 4.24.The PBM
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however supplies the adequate amount of shearsstreigh favours shear nucleation wf
Al203 from y-Al 20s.
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Figure 4.24 : Difference between the (a) Retsch arfi) SPEX vibratory mill

4.11 Conclusions

Jet milling is a more suitable size reduction mdtfar dry milling ofy-Al.Os powders when
compared with planetary ball milling and singlelballling, as it effectively reduces size
without affecting the morphology of the materiabr@amination of samples with Zs@lso
occurs during planetary ball milling and is obserte increase with time. Dry planetary ball
milling results in a phase change fromto a-Al.O3 as observed by XRD patterns and
octahedral crystal shapes in TEM. A significanslo$ surface area from 136.6/qto 82.6
m?/g is evident in the planetary ball mill samplesndering the planetary ball mill as less
suitable for size reduction of catalyst supportse dbservation of transformation in planetary
ball milled samples is likely to be caused by hétjear stresses in the mill that result in shear
nucleation and formation ofAl>Os. This, however, requires further investigation ethwill

be addressed i€hapter 5of this thesis. The single ball mill is also oh&s to cause a
change in the morphology @fAl>Os although it does not result in phase transformafide
observed changes are likely due to small movemaihttoms at surfaces initiating phase
transformation within the sample and hence causingtals to appear larger. Further
investigation is also required here and will beradded irChapter 6of this thesis.
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Chapter 5

Phase Transformation in the Planetary Ball Mill

5.1 Introduction

5.2 Experimental Devices and Procedures

5.3 Ball-to-Powder Ratio Study in the Planetary Ball Mill
5.4  Material Study in the Planetary Ball Mill

5.5 Milling Media Size Study in the Planetary Ball Mill
5.6 Effect of Milling Aids

5.7  Discussion

5.8 Conclusion

Milling gamma-Alumina using the planetary ball mdlinvestigated further by a variation of
process conditions. The effect of the stress momeded by the planetary ball mill on the
properties of gamma-Alumina is derived from thesestigations. A mechanism of phase

transformation from gamma-Alumina to alpha-Alumisg@roposed and further observations

on the effect of milling material are also discussethis chapter.
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5 Phase Transformation in the Planetary Ball Mill

5.1 Introduction
Phase transformation fropaAl Oz to a-Al20s is observed in planetary ball milled samples as
discussed in Chapter 4. This effect is caused bghameochemical reactions that occur when
mechanical energy is appliedteAl.Os. Mechanochemistry as detailed in Chapter 2 ishofte
initiated by high energy ball milling. In order beetter understand the interactions of powder
samples with milling media and milling vessels lie fplanetary ball mill, it is necessary to

conduct a study on the mill.

A variation of different conditions during millinguch as ball-to-powder ratio, milling media
size and milling media and vessel material, candshather light into the phase
transformation observed. This is because, by vgrgifierent conditions, the impact energies
supplied to the powder samples are also variets then possible to deduce the milling
conditions that effect phase transformation. Maferimation on the range of impact energies
supplied by different milling conditions can allamoice for the most suitable conditions for
the desired product. It is also then possible tdate the stress mode that effects phase
transformation and come up with a mechanism of tlwevchange is initiated and carried
forward. Shear stress has been suggested in Cliagsean initiator for phase transformation.
This finding is however, inconclusive and requit@sher investigation. The effect of milling
aids such as lubricants and water can also shidihgp how additional substances in the

mill affect the rate of phase transformation.

This chapter is organised as follows. Firstly, thilling devices used and the experimental
procedures are described. A planetary ball milletistudy is presented with results of the
characterisation carried out after milling. Thisaowed by a milling material and milling
media size study, which includes particle size ysialand morphology characterisation.
Finally, an analysis of the effect of milling withids such as water and zinc stearate is
attempted. A discussion of all the results in tihepter is given and conclusions on the

effects milling conditions in the planetary balllihaire given.
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Planetary Ball Mill Study

¥

Question

Does a variation of other mill parameters of th
PBM apart from time produce product with
different morphological changes and does it shgw
different rates of phase transformation?

2

Background

The time study of the PBM in Chapter 4 shows
different rates of phase transformation and
previous work (Zielinsket al, 1993) shows
different effects from varying mill material

Hypothesis

Different mill parameters should result in differen
rates of phase transformation; high energy mill
parameters should result in more morphological

effects

¥

Conclusion Question: What do the results tell albbetconditions required for phas
transformation fromy-Al2Os to o-Al2Os and how can knowledge of energi
contribute to a better understanding?

e
2S

Figure 5.1: Hypothesis formulation for Chapter 5
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5.2 Experimental Devices and Procedures

The Fritsch Pulverisette 7 mill detailed in sectfhB.2 has already been used for a planetary
ball mill time study. A study of the effect of batl-powder ratio, milling media size and
milling material is also carried out with the FeitsPulverisette 5 mill shown in Figure 5.2.
The mill is operated at the maximum milling speédt@0 rpm. The volume of the milling
vessels used is 250 ml and a ball-to-powder rati@0ol is used. The milling vessels are
filled up to two thirds of their total volume. Fodifferent milling materials are tested; Agate,
Zirconia, Stainless Steel and Alumina. In the mglimaterial study, the milling media size

used is a diameter of 20 mm.

Figure 5.2: Fritsch Pulverisette 5 Planetary Ball Ml

The milling media size study is carried out witlicdinia milling vessels and Zirconia milling
media. The milling media size is varied from ~2 rfind -2.5 mm) to 20 mm and milled for
120 minutes. The milling vessel and milling medsed for the experiment is shown in
Figure 5.3.
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rconia . ——
250 ml

Stainless
Steel
250 ml

(@) (b)

Figure 5.3: Milling vessels and milling media for lall-to-powder ratio, milling material
and milling media size studies showing (a) all milig vessels and (b) Zirconia 250 ml
milling vessels with 4 Zirconia milling media sizes

During an experimental run, the milling vessels fidled with powder samples and milling
media and tightly clamped on the mill. The safetydh is closed and the milling time and
milling speed are set. The mill is run with perizalichecks every 20 minutes to ensure the
milling vessels are tightly clamped and to ensine temperature of the milling vessels is
within safe limits. Table 5.1 is a detailed outliokthe properties of all the milling vessels

and milling media used in the experiments withEnésch Pulverisette 5 mill.

Table 5.1:Equipment Used for Fritsch P5 Planetary Bll Mill Study

. Milling
Milling Tools Media
Mill Type . . Youngs Vickers :
Material Size Denrs;gy Modulus Hardness Diameter
(m) | (@em?) | " 5pa) GPa) | (mm)
Agate
99.9% SiG 250 2.65 70 7.85 20
Sintered 300
corundum 250 3.8 15.00 20
99.7% AbOs
Fritsch Stainless Steel 20
Pulverisette| 17-19% Cr
5 8-10% Ni 250 7.8 200 5.30-6.4 0
+ Fe
Zirconium ig
dioxide 250 5.7 250 11.77 5
0,
95% ZrQ 1525

The effect of milling aids such as water and ziteasate is also studied in the Fritsch P5 and
Retsch PM100 planetary ball mill with 20 mm millingedia (shown in Figure 5.4). In this
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study, the milling material was varied for wet nimg) in water. Zirconia milling vessels and
milling media were used and the mills were operated00 rpm. A ball-to-powder ratio of

10:1 was maintained for all experiments.

(b)

Figure 5.4: Photographs showing (a) Retsch PM100auetary ball mill and (b) various
milling vessels and milling media with the Zirconiamilling vessels and milling media
used in experiments shown by a red asterisk

5.3 Ball-to-Powder Ratio Study in the Planetary Ball Mil
When loading the planetary ball mill with millingedia and the material to be milled, it is
important to add the two in a ratio that allowsaént milling of the material. Two ball-to-
powder (BPR) ratios have been selected; 5:1 antl fbd:use. An Agate milling vessel with
Agate milling media were used for the investigatigkfter milling, the samples were
characterised for particle size reduction and molqyy changes by use of laser diffraction
and XRD respectively. Table 5.2 shows the variabses.

Table 5.2: Variables for BPR Study in P5 PlanetaryBall Mill

Dependant variableg Controlled variables Independaiable

Ball size/ mm 20
0, - .
0% ofa_AI 203 Material Agate BPR 10:1
Dgoopatrticle size Time/ hr 13 51
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5.3.1 Particle Size and Shape Analysis for BPR Study

Figure 5.5 and Figure 5.6 show the particle sis&ithution for the two samples milled with a
varied BPR and characterised using laser diffractithe results shown are after 3 hours of
milling. It can be seen that a higher BPR of 1&chieves smaller particles. The 5:1 sample
also shows patrticles larger than the A-R sample Jamples are further analysed by SEM
imaging to observe the particle shapes as wellhasntorphology of the large particles

observed in laser diffraction.

Volume %
o = N w SN (03] (e)] ~ 0] (o]

Particle size /jum

Figure 5.5: Particle size distribution fory-Al203 samples milled in Agate with BPRs of
5:1 and 10:1 for 180 min

100 T---r-t-rrrrAT-=T=a=Ta71T

_———Cc_-L__1I__2J

Cumulative Volume %

. .10
Particle size /um

Figure 5.6: Cumulative particle size distribution for y-Al203 samples milled in Agate
with BPRs of 5:1 and 10:1 for 180 min
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Figure 5.7 shows the SEM images for the sampleledndt a BPR of 5:1 and 10:1. A large
amount of fine material is observed in the 10:1 ganand this is not observed in the 5:1

sample. This shows that more efficient particleakegje occurs when a higher BPR is used.

10 pm 200K X EHT = 20.00 kV
WD=76mm ESBGrid= 600V

10 pm 200K X EHT = 20.00 kV
WD = 7.5 mm ESB Grid= 600V Imagy 9
File Name = CC_02 tif

(b)

Figure 5.7: SEM images of BPR study samples showimgpwders milled at a BPR of (a)
5:1and (b) 10:1

From the SEM images, a number based particle sstebdition has been carried out to
derive the amount of particles below 1. It can be seen in Figure 5.8 that the samplle wit
the 10:1 BPR has the largest number of fine pasicln terms of size reduction, a higher
BPR is more favourable for achieving smaller p&tic The sample with a ratio of 10:1
contains 50% lesg-Al>0Os powder than the 5:1 sample and this allows fotebetontact of
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the sample with milling media and milling vesselligalncreased contacts allow for more
particle breakage and better size reduction. Aults from this study show that a ratio of
10:1 can be used for size reductiony&kl 203 powder. It is also; however, clear that milling
with Agate does not achieve the required partide seduction with ad4d of less than 1@Qm.
The sample only contains a minimal amount of srpaiticles. It is, therefore, necessary to
test different milling materials to assess if seafjarticles can be achieved.

250

200

Number of particles_
38 8

g

0
Nl AP\ R 000,60, (0,80 0600010180060 o0 9.60\09%\050\\90\\50,\190\15’0\39“«35’0«&@“\0‘3
Particle Size (um)

Number of particles

\955 Q.‘-’Q \.@ \.50 'L.QQ q,.‘ﬁ 390 fg,.‘JQ 5‘90 gfﬁ c_,.@ 5.5“ _Q,QQ 6‘91 w A ‘5“ $.® 9,50 990 9.50,&90\(;5»\'\ 9“,\\3’0,\1@,\15“,\5@\563\&90‘“0@
Particle Size (um)

Figure 5.8: Number based particle size distributiorof BPR study showing samples
milled in Agate with a BPR of (a) 5:1 and (b) 10:1
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5.3.2 Phase Identification by XRD Analysis

It is also of interest to investigate the effedtplanetary ball milling on the morphology pf
Al203 powders. XRD analysis has been used to assesfevietvariation BPR affects the
morphology ofy-Al>O3 powder. Figure 5.9 shows the XRD patterns forsaples milled
at different BPRs. It is clear from comparing theRAsample with the milled samples that
milling in Agate does not initiate phase transfotioa This could likely be due to the
material properties of Agate i.e. low hardness dedsity, which result in lower energy
impacts and hence the mechanical energy suppliedtisnough to cause any phase change.
The intensity of the silicon peak in the milled gdes also highlights a high level of
contamination. The 10:1 BPR sample has a highegl le¥ contamination than the 5:1
sample. This shows thatAl.O3 powder is too abrasive for milling in Agate. A heg BPR

results in more abrasion of the mill walls and imglmedia with the powder.

Si

7 Agates:1

Si Agate 10:1

Intensity (arb units)

00-046-1131 5-A1,0,

)

00-005-0712 c-ALO,

. 1 . 1 . ] : 1 : 1 i 1 ;
20 30 40 50 60 70

2 Theta (Degrees)

Figure 5.9: XRD Diffractograms for BPR Study showng y-Al 203 reference file 00-010-
0425, A-R sample and-Al203 milled at a ratio of 5:1 and 10:1
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5.4 Material Study in the Planetary Ball Mill
In order to have a better understanding of the @h@nsformation observed in the mill type
study in Chapter 5, it is necessary to understawdhAl Oz powders interact with different
milling materials during milling. This has been @doy selecting four different materials and
milling using similar controlled variables. The ditions used in the milling material study
are shown in Table 5.3. Having carried out the ingllexperiments, the milled samples are

characterised for size reduction and morphologyghs.

Table 5.3: Milling Conditions for Material Study In Fritsch P5 Planetary Ball Mill

Dependant variables Controlled variables Independanmable
Time/ hr 3 Agate
% of a-Al203 Ball size 20 mm Material type Alumina
Dgo particle size Medium Dry Zirconia
BPR 10:1 Stainless Steel

5.4.1 Particle Size and Shape Analysis of Milling Materi&Study

It is of interest to analyse the efficiency of thetsch P5 planetary ball mill in terms of size
reduction in order to deduce whether the mill cenieve the required size reduction of less
than 10um. Figure 5.10 shows the particle size distributbrthe material study carried out

and Figure 5.11 shows the cumulative distributiaasderived from laser diffraction. Size

reduction can be observed for all four conditioRsere is however no significant difference

in the size reduction achieved by the four différaaterials.

The results can also be further analysed by comgahie do, dso and do particle sizes. As
shown in Table 5.4, there is no significant diffeze in the size reduction observed in the
Zirconia, Alumina and Stainless Steel vesselsaitt, iowever, be observed that in the Agate
vessel, the particle sizes are larger than in therahree materials. Agate shows to be less
effective when compared with the other three nglimaterials. The & particle size in all
vessels is larger than the A-R sample. This suggestt milling the PBM can result in re-

agglomeration of particles.



Table 5.4: Characteristic sizes (b, dso and deo) of the A-R sample and samples milled
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by the Fritsch P5 mill in Zirconia, Agate, Stainles Steel and Alumina

Particle size (um)

Sample Dio Dso Doo
A-R 6.2 21.4 49.1
Agate 0.9 13.5 65.4

Stainless Steel 0.6 11.2 74.2
Alumina 0.6 9.6 63.4
Zirconia 0.6 10.1 65.2

10 T -~ rTTrTrTIrrTTTCr : _________________ : _________________ : ________
9 - eZrconia  crorororren ol A
8 - mStainless Steef -~~~ rrn EXXXX?K """"" R
71 Alumina "I EX%K """" RRERERS

X 6 | TR

(O] 1

E 5+ ===~
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3 D
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1 g
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Figure 5.10:

Cumulative Volume %

Figure 5.11: Cumulative particle size distributionfor y-Al203 samples milled in

Particle size distribution fory-Al203 samples milled in different milling

100 t-----a-a-raaar r
90 |- & Zirconia
80 T m Stainless Steel
70 Alumina
| eAgate

Particle Size/ pm

materials

Particle Size/ pm

different milling materials
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Although laser diffraction sheds light into thelfparticle size distribution of all samples, the
Mie theory used for calculations for particle sizassumes spherical particles. It is therefore
necessary to analyse the particles with SEM fotiggarshapes and sizes. Figure 5.12 shows

the SEM images of the A-R sample and the four sasnjpbm the milling material study.

Mag= S00KX  WO=EBOmm 2000 kY VFSE G3

anesam Cepnas

Figure 5.12: SEM imaging ofy-Al203 particles showing (a) Agate sample, (b) Stainless
Steel sample, (c) Alumina sample and (d) Zirconiaasnple after 300 mins of milling

It can be observed from Figure 5.12 that the Agataple has larger particles than the other

three samples. There is, however, no significaseokable difference in the particle sizes of
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the Stainless Steel, Alumina and Zirconia samplesge agglomerates of finely milled
material are also observed in Stainless Steel sasyggesting re-agglomeration observed by
laser diffraction. Although the A-R sample is coreed of spherical particles with smooth
surfaces, the particle shapes after milling aregutar with rough surfaces. Further analysis
has been carried out on SEM images in Figure Sl8etive number based particle size
distributions. These are shown in Figure 5.13 dr@hm be seen that the largest amount of
fine material below 10um is obtained in the Zirconia milling vessel. Andeof size
reduction can be derived from the number basedillision for frequency of particles less
than 10um. It shows that the frequencies from largest arhéorsmallest amount follow;
Zirconia—Alumina— Stainless Steeb Agate. This trend is similar to that observed dger

diffraction and an agreement in the results has bbserved.
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Figure 5.13: Number based particle size distributias of material study showing
samples milled in (@) Zirconia, (b) Agate, (c) Alurma and (d) Stainless Steel

Although small differences in size reduction effiety are observed in the four different
materials with a trend of Zirconia»Alumina— Stainless Steeb Agate, overall there is no
significant difference in the particle sizes acli@vlit is therefore necessary to analyse the
material further for morphological effects in th#ferent mills which may include surface

effects, crystallographic effects and levels oftaamination.
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5.4.2 Phase Identification of Milling Material Study

Phase transformation has been observed in thelFr#g mill with Zirconia milling material.
It is of interest to investigate the effect of di&nt milling material in order to identify the
main factors that result in the formation @#l.0O3 from y-Al20s. XRD has been used for
bulk crystal morphology analysis and the XRD ditgrams are shown in Figure 5.14. It
can be observed from Figure 5.14 that {hAl.O3 sample milled in the Agate vessel
resembles the pattern of the A-R sample. Therkaaever, contamination from the milling
vessel and media. TheAl20z samples milled in the Zirconia and Alumina millshphase
transformation after 300 minutes of milling. The BRliffractograms also match to the
ICDD reference file 00-005-0712 farAl20s. The sample milled in the Stainless Steel vessel
resembles the pattern of AyRAI2Os but with small emerging peaks @Al 20s.
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Figure 5.14: XRD patterns of AbO3 showinga-Al203 ICDD reference pattern 00-005-
0712,y-Al203 ICDD reference pattern 00-010-0425, as-receivgdAl203 and y-Al203
after milling in Agate, Zirconia, Alumina and Stainless Steel
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Further analysis can be carried out by a calculaticthe percentage estimates of each phase;
a-Al03 andy-Al203 in the sample by use of Rietveld refinement. Peaktsmatched tq-
Al20sz in the Agate sample were matche@+Aal 20a.

Table 5.5: Percentage of-Al203 and a-Al203 phases for samples milled in Zirconia,
Alumina, Stainless Steel and Agate vessels basedarea under matched peaks by the
use of Xpert Highscore software

Material v-Al203 (%) a-Al203 (%) 8-Al203(%)
Alumina 48.2 51.8 -
Zirconia 34.2 65.6 -
Stainless Steel 51.0 48.3 -
Agate 61.0 0 34.8

Table 5.5 shows that the sample milled in the Ahanvessel has the second highest
percentage oéi-Al2Oz. At this stage, although the Alumina material thgp a fast rate of
transformation, the ADs from the milling material itself may be playingrale in the
transformation. This has been previously reportgdBbdaghiet al (2008). This effect is
analysed further by seeding experiments in Chaptdihe Zirconia milling material has the
largest amount ofi-Al.O3 after 300 min of milling. Nax-Al.O3 was observed in the Agate
sample. However, 34.8% of the sample was compos$edtAd-0s. All milling material
experiments have been carried out with 20 mm ngilhmedia. It is of interest to analyse the

effect of different milling media size using a mééthat initiates phase transformation.

XRD analysis highlights the presence of contamamatin the samples. This can be an
undesired effect if the mill material can affece thse of the final product. Further analysis
has been carried out by TEM-EDX analysis to confin@ existence of contamination in the
milled material. This can be shown in Figure 5.Ibe analysis of contamination shows that
v-Al203 is abrasive in all four milling materials. Accondi to the manufaturer, the abrasion
resistance of the materials from most resistatedst resistant follows the trend of Zirconia
— Alumina — Stainless Steel> Agate. The XRD results show a similar trend witdryw

sharp peaks of Silicon observed in the Agate sample
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Figure 5.15: TEM-EDX analysis of material study samples showing samples milled in
(a) Zirconia, (b) Agate, (c) Alumina and (d) Stainéss Steel
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Solid-state NMR was also carried out to anayseetfexts of milling in different materials.

This is shown in Figure 5.16.
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Figure 5.16: NMR results for material study showingsample (a) A-R and samples
milled in (b) Zirconia, (c) Stainless Steel, (d) Almina and (e) Agate

It can be observed that both the Agate and A-R &sripok similar and have aluminium

cations in both octahedral and tetrahedral sitédsoagh a small reduction in tetrahedral
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aluminium cations is observed in Agate samples. $taenless Steel results are not highly
reliable due to the interference of iron but do beer show a similar result. A marked
reduction in the Alis observed in the samples milled in Alumina amdahia. This result is
expected as these samples have the highest anfoustl g0z as observed by XRD Rietveld
refinement. Penta-coordinated aluminium cations ik not observed in these results.
Zirconia is therefore observed as the material #thieves the smallest particle size and is
the most abrasion resistant of the four materkalsther study into the mechanism of phase
transformation is carried out using Zirconia byaaiation of milling media size.

5.5 Milling Media Size Study in the Planetary Ball Mill

Zirconia milling material has proven to initiate gse transformation from-Al>Os to a-
Al2Os. Further investigation into the effect of varyimglling media size has been carried out
to get an understanding of the energetics of thHéngiprocess. Different size media are
expected to dissipate different energies per imgadng milling. If the mechanical energy
supplied during milling is responsible for the phasansformation, it is essential to
understand whether it is the bulk energy from thiimg media or the energy supplied in
each and every impact that occurs in a given mgiltluration. A larger size milling ball is
expected to dissipate a larger amount of energy shemaller milling ball. Here, the milling
media sizes used are 20 mm, 10 mm, 5 mm and 12%tonm. The sample mass, milling
duration and BPR are kept constant in order toyaeathe effect of media size on size

reduction and phase transformation. Table 5.6 slibg/sariables for the experiments carried

out.
Table 5.6: Variables for milling media size studyn the planetary ball mill
Dependant variables Controlled variables Independanmable
Time/ hr 2 Ball si 1.5-2.5
% of a-Al 03 Material Zro ?m;')ze 5
Dgo particle size Medium Dry 10
BPR 10:1 20

5.5.1 Particle Size and Shape Analysis of Milling Media @e Study

Analysis of size reduction in this study is of inn@amce as it can highlight the most suitable
milling media size for millingy-Al2Os samples. Figure 5.17 shows the particle size
distribution derived by laser diffraction for the-FRA and milled samples. The overall
difference in size reduction achieved by the dédfgrmilling media is not very significant.
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However, a trend can be observed which shows agase in size reduction achieved with a
decrease in milling media size. This suggests ¢batitions in the mill with the smallest
milling media are more favourable for breakage-#f.0s particles. It can also be observed
that the larger milling media i.e. the 10 mm and At results in re-agglomeration of
particles as particles larger than the A-R sample @bserved. Re-agglomeration also
suggests larger amounts of energy dissipated inyesiagle impact which result in cold

welding of particles.
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Figure 5.17: Particle size distribution fory-Al203 samples milled in Zirconia with
different milling media sizes
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Figure 5.18: Cumulative particle size distributionfor y-Al203 samples milled in
Zirconia with different milling media sizes
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The cumulative plots in Figure 5.18 also show thatfinest particles were achieved with the
5 mm milling media. Further particle size and shapalysis has also been carried out using
SEM. Figure 5.19 shows the micrographs for the Aafple and the samples milled with

different milling media sizes. It can be observédttthe particles attain rougher looking

surfaces and irregular shapes due to milling.

Figure 5.19: SEM imaging ofy-Al203 particles showing (a) A-R sample, and samples
milled with (b) 1.5 to 2.5 mm, (c) 5 mm (d) 10 mmrad (e) 20 mm milling media
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It can also be observed from the SEM micrographs ldrger particles exist in the 10 mm
and 20 mm media samples. A number based partidedsstribution analysis has also been
carried out using DigitalMicrograph software. Thésnot representative of a full sample but
can shed light into the range of particle sizesoled using electron microscopy. As shown
in Figure 5.20, the sample milled with the 5 mmlimg media has the largest amount of
small particles below 1@m. The SEM and laser diffraction results are ineagrent and

show a similar relationship. In order of size rethre efficiency fory-Al.Oz powders, the

observed trend is 5 mm 1.5 -2.5 mm— 10 mm— 20 mm.
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Figure 5.20: Number based particle size distributia of y-Al203 samples milled with (a)
1.5-2.5 mm, (b) 5 mm, (c) 10 mm and (d) 20 mm dianez milling media
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5.5.2 Phase Identification by XRD Analysis
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Figure 5.21: XRD patterns of AbO3 showinga-Al203 ICDD reference pattern 00-005-
0712, y-Al203 ICDD reference pattern 00-010-0425, as-receivgdAl203 and y-Al203
after milling with 5 mm, 10 mm and 20 mm milling madia

The crystal morphology of milled powders were asaty by XRD to observe the effect of
milling with different milling media sizes. It cdme seen in Figure 5.21 that as the milling
media size increases, the phase transformationhianeed. The 5 mm sample shows initial
stages of phase transformation. Small peaks matdbin-Al.Os can be seen. When the 10
mm milling media size is used, stronger peaks-#l.0s can be seen and these peaks
intensify with the 20 mm milling media. Rietveldirement has also been used to calculate
the amount of each phase in the milled powders. pfitase percentages are shown in Table
5.7 and it can be observed that the percentagefd$Os increases as the milling media size
used increases. It is also interesting to notertbgihase transformation is observed in the 1.5
to 2.5 mm milling media. However, 19.5% of the sémig composed 06-Al>Os. This
suggests that a mechanism of phase transformatiolausto that of calcination of-Al>Os is

occurring during this experiment.



Table 5.7: Percentage of-Al203 and a-Al203 phases in media size study samples milled
with 1.5-2.5 mm, 5 mm, 10 mm and 20 mm based on arender matched peaks by the
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use of Xpert Highscore software

Sample Phase Composition
v-Al203 (%) a-Al203 (%) 0-Al203 (%)
1.5-2.5 mm 80.5 0 19.5
5 mm 80.1 19.9 -
10 mm 75.4 24.6 -
20 mm 34.4 28.6 -

Solid-state NMR was also used to characterise déinepkes after the media size study and
results are shown in Figure 5.22.
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Figure 5.22: NMR results for media size study showg (a) A-R sample and samples
milled using (b) 1.5 -2.5 mm, (c) 5 mm, (d) 10 mma (e) 20 mm milling media

These results are interesting as they show theidocaf aluminium cations within the
structure of the material in the different samplésese samples are of particular interest
because not only do they show the presence o&Ad Ak aluminium cations as previously
observed, but also the presence of vhich have been observed by Dueelal (2011). As

the energies supplied by the different milling needi expected to show a difference in the
structural effects, it is interesting to note thagreater variation in results has been observed
by varying the milling media more than other stgdignere time and milling materials were
varied.

5.6 Milling Aids Study

5.6.1 Addition of water (wet milling)

The effect of adding water during milling has beeviewed in Chapter 2. Wet milling ¢f
Al20s in the planetary ball mill is investigated. Antial study into the effect of adding water
on size reduction is investigated. This is followmda variation of the milling material with
constant BPR and Solids-to-liquids ratio (SLR) ssess both the effect of water as well as
the effect of wet milling in materials with diffemeproperties by XRD analysis. Figure 5.23
shows the cumulative PSD for samples milled inRtieeh P5 planetary ball mill. Agd of ~5
microns is achieved. This shows that wet millinghe planetary ball mill can achieve the
desired patrticle size reduction ferAl.Os. The issue of whether this is accompanied by
insignificant microstructural changes is investghtfurther by XRD analysis. XRD
diffractograms showing samples milled in Stainl8ssel and Zirconia are shown in Figure
5.24. It can be observed that aluminium hydroxsdfrmed during wet milling with water.
This is shown by the peaks on the diffractogramt&chiag 00-001-0287 for bayerite.
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Figure 5.23: Laser diffraction results showing (aPSD and (b) cumulative PSD of wet
milled samples in the Fritsch P5 planetary ball mil

It is interesting to note that bayerite is the faneml hydroxide despite the material originating
from boehmite. Initial stages of the formationwAl.Os are also observed in the material
milled in Zirconia. The comparison between dry avet milling for the same conditions is
shown in Figure 5.25. As these samples were mikgd60 min, the presence of water
appears to reduce the rate at whichAl.Oz is formed. This may be due to the presence of
liquid bridges provided by water. The intensitidgle a-Al203 peaks are higher in the dry
PBM samples.
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Figure 5.24: Effect of wet milling with Zirconia and Stainless Steel milling tools in the
Fritsch P5 planetary ball mill for 60 min
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Figure 5.25: Comparison between dry and wet millingn the Fritsch P5 mill with
Zirconia milling tools
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5.6.2 Addition of lubricants (Zinc stearate)

Another additive that can possibly have an effectr@ energy transfer between milling tools
and milling material is a lubricant. Zinc stearéf®aSt) has been investigated by adding 1%
to samples and milling to observe any effects. Jtuely was conducted in Zirconia milling
tools with the Retsch PM100 planetary ball mill 420 rpm for 60 min. The XRD
diffractograms of the results are shown in Figurge5 The addition of dry lubricant has
minimal effect on inhibiting phase change. The @ma contamination peak has a lower
intensity in the ZnSt seeded sample suggesting thetubricant reduces abrasion of the
milling tools. The peaks af-Al.O3 also show slightly lower intensities. All resultighlight
that amount of energy is more predominant overniwgle of energy e.g. shear. Surface
interacting PCAs may be more effective in inhilgtiphase transformation by binding to
nucleation sites such as lanthanum oxide@gpas reported by Duveit al (2011).
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Figure 5.26: Effect of adding zinc stearate duringiry milling in the Retsch PM100
planetary ball mill
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5.7 Discussion

The BPR study has revealed that a higher BPRoveerl powder loading results in better size
reduction. This can be assumed to be due to inedeesntacts between the powder and the
milling media and milling vessel walls. The 10:1 B’ more favourable for use with the P5
planetary mill than the 5:1 ratio. It is also notbdt contamination is higher with a higher
BPR. This is caused by higher energy impacts ofntiléng tools due to lower powder
loading and a higher frequency of these impactess powder allows more interaction of
powder and milling tools. Characterisation of therpiologies of the BPR samples milled in

Agate is carried using XRD and no phase transfaomab a-Al 203 is observed.

This can related to the mechanical properties efntilling material, Agate. Because Agate
has a low hardness value, it can be assumed tlddes not provide enough energy to
overcome the energy barrier for phase transforma#omaterial with a higher density or
hardness value is therefore required for the masirarof phase transformation to be
understood further. The energy intensity in the t&gaill allows for transformation té-

Al203 only.

The material study that is carried out after thd&rBRvolves the use of Agate, Stainless Steel,
Alumina and Zirconia materials. These four materiale tested together to derive the best
conditions for size reduction as well as to un@ardtbetter the conditions that initiate phase
transformation. The Agate material used in the BRIRly again shows the poorest size
reduction efficiency as it has the largest milledgtigles of the four samples. Zirconia milling
material shows the best size reduction efficientyls Alumina and Stainless Steel show
size reduction not largely different to Zirconiat bess efficient. No phase transformation to
a-Al>0z3 is observed with Agate in this study. Only peakso-Al.0z are observed. Phase
transformation ta-Al2Oz is observed in Zirconia and Alumina and initighggs of phase

transformation are observed in Stainless Steel.

These results show that mechanical propertieseofrtaterials used for milling have an effect
on the phase transformation that is achieved. BiegoAlumina and Stainless Steel have a
higher density value than Agate and initiate fagpase transformation to the final
transitional phase. It can, however be observeddbasity is not the only factor that affects
phase transformation. The hardness and Young's luedf a material also play a role in the
phase transformation. Although Stainless Steel &asigher density than Zirconia and
Alumina, it affects the crystal structure with lesgensity than Zirconia and Alumina,
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because it has a lower hardness value. The hardaksss of the materials have been tested
and are shown in Figure 5.27 and Table 5.8. Thepeoison of the hardness, Young’s

modulus and density is an interesting concept @sehresults and these values are given in
Table 5.1.
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Figure 5.27: Load-displacement curves for (a) Staless Steel milling media and (b)
Zirconia milling media as measured using the Instra Test Bench

The comparison of hardness, Young’s modulus andityeis an interesting concept in these
results. These values are given in Table 5.1.

Table 5.8: Vicker’s hardness values for the Stainks Steel and Zirconia milling media
used in planetary ball milling as derived from themanufacturer and the load-
displacement curves in Figure 5.27

Vicker's Hardness Values (H)

Milling Material Exp. Hy (GPa) | Man. Hy (GPa)
Stainless Steel 8.45 5.30-6.47
Zirconia 11.74 11.77

Man. Hv (GPa)
Agate 7.85
Alumina 15.00

Although a higher density material such as Stamigteel is expected to result in higher
energy milling, the results show that a higher Ygiammodulus with a lower coefficient of

restitution such as that of Alumina and Zirconiapexially coupled with a high hardness
value results in higher energy dissipation into tngstal structure of the material being
milled. On comparing Zirconia and Alumina, Alumites a higher hardness value than
Zirconia but a faster rate of phase transformasarbserved in the Zirconia vessel. This may

be due to a higher density of Zirconia coupled véithigh hardness and Youngs modulus.
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There is, however, a chance that the material @htfiling vessel itself, corundum Alumina
may be playing a role in the phase transformatimmfy-Al>.O3 to a-Al20s. This is
investigated further in Chapter 6 wherél.O3 powders are seeded with small amounts-of
Al>03 before milling and characterisation is carried. ddigh levels of contamination in
materials with lower hardness values is also oleskm the material study suggesting that a
lot of shearing occurs during planetary ball mgliand the walls of the mill and milling
media are abraded. It is also interesting to nb& d-Al.Oz was observed in the Agate
sample. This shows that the mechanism of phaseftramation occurring in this sample is
similar to that observed during dehydration \@Al20s. The lower intensity of milling
supplied by Agate milling tools appears to resmltiireduction of Alcations, which in turn

results in the formation of the next transition iina aftery-Al 203, 5-Al20s.

As Zirconia shows to initiate phase transformattom has no enhancement effects on the
material as observed with Alumina, it is used faniding media size study. This is done to
assess the effect of varying the impact energyimppact from different sized milling balls.
From using 1.5-2.5 mm, 5 mm, 10 mm and 20 mm ngjlimedia, it is observed that the 5
mm media size has the smallest particles in termssipe reduction. When phase
transformation is investigated in the media siasdgtsamples by characterisation using
XRD, no phase transformation &eAl>Os is observed in the 1.5-2.5 mm samples. Only small
peaks ofo-Al.Oz are observed. Initial stages of phase transfoomatre observed in the 5
mm samples with the presencedefl.Os and the phase transformation to the final phase is
observed to become more evident as the milling ansdie is increased. The peaksaef
Al>03 have higher intensity values in the 20 mm millimgdia than the 10 mm sample. It can
be deduced that a variation of the milling medeesand hence the energy per impact by
every milling ball during milling can result in theample reaching different stages of phase

transformation.

Table 5.9 can be used to summarise the variablesnadd to affect phase transformation and
shows how each property has an effect on the peadéled. The variables listed also show
that the phase transformation is related to thehar@ical energy supplied during milling.
Although the effect of temperature can be raised esntributing factor, it is not considered
in this work because a higher temperature is olesenv the Stainless Steel vessel than the
Zirconia vessel of ~8C but phase transformation is observed with Ziraoltiis however
not disregarded as temperatures at every collisiere not measured. It is however not

focussed on as the main initiator of transformabatrather a secondary effect or product of
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mechanical energy at every collision. The effeatndfing aids has also been analysed. Water
has been observed to reduce the intensity of myitiina certain degree. From XRD analysis,
the sample also shows peaksdéefl.Os which suggests that the energetics of the milling
process are closely related to those of Agate enntiaterial study. The addition of lubricant
such as zinc stearate has shown to have littletetie the phase transformation rate. The
deduction made from this is that the milling aiggjuired to reduce phase transformation
have to be materials that can interact with thdaser of y-Al.Os and hence bind onto

nucleation sites, preventing propagation of thesphaansformation. Water in the PBM

results in desirable size reduction. The only wesknis the formation of bayerite which can

be avoided by lowering the pH during milling.

Table 5.9: Variables that affect phase transformatin

Variable BPR Material Milling Media Size Milling Ai ds

Conditions | Higher BPR Higher hardnessLarger media diameterWater

Outcome | Increased Increased shear| Increased energy Liquid bridge
contacts of effect resulting | dissipated per contact reduces rate

powder with in higher energy| between powder and Zinc Stearate

milling media | promoting phase milling media/ milling No effect due to

and milling transformation | vessel lack of surface

vessel interaction

5.8 Conclusion

The results of the planetary ball mill study highli the variables that affect size reduction
and phase transformation pfAlO3 to a-Al20as. It can be concluded that time (as shown in
Chapter 5), BPR, milling material and milling mediee all have an effect on the size
reduction efficiency and the amountyeAl2O3 that transforms te-Al.Oz during milling. A
higher BPR, longer time, harder material and langglting media have been shown to
promote phase transformation. Phase transformationAl.Os can therefore be related to
the level of mechanical energy supplied by thectetemilling conditions during any milling
activity. Although the stress mode has been higitdid as an important factor in Chapter 4,
the extensive work in this chapter has shown thatamount of energy dominates over the
stress mode applied. The successful transfer sftilgh energy from the milling tools is

equally important. A material with properties tlzain allow dissipation of high energy into
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gamma-Alumina particles can initiate and propagéhtse transformation. The planetary ball
mill study has highlighted the effect of milling Aumina on the enhancement of the phase
transformation. This is further investigated bydirg experiments in Chapter 6 to gain an
understanding of how-Al20Oz interactsa-Al2O3 during milling. It is a natural step to assess
the range of impact energies that are suppliechdutie experimented milling tests. DEM

has been chosen to assess the impact energieseaadalysis is shown in Chapter 7.
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Chapter 6

Seeding Experiments and Compression Testing

6.1 Introduction
6.2  Seeding Experiments
6.3 Compression Testing

6.4 Discussion

6.5 Conclusion

The effect of milling vessel and media materiakobesd in the Alumina vessel during
planetary ball milling is investigated by addingphh-Alumina seeds to gamma-Alumina
during milling. Compression testing is also carriggk to investigate lattice strain effects and
initial stages of phase transformation observe@apter 5 and 6 by mimicking impact

energy.
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6 Seeding Experiments and Compression Testing

6.1 Introduction
When y-Al203 powders are milled in a corundum Alumina vessehgighe planetary ball
milling, the characterised product shows signs ofiamced phase transformation. This
assumption is brought about by the observationa &rger percentage @fAl2Os in the
samples after milling. The large amount @fAl>Os can be assumed to originate from
abrasion of the milling vessel and media but thisnot be made conclusive unless a study is
carried out to rule out the effect of addingAl.O3 to y-Al20s powders during milling.
Adding a small amount af-Al 203 as seed t-Al 203 powder in a control milling vessel such
as one made of Stainless Steel or Zirconia follosedilling, can shed light into any effects

a-Al.03 may have on assisting the phase transformation.

Bodaghiet al. (2008) investigated this effect and found thatiagldmall amounts ai-Al>0s
can aid in transforming-Al>0s to a-Al>O3. This study was, however, carried out without
much focus on the mechanism of phase transformatidoding the role thei-Al.O3 seed
acts as well as the morphology of the product farnie order to understand how mechanical
energy aids phase transformation, it is necessacarrying out a seeding study ¢l 203

powders.

The results iChapter 4have shown that a high impact energy mill suclhassingle ball

mill can affect the morphology afAl>Os powders. Growth of crystals has been observed as
well as the emergence of a peak that can be relaiethe initial stages of phase
transformation fromy-Al.Oz to a-Al203. Compression testing can be used as a way of
mimicking impact energy and characterisation ofdbmpressed product can show the effect
of impact energy on-Al20z. If similar behaviour between compression testang single

ball milling is observed, this can be a step furttlto understanding how different stress

modes affect the structure gfAl Oz powders.

In this chapter, the experimental devices and pho@s for seeding agfAl.Os powders with
a-Al,03 and compression testing @fAl>Os powders are presented. The results from the
seeding and compression testing work are also gitedetailed discussion of the results
follows. This includes deriving a relationship betm previous milling work results and

compression testing and seeding results. A coraiusigiven at the end of the chapter.
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6.2 Seeding Experiments

6.2.1 Experimental Devices and Procedures

Seeding experiments were carried out using mixtafesAl.0s andy-Al.Os powdersThe
Retsch PM100 planetary ball mill shown in Figurg(8) is used for seeding experiments.
The mill is operated at a speed of 400 rpm and raxats are run for 15, 30, 45 and 60
minutes. The BPR used is 20:1 and the milling Mesard milling media used are shown
with a red asterisk in Figure 6.2(b). A 10 g samgfigpowder is prepared by mixing 8yg
Al203 with 2 g a-Al20s. The sample mixture is added into a 125 ml StamiBteel vessel
containing fifteen 15 mm diameter Stainless Stading balls and milling is carried out for
the set duration. After milling, the product is chaerised for morphology effects by XRD
and TEM analysis. A similar experiment was caroed in a Zirconia milling vessel with 20

mm diameter Zirconia milling balls.

(@) (b)

Figure 6.2: Photographs showing (a) Retsch PM100auetary ball mill and (b) various
milling vessels and milling media with the Stainles Steel and Zirconia milling vessels
and milling media used in experiments shown by a ceasterisk

The Retsch MM200 single ball mill demonstrated é@tail in Chapter 4and shown in Figure
6.3(a) is also used for seeding experiments. AlaimBiPR to that used with the planetary ball
mill of 20:1 is also employed. A single 10 mm Stess Steel ball is loaded into a 11 ml
Stainless Steel milling vessel shown in Figure §.3A mixture with 20 %u-Al203 seed is
added to the milling vessel and milling is commehéer durations of 15, 30, 45 and 60
minutes. The milled product is characterised forphology using XRD and TEM analysis.
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(b)

Figure 6.3: Photographs of (a) Retsch MM200 singlieall mill and (b) Stainless Steel 12
ml milling vessel with a 10 mm Stainless Steel miitig ball

All seeding experiments carried out with the sinigél mill and the planetary ball mill are
summarised in Table 6.1. TheAl O3 powder used was composed of 10 micron patrticles.

Table 6.1: Seeding experiments carried out with Reth MM200 single ball mill and
Retsch PM100 planetary ball mill

Experiment ) % a-Al203 ) _ Duration/
Mill Type Mill Material )
No. seed min
1 Planetary Ball Mill 20 Stainless Steel 15, 30,83
2 Single Ball Mill 10 Stainless Steel 15, 30, 46,
3 Single Ball Mill 20 Stainless Steel 15, 30, 46,

6.2.2 Seeding Experiments Results

6.2.2.1 Characterisation of Planetary Ball Mill Seeding Experiments

When 20% ofu-Al203 is mixed withy-Al.O3 powder and milled in a planetary ball mill, an
increase in the amount @fAl>Oz in the sample with increased milling time can bseayved.
This effect is shown in Figure 6.4. It is cleartttieea-Al O3 peaks increase in intensity while
the y-Al.O3 peaks diminish. Rietveld refinement can be usedstomate the percentage of
each Alumina phase in the sample after milling. Tdsults of the refinement carried out are
shown in Table 6.2. It can be seen that the peagentfa-Al-Os increases despite the fact
that the milling vessel used is made of Stainldsel3nd no extra-Al>Os is added during
milling. Contamination of samples during millingtiviiron from the milling vessel is also
observed. It can be assumed that a mechanism situilthat of phase transformation is

occurring during milling where some of theAl 203 particles in the sample are transforming.
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The peaks ofi-Al20s appear sharp after 15 minutes suggesting a coldirvgeeffect which
suppresses the presencey#l.0s in the sample. Further experimental work is respiiand
has been carried out to confirm this assumptionodserved in Table 6.2, despite the strong
peaks ofi-Al 203, there is a small increasedrAl 203 of 10.2% after 60 min of milling.
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Figure 6.4: XRD diffractograms showing A-R sample ad seeded samples from the
Retsch PM100 planetary ball mill using 20% of Seed

Table 6.2: Percentage of-Al203 and a-Al203 phases in PBM milled samples with 20%
a-Al203 Seed A at 0, 30, 45 and 60 min based on area unaeatched peaks by the use of
Xpert Highscore software

Sample a-Al203 (%) v-Al203 (%)
15 min 26.4 73.6
30 min 29.5 70.0
45 min 29.9 69.6
60 min 30.2 69.3

where total is not 100%, contamination by mill nmetiewas observed

6.2.2.2 Characterisation of Single Ball Mill Seeding Results

The planetary ball mill and the single ball milbpide different ranges of energies which are
focussed on irChapter 7of this thesis. Both mills cause breakage by mhipation of
impact and shear. It can be assumed that the tdévaear stress provided by the planetary

ball mill would be higher than that supplied by #giegle ball mill due to a difference in mill
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sizes and milling media sizes as well as mechawisthe mills. This variation in level of
shear stress can be hypothesized as one of thenscashy the degrees of phase
transformation fromy-Al2O3 to a-Al>Os are different i.e. the planetary ball mill shows a
greater extent of phase transformation with a highercentage o6-Al>Os in the milled
sample. In order to understand the mechanism ofelr@nsformation and the role @f

Al 203, the single ball mill has also been used for @isgestudy. Figure 6.5 shows the XRD
results when 10% af-Al>Oz was added tg-Al>Os before single ball milling for up to 300
minutes. A similar trend to the planetary ball nmskeding study is observed where an
increase ina-Al.O3 peak intensity with milling time can be seen. Timdling time is,
however longer with the single ball mill. Theseules alone reflect the importance of a
knowledge of the actual impact energies as theseaftect the effect of varying energies
and stress modes.
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Figure 6.5: XRD diffractograms showing A-R sample ér y-Al203 and a-Al203 and
seeded samples from the Retsch MM200 single ball linising 10% of Seed B

The percentages gfAl>0O3 anda-Al20s in the samples were also estimated using Rietveld
refinement and are shown in Table 6.3. The pergentha-Al>Os in the sample is observed
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to increase up to 30.2% after 300 minutes of ngllithe SBM sample without seed as
reported inChapter 4 only shows initial stages of phase transformatidmeng y-Al>Os
particles begin to coarsen. AddingAl>0Os seed with the same energetics provided by the
SBM results in approximately 20 % of tir@\l.O3 powder transforming.

Table 6.3: Percentage of-Al203 and a-Al203 phases in SBM milled samples with 10%
a-Al203 seed at 0, 30, 60, 180 and 300 min based on areaer matched peaks by the
use of Xpert Highscore software

Sample a-Al203 (%) v-Al203 (%)
0 min 14.7 85.3
30 min 18.0 82.0
60 min 15.4 84.6
180 min 21.7 78.3
300 min 30.2 69.8

The effect of increasing the percentage-@fl.Oz seed is also investigated by adding 20% of
a-Al203 to y-Al203 powder before milling. Figure 6.6 shows the reslt XRD
diffractograms and shows a similar trend of incegasntensity of-Al-Os peaks.
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Figure 6.6: XRD diffractograms showing A-R sample ér y-Al203 and a-Al203 and
seeded samples from the Retsch MM200 single ball linising 20% of Seed B
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When the Rietveld refinement of the XRD plots isriea out, the amount ai-Al2Os is
estimated to increase by approximately 20%. Thisease is similar to that observed when
10% ofa-Al20s3 is added and it can therefore be assumed thahéohanisms occurring are

similar and increasing seed amount has no signifietiect on the rate of transformation.

Table 6.4: Percentage of-Al203 and a-Al203 phases in SBM milled samples with 20%
a-Al203 seed at 0, 30, 60, 180 and 300 min based on areaer matched peaks by the
use of Xpert Highscore software

Sample a-Al203 (%) v-Al203 (%)
0 min 28.3 71.7
30 min 33.4 66.6
60 min 30.5 69.5
180 min 42.8 57.2
300 min 47.5 52.5

The next natural step in understanding the mecimamscurring during seeding would
involve the investigation into a rate of phase sfarmation in the samples. This is shown in
Figure 6.7. The increase in percentage-#fl-Os is plotted against milling time for both the
10% and 20% SBM seeded samples. An exponentigiamsaip is observed and similar

rates of 0.002 are observed. This suggests thatraheformation mechanism occurring is
similar in both samples.
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Figure 6.7: Rate of increase oéi-Al203 in single ball mill seeded samples
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The highest percentage @fAl>Os achieved from seeded milling experiments is 47 &9
shown in Table 6.4. If this value is compared ® ginaphs in McAdle and Messing (1993), it
can be seen that the shape of the graphs in F&8(b) are expected for the stage at which

the experiments were stopped.
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Figure 6.8: Comparison of transformation kinetics d@served by McArdle and Messing
(1993) with those observed by SBM seeding experintsn

6.2.2.3 Characterisation of Single Ball Mill Seeded Experiments for Surface Area

The surface area values for AyRAI203 anda-Al203 seed as measured by BET analysis are
shown in Table 6.5. It can be observed that thiaserarea, pore size and pore volume-of
Al>0s is smaller than that of-Al.Os. Having measured the surface area values for the
materials that are physically mixed at 10% and 20% .03, an analysis of the change in
surface area with milling time is shown in Figur®.8Milling results in a decrease in surface
area in the samples. The rate of reduction isallytfast between 0 min and 60 min and then
reduces from 60 min up to 300 min. The surface aeection follows an exponential

relationship.

Table 6.5: Surface area, pore volume and pore sioé y-Al203 and a-Al203 A-R samples
as characterised using the BET method

Sample Surface Area (nt/g) | Pore Volume (cn¥/g) Pore Size (nm)
v-Al203 145.5 0.495 13.602
a-Al 203 0.5 0.001 10.924
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Figure 6.9: Graph showing specific surface area agsst milling time for single ball mill
seeded experiments using Seed B at 10% and 20%

Zielinski et al. (1993) also observed a decrease in surface dtkeanerease in milling time
asa-Al20Osz is formed. If the surface area of the SBM seededpdes is plotted against the
change in percentage af-Al>Os, the relationship can be shown in Figure 6.10. An

exponential relationship is also observed with kinmates of reduction in surface area.
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Figure 6.10: Reduction in surface area with the chage of percentagar-Al203

This relationship observed through experiment nsilar to that observed by Zielinskt al.
(1993) whena-Al203 is achieved by milling-Al20z in a planetary ball mill. McArdle and
Messing (1993) also observed a decrease in sudiaze with the formation of-Al20s in
seeded boehmite. An analysis is also carried #®@reffect of milling on pore volume. Figure

6.11 shows that pore volume reduces with an inereamilling time. The reduction follows
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an exponential relationship. The pore volume of 1886 sample is initially higher as the
sample has morgAl20s present but after 300 min of milling, the poreuraks of the 10%
and 20% samples are comparable. This suggestthéhatitial amount of seed does not affect
the phase transformation mechanism. A larger amaolus¢ed present in the sample does not

necessarily result in a faster rate of phase toamtion.
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Figure 6.11: Pore Volumes of SBM Seeding Experimesit

When the pore size is compared with milling timeasiobserved that pore size increases and
the rates of increase in pore size are similatifer10% and 20% SBM seeded samples. The
difference is only observed in that the 20% sanale larger pore sizes for all milling times
when compared with the 10% sample. Pore size in B&dlysis is, however, an average
value and it can be expected that the average $ipeeof a sample with a greater amount
(mass-based) of seed will have a greater averagesme as the-Al>0O3 sample used exists
with larger pores than theAl.0z sample as shown in Figure 6.12.
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Figure 6.12: Pore Sizes of SBM Seeding Experiments
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The change in pore structure with milling can absoanalysed using the BET adsorption-
desorption isotherms shown in Figure 6.13. When htysteresis of the 0 min sample is
compared with IUPAC classifications shown in Fig@ééd4, it can be observed that the
sample is mainly composed of relatively uniform gmr This can be deduced from the
vertical drop on the desorption curve of the O rmample. The curvature of the 0 min
adsorption curve is initially gentle suggesting roar pore openings with wider internal

diameters. This gives rise to the assumption thatpores are of an ink bottle shape. A
similar observation was made by Zielingdi al (1993). After 300 min of milling, the

curvature of the adsorption and desorption sugtest the pores are slit-shaped in the
micropore region. The 300 min hysteresis also ssiggthat the particles are aggregated.

These results agree with the reduction in porenaelobserved with increase in milling time.
300
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Figure 6.13: Adsorption and desorption isotherms fp20% SBM seeded samples at 0
min and 300 min milling time
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Figure 6.14: IUPAC classifications of hysteresis tgps (Hubbard. 2002)

Although BET and XRD give an indication of the chaa that occur to the samples during
seeded milling, close observation of the sampleeumEM is beneficial as it accommodates
the visual aspect of the existence of the samplgsire 6.15 shows TEM micrographs of the
seedo-Al03 and A-Ry-Al>0s samples. Seed samples show an average of 1.5nsianaly-
Al>03 samples show 30-50 nm sized primary particles.yFAbBO3 primary particles can be
observed to be between 10 and 50 nm whilstitAé-03 samples range between 1 and 2 um
suggesting thati-Al.Oz primary particles are greater in size thaAl>O3 by an order of
magnitude of 2.

(a) (b)

Figure 6.15: TEM imaging of A-R samples showing (ag-Al203 Seed B and (b)-Al203

Further TEM imaging is shown in Figure 6.16 afté03ninutes of milling with 20% seed in
a single ball mill. It can be seen that the primpayticles ofa-Al>0Oz have reduced in size.
The size of the primary particles in the imagenishie range of 200 to 300 nm. T&eéAl .03

particles also appear to have a layer of smalletighes attached to their surfaces. This is
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possiblyy-Al.Oz and the TEM images suggest that during milling\l 2Oz primary particles
bond ontoa-Al2Os by a cold welding process. This can also explam rapid decline in
surface area of the full sample as observed in BEAlysis. It also explains the sharp peaks
of a-Al203 observed by XRD despite the samples having a amaunt ofu-Al 20s.

(b) 12

Figure 6.16: TEM imaging of single ball mill seededamples after 300 min milling with
20% a-Al203 Seed B showing (a) x200nm mag, (b) x50 nm mag a@ x10 nm mag

The rapid decline in surface area eventually lewdlsas the milling time increases. This
suggests that after cold welding of the two sampleél.Os primary particles are
transformed intax-Al20Os and amalgamated into theAl >0z structure. This process can be
encouraged by the presence of nucleation sitesigagdvby a-Al20O3 and the mechanical
energy supplied by the mill. Further analysis ¢ TEM images has been carried out in the
form of line profile analysis. This was done in erdo resolve the d-spacings of the observed
particles. Figure 6.17 shows the line profile as@\carried out for two TEM images. The d-
spacings determined are compared with d-spacingefXRD diffractograms for both

samples.
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W 2 300min SEM seeding 20pescent 10um Mtol 0052

Figure 6.17: TEM images of single ball mill seedesamples after 300 min milling with
20% a-Al203 Seed B showing (a) and (c), an area on the imagected that has been
used for line profile analysis shown in (b) and (djespectively

The results in Table 6.6 show that the d-spacirdaioed by line profile analysis match d-
spacings from XRD diffractograms forAl>Os. The planes derived from the d-spacings are
the (012) and (113) a-Al,Os planes.

Table 6.6: D-spacings for two TEM images shown inigure 6.17 of single ball mill
seeded samples after 300 min milling with 20%-Al203 Seed B derived from XRD and
line profile analysis

TEM Image Variable Result
TEM d-spacing 0.3535 nm
Figure 6.17b) XRD d-spacing 0.3463 nm
hkl 012 (a-Al203)
TEM d-spacing 0.2094 nm
. XRD d-spacin 0.2081 nm
Figure 6.17 (d) P g
hkl 113 @-Al203)
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Observation of these surfaces by TEM imaging highlights the effects of milling on the
primary particles’ structures. The (012) and (113) surface terminations are common for
hexagonal close packed crystals that have encountered high stresses. The applied stress
results in deformation of the crystal by slip. During deformation by slip, a small region of a
crystal re-orientates due to applied stresses. The process is shear stress sensitive and required
a critical resolved shear stress to be overcome. The process is also common in materials with

high stacking faults.

6.2.3 Wet Milling Seeding Experiments
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Figure 6.18: Seeded milling experiments showing theffect of addingae-Al203 during
planetary ball milling with water

A short study was carried out to analyse the effetseeding experiments in the presence of
water.a-Al203 seed was added at 1% and 20% levels. This is shrofigure 6.18. It can be
observed that at 0%, bayerite is present in theokaeand initial stages af-Al.O3 formation

are also observed-Al.Oz is also observed which suggests that the phassforanation in
this sample may be following a mechanism similathett achieved by calcination ¢fAl 203

to form a-Al20s3. Whena-Al20s seed is added, bayerite is not observed and airaixify-
Al>03 and a-Al20sz is observed. The peaks in the 1% sample are hoveswdlar to those
observed where no seed was used. At 20% seed $tnariger peaks af-Al 2Oz are observed



162

as expected. The results show that during wet ngilladding seed has minimal effect on
increasing the rate of phase transformation. Th&y aresent an effectAl.Os seed has on
the surface of-Al>O3 that causes hydroxide not to form. This may bedyg welding onto
v-Al203 surfaces which inhibits attachment of hydroxylugye on the surface.

6.2.4 Seeding Experiments Discussion

The TEM images in Figure 6.16 agree with obserwatiby BET analysis. As observed in
Figure 6.10, there is an initial fast rate of dasieg surface area. Bonding of high surface
areay-Al>Os primary particles, onto low surface areal>Os surfaces, by cold welding,
results in a rapid decrease in surface area. Tiial ifast decline is observed to flatten
towards the 300 minutes mark and this may be atgibto consumption ofAl >0z primary
particles into then-Al20s structure as shear stresses are continually sapply the mill.
When XRD is observed over short periods of seedéithghup to 60 minutes, an initial
strong presence ofAl20s is noted which does not increase up to 60 mintegher milling
up to 300 minutes then shows a slow reduction akpetensities of-Al20s. This suggests
that milling with seed can provide the nucleatidiessfor a-Al203 to form. The increase in
amount of seed from 10% to 20% however, does noease the rate of transformation.
Surface area is observed to reduce due to coldngetd particles and consumptiongfl .

Os as milling continues. Pore structures are alsemesl to transform from ink bottle shapes
to slit shaped pores. The reduction in pore volyraposes the destruction of il 203
structure. An initially slow rate of phase transfiation from y-Al20Osz to a-Al2O3 also
suggests that before transformation can occury#eOs particles have to be ‘readied’ for
transformation. Seeding in wet milling is observied have no effect on increasing or

reducing the rate of phase transformation.
6.3 Compression Testing

6.3.1 Experimental Devices and Procedures

Compression tests were carried out using a 250 &gCession Testing Machine. A 10 mm
diameter die shown in Figure 6.19 (a) was filled tap50% of its volume withy-Al20s
powder. The filled die was placed on the machinshamsvn in Figure 6.19(b). The desired
load was set and the test was run. The machinesyress used and equivalent sample
pressures are shown in Table 6.1. A full imagehef250 kN Compression Testing Machine

used is displayed in Figure 6.19(c).
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Figure 6.19: Photographs of compression testing eggments showing (a) the die 10 mm
filled with y-Al203powder, (b) the 10 mm die on the compression tesgmachine
during loading and (c) a full image of the compresen testing machine

All compression testing experiments carried outliated in Table 6.7.

Table 6.7: Compression testing experiments carriedut using the Compression Testing

Machine
E . (T Machine Pressure | Sample Pressure
Experimental Device | =XPefiment 1ype (kN) (MPa)
Single compressior 18.85 240
250 kN Compression
testing Machine Single compressior 37.68 480

The Instron 5566 Test Bench was also used to get precise data for energy calculations.
The die was chosen to be smaller with a diameté&r oin to achieve higher pressure with a
smaller load. A load equivalent to 120 MPa wasestith the Instron.

6.3.2 Compression Testing Results

XRD results for samples after compression testd whte 250 kKN compression testing
machine are shown in Figure 6.20 and it can berevbdethat a small peak emerges on the
(222) y-Al 03 reflection. This emerging peak is theAl20s (110) reflection. This suggests
that the compression stresses applied initiategptraasformation in-Al20s. It is of interest

to understand the mechanism further at the ataestel. This mechanism may be related to
the deformation twinning observed in seeded sampiesvever, this twinning would be

initiated by compression stresses.
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Figure 6.20: XRD Diffractograms for compression teng samples from the 250 kN
Compression Testing Machine showing (a) full 2 Thatscale from 18to 7% and (b)
magnified scale from 28 to 45 showing morphology changes on the (223)Al203 peak
circled in red

When the compression testing XRD results are coedbavith XRD results for samples
milled in the planetary ball mill, a similar behaur on the (222)-Al>O3 reflection is

observed as shown in Figure 6.21. Phase transfanm&iowever, appears to occur at a faster
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rate in the planetary ball mill and hence after Bihs of milling, other small-Al>.O3

reflections are also observed.
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Emerginga-Al,0s

240MPa
’ (110) reflection

60 min PBM

Intensity (arb units)

30 min PBM

A-R

2 Theta (Degrees)

Figure 6.21: XRD diffractograms showing comparisorbetween samples compressed
using 250 kN Compression Testing Machine and samenilled in Zirconia using the
Fritsch P7 planetary ball mill

It is also important to amalgamate these finding$ whe XRD results from the single ball
mill in Chapter 4. As shown in Figure 6.22, a sanémergence of the 110Al,03 reflection

is observed in the SBM XRD diffractogram. The laadsus extension curve of the 120 MPa
compression was used to calculate the energy flemncompression testing. The graph is
shown in Figure 6.23. The area under the graphused to estimate the energy dissipated
into the sample during a single compression. Tled s labelled in newtons (N) and
extension is labelled in metres (m). Each individiextangle under the graph measures
0.0001 m by 200 N which equates to 0.02 J. Theangbés under the graph are
approximately 200 in number and hence the derivextgy is 4 J. As the compression time
was 9.594 s and the mass of sample was 0.5 gp#u#fis energy is 0.83 J/s.g. The interest
in this energy is that it provides a platform famgparison with the energies that are to be
derived by simulation. It also gives an insighoinbhe differences between a single impact
effect and a continuous supply of impacts that @emre experiences during milling. This
value will therefore be compared with collision egies derived from DEM simulations.
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Figure 6.22: XRD diffractograms showing comparisorof the 480 MPa sample
compressed using 250 kN Compression Testing Machimeth the A-R sample, the
sample milled in Zirconia using the Fritsch P7 plaetary ball mill for 30 min and the
300 min milled SBM sample
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Figure 6.23: Load versus extension graph for the T2MPa compression test sample
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6.4 Discussion
When combined together, the crystallography chamdeserved in the single ball mill in
Chapter 4, the behaviour pfAl.O3 with the presence of seed and compression tessudts
appear to shed more light into the initiation amdpagation of phase transformation frgm
Al203 to a-Al20s. Although the single ball mill mainly reduces pelg sizes by impact and
shear, compression forces are also present wheanillineg ball hits the walls of the vessel. It
has been observed in the single ball mill, plaryebadl mill and compression testing XRD
diffractograms that the (110) reflection @fAl.Oz emerges first. During a compression test,
the powder bed is stagnant and pressure is apgdieduniaxial compression. In the planetary
ball mill, y-Al.O3 particles are in motion due to the movement ofrthiking vessel and the
milling media. Shear, impact and compressive stesse continually applied to them and
the breakage of the material’'s agglomerates reveaissurface each time. This means in the
planetary ball mill, phase transformation can octua faster rate because there are a larger
number of random interactions between the applisssses and the particles, in different

directions.

On comparing the planetary ball mill with the smgdball mill, the only difference that
emerges is the range of energies dissipated irdopérticles at each interaction between
milling media and the particles being milled. lbisserved through compression testing that a
higher compressive stress of 480 MPa shows moraneekd microstructural changesyto
Al>0s when compared with the 240 MPa compression faréggure 6.20. This suggests that
a higher energy can result in enhanced microstraicthhanges and the continuous supply of
high energy can propagate phase transformationeftergence of the (110) reflectionooef
Al203 also suggests that transformationyefl 203 occurs from the surface. This is a result
that ties in well with the structure of the matkaa it is metal terminated with Al cations on
the surfaces. The metal terminated surfaces armtse close packed and they also show to
be affected by the change in coordination of Alareg seen in NMR results. It can therefore
be made conclusive that phase transformation freA.Os occurs by a change in
coordination of Al cations from tetrahedral to detdral sites. The crystal size enlargement
observed by XRD in SBM samples maybe be due totalrgkeformation at surfaces and
shifting of crystal planes that results in largeystals being observed. As the energy in the
SBM is not high enough to promote full phase trarmmsftion to the final phase, only minor
energy effects are observed. The calculated spesiergy from a 120 MPa compression is
0.83 J/s.g. This gives a benchmark for comparisgh energies that will be derived with
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simulation in Chapter 7. The emergence of the (ki®).0s peak suggests that in this

process, shear induced nucleation-&l20s is a possibility.

6.5 Conclusion
The work that has been carried out in Chaptersahdb6 suggests that phase transformation
is an energy driven process. Growth of primaryipiat observed in the SBM in Chapter 4
has been observed as an energy driven proces$lIbereflection observed by compression
tests is a crystal surface plane that is locatedhenedges of a hexagonalAl Oz crystal.
From the ‘synchro shear’ model by Kadtial (1963), the relationship of shear nucleation
observed was (11{/(0001), [110}y//[0110]Ja. This shows that when stresses are applied,
growth of y-Al2Os crystals can occur by interaction of close oridnteystal planes. The
growth would be by the enlargement pfAl.Os crystals on the (111) planes. In the
hydroxylated state, Lodzianat al. (2004) presented that transitional Aluminas ardlsta
Instability of the lattice arises when they are ydbxylated e.g. during calcination. The
thermal energy that reduces the OH groups in thienmaaresults in rearrangement to a more
stable less energetic hcp structure. During millittge continuous breakage of particles
reveals new surface and Duwvatl al. (2011) has shown that this results in an increase i

exposed pentacoordinated Al atomssjAl

These A atoms have been identified as the surfaces wheaseptransformation originates
from. Rozitaet al (2013) concluded that the surfacesyadl.Oz are metal terminated with
aluminium atoms in octahedral and tetrahedral sfthe proposed shear nucleation occurs by
change of packing of atoms from ccp to hcp stréctlircan be suggested that the build-up of
Als atoms in octahedral sites during milling and thateraction can result in growth of
crystals in an hcp structure. In this dehydroxydagéate, hcp structure may be favoured as a
less energetic crystal structure. The results agiée the findings of Duvekt al. (2011)
which suggest that the process of phase transfmmathieved by mechanical energy is
similar to that achieved by thermal energy durintlimg. The key that drives the process is
an adequate supply of energy to aluminium catidrag exist in a dehydroxylated state.
Knowledge of energetics becomes paramount in tbeegs. Further investigation into the
impact energies transferred from the milling tofus different conditions becomes a new
field that can amalgamate the extensive charaetéiz work that has been displayed with

the main driver of the process.
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Chapter 7

DEM Simulation of the Single Ball Mill and Planetary Ball
Mill

7.1 Introduction
7.2 Planetary Ball Mill Simulations
7.3 Single ball mill simulations

7.4 Conclusions

The range of impact energies involved during ngllin the jet mill, single ball mill and
planetary ball mill and presented with the expertaé findings on how the different mills
affect the properties of gamma-Alumina are relatethe impact energies dissipated during
milling. The energies derived from DEM simulatiahso shed light into how the different

stress modes i.e. impact or shear affect the drystephology of gamma-Alumina.
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7 DEM Simulation of the Single Ball Mill and Planetary Ball
Mill

7.1 Introduction
Extensive experimental work has been carried oairattempt to understand the effects of
milling on the structure of-Al.Os. The comparison of different mills has shown that
different energetics yield different effects inner of size reduction and morphological
effects including those at the microscopic scaleaA example, the PBM has shown a larger
degree of phase transformation than the SBM. Wiiggreht milling materials are tested on
the planetary ball mill, different results are viedl for each sample. The trend is showing that
the harder the material used for milling, the geeahe extent of phase transformation
observed. Further work on applying uniaxial stréss also shown that crystallographic
changes occur. With the inclusion of seeding expenits, all the work points toward energy

as the main driver on the process.

It is widely known thay-Al20s is a transitional Alumina achieved by calcinatadnts parent
hydroxide. The thermal energy that is supplied bicination dehydroxylates the parent
hydroxide, boehmite in this case. We have showhrttechanical energy as the same effect
by revealing unsaturated metal cations in hexagsites. The results show thatAl O3 can

be achieved with an adequate supply of energydayistem that can initiate the mentioned
processes. Knowledge of the range of energies iggppl different milling processes can
better explain the different results that have bebeerved. From this, a relationship of
milling energy to material effects can be achiew@dapter 7 reports on the ranges of impact
energies achieved in the SBM and PBM, two mills rehenaterial effects have been
observed. The energies are compared and relatedterial effects from previous chapters.
Conclusions are made on the relationship of theachpnergies and effects achieved.

All impact energies have been quantified by the afsBiscrete Element Modelling (DEM).
All the planetary ball mill simulation work has lmeearried out by Professor Junya Kano
from Tohoku University in Japan. Input parameteerevsupplied to Professor Kano and
simulated results were produced. All the singlé ial simulation work has been carried out
by Dr Colin Hare and Dr Ali Hassanpour from Univgrsof Leeds UK. No work on
simulation on the planetary ball mill and singld! Inaill has been carried out by the author of

this thesis. Only the analysis and interpretatibresults is displayed.
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Milling Methods and DEM Simulation in
Milling

-

Question

D

1. How much contact energy is dissipated in the
experimented mill parameters?
2. Is there a relationship between contact energy
and morphology changes?

i 2

Background

1. In literature mechanical energy is repeatedly
assumed to be responsible although it has|npt
been quantified and/or related:;

2. High energy experiments show greater degree
of morphological effects

L 4

Hypothesis

Experiments that show phase change should have
higher contact energies and tangential (shear)
energies should be higher in those experiments

Conclusion Question

1. Is there a relationship between the contact (tamgesnd normal) energies an
the rate/ degree of phase transformation?
2. Is there a relationship between the experimenthisamulation results?

Figure 7.1: Hypothesis formulation for Chapter 7
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7.2 Planetary Ball Mill Simulations
The simulation work on the planetary ball mill prated in this Chapter has been carried out
by Professor Kano of Tohoku University. The autlbrthis thesis has only carried out
interpretation of the results provided. The simolatwork has been based on previous work
by Kanoet al, (1999, 2000, 2001). During the DEM simulatiore toigt model was used as
the contact model. This is shown in Figure 7.2.

0
7. Uf K,

(@) (b)

Figure 7.2: Voigt Model with (a) showing normal force and (b) showing tangential force
(Mori et al. 2004)

In the Voigt model, Figure 7.2(a) represents argpdashpot system for the normal force and
Figure 7.2(b) represents the same system but wisfider for the tangential force. The
equations, used for calculating the interactivedsracting on the collisions is shown below
as Equation 7.1 and Equation 7.2;

Aup

F, = K,Au, +nnI

Equation 7.1

—A(“tHB"’)} Equation 7.2

F. = min {p.Fn, KeA(u + 15@) + Me—
Where K is the spring coefficient, is the damping coefficient, subscripts n and t trel

normal and tangential components, u is the relatisplacement and is the relative angular
displacement, p is the coefficient of friction amds the radius of the milling balls. In this

work, the friction coefficient is assumed as 0.68l dhe impact energy of the balls, 5
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calculated from the relative velocity;, of ball-to-ball and ball-to-wall collisions. Eqtien

7.3 is used for this calculation;

1
— \'n 2
E; = j=15 MVy

Equation 7.3
Where m is the mass of one ball and n is the numbleall-to-ball and ball-to-wall collisions
in a second. In order to account for the presehp@wder samples within the mill, Equation

7.4 is used were W is the mass of the sample ansl e specific impact energy of the balls.

1
E, =X, —mv?

= Li=15y Equation 7.4

7.2.1 Simulation parameters

DEM was used to simulate the experiments carrigdwotln the Fritsch P5 and Fritsch P7
mill. The experimental conditions tested were itgaitin the simulations and related impact
energies were derived. The experimental variabsesl are shown in Table 7.1.The presence
of powder in the simulation is taken into accouptuling a higher friction coefficient of 0.7
where values of 0.2 to 0.3 are usually used in d@heence of powder. The effect of
mechanical properties of the two materials, Stageteel and Zirconia, is taken into account

by differing the densities. All other values arg@keonstant.

Table 7.1: Experimental variables for tests carriecbut with Fritsch P5 and P7 planetary
ball mills used as input into DEM simulations

Mill P7 P5 P5

Pot material Zro, Zro, Stainless Stee
Pot material density P (gcm'a) 5.7 5.7 7.8

Pot diameter d,, (mm) 40 75 75

Pot depth h (mm) 38 65 65

Pot volume v,, (cm) 48 290 290

Pot Young's modulus GPa 210 210 210
Poisson’s ratio 0.3 0.3 0.3
Normal stiffness Nm? 1.40x16* 1.40x1061 1.40x161
Tangential stiffness Nmt 5.37x1@° 5.37x18° 5.37x10°
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Normal damping coefficient Nmt 2.77x10 2.77x10 2.77x10
Tangential damping coefficient Nmt 1.72x106 1.72x106 1.72x1G
Coefficient of restitution 0.16 0.16 0.16
Friction coefficient 0.7 0.7 0.7
Revolution radius R (mm) 70 120 120
Rotation-to-revolution speed ratio r 1.00 1.18 1.18
Ball diameter dg (mm) 15 2 5 10 20 10 20
Number of balls ng 3 1580 | 810 100 12 73 9
Revolution speed N, (rpm) | 400 | 700 400 400
Time step t (sec) 1.0x16

Simulation time t (sec) 3

Cumulative time of impact energy t, (sec) 3

Condition number 1 2 3 4 5 6 7 8

7.2.2 Results and Discussion

As shown in Figure 7.3, the Fritsch P7 planetary ol was simulated with three 15 mm

diameter Zirconia milling balls. The condition wedliwas the revolution speed; 400 rpm and

700 rpm. The experimental results for this simolatre shown in Chapter 4 of this thesis.

0.000

Figure 7.3: DEM simulation of Fritsch P7 planetaryball mill showing three 15 mm
Zirconia milling balls

The experiments carried out in Chapter 5 on thecefif varying milling media size are also

displayed in Figure 7.4. Four sizes of milling nsediere simulated to analyse how impact

energy varies. This can give insight into the Ja@ga that affect amount of energy transferred

into material being milled for any given experimefit also assists in choice of milling
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conditions suitable for the desired outcome, whiah be size reduction in the case of the 5
mm milling media or phase transformation in theeca$ the 20 mm milling media as

displayed in Chapter 5.

0.000 0.000

600 l 500
480 480 l

360 360
|
240 240

120 120

(@) (b)

0.000 0.000

S - o

240

120 120

M -
() (d)

Figure 7.4: DEM simulation of Fritsch P5 planetaryball mill showing (a) 2 mm, (b) 5
mm, (c) 10 mm and (d) 20 mm Zirconia milling median a Zirconia milling pot

For analysis of the effect of milling in differentaterials, milling in Stainless Steel was also
simulated. In these simulations, the effect of ¢fiag milling media size was investigated by
using 10 mm and 20 mm milling media in the Frit&® mill. The simulation results are

displayed in Figure 7.5.

® 1 ©®
A
(@) (b) 2

Figure 7.5: DEM simulation of Fritsch P5 planetaryball mill showing (a) 10 mm and (b)
20 mm Stainless Steel milling media in a Stainle§teel milling pot
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The results of the total impact energies as welltaasgyential and normal energies for
experiments 1 to 8 are shown in Table 7.2. Experir@ehas the highest total specific impact
energy. When the normal and tangential impact eeergre compared, the tangential
energies are higher. The lowest total energy igmesl in the 2 mm Zirconia milling media.
A high total specific impact energy is also obsdrue the 10 mm Stainless Steel milling
media. No scale-up rule was applied between thesdfriP5 and P7 mills. The results in

Table 7.2 are also displayed in a bar chart infle@gu?7.

Table 7.2: Specific impact energy in the PBM for &imulated experiments

Experiment Number
1 2 3| 4] 5 6 7 8
. Total 13| 6.0| 14 47 43 34 51 40
Specific impact
Normal 03| 1.5/ 03] 1.3 14 12 14 111
energy [J/s.g] :
Tangential 10| 45| 11 34 29 22 37 29

The results in Table 7.2 are also displayed inrachart in Figure 7.7. A high total specific
impact energy is also observed in the P7 mill & ifin and 10 mm Stainless Steel milling

media.

7 = Total
6 - = Normal
Tangential

T

P5zr P52Zr P5Zr P5Zr P5SS P5SS
400rpm 700rpm 2mm 5mm 10mm 20mm 10mm 20mm

Specific impact energy (J/s.9)
N w ES (2]

Milling Conditions

Figure 7.6: Total, normal and tangential impact enggies for all conditions simulated of
the Fritsch P5 and P7 planetary ball mills



177

Figure 7.7 shows the distribution of impact enesgiiring the simulations displayed in
Figure 7.3 for the Fritsch P7 planetary ball nitlican be observed that increasing the milling
speed results in an increased frequency of highergy impacts. The impact energies for
400 rpm and greatly concentrated between 0.000id D&1 J whereas for 700 rpm, a large
concentration of impact energies is observed beivie@l J and 0.1 J. Bearing in mind that
the sample milled at 700 rpm in the Fritsch P7 railbws phase transformation in the
experimental results in Chapter 4, the conditiosgduduring this experiment can be
concluded as conducive for phase change i.e. thibioation of milling parameters such as
mill pot size, milling media size, ball-to-powdetio and milling material used facilitate the

formation ofa-Al20s.

20 LI R AL | LA LR L | LI DL | LI AL ] LI R L | ey LI R |
18] i
16 ™——@ 400rpm )
14 | —— (2 700rpm ]

12 1
10 .

Frequency (-)
(e o]

o N A~ O

Impact energy (J)

Figure 7.7: Distribution of impact energies in theFritsch P7 planetary ball mill at 400
rpm and 700 rpm speeds

Experiments 3 to 8 are shown as distributions opaot energies in Figure 7.8. If the
variation of milling media using Zirconia millingols is analysed first (experiments 3 to 6),
it is interesting to observe that there is a refahip between milling media size and
distribution of impact energies. The smallest 2 mmmilling media gives the widest
distribution of energies and the distribution narscas the size of milling media increases. It
is also important to note that the peak of therithigtion curves shift from lower to higher
impact energies as the milling media size increa3&é& 2 mm milling media energy
distribution curve peak as an example is as atOD.DQ whereas the peak of the 20 mm

milling media is at 0.1 J.
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The plot also shows a variation of milling mediangsStainless Steel tools. It can be seen
that the frequency of impact energies in the S¢éamiSteel tools occurs at high energies than
when Zirconia milling tools are used. This is ie&ing as it coincides with phase change
results observed. It also favours hardness teattsesere a harder material dissipates more
energy into the material than a softer materiapdest having a higher density. This means
that although SS milling media dissipates morel te@rgy, at the point of contact with the
material where hardness and Young’'s modulus govia relationship, successful
transference of energy results in enhanced micrasiral change. The 20 mm media shows
higher energies per impact than the 10 mm mediab@th Zirconia and Stainless Steel

milling tools.

— @ 2mm
2/
100000 LRLLL, BERELL IRELZ., B, JEZA L B, AL, IR N [ @ 5mm
F ——®) 10mm
10000 | —— © 20mm
- —— () 10mm_steel
< —— (® 20mm steel
> 1000}
c
o) [
= 100
® F
s
L
10 ¢

1E-9 1E-7 1E-5 1E-3 0.1 10
Impact energy (J)

Figure 7.8: Distribution of impact energies in theFritsch P5 planetary ball mill at 400
rpm using 2, 5, 10 and 20 mm Zirconia milling mediaand 10mm and 20 mm Stainless
Steel milling media

Sample weight can be varied as shown in Figuread e mass of the sample is superficially
added in after impact energies are derived fromsthaulation. The point at which phase
change is observed, in all the samples is showednAs the mass of the sample increases,

the specific impact energy reduces.
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Figure 7.9: Relationship of impact energy with baklto-powder ratio for simulations of
the Fritsch P5 planetary ball mill with a variation of 2, 5, 10 and 20 mm ZrQ@ milling
media

The graphs also show that at certain levels of gampss greater than 120 g in this case, the
effect of mass ceases to have an effect on theriadat€his is because the total specific
impact energies become less varied for differetlingimedia sizes. This can be important
where phase change is not desired. The efficiefcsize reduction will also be reduced.
However, the system may not provide enough energgduce phase transformation in the
material. These results are only valid for thedeht P5 250 ml Zirconia milling jar with a

variation of milling media size from 2 mm to 20 mm.

When all the total energies derived are plottediragathe evolution ofa-Al2Os, it is
interesting to analyse the conditions where phhsege tar-Al 203 is observed and come up
with variables that favour this process. The cood# where phase transformatiorté\l 203
greater than 50% is observed are circled in ree flanetary ball mill simulation results
show correlations between energy and phase tranafam. A larger size mill, the Fritsch P7
in this case, results in a lower energy requirenientphase transformation @Al>Os to
occur. Likewise, for a smaller mill, the energyuggment is higher for phase transformation
to a-Al20O3to occur. When comparing the Zirconia milling towlgh Stainless Steel, it can be
observed that Stainless Steel produces a higher ¢éenergy.
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Figure 7.10: Comparison of evolution of alpha-Alumma with simulated milling energies
for the Fritsch P5 and P7 planetary ball mills

Phase transformation is, however observed in Zieconlling tools. This shows that material
properties affect the amount of energy transfefrech the milling tools to the powder.
Zirconia has a higher hardness value and henceeay eanpact, more energy is transferred
into the powder than with Stainless Steel. Foramem and 10 mm Zirconia milling media, it
can be observed that for closely related totalgiasrof 30 kJ and 33 kJ, the percentage-of
Al20O3 is greater in the 10 mm sample. This shows théditngnimedia size determines the
amount of energy dissipated into the material pgract. The 10 mm Zirconia milling media
sample has a higher percentage.@l.0z despite it having a lower total energy than the 5
mm Zirconia milling media sample. Time is also actém that determines phase
transformation and its extent. It can be seen enRfitsch P7 mill that amount afAl>Oz in
the sample increases as the milling time is ine@@dsom 30 minutes to 300 minutes. It can
be said that even in a small mill, prolonged repadtigh energy impacts can result in high

yields ofa-Al20s.
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7.3 Single ball mill simulations
A brief attempt of simulation work was carried aut the Retsch MM200 single ball mill by
Dr Colin Hare and Dr Ali Hassanpour at the Univigrsif Leeds, UK. The author of thesis
interpreted the data produced. This was done iardadgain an understanding of the range of
impact energies in the mill. No evolution @Al .03 was observed in the samples; only initial
stages of the phase transformation process weenaas The simulation work was carried
out at Leeds using EDEM commercial software supphyg DEM-solutions, UK. The elastic
contact model of Hertz-Mindlin with no adhesiondes was considered. The DEM method
used applies Newtons laws of motion (shown in BEqual.5 and 7.6) for every element and

a force-displacement model is applied for everytacbetween elements.
Fi=ma Equation 7.5
Mi = moi Equation 7.6

F, a, M ando are the force, acceleration, moment and angutation, respectively, acting
on a particle of mass), in directioni. The movement of the milling jar induces the motod
the milling media and powder sample. Jar geometd/raovement at a frequency of 30 Hz
were the two defined parameters. The milling janehsions used for the simulation were 9
mm diameter by 38.3 mm length in the geometry oflander with two half-spheres of 9 mm

diameter at either end.

The velocity of an element in the simulations isigidered to be constant for a short time
interval (20 % of the Rayleigh time step). Elenseste allowed to overlap to account for the
deformation of contacts. The contact force is datedl by the force-displacement law. The
Hertz-Mindlin model is used to represent elastidoduation of particles as shown in

Equation 7.7.

F = —%E\/E(an)“ n Eafion 7.7
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E', R, dn, andnc are the reduced modulus, reduced radius, normedag and the normal
contact vector, respectively. A damping forEe’, is also applied to contacts as shown in

Equation 7.8.

Fé= _2\/213‘ /Sn m V' Equation 7.8

m is the reduced mass (Equation 7. is the relative normal velocity between the

contacting elements} is the damping coefficient (Equation 7.10) agdis the normal

stiffness.
. m
m =—ab Equation 7.9
m, +
Ine

'Bzﬁ Equation 7.10
n‘e

e is the coefficient of restitution. A sliding frion term,us, is added to retard the motion of
the particles by a frictional forc€s, as shown in Equation 7.11. A rolling frictionte ur, is
also applied to provide a rolling resistance momkit shown in Equation 7.12 wheFe max
is the maximum shear force that can exist in a slmhng contactMr max iS the maximum

moment that can exist in a non-rolling contact.

Fs,max:tuJF nl
if Py <|F | Equation 7.11
F

Fs = Fs S,max
R

S

Ivlr :/'lrFinRa’el
if M, 0 <|M

Mrmax
M, =M —===

M|

Equation 7.12
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At the start of a DEM time step, the laws of motiare applied to each particle in the
simulation and the particles are moved for the tilomeof the time step. After particle motion
the particle positions are updated, followed by s of contacts, then the force-
displacement law is applied to every contact. ptoeess is repeated until all required time
steps are completed. The origin for movement ofntiieng jar was established at the centre
of the jar. A distance of 9 mm from the origin wetermined as the maximum displacement
of the milling jar. A Stainless Steel milling baf 5 mm diameter is simulated. The powder
in the mill is represented by spheres with dianset#r350 to 475um. Only a brief analysis
was carried out for an idea of the range of imgaeirgies in the mill. A small shear modulus
had to be implemented as well as bigger partidessio increase the time step and obtain
faster simulations. An exact mimic of process \Jada in the SBM would have taken a long
duration that was not available. An image of thd miDEM software is shown in Figure
7.11.

ol

Figure 7.11: lllustration of the single ball mill in EDEM software

7.3.1 Simulation parameters

Table 7.3 shows the input data used for the DEMiktions of the single ball mill and Table
7.4. The coefficient of friction used was derivedni previous work by Kanet al. (1999).
Only one set of conditions was simulated to gaimaa of the range of energies in the single
ball mill.
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Table 7.3: Input data for DEM simulations of the Résch MM200 single ball mill

£S

Contact Steel — Stee| Steel — Particles| Particles — Particle
Sliding friction 0.2 0.5 0.5

Rolling friction 0.01 0.1 0.1

Coefficient of restitution | 0.70 0.50 0.50

Table 7.4: Properties of milling jar and milling ball used in DEM simulations

Article Milling jar Milling media Particles
Material Stainless Steel Stainless Steel Particles
Shear Modulus (GPa) | 210 210 1

Poisson’s Ratio 0.3 0.3 0.25
Density (kg n1°) 7800 7800 1500

During the simulation, after the mill geometry isngrated, the milling ball is inserted and

placed at a randomly defined location within thdl ge@ometry. Particles generation follows

this process and each patrticle location is randadetgrmined. The size of each particle is

randomly selected within the specified range of 35075um. Particles are generated at a

rate of 20 grams per second, until 2 g has beearged. The process of particle generation

takes 0.1 s and 37,962 particles are generateavit@ional force is present in the simulation

and acts on all particles and the milling ball @hdrefore both come to rest after a short

period of simulation time. The process of partigeneration is carried out with an initial

downward velocity of 1 m/s to reduce the settlimget The oscillation of the mill is started

after 0.5 sec of simulation time after particles approximately stationary and continues for

the duration of the simulation. The oscillationaisinusoidal motion about the z axis with

amplitude of 20 mm. Figure 7.12 shows an imagerntakeging the simulation.
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Figure 7.12: Illustration of DEM simulation of single ball mill during a period of varied
velocity

7.3.2 Results
The results of the simulation run by DEM for theNbBre shown in Table 7.5. It can be

observed that the tangential energies are significaigher than the normal energies.

Table 7.5:Impact energies in the SBM

Normal Tangential Total
Ei (3/s) 0.00010 0.00540 0.00550
Ew (J/s.9) 0.00005 0.00270 0.00275

7.4 Comparison of planetary ball mill and single ball mll energies
Figure 7.13 shows a comparison of the specific chpaergies from the Fritsch P7 planetary
ball mill at 700 rpm and the SBM at 30 Hz frequenitycan be observed that there is a
significant difference in the energies. The PBM#igs a higher energy by three orders of
magnitude; 6 J/s.g as compared to 0.003 J/s.gré&dudts can be further analysed by relating
them to experimental data that has been charaatensChapter 4.
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Figure 7.13: Comparison of specific impact energief®r the single ball mill and the
planetary ball mill

Table 7.6 shows a comparison of the total enerfgiethe SBM and Fritsch P7 PBM. If the
energies quantified from DEM are related to experita carried out in Chapter 4, the
durations of the experiments can be used to ca&tdsal energies for the milling conditions.
In the 300 min PBM sample milled in the FritschrRill, 94% a-Al 20Oz was achieved. In the
SBM sample milled for 1200 min, only early stagéploase transformation where observed
by the emergence of theAl.O3 (110) peak. If total energies are compared, it lsarseen
that there is a significant difference; 0.198 kdtfee SBM and 108 kJ for the P7 PBM. This
shows why there is a difference in the extent afrostructural changes in the two samples. It
is however important to point out that the progertof the particles used for the SBM
simulation (particularly particle size and densiig) not match those ¢fAl>Oz3 and therefore

the energy quantified is only used as a guide.

Table 7.6:Impact energies for the PBM and SBM experiments

SBM Ew (J/s.9) 0.003
1200 min E (J/g) 198
PBM P7 Ew (J/s.0) 6
300 min E (J/g) 108000

7.5 Conclusions
The Fritsch P5 and P7 planetary ball mill and tieesBh MM200 single ball mill have been
simulated. From experiments in Chapter 5 and 6s@li@nsformation has been observed in
the Fritsch P7 at 700 rpm and the Fritsch P5 witim2n Zirconia milling media. The results
show that a higher energy can initiate and progaghase transformation. Lower energy can

achieve phase transformation if the mill is a largige and larger milling media diameter is
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used. It has also been observed that although leemhitptal energy can achieve phase
transformation, the efficiency of transfer of enefgom the milling tools to the powder at
every impact determines the microstructural effethieved. The energy transferred per
impact is also more important than the total enefgne simulation results correlate well with
the experimental results as the higher energy tondi are the ones where the most
microstructural changes are observed. The effebaadness displayed in Chapter 6 has also
been displayed as effect on energy dissipation. rékelts give a more complete picture of
the relationship between energy and microstructcinahges. The final step required in this
work is an amalgamation of all the results to deriationships between energy and changes
observed as well as to provide milling process dans for different desired outcomes

during the milling ofy-Al20x.
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Chapter 8

Relationship between Milling Methods and Simulation

8.1 Introduction

8.2 Relationship between Microstructural Changes and Energy

Amalgamation of experimental work carried out téirkea relationship between milling

methods and simulation results of impact energies
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8 Relationship between Milling Methods and Simulation

8.1 Introduction
The main aim of this thesis has been to understaintbstructural effects that occur during
the milling of y-Al203 by relating these effects to the energy suppligtergy has become
more and more apparent as the causal effect froapt€h4 through to Chapter 7. Three high
energy milling methods have been selected andhsiracterisation methods have been used

to gain understanding of the existence-#fl .Os before and after milling.

Milling with the jet mill, planetary ball mill andingle ball mill (displayed in Chapter 4) was
based on the hypothesis that different stress napgécations from the different mills can
result in different microstructural effectsypAl>O3. Having developed a clear picture of the
energy from the different mills, the main observas that can be drawn from these

experiments were;

* Low energy results in minimal structural changelserved in single ball milling

« High energy results in phase transformation fredl 2Os to a-Al>0z as observed in
the planetary ball mill

 Lack of shear stress and the addition of fluid migrimilling results in no
microstructural effects as observed in the jet mill

» High energy results in surface area reduction wisgbossibly due to a reduction in

vacancies in the crystal structure

Further experimental work was carried out to bettaderstand microstructural effects
observed by isolating different variables. In Clea®, the planetary ball mill was the main
focus and the effect of milling material, BPR, mi§ media size and milling aids was
investigated. The main observations drawn from thigpter was that the amount of energy
as well as the transfer of the energy into pasitdgust as important as the stress mode with
which the energy is supplied. For instance, a sutth as the jet mill is known to be a high
energy mill because the energies at every impactteaassumed to be much less than in a
ball mill. This assumption is due to the fact tivapacts in a jet mill involve particle-to-
particle collisions whereas impacts in a ball rmNolve particle-to-media/vessel contacts.
Because of this, particles milled by the planetzai} mill experience more energy effects to
their microstructure. Other observations drawn fréhmapter 5 include an understanding of

variables that result in higher energy milling sasth
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* milling tools with a high hardness value

* larger diameter milling media

* higher BPR

* PCAs that do not interact with the surface of tregerial being milled
e dry milling over wet milling

* theincrease in pentacoordinated aluminium cations

Lower energy effects also observed include othaseh such asAl.0Os and6-Al20s in the
samples and the growth of crystals. Further ingaitn has been carried out on the effect of
compression and seeding ¢Al.0s. Compression tests were carried out to isolateaghp
energy and assess its effects. Seeding experimanmés carried out to assess the effects of
providing nucleation sites for the formationseAl 203 by consuming-Al203 during milling.

A better understanding of the behaviouryeAl2O3 during milling was derived from these
experiments. The results reflected that the vamain energy dissipated to particles being

milled is determined by the stress mode and miNiagables.

The specific energy during a single compressionmweasured as 0.83 J/s.g for a time period
of 9.594 s. This is less than the energies defired the PBM simulations. As a comparison,
the energy in the P7 PBM at 700 rpm for the same period is 57.56 J/g where it is 2 J/g in
the single compression. If the single ball mill was under experimental conditions tested
for the same time of 9.594 s, the total specifiergg would be 0.027 J/g. In milling
processes such as planetary ball milling were biggrgy is successfully transferred into the
structure ofy-Al.Os and the materials have more area for movementcandtant particle
breakage is occurring, the phase transformationocanr by diffusional nucleation through
exposed aluminium cations in octahedral sites.rtcgsses where there is limited movement
of particles such as compression or impact evehés phase transformation can occur by
shear nucleation were atoms in the region of taanstion shift a short distance into a new

crystal arrangement, i.e. from ccp to hcp in tlaisec

Having derived an understanding of the differeféat energy has on the microstructure of
v-Al203, DEM simulation on the planetary ball mill and thiegle ball mill show that shear
stresses are higher than impact stresses. Whenacedjghe energies levels are however
significantly different. The planetary ball mill §anuch higher energy per impact than the
single ball mill. This explains why extensive phagsansformation is observed in the

planetary ball mill and not in the single ball midther deductions that had been assumed
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from characterisation work were simulated in thenptary ball mill such as a variation of
speed, milling media size and different milling eréls. The results correlate well with the
experimental work and show that a higher speedetamilling media and a material with a
high hardness value all contribute to a high enemgiting process that initiates and
propagates phase transformation. The results dlew shat for phase transformation to
occur, the energy that is successfully transfeméml a particle per impact is more important
than the total energy dissipated during the emtiiéing process. Correlations between the
energy and milling parameters have been derivecaemdhown in the next section.

8.2 Relationship between Microstructural Changes and Eargy
From the experimental and simulation results of Erésch P7 planetary ball mill, a

relationship of energy and time can be derivedsdravn in Figure 8.1.
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Figure 8.1: Graph showing evolution ofu-Al203 with increase in energy for the time
study in the Fritsch P7 planetary ball mill

It can be seen that as energy increases, the amefhDs present in the samples also
increases. The results also show a linear reldtipnsetween energy and transformation.
This suggests that for the milling conditions ustbe, addition of time of milling continues
the process of phase transformation and they slhaiv grolonged milling with the right
energetics has the possibility to yield 10@84I[.0s from a sample that was originally
Al20s. Another relationship that can be looked at chpselthe relationship of evolution of

alpha-Alumina with an increase in milling mediardeter. It can also be observed that phase
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transformation increases with an increase in nglimedia diameter. The total energies are
however higher for 5 mm and 10 mm milling medighds been shown in Figure 7.8 that the
frequency of higher energy impacts is lower degbi¢etotal energy being higher. This means
that to define a relationship between energy areb@liransformation, focus should lie on

higher energy impacts.
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Figure 8.2: Graph showing the energy and evolutioof a-Al203 with increase in milling
media for experiments in the Fritsch P5 planetary Bll mill

If all the results with quantified energies are tamed, they can be shown in Figure 8.3. It
can be observed that there is a difference in gngugntities for samples wheeseAl 03 is
observed and where other Alumina phases are olikerve
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Figure 8.3: Graph showing the energy relationship vth evolution of a-Al203 for
different experiments using compression, single biamilling and planetary ball milling

It is also interesting to note that as energy iases, the phases of Alumina observed change
according to the dehydration sequencey-#fl.Os3 to o-Al203, i.e. y-Al203 —3-Al203 —b-
Al20s —a-Al203. An amalgamation of the energy results confirmt thle phase
transformation ofy-Al.Osz is an energy driven process. From boehmite, debytition
results in y-Al20s with aluminium cations in octahedral and tetrahédsites. The
transformation frony-Al 203 —8-Al 203 —0-Al.03 —a-Al 203 is mainly differentiated by the
rearrangement of aluminium cations. The study bylsWvi (1979) states that the
rearrangement during transformation results in thwbcomes; a reduction in aluminium
cations in tetrahedral sites and a reduction iramees. It also gives a relationship of these
reductions with a change in the intensity of the2dp reflections as they represent
tetrahedrally coordinated cations in spinel-typedtres. As shown in Figure 8.4, the (111)
is a surface plane and has a high concentrati@uafinium cations as shown in Figure 8.5.
The (111) plane is also the slip plane for fcc t@lgsand slip occurs in the <110> direction.
This is because the (111) plane is the most delas® @nd has the highest resolved shear

stress. The shear stresses in the milling procedsesncrease the frequency of slip events.
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(1-10)

Figure 8.4: Illustration of the morphology of a gamma-Alumina crystal with Al atoms
represented by purple and O atoms represented by de

It can be concluded that the mechanical energylgappy milling is used to overcome the
resolved critical shear stress resulting in slipctose packed Al-O planes. This results in an
increase in octahedrally coordinated aluminium arréduction in tetrahedrally coordinated
aluminium cations. The build-up of pentacoordinaa@dninium cations is highly likely due
to the gradual transformation from fcc ABCABC stiackto ABABAB hcp stacking. Where
high energy is in constant supply in a system,sfimmation occurs at a faster rate due to

many slip events occurring at the same time.

Figure 8.5: Illustration of the close packed {111plane of gamma-Alumina with Al
atoms represented by purple and O atoms representday red
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Transformed crystals also provide nucleation dibedfurther transformation and hence the
rate of phase transformation increases as morgemesupplied to milling processes. As for
an energy threshold, by using Figure 8.3, the tesllow that a total energy of 10 kJ or less
during milling will not result in the evolution af-Al>0O3. Other transition Aluminas will
however be observed. For thé\l>0s structure to be preserved, the total energy neete
kept the range of 0.1 kJ. A relationship betweerrgy (mechanical or otherwise) and
microstructural change has been established inwtbi&. Furthermore better understanding
of the effect of mechanical energy on the structfrg-Al-Oz has been displayed. DEM
simulation has also been displayed as a usefulftmalleriving energy thresholds and this
tool can be used to save time consuming experirhardals. Experiments can be simulated
by the manipulation of different variables suctB&R, milling speed and milling media size
to derive the best combination of variables for tlesired product. In the case6AIl203
used for this work, a total energy of 0.1 kJ durdrg during milling in the planetary and

single ball mills can maintain the desired crystalicture.
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Chapter 9

Recommendations and Future Work

9.1 Introduction

9.2 Recommendations

9.3 Future work

Recommendations for milling gamma-Alumina as wefuture work that can be carried out

are outlined.
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9 Recommendations and Future Work

9.1 Introduction
The effect of milling on the microstructure of gaemAlumina has been thoroughly
investigated. The aim of the work has been to &ndlationship between the energy supplied
by milling and the microstructural changes observgdharacterisation. Relationships have
been found and a substantial contribution to thethéwr understanding of phase
transformation from gamma-Alumina to alpha-Alumhres been made. It is important at this

point to bring about the relevance of this worktarms of application.

As the gamma-Alumina investigated in this thesisused as a catalyst support, a set of
recommendations have been compiled as to how thetwte of gamma-Alumina can be

preserved to avoid loss of desired properties sgchigh surface area. Like any other piece
of research work, the subject is however not fubnquered as each set of experiments
builds up new variables that inspire further ing¢r@ the subject and motivate the need for

more work. Hence, future relevant work is also giuethis chapter.

9.2 Recommendations
The set of recommendations have been derived floenuse of three different milling
methods namely the planetary ball mill, the jetl mild the single ball mill. The main driver
of phase transformation as well as the initiatidnmacrostructural changes in gamma-
Alumina has been identified as energy. An ideallingl process for gamma-Alumina
involves achieving the desired size reduction witHoss of desired properties by any change
to the structure of the material. Initial thougbts this, point toward a milling method with

efficient use of energy.

In terms of milling equipment, the jet mill has pem to be a worthy candidate for size
reduction. It can achieve the required size redacbf a do of 10 microns and does not
induce any microstructural changes into the mdtefiae mill also has low levels of
contamination due to the mechanism of size reducim hence can be beneficial in keeping
the material from contamination by surface intarectigents. The weakness of the process
used is that it involves feeding the material tigtouhe mill up to 20 times to achieve the
required size. For bench top experiments, thisciiexable and in shorter times than ball
milling as each milling cycle lasts 10 minutes. S'kban however be tedious in larger scale

milling processes as probably more mills will bguieed in sequence. The added effect of
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high surface energies of particles after milling gaove to be a counteractive issue as it can
encourage re-agglomeration of particles. Statichmnsed to reduce the charge in this case.
These two weaknesses highlight the fact that tleeofishe jet mill is not the perfect solution

for milling gamma-Alumina. It is therefore necesstr evaluate ball milling processes.

Milling in the single ball mill has shown bettezsireduction than milling in the planetary
ball mill. The size reduction achieved is howeveart rven close to acceptable. The
microstructural changes that the material undergodsis mill are minimal. However, signs
of the initial stages of phase transformation ha&en observed. It is therefore recommended
that any milling activity done in this mill, if caed out to the same milling variables would
require a lower frequency of milling or milling tisowith lower hardness values. This mill is
however not recommended for size reduction purpdsess rather to gain a better

understanding of different milling methods on thicture of gamma-Alumina.

The planetary ball mill has been investigated botivet and dry milling. The size reduction
achieved by wet milling surpasses the desired amktherefore in wet milling, the mill is
suitable for size reduction. The desired end stdtéhe material however needs to be
considered. As this is a wet process, if the maltésito be dry for end use, an extra process
of drying is required. The wet milled samples atdmw some degree of microstructural
effects and therefore the energy in the procesdsieebe reduced to have minimal impact on
the microstructure of gamma-Alumina. Variables the¢d to be considered to reduce energy
will be discussed combined with recommendationgdfgrmilling. Dry planetary ball mill is
not recommended for size reduction required in thégnple. The process results in
agglomeration and production of particles largemtithe sample before milling due to the
combination of fines with high surface energy atiteopoorly milled particles. Water aids in
keeping the material fluidised and hence resultsnore efficient use of the high energy

impacts.

In order to reduce the amount of energy dissipateparticles during planetary ball mill
considerations around milling variables can be mddese are listed in Table 9.1. It is
important to note that the selection of variablas bompromises. For instance, selecting a
softer material can mean higher levels of contatiuinaSelecting smaller milling media can
mean longer milling times and higher levels of gglameration. Selecting a shorter milling
time may not achieve the required size reductioth @arsmaller BPR may prolong milling
time. This then brings the use of a predictive tatd consideration. Simulating the process
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using software such as DEM before lengthy trial arrdr experiments can result in selection

of the best variables for a milling process.

Table 9.1: Considerations for reducing highly energtic collisions in the PBM

Variable Action Outcome

Milling tools material Low hardness value Low haeds materials dissipate
less energy into the particles per

impact

Milling media diameter| Smaller milling media Smallemilling media dissipat¢

A4

lower energies into material per

impact

Milling time Shorter milling time Shorter millingihes reduce to the
total energy dissipated into the
samples and can achieve product

before transformation occurs

Milling speed Slower speed Slower milling speed ultss in

lower energy collisions

Ball-to-powder ratio Smaller ratio Smaller BPR Hésin more sample
and reduces the frequency of high
energy collisions with the same

particles

Another variable to consider in both wet and drgngltary ball milling is the addition of
PCAs. If the selected material has no effect onwsg] it can aid in reducing microstructural
effects. Materials such as 1@ have been reported to bind onto alpha-Alumina raida
sites and hence inhibit the propagation of phaaaestormation. Lesson learnt from the
milling processes show that in order to improvacefhcy of energy use in the milling of
gamma-Alumina, a fluidized system works better ize.solvent or gas. The phase
transformation has also been linked with the chagduminium cations from tetrahedral to
octahedral sites. If selected gamma-Alumina samfadesnilling are produced with more
aluminium cations in tetrahedral sites, the phasasformation rate can also be greatly

reduced.
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9.3 Future work
In the progression of this project, different aspdr@ave come up during both experimentation
and simulation that have not been addressed. Tajyshave been due to time constraints or
misalignment with the objectives of the project] Aspects however can provide a great

contribution to knowledge as well as further untierding of the subject.

One aspect that has come up is an interest in tigadsn compression tests of gamma-
Alumina under cyclic loading. This can give mimgpeated impacts and give insights into
whether phase transformation can be achieved this Wn the same subject matter, the
analysis of single compression tests by TEM carvigeo more in depth analysis as to

whether the compression causes any stacking faiitish the material.

The investigation on milling in the single ball tilas been carried out up to 20 hours. There
is interest into whether longer mill times wouldsués in phase transformation to alpha-
Alumina. Shorter milling times are also of interest the planetary ball mill as

characterisation of the samples would result inragierstanding of the initial stages of phase

transformation.

The simulation of the jet mill is another interegtipiece of work that can further contribute
into understanding how energies per impact affeetmicrostructure of gamma-Alumina. A
comparison with the planetary ball mill simulaticas well as more extensive simulations on
the single ball mill would give more insight on th#ects of energy. The use of a scale-up
rule in the use of different planetary ball millancalso introduce the effect of varying mill
size and provide a predictive tool for scaling Une tplanetary ball milling process. A
simulation of wet milling in the planetary ball indan also contribute to understanding how
energy and hydroxyl groups interact on the surtdgamma-Alumina during milling.

One final aspect that has not been looked at swtloirk is the addition of surface interacting
PCAs. It is of interest to investigate how PCAsmatt with the surface of gamma-Alumina

and how they can inhibit phase transformation.
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Appendix A

A.1 Stress Energy Comparison between SBM and PBM
A comparative analysis of the effect of energy be lattice strain, relative intensity and
crystallite size on the material in the PBM and S®&&k carried out. This was done after data
analysis of XRD diffractograms obtained from SBMdaRBM milling. The SBM sample
analysed is the 1200 min milled sample discussedhapter 4 and the PBM sample is the
300 min sample also discussed in Chapter 4. Thesdeae to attempt to further understand

the effects of milling energy on the crystal stuuetof the material.

A.1.1 Lattice Strain
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Figure Al: Lattice strain in various planes in theSBM milled sample derived from

XRD difractograms

It can be observed from Figure Al that the mostcéd plane is the (220) reflection. The
largest effect happens in the first 300 min of imglwhich suggests that the microstructural
surface effects happen in the initial stages ofimgil This coincides with observations made
in Chapter 6 where the surface planeg-81.03 are the most affected by milling energy. The
peaks represented in Figure Al areyfakl 203 as the material is predominanhyAl 205 after

SBM milling. Figure A2 shows peaks fromAl203 as it is the predominant phase in the
sample. It can be observed that lattice strainem®es in the (111) plane signifying that

milling energy affects this plane the most. Thiexpected as the observations from Chapter
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6 have shown that phase transformation fieAl 203 to a-Al.Oz occurs at the surface of the
material. As the SBM sample does not result in phaansformation, it is possible that
energy supplied by the SBM is not enough propagfa¢e phase transformation. Longer
milling times have not been investigated and tleeee€annot be commented on.
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Figure A2: Lattice strain in various planes in thePBM milled sample derived from

XRD difractograms

A.1.2 Average Relative Intensity

The average relative intensity can show any changgseak intensities. This can reflect
changes to the crystal structure of a materiabalgh it can also be affected by stronger peak
intensities of a material with a mixture of veryahand very large crystals. Figure A3 shows
that in the planes analysed, there was no effetttd@verage relative intensity after milling.

This is expected as there was no phase change material.
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Figure A3: Average relative intensity in various panes in the SBM milled sample

derived from XRD difractograms

Figure A4 shows the average relative intensitiethefsamey-Al.O3 peaks after milling in
the PBM. It can be observed that the average velatitensity decreases with an increase in
milling time which shows that theAl.Os crystals appear to reduce in size. This may well b
an effect of the intensities of the largeAl2Os crystals that emerge in the sample. Further
analysis can be carried out by an analysis of alfjtet size from the individual peaks. Crystal

size refinement can also occur in crystalg-&d -Os that have not transformed.
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Figure A4: Average relative intensity in various panes in the PBM milled sample

derived from XRD difractograms

A.1.3 Crystallite Size

The crystallite sizes on the different reflectiansthe SBM milled sample are shown in
Figure A5. It can be observed that the crystallitee increases in the (220) reflection. This
coincides with surface effects observed in milladhples in Chapter 6. The crystallite size
increase can be linked to shift of planes fromtochcp structure on the Al rich surfacesyof
Al>0s. These result in crystal enlargement and refledaaer crystals in XRD analysis. This

may also be linked to the suggestion of crystatsEr@ng mentioned in Bagwaedt al (2001).
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Figure A5: Crystallite sizes of various planes inlte SBM milled sample derived from

XRD difractograms

Figure A6 shows the crystallite sizes of reflecian the PBM sample. It can be observed
that the crystallites initially grow in size in thigst 60 minutes and then refine to smaller
sizes. The same as for SBM samples can be saidthi®r PBM samples. During
transformation, when the critical resolved shearssies of the affected planes is reached, the
atoms shift from ccp to hcp at surface planes tieguin the formation of larger crystals.
Further milling energy refines the sizes of thegsstals. Crystal refinement efAl.Oz has
also been observed in Chapter 6 during seededhgakperiments.
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Figure A6: Crystallite sizes of various planes inite PBM milled sample derived from

XRD difractograms



